ABSTRACT

TRUCKS, COOPER WOODRUFRVodeling of the TREAT Reactor for Verification of the
Tetrahedral Highe©rder Radiation (THOR$H Transport code Against Monte Carlo Methods

A codeto-code comparison is performed between the Tetrahedrat®ligar Radiation
(THOR) transport code and OpenMC, an open source Monte Carlo transpotihcadier to
support the verification of the THOR codéHOR is a steadgtate, multigrougode designed to
solve thediscrete ordinates approximation of the transpquationon unstructured tetrahedral
gridsusing the AHOTC-UG method fothespatial discretizatiamAxially uniform and reflected
models of the TREAT facility including an infinitattice of standard TREAT fuel assemblies
and a model of the Minimum Ciritical Core Plus (MCC+) configuration are insis exercise
comparingQ and the scalar neutron flux at select detector locations in each model between
codesAs well,acomparison is attempted using the fission rates at select detector locations
againstistoric experimentaheasurements the MCC+ configuration.

OpenMC using the continuous energy mode (OpenMC CE) is used both as a benchmark
reference antb generatenultigroup crosssections for THOR. These cressctions are also
used in OpenMa@n the multigroup energy mode (OpenMC MGX8)enable quantification of
the angular and spatial discretization errors in the absence of energy discretization errors

The Standard Fuel Assembigodels are executed THOR with refinement in
anisotropic scattering order, refinemeneirergy using l-group and 25roup energy
structures, increasing spatial refinement, and increasing angular refinement in order to
demonstrate convergencéthe THOR solutiorto the reference solutigirom OpenMC In

addition, the convergence behavior@f is contextualized to the convergence behavior of the

groupwise relative error in the scalar flux in five detector locatiBesults for botfQ and the



scalar neutron fluxes from the Standard Fuel Assembly case agreed closely, with improvements
in the comparison seen using thedtbup structure and with increasing angular refinement.

For the MCC+ Configuration, successive improvements in the THOR model are
employed including refinement in the spatial expansion order, the use of two quadrature sets
with increasing angular refinemenat;counting for spectral effects on the multigroup cross
sections by splitting the material regidnto the graphite materials in the coaed the use of a

coarse and fine mes®nce more the behavior @ is contextualized with the behavior of the

groupwise relative error, this time in nine detector locations in the air channels in the TREAT
core.On the MCC+ configuration, larger discrepancies in@he results between codes were
observed although the comparison did improve with increasing angular refinement, improved
material discretization in the graphite, and the use of a fine Mksteffects of the
homogenization of the fuel region in the MCC+ configuration in each assevebdexplored

via analysis of the macroscopic fission cresstions spectrum search for an explanation of

the discrepancies @

Finally, an attempt to compare the fission rates at the nine detector locations to historical
data from the MCC+ configuratiaa made Duringthis comparison, the total fission rates and
fission rates in the fast, epithermal, and thermal raimgeach detectaare compared between
OpenMC and THORThese fission ratesompared closely betwedme twocodes on the
unextruded modelWhile the comparisoto the measured dateas not successful using the
effective 2D model, introduction of an axial extrusion and additional vacuum boundary
conditions into the OpenMC model improved the shape of the fission rates towards the measured

data
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CHAPTER 17 Introduction and Background

This work encompasses several ctaleode comparisons between the Tetrahedral High
Order Radiation (THOR) codé&] and OpenM@2], performed on axiallyniform and reflected
3D models of the TREAT reactor in order to verify TROTl'he effective multiplication factor
"0 and the scalar neutron flat selected detector locations is compared on models of an
infinite |l attice of TREATO6s standard fuel ass
Core Plus (MCC+) configuratiomhe THOR models were refined in space, energy, angle, and
scattering ordein order toquantify the effects of the refinements on the solutiisoretization
errorand demonstrate convergence of the deterministic THOR solution with increasing spatial
angular and energyliscretizatiorevels

Identical models are constructasing: (1)OpenMCwith continuous energy
representatiofOpenMC CBE; (2) OpenMCwith multigroup energy discretization (OpenMC
MGXS); and(3) THOR. These models are axialipiform and reflected on the top and bottom
radialplanes in order to achiewam effecive 2D geometry. OpenMC and THOR provide the
'Q solutions in their outputs. The OpenMC models include tallies that track the scalar neutron
flux at designated detector locations, while a postprocessing script is used on THOR in order to
obtain the neutron flux data over the elements in these deteltteraeutron flux results are
then normalized in order to compdheir values across coddhe THOR meshes are
constructed in GmsJ3], and the cross section data for THOR and OpenMC MGXS are
generated from OpenMC CE using 11 group and 25 group strudeteeked in4].

For the infinite lattice of the standard fuel assembly model, it was found that the 25 group
structurehad superior performance compared to the 11 group structure in terms of the agreement

of Q between OpenMC CE, OpenMC MGXS, and TH&RI thus the 25 group structure was

1



employed for the rest of this warks well for this model, the anisotropic scattering ordenad
little effect on solutioraccuracyand thus an order of p was selected for the angular and
spatial refinememiumerical experimentSpatial refinement by mesh splitting did not
noticeably change the THGEbmputedQ , and the relative error in thke t e groupwise 6
scalar flux between OpenMC and THOR did detreasenonotonically with refinement of the
spatial meshi-rom this we conclude that the standard fuel assembly model was aipexdidyly
convergedn the coarsest employed meBefinement in angle using the Lex@mmetric

quadrature setid converge th& computed byTHOR towards the OpenMC MGX®&lue

and forS throughSis @ monotonic decrease in the relative error indleet e groupwise 0
scalar flux was observehdicatingthatthe problem likelyconvergesvith angular refinement
Studies on the MCC+ configuration were performaétth THOR using spatial expansion
orders ofy Ttandy¥ p, corresponding to a constant and linear |@gdroximations of the
angular flux respectivelywith the latter implyinga completelinear basis that does not include
the cross termdt was found that on a problem with vacuum boundary conditions a spatial order
of at leasty p is necessary or else thenstant (as opposed to linear) shape of the flux
solution in each cell underestimates¢the | | 6s scal ar flux and resul:'t
probl emo6 s Tlisdeads w a draste sinderestimation®f given™Q is an integral
guantity over the entire problers in the single assembly caseis necessarin the MCC+
configurationto use the Legendi€hebyshev quadrature set in TH@dher tharthe Level
Symmetric quadrature sen erroneous solution usirsiys Level Symmetric quadrature was
observed, highlighting the importance of selecting an appropriate quadratureasgtésr
problem.Several miscellaneous efforts were undertaken to improve the agreementf the

solution between OpenMC and THOR, including increasing the number of mateeiat® cross



section setdn the graphite blocks inside of the core and using a fine 60,768 element mesh
versus a coarse 21,528 element mé&hle. greatest agreement between codes was achieved using
the fine mesh, with two material regions in the graphite blocks in thexore, p spatial

expansion order, angsingthe S;» LegendreChebyshewangularquadratureThe relative error in
thegroupwisescalar flux in each detector was generakaror below 4% for each groupr
detectors locateith the fueled region of the core, with the error increasing primarily in the fast
andepithermal groups for the detectors situated in the outer region of the core that consists of
graphite blocksA preliminary validation effort was made by comparing the fission rate in the
detectors using a homogenized fissamuning matrial toexperimentameasurements the

MCC+ configuration. It was found that the axially reflected pse2idanodel did not account

for the axial leakage from the core, which altered the shape of the radial fluxgirafete

matrix andto a lesser extent tlaetivecore. This validation effort helps to inform future

validation efforts of THOR using the TREAT core.

Chapter 1 serves as an introduction to this work and an introduction to the history of the
TREAT facility, the geometry of the core, considerations made when defining material
properties for TREAT for this work, and introduces the codes used in théazodde
comparison. In Chapter 2, theotivation for this work is presented. Chapter 3 introduces the
methodology for the cod®-code comparisgrincluding description of the comparison and the
model refinement studies, explanation of the flux compariseadh detector, and the settings
used in both OpenMC and THOR. Chaptelescribes the cod®-code comparison and model
refinement studies performed on the infinite array of standard fuel assemblies, presenting the

"Q and scalar flux results. Chaptpresents the comparisons performed using the MCC+

configuration, including the relative error in the groupwise flux in nine detectors positioned



radially outwards from the center of the core indbenerair channels between fuel assemblies.
Chapter6 describes the preliminary validation efforts made by comparing fission rdtes in
modelled detectors to fission rate measurements takbe MCC+ configurationkinally,

Chapter7 comprisesasummary and ouronclusios fromthis work.

1.1 Description and Historyof TREAT

The Transient Reactor Test (TREAT) facility is an@oled, heterogeneous, thermal
spectrum nuclear reactor that is unique in its transient testing capaljbifi€be fuel in the core
consists of highly enriched UBuspended in a graphite matrix, and the core itself is graphite
moderated ani reflected by a graphite reflector on the outer boundariedloMs from the top
to the bottom of the core through gaps between the assemablezrove the fission energy from
the core. The pressure healdngthe height of the reactds sustained by pumps stationed at the
top of the corewhich drivesthe air flow TREAT is capable of steagstate and transient
operation and was primarily designed for the purpose of testing fuels in power excursion and
accident scenarios.

The core of TREAT consists of 361 assembly positions on a 19x19 square grid and has a
relatively open design. The central assembly can be removed, allowdngmisi|ot for
experiments to be inserted. These experiments are held incmst&lfned pressure vessel of
varying design, allowing for different working fluids in static or recirculating fluid systems at
desirede x p e r i me n toaditionaRetent®re tonfigurations contain a slotted core,
where oneow of assembliefrom the center of the ceito ther e a c édgeis r@reoved to

allow for a fastneutron hodoscopbat providesmages o f t h e feeknpeeméntee nt 6 s



during transients. During steady state operation, TREAT can also be used assadbrge
neutronradiography facility for examining axiallpng fuel assemblieg6]

TR E AT 6 sassémbles$ amall parallelepipeds witlhctagonalpr more accurately
square shaped with chamfered cornersss sectianThe types of assemblies include primarily
fuel assemblies and control rod fuel assemblies, though other configurations contain-zircaloy
clad dummy assemblies, alumintgiad dummy assemblies, and a variety of other assemblies

designed for thermocouple pkEment and core ac&$].

1.2 Minimum Critical Core Configurations

The first configurations of the TREAT core that were created after first criticality and
were involved in subsequent reactor physics testing were the Minimum Critical Core (MCC) and
Minimum Critical CorePlus(MCC+) configurations. The MCC configuration is the core
configuration corresponding to the minimum fuel loading of TREAT to achieve criticality as
described if7]. The MCC+ configuration is pertinebécauselatais availablefor the neutron
flux distribution that was measured both axially and radetllselected pointthrougloutthe
core These willbe usedn this workto compareeomputedesults to realife measurements in

order to support a preliminary validatierercise
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Figure 1.1. Minimum Critical Core (MCC)Configuration[8]
The Minimum Critical Core configuratiotiepicted in Fg. 1.1 consists of 133 standard
fuel assemblies, ght control rod assemblies, and 16 Zircatdbgd dummy fuel assemblies, all of
which are described iBection 1.3All control rods are fully withdrawn for this benchmark. The
MCC configuration is based on the initial critical loading of TREAT, where criticality was
achieved using a 1/M approach by loading of fuel assemblies. This core was used to determine

fuel element wths and temperature coefficiefi$.
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Figure 1.2 Minimum Critical CorePlus(MCC+) Configuration8]
The Minimum Ciritical Cord’lusconfigurationshown in Fig1.2is a modification othe
MCC configuration and contains an additional two fuel assemblieon the east anoine on
thewest edges of the core, maintaining the same number of control rod assemblies and Zircaloy
clad dummy fuel assemblies. Measurements of the neutron flux distribution were performed on
the MCC+ configuration, with the control rod in position M6 insertedbeéwsn 47 . 50 and
into the core in order to achieve criticaljfi§]. Chapter6.1 containsmore information on these

measurements.

1.3 Assembly Types
Presented in this section are descriptions and representations of the assembly types found
in the TREAT core and MCC+ configuration. A table is provided as a reference to the labelled

dimensionsn each figureadaptedrom [8].



Table 1.1.Dimensions for TREAT Assembli¢8]

Name Surface| Shape | Radius 1 (cm)| Radius 2 (cm)
Fuel 1 Octagon 4.82600 6.04775
Can Inner 2 Octagon 4.96570 6.25511
Can Outer 3 Octagon 5.02920 6.31861
Follower Inner 4 Cylinder 1.90500 -
Follower Outer 5 Cylinder 2.22250 -
Hole Inner 6 Cylinder 2.54000 -
Hole Outer 7 Cylinder 2.85750 -
Fuel Inner 8 Cylinder 2.95910 -

Table 1.1 displays the dimensions referenced by the numerical labels in Figutes, 1.
and 16. For the Octagon shape, Radius 1 is from the center of the octagon to the nearest edge
and Radius 2 is from the center of the octagon to the chamfered corner. The radius of the

Cylinder is selexplanatory, from the center of the shape to the edge.

Radius 1

/

Figure 1.3.0Octagon and Cylinder Shape references for Table 1.1




Standard Fuel Assembly
The standard fuel assembly for the TREAT core consists of a block of grajihtduel
placed inside of a zircaloy can. The fuel block and zircaloy can are chamfered at the corners,
allowing for air channels to sit at the corners between elements inrthéAcotherair gap
separatethe zircaloy carirom the fuel block, anget another gap ihetween the zircaloy cans
between assemblies. Sections of graphite sit above and bedow h  a s feiet regioh and s
contain outgassing tubes to catch fissiordpats[8]. The 2D representation of the standard fuel
assemblt hat i s empl oyed i n t hsitakenwasahe kr@ss sectianmtghe t a t i

midplane of the core, which contains the fuel block, zircaloy can, and air gaps between

4

4

Figure 14. Axial Section ofFuel Block adapted frorn8]




Control Rod Assembly

The control rod assemblies in TREA&vethe same configuration and materials as the
standard fuel assembly, with a halkethe center ahe fuel block for insertion of the control
rods. A zircaloy wall tubindines theinside of thehole in thefuel block with an air gap between
the zircaloy and fuel, within which the control rod is inserted with another air gap between the
control rod and zircalojB]. The control rod consists of a® poison section clad in mild steel,
followed by graphite follower sections coated in zircaloy and mild steel. The simplifications
made for the 2Dnodel used in this wortake the control rod assembly at the midplane of the
core and with the graphite follower inserted. The zircaloy can and claddings, fuel block, control

rod follower, and air gaps are all modelksifollows.

Figure 1.5. Axial Section ofControl Rod Assembly adapted frdB8j
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Zircaloy-Clad Dummy Assembly

The dummy assemblies in TREAT consist of a chamfered graphite block of similar
dimensions to the fuel blocks, clad with either a zircaloy or aluminum can with an air gap
between the can and the graphite block, and between the cans of neighboring asjnitiies
Zircaloy-clad dummy assemblies act as thermal buffers between the fuel and the alat@idum
dummy assemblies as Zircaloy has a lower thermal conductivity compared to aluamdudhus
reduce the heat transfer from the fueled region to the edge of th&her2D model of the
dummy assembly includes the graphite block, zircaloy can, and air gaps at the midplane of the

core.

4

/.

Figure 1.6. Axial Section of theGraphite Block adapted frof8]

11



Aluminum -Clad Dummy Assembly

The aluminuraclad dummy assemblies are of the same dimensions as the Zctadoy
dummy assemblies, consisting of a chamfered graphite block surrounded by an aluminum can
instead of Zircaloy8]. These dummy assemblies make up the bulk ofefhecive region in the
core latticein the MCC and MCC+ configurations and provide additional reflection of neutrons
into the active core. The 2D model of the alumiaciad dummy assembiypakesthe same
simplifications as the Zircaleglad dummy assembly, compeiof the graphite block,

aluminum can, and air gaps at the midplane of the core.

1.4 Materials, Parameters, and Uncertainties
Graphite Fuel

The fuel of TREAT is a highly enriched W@raphite mixture with uranium dispersed
into the graphite at approximately a 1 to 10,000 U &idinratio. The average density of fuel
blocks is 1.73 g/criy and the uranium fuel is taken to have an enrichment of 93.24 wt% U235 as
discussed by more contemporary sources for TREAT descrijfl ifhe primary uncertainties
in the material of the fuel involve the graphitization, the boron impurity, and the hydrogen
content of the fuel. The graphitizatiethe ratio of how much carbon in the fuel takes the form
of graphite- is important for this autronics analysis as the scattering behavior of carbon changes
based on whether it takes the form of graphite or not and directly impat¥ e fraction
when specifying the mater@ls n wdata. eh@recommended baseline graphitization ratio for
the fuel is 0.59 according {6].

The lterature on TREAT as discussed@j contains extensive discussion of the boron

impurity which is subject to uncertainty as the boron content was increased from ~1 ppm in the
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raw material for the manufactured fuel blocks due to the baking process of the blocks, which
unexpectedly introduced boron into the surface of theldioeks from the borated steel divider
plates used in the cruciblgg. Values for the boron content vary, with computed values ranging
from 5.90 ppm to 7.6 ppm based on impurity measurements from BESE@wing the lead of

prior modeling work if4], we select a value of 7.53 pgmuse in this workbasedn the

nominal valugprovidedby the MIT Nuclear Reactor Laboratory (NRL).

The hydrogen content of the fuel is also a parameter subject to uncertainties from the
manufacturing process, as the fuel contained approximately 1 wt.% hydrogen before baking at
950JC. Simulation of the fabrication process to obtain a value for the hydrogen content was
performed in February 2015 at 900, and testing revealed an impurity content of 0.097 wt.%
[6]. However, the nominal values provided by the MIT NRL and used in this work include no
hydrogen. Work performed id] discusses the sensitivity of their resutishe hydrogen

content, as well as on the boron content and graphitization.

Graphite

The graphite in the reflector and dummy assemblies in TREAT was recycled from the
Chicago Pile2 (CR2) reactor which itself was recycled from Chicago RilgCR1). An average
density of 1.67 g/cAwas calculated based on data from the originall@Paphite and the
graphite contains an average boron impurity of 1.0 fgmrhe graphitization of the graphite is
taken to be 100% as recommended@}yUltimately, the composition of the graphite was

obtained from the MIT NRL values used[#].
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Zircaloy/Zircaloy -3
The Zircaloy3 present in the fuel cans and control rod guide tube was sampled and
measured to obtain the concentrations of impurities and was measured to have a density of 6.53

glcn? [6].

Aluminum/Al -1100
Al-1100 is the specific aluminum alloy used for the can material in theinmaloy
dummy assemblies in the TREAT core. Direct measurements were not available so standard

composition data was used as presentéd]in

1.5 Similar Work

Prior verification and validation efforts using models of the TREAT facility primarily
rely on 3D models and simulations of the reactor. The wof&]imvolves a code to code
comparison of the method of characteristics code OpenM@t& tlonte Carlo cod®penMC
on 2D models of TREAT, including an infinite lattice of standard fuel assemblies, 3x3 lattices of
control rod elements surrounded by fuel, and models of the MCC configuration. Originally this
work was selected for direct comparison with our workydéwer some differences were
identified in the models and thifferentcode versions for OpenMC that may have introduced a
notable amount of model errinto the comparison. Despite this, the methods, energy group
structures, material data, and prescriptions for the uncertain fuel parameters were valuable for
informing the process of this work.

The process of comparistetweenTHOR andOpenMCresultson the constructed 2D

models of TREAT follows the work if#]. Specifically,the multiplication factor(Q )
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computed byTHOR is compared to the referen@due computed b@penMCon sequencesf
refinementbf thespaial, angilar, and energyliscretizationsn order toverify convergencef

THOROG eesults. Based on prior work, the 11 group and 25 group energy structures were used for
refinemenibf theenergydiscretization The same material data providaegthe MIT Nuclear

Reactor Laboratory (NRL) was used in this work and based on this data the ENDE/B

evaluated nuclear data library was useeualuatehe associated nuclide datde complete

isotopic composition of the involvadateriat is provided in .xml format in Appendix Bhe
prescriptions for the tyuaadh@dsogeg coatgntharetmpligiat i on,
included inthe materiatompositiondata provided by the MIT NIR[9] for the work performed

in [4].

1.6 The Employed ComputerCodes

This work embodies a code to code comparison between the Tetrahedrat®tigeer
Radiation (THOR) transport codi#] and OpenM{2], an opersource Monte Carlo transport
code. Development of thenstructured spatiahesh wagnabledoy Gmsh[3]. Conversiornto
THOROGs nati ve f orciosssestiondifewas dcampishentith the n d
OpenMeshConverter and OpenXSConvertateq1], respectively, thadre opersource

converter utilities packaged with THOR. Description of each code fellow

1.6.1 THOR
The Tetrahedral Highedrder Radiation (THOR) transport code is a steady state,
multigroup, discrete ordinateS\j approximation of the transport equation in thagaensional

tetrahedral geometry implemented in Fortfad]. The unique aspect of THOR is its use of the
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Arbitrarily Higher-Order Transport method of the Characteristic type on Unstructured Grids
(AHOT-C-UG) as its spatial discretization method, which allows THOR to solv&.the
approxi mation of the transport equation on t
tetrahedral grids allows for greater geometric fidelity when modeling curved and irregular
surfaces. THOR employs the strategy of inner and outer iterations tergerthe source
distribution over the mesh which consists of contributions fiwarfixed source, scattering, and
potentially fission The codeemploys power iterations in the case of eigenvalue prodiEdhs

A mesh sweep is performed over all elements for each discrete angle, and for each
tetrahedraklement the method of Short Characteristics formalism is appliedimpute the
spatial and angular moments of the flux over the volume and outgoing faces of the .dizlent
tetrahedral element is transformed into a unit tetrahedral element in order to simplify the solved
eguations and to define a new local coordinate system based on ganie®lume of a cell
[10]. THOR achieves this by splitting a given tetraloednto a set of Characteristic Tetrahedra
(CTs) based on the direction of the discrete angular direction. This process and the rest of the
AHOT-C-UG method is described in detail[it0]. The transformation of tetrahedral elements
also allows for the expansion of the polynomial basis function to an arbitrary order. Anisotropic
scattering is accounted for by expanding the
Legendre polynonails andemployingL e gendr ebés Addition Theor em.

THOR allows the user to assignoupmacroscopic cross sections to each region
typically comprised of multiple tetrahedral elementari@ntlythe multigroup cross sections
compatible with THOR cahe generated using OpenMZ], MCNP[11], or Serpenf12]. A set
of cross sectionscludesgroupwise data for the total, absorption, fission, fission production,

fission spectrum, and scattering cross sections. The scattering cross sedt®arhiastropic
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dependence represented watihassociated Legendggpansion with arbitrargrder, such that

each or der ftakethe mrenfoffaiscattertng maswhose rows and columns

correspond to the incident and scattered energy gAdumultigroupmacroscopic cross

sections are generatadingOpenMC for this work. A tetrahedral mesh with elements grouped

into regions is necessary as well as the mapping from material to regionTEBrinput

parameters include tltoppingcriteria for the inner and oeit iterationgyroup fluxes, fission

sourceand eigenvalue, the maximum number of inner and outer iteratioecttiepatiat

expansiororder, theangularquadrature set artle quadrature order, various parameters related

to optimizing THORG6s memor y witengtheoudputdaantad v ar i o

.vik files which can be visualized in Paraviglg].

1.6.2 OpenMC

OpenMCJ2] is an opersource Monte Carlo transport code capable of simulating neutron
and photortransportin fixed source, eigenvalue, and subcritical multiplication problems.
OpenMC is capable afodeling transport phenomena withth continuous and multigroup
representations @nergyand allows for ACE format files from NJO[Y4] to be used, enabling
cross section data from databases such as ENMR/B[15]. The codeerables simulating all
nuclear reactions producing primary and secondary neutrons and employs the free gas
approximation on target nuclei for particle scattering in order to account for their movement.
Y| B RY scattering law data may also be employed for thermal neutrons scaehbngnd
molecules such as graphite. The geomewnfigurationfor OpenMCmodelsis defined using

constructive solid geometry or CAD representati¢2ys.
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For eigenvalue problems, the method of successive generations is usisksidhe
source distribution must be converged before any results are tallied over the ptobiam
and OpenMaQ@racksthe Shannon Entropy on a mesh over the prolblemainin order totest
convergence of thigssionsource distribution. OpenMC allows for quantities of interest in the
simulation to beestimatedusing a flexible tally system. These tallies are defined by a
combination of filters and scores. Tally filters restrict what events contribute to the tally based on
attributes of the particle such as the cell or material it scores in, the energy otitie, phe
number of collisions, etc. Tally scores define the scoring functions given to the tally, and can
include quantities such as the flux, reaction rates such as the total, fission, scattering, etc., and
particle production scores such as the fisgimduction rate. These tallies allow for OpenMC to
generate multigroup cross sections with user defined group structures. Several different
estimators are available for use as well, namely the-teanzkh, collision, and absorption
estimator§2]. A f our t h o6 combi n e-hbance sstimatordbasedronthes a mi n
covariance matrix of the three previously mentioned estimators and is used in this work as the

presented value foR estimated byDpenMC.

Multigroup Cross Section Generation (MGXS) for THOR
Multigroup cross section®GXS) are necessary for deterministic transport codes such
as THOR which operate within a discrete energy group structure. OpgtjMC:apable of
arbitrary energy discretization when generating multigroup cross sections and accepts user
defined energy group structures. OpenM@®lementsa method t@eneratdMGXS that
|l everages OpenMCb6s tally system, requiring an

accepts the user defined group structure, and the spatial filter may either be specified by the cells
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or materialregiors in a problem. The multigroup cross sections are weighted by the scalar flux,
and the full formulation for how OpenMCmethod calculates the multigroup cross section

. niE as follows in volumédand energy groujfXor nuclide¢ and reactiony where

, n 1RO is the microscopic cross section for nuclidand reactiomyand%.i HO is the

neutron scalar flu{16]

. QOo., Qi,  1HO %iho
8 (1
» hhh =
. TO0., Qi%iho

The macroscopic cross sections are then obtained by summingllaairstituent
nuclidesthe product of thamicroscopic cross sections feachnuclide andts respective atomic

densiy in the subjectnaterialilnEq. (1) OpenMCO0s energy filters spe

integral, ‘00 and the spatial filters determine the bounds of the integral Q | while the

tally score deter mi nes t hesTheiMGKScanctiemphe outpatr o s s

and written to an HDF5 file, which provides the cross section data for each cell or midig}ial.

1.6.3 Gmsh

Gmsh[3] is an open source, 3D finite element mesh generator with arb@AD
engine that is accessible through a graphical user interface, command line, or API. Gmsh
contains geometry, mesh, solver, and ypretessing modules. This work leverages the
geometryand mesh modules to construct the tetrahedral meshéneforodeled configurations
asrequiredby THOR. Generally, geometries can be constructed using constructive solid
geometry (CSG) methods in Gmsh, upon which meshes are subsequently generated. Volume
regions can be defined in the geometry module which can then be grouped into physical groups

which are collections of surfaces or volumes. Parameters can be specified by the user to obtain
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the desired mesh quality. Gmsh also allows for mesh refinement by splitting, which is useful for
the spatial convergenstudy conducted ithis work. Gmsh produces .msh mesh files which are
subsequent !l y c oativeenesh ferthat[8]fll7] THOROG s

In this work, the Python AHB] was used to generate an appropriate geonfatithe
configurations consideredhe geometric volumes are then grouped by material into physical
groups in order to simplify the subsequent region mapping in THOR. On each curve the number
of mesh nodes was specified to obtain the desired mesh refinement in each region of the mesh,
which was done as opposed to specifying a universal mesh element size in order to obtain greater
fidelity in some regions of the meshes such as in thin and curved regions. Trategenmesh
files are then oaivewsshforreatlusingrthe packiged R 6 s

OpenMeshConverter utilitgescribed if1].

1.6.4 Utilities

Several utility codes were used in this work to-med postprocess data.
OpenMeshConverter and OpenXSConveit¢are two open source ppgocessing utilities
packaged with THOR used to convert mesh files and prepare multigroup cross sections.
PlotDigitizer[18] is an online tool used for digitizing data from plots used for obtaining
historical measured data franid TREAT reports MATLAB and Python were used to generate
several posprocessing scripts for the flux data.

OpenMeshConverter converts version 4 Gmsh .mshifitegshe THOR .thrm format.
Each volume in the Gmsh geometry corresponds to a region in THOR, unless physical groups

are present in which case the physical volumes will correspond to regions in THOR. The user
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may specify vacuum, reflective, or incident flux boundary conditions when generating the THOR
mesh file, with reflective boundary conditions requiring a flat surfdge.

OpenXSConverter is capable of converting Serpent2 multigroup cross section outputs,
THOR cross section files, and OpenMC HDF5 files to either THOR cross section files or
OpenMC script files. The OpenMC script files may be copied into existing OpenMC Python
scripts to be used as material cross sections. Each file requires thé tqtabsorptiont

fission + , and fission production cross sectiohs (, as well as the fission spectrum. and

scattering matrixt in order to be convertefll] SinceTHOR is agnostic to the actualues
of themultigroupenergystructure usedt is not necessary to provide OpenXSConvewéh the

energy bin boundaries
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CHAPTER 21 Motivation

Performing acodeto-code comparison between THOR and OpenM&niscesary first
step designetb verify THORtowards the ultimate goal of validating the code and the nuclear
data for TREATIlike configurationsGenerally, erification is inherently necessary in the
process of establishing the trustworthiness of any oodeethod. In the case ®HOR, which
employs the AHOTC-UG method, we not only must show that THOR is capable of producing
accurataesultson a complexonfigurationthatare comparable benchmark resulfdut we
alsomustestimatenumericalerrso f THOROGsS resul t s.

The tangible benefits of THOR that may motivate its use include the use of tetrahedral
geometry to model complex geometric featusexl the potential performance benefits over
other codes. It should be noted that while execution speed and other computational expenses are
not factors of interest in this work, most cases ran in THOR took less time to execute than the
equivalent cases iOpenMC. As well, some acceleration methods are in the process of being
developed and implemented into THOR, which are future improvements that will solidify this

prospective advantage of using THOR.

2.1 Justification
The codeto-code comparisobhetweerOpenMC in continuous and multigroup energy
modes and THOR serves as the verificaggarcise foTHOR, as do thenodelrefinement
studies. Trucanet al.[4] outline the benefitsersushazards of using code-code comparison
as evidence for verification and describe several kinds of exercises that are valuable for verifying
a codeGenerally, Trucaoet al.[19] warnagainst cod¢o-code comparisons for code

verification and suggest caution in the case of numerical accuracy calculateansring that
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careful assessment of numerical error be performed for both the benchmark code and the code of
interest. However, in the case of complex test problems subke standard fuel assembly

model and the MCC+ configurati@monsidered in this workhe lack of analytical solutions and
existing benchmark resultsakethe codeto-code comparisothe only viableoptionif

performed carefully as described[19].

In our case, OpenM@ continuous energy mode senassthe benchmark codier our
set of problemsproviding reference values used to determine the numerical @yenMC
suffers no discretization errors, amavides measures efatisticaluncertaintyfor the computed
mean values of2 andof the neutron flux talliesThishelps toquantifythe trustworthiness of
the OpenMC results and contextualize the deterministic resttputed byTHOR. This, then,
allows us to explore the numerical error and convergence behavior of these quantities of interest
computed by THOR using refinement studiesomparison to their OpenMC, continuous
energy counterparts.

Trucanoet al.[19] also states the necessity of demonstrating that as discretization of the
mesh is refined, the accuracy of ttadculaed quantitieshould improve due to thdiminishing
discretization errorin this workwe seek to test this hypothesgisst on the standard fuel
assembly modaisingQ as the quantity of interest by dec
the number of angles, and increasing the number of energy groups to refine discretization in
space, angle, and energy, respectively. We also seek to demonstrate decreasingperror in
groupwisescalar neutroflux with refinement of theliscretization irthe spaial and anglar
variablesat selectedietector positions ithe employednodek.

Performingthe comparison between OpenMC and THOR on the MCC+ configuration

contributes to the verification of THOR as it is a comparison i@alkssticfull core model. The
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additional challenges and benefits of the MCC+ model over the fuel assembly model in the
context ofTHOR verification include the size of the model, the vacuum boundary conditions that
applyon theperipheryof the core, and thiacreasedcattering introduced by the graphite
dummy blocks and graphite reflector. The flux shape in the MCC+ modeltisattdt like in
the infinitearray ofstandard fuel assembly model and is influenced by the heterogeneous
arrangement of the assemblies in the core. We xj@ecethe MCC+ configuration to respond
more strongly to spatial refinemesampared tahe fuel assembly model because ofltérge
sizeof the corethe shape of the flux, and the vacuum boundary conditimme the net
leakagethat are presem this model

Although the 2D core model is an abstraction of the real TREATgemmetry
comparison of the fission rate in the detectors to the measurementsttik@MCC+
configuration will serve as valuable though preliminary evideéosardsthe validation of
THOR. Demonstrating that the shape of the flux radially through the core and the detector
response to the flux caccuratelyapproximate thexperimentallyneasurd profile despite the
lack of axial detail in the 2D model and the lack of conmtodsmaterial in thecomputational
model would be promising for future work, includiaghore comprehensiwalidation of THOR

using the full threelimensional model
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CHAPTER 371 Methodology
3.1 Comparison between OpenMGnd THOR
The first step irverifying THOR is to perform a comparison between THOR, OpenMC
with continuous energy (OpenMC CE), and OpenMC with multigroup energies (OpenMC
MGXS) using the standard fuel assembly and MCC+ 2D modelsqUd&ities of interest in

this comparison are the effective multiplication faci@r , calculated by each code and the
neutron flux at select detector locations. OpenMC comp@tesand an associated uncertainty

based on the number of batches and particles that contribute to the calculation. Flux tallies track
the neutron fluxegisteringn a specified volume over the course of the simulation. The neutron
flux tallies are filtered by energy group and
results. THOR uses iterative schemes to calctateand the scalar flux for each energy group
in each tetrahedral elemead eigenvalues and eigenvectors, respectively, of the mathematically
homogeneous neutron transport model of the assembly or MCC+ configurations

OpenMC with continuous energy modaised to generate multigroup cross sections for
the 11 and 25 group structures shawiables 3.1 and3.2, respectivelyThe continuous energy
simulation also providethe reference values f& , the neutron scalar fluxes in the detectors
in both models, and the associastatisticaluncertaintiesn these reference values. Modelling
discrepancies between THOR and OpenMC are reduced by checking the geometries and
boundary conditions thoroughly for any deviations and by using OpenMC CE to generate the
multigroup cross sections. In this way, comparingdORHresults with their counterparts

computed with multigroup OpenMC mitigatihe energy discretization error.
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The 1Xgroup and 25roup energy structures shownTiables3.1 and3.2 were obtained
from prior work [4] reviewedin Section 1.5The 11group structure was originally provided by
the I daho National Laboratory and igwupt ail ored
structure is from CASMO and was intended to be used for light water reactors which are thermal

systems like TREA, however the group structure is not customized for TREAT
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To computethe difference ifQ  between codes in per cent mille (pcm, take the

difference betweethe reactivity of the OpenMC reference value , and the reactivity of the

THOR value” , which are calculated as follows agaiigt reference value
.2 P 2
o p 2
) 'rQ P . 8 (3)
0 p

Thedifferencebetween these reactivities is then takethageactivity errar

- 78 @
Equation(4) thus shows how the metric for the comparison betwee®thdrom each code is
obtained, usindQ as the obtaine®® from the relevant OpenMC referenemandQ  as

the obtainedQ from THOR.

3.2 Flux Comparison Studies
THOR and OpenMC have different methodsomputingguantities of interest such as

the scalar flux%e and fission sourcé + %. THOR stores relevamésultslike the group flux

data for each element, which can be extracted from the flux output files arurpostsed as
necessary using external scripts. THOR provides fluxes as va@ueraged quantities in units of
¢ Q6 o Tidd@ . The eaction ratén energy groupQfor some reactiorty , in a volumew

comprised of element® phE HOs compuedvia,

@ g t ii @ %o h (5)
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wheret i is the"Q group macroscopic cross section for reactiororresponding to the
material composition assigned to elem&xb is the volume of elemeffRand%.;;, is the average
(zeroth spatial moment) of the scalar flux computed by THOR in elet@ewt energy groujf2

In this case, the reaction rate is volumeaveraged and has unitsiofQ & ¢ OFDEE i. To

calculate thescalarflux averaged over the samegion, thet j; appearing in EqXH) is set taop,
%oﬁ E, w %oﬁ 8 (6)
W

Given thatthe 3D meshis axially uniform and axially reflected in order teplicatea 2D
geometry it is important to discuss the relationship between the triangular mesh surface
depictedn all the figurespresented in this Thesid the actual tetrahedral mesh. For each
triangular surfacen the mesh, there are three tetrahedra that form a corresponding triangular
prism that extends vertically from the bottom to theliopndaries of the 3D geometin order
to obtain theegion averagedcalar flux that corresponds to orfdttese triangular surfaces, the
neutron flux isvolumeaverageaver the three tetrahedral elements according to@tqg. (

OpenMC tracks quantities of interesa user specified tallies which use a set of filters as
limits of integration and scores to specify which scoring functions should be used for the scoring
integral. In the following quantity of intere&t for example, filters are applied for space, angle,

and energy, for a scoring functié®i o ,
A QO Qi Q' Qimor ihgo 8 )

The units provided by OpenMC for the tally are per source particle. Note that in the remainder of
this work, the angular flux integrated over all anglesyisiefinitionthe scalar flu¥oi HO . The

6fluxd score nidsi o@OaEEON § diwh@ei £ & ideniles
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normalization pesource particlénvolved in the Monte Carlo simulatipwhile reaction rates
like absorption, scattering, and fission are takein & ¢ OFDE &i6 | addparticle
production scores are takenfpgdi 0 "Qd & @OTL W' 6 | SO, fhe particle production
score’ + %is in units oft ‘Q6 O iT¢ @ i€ 6 | T@e3.3 summarizes the units of the relevant

tallies in OpenMC and the corresponding quantities of interest in THOR.

Table 3.3.Units of quantities of interest as computed by OpenMC and THOR

Quan OpenM( THOR
% £ QOOIdDE £ Qo0
00 y 7 4 7 I

(A €061 ¢ i

, E'QOO01 € £€Qd01

1 %o - -
i3 €061 (¢ i

. I QO®OO "l QOdo

w - —— A T
(33 €061 d [

These quantities cannot be compared directly, as the eigenvalue problem has no set
power level ototal source strength. However, we may use some \matagratedover the entire
problemdomainin both cases to normalize the OpenMC values to THOR in order to formulate a
comparison. For this purpose we use the scalar flux integrated over the entire spatial domain of

the problem and over all energies. In THOR this is computed as,

B @ %o N 6)

in units of¢ & & To obtain this value practically, weo st pr oces s toflsHnOtRed s out p
volume multiplied by thecalarffluxd6 s zer ot h #pach aelemént oweo ath elemients,

then sum over energy groups. In OpenMC, the corresponding tally is represented by,
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B Qi QChilO 8 9)

This quantity is in units of o &Fi J € 6 | addInay be obtained by tallying the flux
score without filters. This tallies over the entire volume, and over all angles and energies in the
continuous energy mode. Thus, we have equivalent values to formulate a normalizing source
value"y,

B B B &%y

Y — 8 1
B . Qi 'Q®kikO @9

This quantity has units of ¢ 6 | am &bstraction which will help to explain the following

dimensional analysis. Consider the groupwise flux in a det€xtomputed byTHOR in energy

group”Q We will denote this flux a%op, f; —B  w %o , and itscounterparestimated

by OpenMCvia thecontinuous energy model % L Qi Q 'Ghoi HO . In order

to find the equivalence relationship, we divide each detector flux by the volume integrated flux
over the entire problem for each of the respective values,

%o h %o h

B B

8 M W

The values omothsides of this equatioare unitless. Rearranging 6, , we obtain the

equivalence relation,

B
B

%o, iy %o iy “Y%or i 8 ™ B

Obtaining the comparable flux&sy;  and™Y %o by theaboverelationship, we may
perform comparisons of the groupwise fluxes in each detdetmribedn Sedion 4.3 for the

Standard Fuel Assembly and Section 5.3 for the MCC+ Configuration.
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In the case of a problem with curved detectors where the mesh in THOR does not exactly
match the geometry in OpenMC due to the discrete nature of the mesh, we apply a volume

correction factofO, wherew is theapproximatesolume of the detector in THGRmesh and

W is theactualvolume of the detectas represented exactly in OpenMC,
O = 8 avov
W

Sofinally,comparing a detectoros group flux between

@ B
@ B

%o T "O"Y%or, iy %o i 8 avno

Eq. (14) represents the full normalization and volume correction applied to the OpenMC detector

tallies so they may be compared to the THOR detector results.

3.30penMC Settings

The trustworthiness of the OpenMC continuous energy run which provides the baseline
reference values of the selected quantities of interest is contingent on the settings used,
particularly the number of particles, batches, and inactive batches utilitezlsimulation. The
number of inactive batches is chosen based on the convergence of the scalar Shannon entropy,
which is tracked per generation during the simulation. Convergence of the Shannon entropy
indicates that the fission source distribution ingthablem is converged, which is necessary for
ensuring the accuracy of the tallies taken per generation. A converged Shannon entropy should
appear to stabilize to some value after a certain numbmatoieswhich should appear to have
a flat trendline on a lireg plot. To track the Shannon entropy, we use av  p cell mesh over
the standard fuel assembly model arda ¢ 11 p cell mesh over the MCCHull core

configuration.
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3.3.1 OpenMC Settings for the Standard Fuel Assembly

For the standard fuel assembly model, we select 1,200 batches of 500,000 patrticles each,
with 50 inactive batche3he Shannon Entrodgr eachactivebatchinformedour selection of

the number of inactive batchaesed in subsequent OpenMC runs

Shannon Entropy for Standard Fuel Assembly, CE 25g
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~
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Figure 3.1. Shannon Entropy calculated by OpenMC in Continuous Energy mode, tallied

over 25 groupsersusactive batch number

Figure3.1 presents the Shannon entropy for the continuous energy referenceoifrtbeel
standard assembgenerated by OpenMC. It is apparent that the Shannon entropy displays a flat
trendline even from the beginning which implies that the source distributsorfficiently
convergedvithin the initial few batchesThis can be explained by the initial unifofission
source distribution, which is similar to the final distribution in th  cfallg refi@ced problem
configuration To be conservativeye chose to begin tallying the quantities of interest &fber
inactive batches.
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Shannecn Entropy for Standard Fuel Assembly, MG 25g
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Figure 3.2. Shannon Entropy calculated by OpenMC in multigroup mode tallied over 25

groupsversusactive batch number

For the multigroup model, the same number of batches, particles, and inactive batches are
used. Similarlyrapid convergence for the fission source can be seen from the variation of the
Shannon entropy with batches displayed in Fig.2e

In order to normalize the flux results to TH@RINgEQ. (11), Eq.(9) requires
computation othe total neutron scalar flux tallied over the entire proldemainusing
OpenMCo6s trackl ength estimator that is better
gapsneartheouteredges of the probleniomain The tracklength estimator is more
computationally expensive than other estimators that OpenMC provides such as the collision
estimator Given the standard fuel assembly model is small and reflected on all boundaries,

accounting for the effects of interactions in the air and zircaloy rat@utside of the fuel
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justifies theincrease in execution tim&he neutron flux in thetherdetectors is tallied using the

tracklength estimator as well.

3.3.2 OpenMC Settings for the MCC+ Configuration

For the MCC+ configuration model, we select 500 batches of 1,000,000 particles with 50
inactive batches. Once more, the number of inactive batches was selected based on the
convergence of the Shannon entropy that was tracked during the simulation, wiiatesthe
convergence of thigssionsource distribution. Figurg3 below shows the Shannon entropy for

the MCC+ coranodel with OpenMC executed in CE mode

Shannon Entropy for MCC+ Configuration, CE 259
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Figure 3.3. Shannon Entropy for MCC+ calculatbg OpenMC CE

It can be seen that the source distribution converges quickly, which can be seen in the flat

trend of the Shannon entropy after the first fatchesThus, taking 50 inactive batches is
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sufficientto ensure accuracy of the fission source distributomhis problem. For the

multigroup problem, the same number of batches, particles, and inactive batches are used.

Shannon Entropy for MCC+ Configuration, MG 25g
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Figure 3.4. Shannon Entropy for MCC+ calculatbg OpenMC MGXS

Figure3.4shows the Shannon Entropy for the multigroup case. A similar conclusion can
be drawn regarding the OpenMC MGXS problem on the number of inactive batches, as the flat
trend is observed in the Shannon entropy within the first 50 batches.
In order to normalize the flux results to THOR accogdioEqg. (11), theneutron flux
was tallied over the entire probladomain,this time using the collisioastimator, where each
particle contributes t& and flux tallies after a collision occurs. This wasferredover the
tracklength estimator that was used for the standard fuel assembly model primahi¢y for
purpose of faster execution as using the tracklength estimator on a larger model as opposed to the
standard fuel assembly wolulttreasesignificantlythe computationatime. The full core

problem is dominated by fission in the fuel and scattering in the graphite reflectors as opposed to
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any interactions ithe air gaps, which justifies the use of the collision estimator. The neutron
flux in the detectors is tallied using the tracklength estimator as it was in the standard fuel
assembly modddecaus®f the small size of the detector regs@nd the low density of the air
filling these regionswhich may not accurately capture the neutron flux present in the detector

using the collision estimator.

3.4THOR Settings

Beyond the problem specific settings for the THOR runs reptatedin Sections4.5,
5.5, and 63, we select a set of iteration control parameters to ensure that the quantities of interest
computed from THORG6s results are accurate and
of inner iterations must be sufficiéyptargeto avoid failed convergence tife eigenvalue. The
maximum number of outer iterations for all cases was set to 5,000, with the intent for the
iterative process to achieve the stoywpcriterion well within thiggeneroudimit. All executed

cases of THOR resulted in termination of the power iterations in at~+80giuteriterations.

3.4.1 THOR Settings for the Standard Fuel Assembly

The stopping criteria for the groupwise flux in the inner and outer iterations are set to
p T andp Tt respectively, with the convergence criterfor Q set top 1t . A maximum of
50 inner iterationsvasselected. The spatial expansion order was set tatfor this set ofuns
which we found to be sufficient in a configuration that contains no drastic material
discontinuities and has all reflective boundary conditions which guarantees a relatively flat flux

distribution.
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3.4.2 THOR Settings for the MCC+ Configuration
The convergence parameters for THOR for the MCC+ problem were more relaxed than
for the infinite fuel assembly problem given the size of the MCC+ mesh and the indieased
spatialexpansiororder. Thestoppingcriteriafor the groupwise flux in the inner and outer
iterations respectively wags . andp 1 , with the convergence criterifor Q  wasset to
p 1 . A maximum of 100 inner iterationgasselected, which is higher than in the infinite fuel
assembly problem in order to guarantee stable convergence. For this problem the spatial
expansion order was found to have large effects on the sohdonmacyso we use flux local
spatial expansion oraeof ¥ Tmandy p.The | atter cor rcemplptobasiss t o -
truncated at thenear ordetthat includes theeroth and first order moments excludthg cross

termsiem 1 _ p.
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CHAPTER 47 Standard Fuel Assembly Analysis

In thischapter we analyze a 2D slice of the active fuel region of a standard fuel assembly
from the TREAT facility. The active region consists of a highly enriched, graphitized uranium
fuel surrounded by a zircal oy <canoreaThefaehged i n
region of an assembly is square in cross section with chamfered corners, and the zircaloy can is
shaped similarly. An air gap separates the can from the fuel and aaiotly@p separates the
entire assembly from neighboring assembkégure4.1[6]s hows t he standard fu
configuration and dimensions, with the active fuel region employed ichhjster detailed in the

section view.
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Figure 4.1. Standard Fuel Assembly (DWG# RE21094)[6]



In order to make comparisons between OpenMC and THORts an infinite 2D lattice
of standard fuel assemblies was chosen amitiie verification model for this analysis based on
prior work performed by LabossiéHickman[4]. Modeling an infinite lattice allows us to
understand the effects dianginghumerical model parameters, i.e. the discretization variables
and the modeled configuration, particularly during construction and testing of the model. For
example, homogenization of the two air gaps and fuel can was considered to simplify the model
by avoiding very thin regions that yield highly skewed tetrah€ha effects of this
homogenization were quantified, and it was determined that the homogenization of the air and
fuel canis detrimental tasolution accuracy and therefore inconsistent wWiths s ultimétg 6 s
objective of verifying and validating THOR. Once confident in the accuracy of the results at the
assembly | evel we use this rparameterosmodelthafllli gur at

core aglescribed irChapters.

4.1 THOR Model ofthe Standard FuelAssembly

THOR currently does not haedriangular meshingapabilityfor 2D configurationsand
runs strictly on tetrahedral (3D) meshes. To effectively achieve a 2D model, a 3D axially
uniform model can be made by extruding a 2D mesh and implementing reflective boundary
conditions on the top and bottom boundaries iretigection. The infinite lattice in the radial
plane is achieved by implementing reflective boundary conditions ix tinedy-directions on

all externalaterale dges of the assemblyés 2D section.
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Figure 4.2. Representation of 2D standard TREAT fuel assembly overlaid with the mesh on the

top faceof the extruded geometye ner at ed by Gmsh to be convert

The mesh presented in Figyr@ was generated using Grmi§h and converted to
THOROGs mesh format by usi ngdesctibedirfi]alccentaigse d Op en
630 tetrahedratlements. The depicted mesh was obtained by setting the number of vertices
along thdong section of the fuel regi@ns p e toifiva paints per edgeSubsequentlyGmsh
places all remaining points in the mesh and establishes their connections to form edges and
planes in the resulting tetrahedral meghis mesh igermedthe Irregular Meshdetailed in
Appendix A.1.1.THOR is executed othe Irregular Meslisingmultigroup cross sections
computed by OpenMCE with the 11 group and 25 group structured avith increasing

anisotropic scattering ordérhe quantityof interest in these runs the effectivemultiplication
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factor,"Q . Other mesh variations of the Standard Fuel Assembly are all detailed in Appendix

A.

4.2 OpenMC Model of the Standard Fuel Assembly

OpenMC uses constructive solid geometry
require a mesto simulate neutron historiéalthough a coarse mesh is overlaid to calculate the
Shannon Entropy as describedSection 3.3 meaning that a set of surfaces and bifgglean
operations are used to form the regions or cells that each material occupies. The OpenMC
geometry is a pseueD infinite lattice achieved with the same reflective boundary conditions in
thex-, y-, andz-directions as described above for THOR. Surfaces were defined for the fuel, fuel

can, and boundaries of the OpenMC universe containing this fuel assentb&ach region was

defined from these surfaces by its respective material. OpenMC is executed in continuous energy

mode to compute the same set of quantities of interest as THOR. In the same run OpenMC
produces the multigroup cross sections used by THI@HR, ®penMC is executed separately in
multigroup mode, again computing the selected quantities of intergst.3 displays the

OpenMC Geometry.
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Figure 4.3.Representation of 2D standard TREAT fuel assembly constructed for OpenMC

4.3 Verification ExerciseUsing the Standard Fuel Assembly

The code to code comparison is first performasishg the 11 group structure and then the
25 group structure to demonstrate how the difference between the continuous energy OpenMC
simulation and the THOR simulation behaves with refinement of the energy group structure.
This will also inform our use ofhe 25 group structure in the following model refinement studies
and the whole core simulations. Given that the THOR mesitedetermined, we will select
some groups of elements from the mesh in which to average the scalar flux and use the
boundaries of tbse regions to define the spatial tally regions in OpenMC. Figdigepicts the
Unrefined Mesh (see Appendix A.1.2) of the standard fuel assembly, with the detector volumes
of interest outlinedit is worth repeatinghateachtriangular mesh pictured in all representations

of theemployedmeshes represerthe base oé triangular prisnextending vertically upwards in
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the full 3D meshThe triangular prisnms comprised of setthreeof tetrahedra. Therefore, we
are able taomputethe scalar flux from theetrahedratlements in THOR exactlyom these
volumesand are able to definallies overthese regions in OpenM@ THOR, the scalar fluxes
corresponding to these detector regionscareputedas thevolumeaverageof the three

tetrahedral elements the corresponding prism using Eq..(3)

Figure 4.4. Unrefined Mesh of the standard fuel assembly with detector regions highlighted

This mesh was created with five detector regions in midetectors 1 and 2 in the fuel,
detector 3 in the air gap between the fuel and zircaloy can, detector 4 in the zircaloy can, and
detector 5 in the air channel at the corner of the fuel assembly.ad@hown in Fig. 4.3 this
detector does not encompass the entire air channel due to meshing constraints. Detector 1 has
been specified to evaluate the flux over the center of the fuel region, highlighted in green on the
left pane of Fig. 4. In the righ pane of Fig. 4, the remaining four detector regions are
illustrated, and they have been selected for the following reasons. Detector 2 is chosen as it

tracks the flux in the fuel at the corner of the element to distinguish spectral effects at the center
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of the assemblyersusnear the air gap and clad. Detectors 3 and 5 track the flux in the air gaps
on the corner of the assembly, and detector 4 tracks the flux in the corner of the fuel can. This
selection of regions delineates the neutron flux behavior at the corner oéltiasgambly,

particularly the streaming in the air cooling channel at the corner between assemblies, and how
this behavior compares between OpenMC and THOR. These flux tallying regions are used in the
model refinement studies to quantify the numericalrerréhe group scalar flux, and its trends

with spatial and angular refinement following the anisotropic scattering order and energy

refinements performed in Section 4.2.

4.4 Convergence Studies on the Standard Fuel Assembly

For the mesh rafiement study in the standard fuel assembly, we takeuthie root of
the average volumaf the tetrahedralements in the mesh as the metric for mesh refinement. It
should be noted that determining a metric for refinement on an unstructured tetrahedral mesh is
difficult as there is no uniform measure of cell size over the entire mesh. Due to how the
tetrahedrare split, with each refinement the number of elements should increase by a factor of
eight and so the average cell volume shad@dreaséy a factor of eight. We take the cubic root
of the volume to ensure that the refinement criterion is consistémthe procedure that would
be performed on Gartesian mesh with given cell sizéQ Weexpect to demonstrate that the
"Q value computed by THOR converges to a limit value as the number of elements in the mesh
increases. For the spatial refinement study, we fix the quadrature o&estd is a middle
ground betwee® andSss.

For the angular refinement study, we use Level Symmetric (LS) quadrature sets and

increase the quadrature or@eas the metric for refinement. LS quadrature sets require rotational
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symmetry about the three axes in the angular spaeeand, . In each octant, the number of
directions i ¢ ¢ . One limitation of LS quadrature sets is that if the quadrature order is
equal to or greater than 22 then someatigg angular weights arise, which carries a-non
physical interpretatiof20]. THOR includes Ljuadrature sets, and orders from ¢top @

We conduct the angular convergence study using ¢fthphlfp €p @ This introduces up to

o girections per octant, @y Y directions over the entire ursphere fo€  p @We usethe
FirstRefined Mesh(seeAppendix A.1.3)from the mesh refinement study, as it provides a
balance of spatial refinement and reasonable execution time.

For the scattering order study, we raise the Legendre scattering order used when
generating the multigroup cresections in OpenMC. Orders @f iphofv are used. First, the
multigroup cross sections are generated in OpenMC using continuous energy mode, and then
they are converted to the THOR cragstion format. Using the once refined spatial mesh and a
qguadrature order @¢f |, THOR runs are performed for each Legendre scattering ardés
then compare for each selected quantity of interest the OpenMC continuous energy reference
value and determine the effects of scattering
solution. For the case T, the cross section set generated by OpenMCawitlp is used and
the scattering order in THOR is setito 1. Generating the multigroup cross sections using

OpenMC witha Ttwas found to produce erroneous results.

4.5 Numerical Tests and Verification Results
4.5.1 Anisotropic Scattering Order Refinement Study
The Legendre anisotropic scattering order used to generate the multigroup cross sections

is setto &  Tiphotu in the OpenMC Continuous Energy run, thendhtined multigrougross
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section set is supplied to THGRd to OpenMC MGXSIn this exercis& is used as the
verification metric, compari ngderxHOoRG ar esul t
computed by Continuous Energy OpenMC. Tabledisplays the verification results. For these

tests THOR is executed on tbiarefined Mestwith 249 elements describésee Appendix

A.1.1), using an'Y level symmetric quadrature, and the 25 group energy structuré. Fphotu

the scattering order was used as the full cross section dataset generated by OpenMC with the
same scattering order specified in THOR, whiledfortthed p cross section set was used

with the scattering order specified@s 1tin the THOR run. This is done because we found that

generating thé& TtCcross section set with OpenMC yields erroneous results.

Table 4.1 Effect of increasing the anisotropic scattering ordetherdifference ifQ  between

OpenMC CE and THOR

Scatteria Q THOROpenN
0 1.66 +4 .p2c m
1 1.66 +4 .p2c m
3 1.66 +4 .p2c m
5 1.66 +4 .p2c m

From Table4.1, we note that for thimodelscattering orderd tiphotv provide equivalenk-
eigenvalueshat are accurate withih2 pcm compared to the reference value. The difference in
reactivityfalls slightly outside of théwo standard deviations of the reference OpenMC CE
solution, where;,, or ~95% confidence interval is3.6 pcm.Based orthese resulteie choose

to selecth p as the scattering order for the fuel assembly verification exercises detailed in the

remainder of thighapter.
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4.5.2 Energy Discretization Refinement Study

Refinement of the energy group structure from 11 to 25 groups is usedsatethe
verification test for the refinement of the energy variable. Here we compare the multiplication
factor computed by THOR and OpenMC MGX&susthe OpenMC CE reference value of
p® @ X @ p&N o dhat is reported above. The THOR simulation was run on the once refined
mesh with 1,992 elements, using“&revel symmetric quadrature aad p anisotropic
scattering order. The THOR results are computed with iterative stopping criterigntt for

"Q . This ensures the accuracy of e results to the fifth digit i.e. the pcm scale.

Table 4.2 Comparisorof

gRRctweerOpenMC in CE and MGXS modes and THOR with

energy group refinement

Energy |THOR THORE MG X X THORGXS MGXEE
11 1.667 -7..8 p|ll. 66 p&bpdc n -4 .p2c m 2.2 ¢
25 1.667| +4 . .p2cnm 1. 6 6 B&/p8c n -4 .p2c m +5.0

Displayed in Tabl&.2is the’Q computed by THOR, comparison of the THOR ressult
with the referenc& from OpenMC CE, th& computed by OpenMC MGXS, and how the
MGXS results compare to the THOR and OpenMC CE results. The 11g TORXxhibits a
difference ofi 7.8 pcm compared to the reference value, improving&@ pcm with the 259
THOR case. This demonstrates improvement in the comparison® thealue with
refinement of energwyith the 25g results fallinglightly outside othe¢, or ~95% confidence
interval of 3.6 pcm ofthe reference value. The MGXS  valuesdiffer from theTHOR-

computedvalues by-4.2 pcm forboth thell groupcase ad the 25groupcase The MGXS
values differ from the continuous energy solutioni®.2 pcm and 5.0 pcm respectively for the
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11 and 25roupcasesrespectivelyln the 25groupc as e, THOROGs val ue sits
OpenMC CE and MGXS solutionk both cases, THOR agrees closelth the OpenMC

MGXS results but does not fall within the ~95% confidence interval2ft pcm.Thefact that
theagreement of THOR with the OpenMC CE residtenprovedwith refinement of the energy

group structure is promising, and the general agreement of THOR with the OpenMC MGXS
values to within 10 pcm demonstrates a promisingly small numerical difference that will be

further addressed with refinement in space ameaiGenerally, these results establish the
insensitivity of the computed multiplication factor to refinement of the energy group structure

across the three employed models.

4.5.3 Spatial Mesh Refinement Studies

Spatial refinement of the tetrahedral cells was performed by cell splitting staitimtne
unrefined modetomprising249 elements, up to a thrice refined model with 127,488 elements.
Each refinement of a tetrahedron divides it into eight smaller tetrahedra, hence the number of
elements is increased, and the average volume is reduced, each by a factor of 8 in each
refinement step. We recall the reference eigenvali®of p® ¢ x ¢ p&1 & @omputed
with the OpenMC CE case an@ P® @ X X P& N w @omputed with the OpenMC MGXS
case. The THOR results are obtained with iterative stopping criteriop 1 for 'Q . Table

4.3displays the results of thethreeay compari son of THORGOG6s resul t
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Table 4.3 Comparison ofQ

versusspatialmeshrefinement

computed byOpenMCin CE and MGXS modes withHOR

Number| Tetrahedr al = THORE | THORGXS
Cas ¢ Q

El emer Average V (pcm) (pcm)
Unr ef 249 PO pT 1. 66 +4 . 2 -4, 2
Ref in 1,992 VP Y p T 1. 66 +4 . 2 4. 2
Ref in 15, 93 @8 Y pTt 1.65 +4 . 8 -3. 6
Ref in 127, 4] Up wp T 1. 65 +4. 8 -3. 6

We observe that across all cases, there is odl§ pcmchangean the difference between

THOR and the OpenMC multigroup energy ca3ace more these values fslightly outside of

theg, or ~95% confidence inten&lThis does ngpositivelydemonstrate convergence of the

THOR solution, which raises the question of the nature of the spatial refineimewever, i is

possible that the solution is already converged in space even leastrefined mesh. To further

support thissonjecture we perform a spatial refinement study on a similar mesh with improved

tetrahedral element quality, and also present results from the minimum viableefiasd

below | t

is i

mportant t

(0]

n 0@ eresults may be bbyend tha s t

accuracy of theigenvaluestopping criteria for this problenbut these results still highlight the

lack of change il  with spatial refinement

di gi

The next set of meshes is a regeneration of the mesh depicted in Appendix A.1.6, with

more elements in the fuel region and subsequently the neighboring regions in order to improve

the aspect ratio of the elements in the fuel and overall mesh. The avgrageratio (AR) in the

fuel for the unadjusted mesh ranged fras@ 1 0 'Y T& owhile the average aspect ratio in

the fuel in the adjusted mesh ranged frg@® w 0 Y ¢& T The average aspect ratios over

the entire mesh are around an order of magnitude larger due to the long, thin cells in the thin air

gaps and zircaloy cait.is difficult to improve the aspect ratio in these regions any futherto
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the thin physical dimension across one direction compared to the other. These improvements in
the aspect ratio of the cells naturally resulted in a greater number of elements in this set of
meshes, from 810 elements to 414,720 elements for the least ahckefimed cases,

respectively The results from this study are presented below.

Table 4.4. Spatial refinementonvergence study fd® on a higher quality mesh

Case Number Averaj| Q THORE THORGXS
El emen Vol um (pcm) (pcm)
Unr ef 810 pg x pm |1. 66 +4 . 2 i4. 2
Ref in 6,480 P wpm |1. 65 +4 . 8 iI3.6
Ref in 51,840 pdowpm |1.66 +4 . 8 iI3.6
Ref in 414,72 c8 wpm |1. 66 +4 . 8 3. 6

It is apparent in Tablé.4 that there is no improvement in the results with a mesh of
improved quality, as the range of results remains more or less the same and between the least and
most refined cases there is onl@.& pcm difference in the THOR results. From the results in
Tables4.3 and4.4 we conclude that fundamental differences in the modeling of the assembly
configuration between the stochastic and deterministic approaches confines the agreement in the
computed multiplication factor tslightly outside of the,, confidence intervalwithin ~5 pcm

The minimum viable mesh which is a mesh with the least amount of tetrahedral elements
possible to model the geometry was constructed with 180 elements with an average cell volume
of 0.573 and provided™® of 1.66770 using T iterative stopping criterion fof2 . The
average aspect ratio in the fuel element for this mesh is 5.42. Between the meshes with the least
and most number of elements, there was only an improvemefit2yyem which is marginal
compared to the orders of magnitude difference in the number of elements, hence also in the

execution time. These sets of additional results support the conjecture that all these meshes are
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already within spatial refinementds asymptot.i
refinements whose results are reported in TAldeThis convergence behavior will help to

contextualize results from the spatial refinement in the neutron fluxes expiddedtion4.5.5.

4.54 Angular Discretization Refinement Study

Refinement of the angular discretization was performed usingitsteRefined Mesh
with 1,992 elementshown inFigure A.3 in Appendix A.1.3with levelsymmetric'Y
quadratures of ordér ¢t hphifp €p @Recallingthe referenc& from OpenMC CE is
pH @ X @ PN wdQ P® @ X X P& N w @omputedrom the OpenMC MGXS casend
with the THOR outer iterations achievipgrm stopping criterion fofQ , Table4.5 shows a

comparison of THOROs results with both OpenMC

discretization.

Table 4.5. Angulardiscretization convergence stufty the THORcomputedQ  using
OpenMCCE as reference value and comparison with OpenMC MGXS

Sn O| Q THORE THORGX S
2 1.66] +3.6 4.8
4 1.66] +3.6 4. 8
6 1.66 +4.2 4. 2
8 1.66] +4. 2 4. 2
12 |1.66/ +4.8 3.6
16 |1.66 +4.8 3.6

ConsideringQ  with increasingY order, it is slightly more evident than in the spatial

refinement case that refinement in angle appears to improve the solution towards the OpenMC
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MGXS reference valudVhile thesetrends aremarginalandfall slightly outside othec,
interval of the OpenMC MGXS reference values, more insight can be obtained by

contextualizing these results with the results from angular refinement in the neutron fluxes.

4.55 Spatial Discretization Refinement Studies using RegieAveraged Scalar Fluxes

In order to investigate convergence of the groupwise fluxes with spatial discretization
refinement across the five @etors described in Sectidrm3and the four levels of spatial mesh
refinement as described Appendix A.1.2 through A.1,5ve perform the steps described in
Sectiond.4. We use the results to compute the relative error in the regieraged, i.e. detector,
fluxes between OpenMC CE aitHOR in plots for each detector. The relative erso
calculated as follows,

%0 f; %0 f;

| (9

%o f;

The resulting error trends are shown indfa&s.5. The stopping criteria in THORr the

maximum scalar group flugrror over the entire model was septar .

Table 4.6.Standard deviation in the detector fluxes calculated by OpenMC CE for the Standard
Fuel Assembly

Det e{Scal ar FIl ux St
1 4. 3B E
2 9. 0L E
3 2. 44 E
4 8. 25 E
5 5. 5B E
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Figure 4.5a-e. Relative errors in thgroupscalar flux in detectors-3, respectivelywith spatial

discretization refinement

Figures4.5a-e above show the relative errors of the flux in all five detector positions
between OpenMC CE and THOR. Note the change in the scale on the error axed.bagure
best demonstrates the changes in the relative error of the flux between the difesient
refinement levels. It can be seen ttheg groupwise flux error doemt necessarilgecreasavith
increasing refinement, as evident from the relative error in group4.Q, 23, 15, and 120.

This trend is reversed in some of the higher energy groups and in some of the thermal groups.
There is novell-definedtrend as to whether the relative error increases or decreases in thermal
groups 2325 with refinement. In Figure&5b, ¢, andk, the relative error in the thermal fluxes
decreases with mesh refinement, while there are large increakegiiror in the fast energy
groups. Figurd.5d, for the detector in the zircaloy can surrounding the fuel block, shows a
maximum error in groups-80 that does not improve with refinement, unlike the considerable
reduction in error with mesh refinement in groug3. In general, most of the flux errorseach

of the detectors do not change significantly with spatial refinement except in the highest and
lowest energy groups.

We observe that no monotonic reduction in the relative error in the detector fluxes occurs
with increasing spatial mesh refinement of the standard TREAT fuel assembly problem. We may
note, however, that the relative errors for each detector are boundealing 0.15%, 0.1%,

0.55%, 0.60%, and 1.0% for detectors 1 through 5 respectively. Thidamoeasing behavior of
the groupwise relative error in the flux may be explained by the solution already converged with

spatial discretization as discussed previpimsr the'Q  resultsi and may also be considered

further evidence supporting this conjecture.

55



Relative Flux Error in All Detectors with Refinement 3
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Figure 4.6. Relativeerror in the groupcalarflux in all detectors fothe ThirdRefined Mesh

Figure4.6 shows the reltive error in the groupwise fluer all detectors on the most
refined mesh to demonstrate the relative errors for each detector in the standard TREAT
assembly configuration. Outside of the fuel region in detectors 3, 4, and 5, there is an increase in
the relative error in groupsB) and inthe fast groups-B. Otherwise, in the fuel region with
detectors 1 and 2, the error is bounded below 0.12% and tends to be relatiaeiso8atall
groupsi especially in the center of the fuek. detector IWe conjecture thahe geometrically
thin air and zircaloy can regions tend to foster higher groupwise errors than the larger fuel
regions, suggesting that the relative error is a function of both geometry and material

composition
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Table 4.7. Maximum relative error over energy groups with spatial discretization refinement

Maxi mum Rel ative Error ove
Unr effRefinelRefine|lRefine
Detec/ 0. 13 0.12 0.11 0.10
Detec/ 0. 0¢ 0.10 0.10 0.10
Detec/ 0. 5( 0.50 0.52 0.53
Det ec/ 0. 5§ 0. 48 0. 48 0. 48
Detec/ 0. 8¢ 0.91 0. 95 1.00

Table4.7 illustrates the maximum relative error over all groups in each detector for each
spatial refinement case. Here, it is evident that refining the spatial mesh does not necessarily
decrease the maximum relative error in every detector, as observed inrde2e8tand 5The
bold-faced column indicatehe sameesults between Tab#ke7 and Tablel.8 by virtue of using

the same mesh ar® angular quadrature set.

4.5.6 Angular Discretization Refinement Study using Regiomveraged Scalar Fluxes
In the case of the angular discretization refinenstudy, we tabulate the maximum
relative error in the groupwise scalar flux for each of the five detectors employed in this study

versusquadrature order.

Table 4.8 Maximum relative error over energy groups with angular discretization refinement

Maxi mum Rel ative Error

S2| S4| S6| S8 S171S1¢
Detec|0.20.10.10.20.10.1
Detec|0.20.10.10.120.10.1
Detec|1.0Q0.60.60.50.40. 4
Detec|2.0Q0. 70.40.40. 40. 4
Detec|1.€61.21.4q0.90. 70. 1%
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Table4.8 shows a more promising improvement in the maximum relative error in each
detector with angular discretization refinement, showing that as the number of angles increases
the maxi mum error in each detectords group f
mondonic decrease in the maximum relative error of the fluxes, which quantifies the inaccuracy
between the OpenMC and THOR models as the maximum relative error represents the accuracy
of the least accurate groupwise flux. These results show that the gdésigetement in the
groupwise fluxeslecreasewith increasing angular discretization, and that all groupwise relative
errors are bounded by this maximum relative error. Now, we present the plots showing the

groupwise relative errdrend with increasing angular quadrature order
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Figure 4.7a-e. Relative errors in the scalar flux in detectoss Wwith angular discretization

refinement

Figuresd.7a-e display the relative errors in the groupwise flux in all detectors with
angular discretization refinement. We can visually verify that the largest groupwise flux error
decreases in all detectors with increasing quadrature order, where most of Steelaogs tend
to occur in the highest energy groups. In Detector 2, the largest relative error in the most refined
cases is in group 16, and for Detector 4 the largest relative errors are in guped"Y
through™Y . We also note that, in casésthrough™Y , the errors for almost all groups in all
detectors decrease monotonically or remain unchanged. WeéYradean exception as some of
the groupwise errors fall below the refined cases. Given the monotonically improving behavior
of the error for the higher quadrature orders we may attribute this unexpected behavior to the
poor approximation afforded by th¥ quadrature comprising only four discrete angles covering
the unit sphere. There remains one exception to the monotonic decrease in the relative error,
which is in Detector 2 in the first energy group. We note that the error in Detector 2 remains
bound bygroup 16, which remains below 0.1% error in all cases.

We contextualize this monotonic reduction in the groupwise relative errors of the flux
with the apparent improvement in the results towards the OpenMC MGXS solution and
assert that the THOR solution converges towards the OpenMC MGXS solution with angular
refinement. The reduction in groupwise relative fluxes towards the OpenMC CE solution
demonstrates t he imupgroopvlexsodution to thdt of théliQdgated

continuous energy solution with an increasing number of angles.
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Chapter 517 Minimum Critical Core Plus Analysis

5.1 Description

The full core selected for this study from the TREAT facility was the Minimum Critical
Core Plus (MCC+) core which was the second core configuration of the facility during the initial
testingandstartup phase. Relative to the Minimum Critical Core (MCC), MCC+ has two extra
fuel assemblies on the east and west side of the fuel region in the core. This core was selected as
the full coreverification test casas flux distribution measurements were taken in the core, with
both axial measurements in some &amnel locations and radial measurements at the axial
midplane of the core whiabpens the door for a validation study against experimental
measurements. For the most part, this chapter will focus on the comparison between OpenMC
and THOR but will include preliminary results of a comparison with the experimental
measurements reported in.[2]

Referring to Figure 1.2he MCC+configurationconsists of 135 standard fuel
assemblies, eight control rod assemblies, and 16 zircddolygraphite dummy assemblies. The
matrix consists of aluminuralad graphite dummy assemblies, and the core is surrounded on the
top, bottom, and sides by a two featk permanent reflector consisting of graphite blocks.
While the permanent reflector is not shown in Figure 1.2, the permanent reflector should be on
the outside of the figure on all sidéss well, a concrée biological shield surrounds the outside
of the permanent reflector. The zircalolad dummy assemblies act as a thermal barrier between
the fueland aluminums | ad dummy assemblies due to zircalo
dummy assemblies otheise act as additional neutron reflectors in the core as they consist

primarily of graphitg8].
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5.2 2D MCC+ Configuration Model
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Figure 5.1. 2D Coarse Mesh of thelCC+ Configuration in THORalso Figure A.D

To model this core in a twdimensional and simplified format, we choose to model a
guarter of the core at the midplane with axially reflective boundary conditions, reflective
boundary conditions at the bottom and left of the problem, and vacuum bouodédityons on
the top and right of the problem outside of the permanent reflector. The control rod positions are
modeled as the graphite followers, meaning that for this problem no poisons are inserted into the
corel thus we can expe®@® to belarger than 1Figure5.1 presents the geometry of the 2D
MCC+ coreas modeleih THOR. The central fuel region is discretized into three fuel materials
so that theeffect of thespatialdependencef the fluxspectrum, that subsequently influentes
multigroup cross sections can be more accurately represented. The graphite matpé@abigd
into two materials, one considering all of the graphite inside of the core and the other
representing the graphite in the permanent refleagain to more accurately capture the effect
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of the different spectra in these two regions on the collapsed multigroup cross sections

Cylindrical detector regions are placedie center of each air chanirethe positions indicated

in Figure5.2 in Section5,3 wi t h di ameters of 10 each corres
probesln this chapter, the detector regions are modaeilligal only the air material found in the

rest of the core. This is done to avoid introducing any disproportionate effects@n tio¢ the

core, as introducing additional fissile material in the 2D quarter core model would overestimate

the fissia source due to the two reflective boundary conditions on the bottom and left sides and

the axially reflective boundary conditions on the top and bottom axial planes of the model. In

Chapter 6these detectors are modelled as a homogeneous mixture of air and highly enriched

uranium (95% U235), corresponding to the ratio of the volume of uranium in the fission counter

to the total volume of the fission counter.

5.3 Verification Exercise Using the MCC+ Configuration

The code to code comparison on the MCC+ configuration is performed with the 25 group
structure and employs identical geometric models in OpenMC and THOR with the only
geometric differences existing in the control rod assemblies and the cylindrical detgixions.
This is due to the curved surfaces in the geometry and the resolutionetfahedramesh in
approximating this curvature. Given there is only a graphite follower, zircaloy, and air materials
in the control rod assemblies and no control niatéor this problem we do not expect any
significant effects on the solution due to this difference. In the case of the detectors, a volume
correction factor is applied to the fluxas the geometry in OpenMC models the curve of the
cylindrical detector exactly while THOR must approximate it due tpkhear face®sf the

tetrahedramesh This analysis is performed on a core model withmendelledin the detector
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positionsas opposed to any fission counter matexsatiescribed previouslyheQ  will also

be compared between the models with and without fissile material in the detector ldoations

order to quantify the effects of the additional fissile matéhial may be exaggerated due to the
reflective boundary conditions in the mod€he final model with discretized fuel and graphite
materials and the fissile detector material is used to compare flux and fission rates between codes
and will also be used wompare to measured data from the MCC+ core in a preliminary

validation exercisedescribedn Chapter 6

Figure 5.2.Labeled Detector Locations in the MCC+ Configuration

Figure 5.2. displaythe detector locations, positioned in the corners of the air channels
radially outwards from the center of the core. Detectors 1 through 6 sit inside of the active fuel
region, with detector 7 on the edge between the fuel and graphite matrix, and d8taoth&s
fully within the graphite matrixThe standard deviation in the detector fluxes estimated by
OpenMC for each detector is presented in Takleln THOR, the stopping criteria for the

maximum groupwise error in the scalar fluxes was setfo 10



Table 5.1 Standard deviation in the detector fluxes estimated by OpenMC CE for the

MCC+ configuration

Dete|Scal ar FIl ux St
1 1. 264&
2 1. 204&
3 1. 10&
4 1. 1@E
5 1. or&
6 9. 8GE
7 8. MRE
8 7. 5A%E
9 6. 201E

5.4Refinement on the MCC+ Configuration

In the course of exploring the effects of spatial and angular refinements on the MCC+
configuration model, it was found that a variety of parameters must be changed beyond those
used for the standard fuel assembly. These include the spatial expansiom,adérthe choice
of quadrature set used such as the Level Symmetric and Legenelogshev quadrature sets.
The following results describe how these parameters become relevant when performing-the code
to-code comparison and refinement studies on the MCC+ configyratidrhow they affect the
THOR solutiors. For this work, acoarse 21,528 element mesh and a fine 60,768 element mesh
are employed@sdetailed in Appendix A.2andonly the 25group structure presented in Table
3.2is employed as it was shown@hapter 4hat the25-group structure providescloser

comparisorbetweerthe THOR and OpenM@odelsas oposed to the jroup structure
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5.5Code ComparisonResults
5.5.1 Flux Spatial Expansion Order Refinement Study

To determine the effects of tilax spatial expansion order @olutionaccuracyfor the
MCC+ model thatnvolvesvacuum boundary conditions, in THQ® set thespatial orders
Th p to the coarse 21,528 element mesh of the MCC+ configuration using the 25 group
structure(  p scattering order, and Lev8ymmetric quadrature sets for Ufp ¢p @The

OpenMC continuous energy reference value was calculated@® be p& ¢ ¢ p g& N W&

Table 5.2 Comparison ofQ computed by OpenMCE and MGXSwith THOR with spatial

order and angulaiscretizatiorrefinemens using the coarse 21,528 element mesh

Spatiat|Sn O] Q THORCE|THORIGX S
0 8 1.14 8397 8580
12 [(1.14 -8358 8540
16 [1.13 -8606 8789
-1 8 1.26] +499 B2 6 8
12 (1.26/ +464 w2 33
16 |[1.26] +238 b7
OpenMC CE RRfeprpgl g @ d
OpenMC MGXS I'R® § e 1 egmoied

It is immediately evident in Tab&2 that the spatial order  Ttis insufficient for this
problem, with major differences on the scale 80600 pcm between OpenMC and THOR. This
can be attributed to the shape of the flux at the edge of the problem in the outer reflector where
the vacuum boundary conditioapply. The constant flux shape approximation fails to account
for the flux at the edge of the geometry, overestimating the neutron loss leakage and resulting in

amuch lowefQ value in THOR. With the spatial order  p agreement between the two

codes is closer, withind00pcmfor the case wittgs angular quadrature and with a difference
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between THOR and OpenMC @Bad MGXSof +188 pcmand +5 pcmrespectivelyThis result
seems very promisirighowever, the convergence behaviof®@f from theS andSi results to
the Si6 resultsshows an irregular change in the magnitude of the soluipecifically,the Sis
resultoverestimatethe OpenMC CE solutioby only ~190 pcnwhile the Ss andS;2 results
overestimate the same solution by at le@&&0pcm, and likewise +5 pcraersus~180210pcm
for OpenMC MGXS respectively. Thisuggestsan underlying deficiency ithe quadrature set
employed in these numerical testamay be attributable to some of the discrete ordinates
travelling in the same direction as the faces of some set of elements in thenti@say be

resolved by using an alternative quadrature set.

5.5.2 Angular Quadrature Set Comparison

In order to investigate the previously obserbetiavior in thesigenvaluewith increasing
angulardiscretizatiorrefinement the angular quadrature set was changed from the Level
Symmetric set to the Legend@hebyshev set and the results were compdretiveen orders
¢ ip Gandp @These correspond RD, 168, and 288iscreteordinates respectivelyWe
expect that the alternative weights and directions of the Legé&trbyshev quadrature $20]
will avoid introducingtheabnormal effects observed with the Level Symmetric quadrature set.
This simulation was performed in THOR on the coarse MCC+ configuration mesh with

Legendreanisotropicscattering ordett  p and spatial expansion orcer  p.
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Table 5.3 Comparison ofQ

computed by OpenMCE and MGXSwith THOR usingLevel

Symmetric and Legendi€hebyshev quadratwgef increasingrder

Quadr at SOrder Q THORCE | THORGXS
Level Sy 8 1.2684 +49 9 +8 8
12 1.2679 +4 6 4 +2 33
16 1.2651 +2 38 +7
Legend 8 1.2683 +49 0 +89
Chebysl 12 1.28%3 +4 5 2 +221
16 1.2%2 +4 2 8 +197
OpenMC CE RRfeprpag@ g @ d
OpenMC MGXS R e mnefnceed =

Table5.3 shows that the reduction in the difference between THOR and OpenMC CE
with the Legendré&Chebyshev quadrature set is more gradual than the Level Symmetric set,
resulting in a difference of428pcm for theSie case corresponding ta +197 pcm difference
for OpenMC MGXS This difference is greater théime Si6 results usinghe Level Symmetric
set, though the trending behaviomsre gradualThis behavior will be explorefirtherin the

comparison of the detector fluxesSection5.5.5.

5.5.3 Mesh and Material Discretization Refinement Study

In an effort to narrow the difference between the THOR and OpenMC results, the
graphite reflector material within the core was discretized into the control rod follower material
and into two regions of graphite from the dummy assemblies, one next tditieecace and one
closer to the outer reflector. Note that the graphite material in the outer reflector was sl¢ady
into its own materialo account for spectral effects on the collapsing of the multigroup cross
sections As well, the model with imgved material discretization wasodeled orthe fine

60,768 element mesh émablecompaisonto the coarse mesksults This was performed with

68



the S;2 LegendreChebyshev angular quadrature, a spatial expansion oraer ofp, and &

anisotropicscattering order afi  p.

Table 5.4. Comparison ofQ computed by OpenMC C&nd MGXSwith THOR with mesh

and material discretization refinement

Me s h ko) THORCE|THORIGX §

Coars|l. 26 +4 5 2 +2 21
Coarse |1. 26 +4 3 9 +2 0 8
Fine w/l1l. 26 +4 10 +179

OpenMC CE =RRfeprpgl g @ d
OpenMC MGXS R® he megncied =

From Tables.4, a reduction in the difference ®8 pcmbetween THOR and OpenMC
CEis seen with further material discretization on the coarse mesh. The difference is further
reduced by29 pcm from the coarse mesh to the fine mesh, resulting in a final differendd @f +
pcm between THOR and OpenMC ClHe results from THOR and OpenMC MGXS are closer,
ranging from 221 pcm to 479pcm.In this work, this is the smallest difference achieved

between the Monte Carlo and discrete ordinates modéhe dfiCC+ configuration.

5.5.4 Anisotropic Scattering Order Refinement Study

Theanisotropicscattering order for the MCC+ configuration models so far has been set
tod pto avoid long execution time# brief investigation into the effects of the scattering
order for this model was performed, withexpanded set afcattering ordexd  Tiphotv. This
studywas performedisingthe coarse mesh with the improved material discretization,tiagth

S LegendreChebyshev quadrature.
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Table 5.5. Effect of increasing the anisotropic scattering ordetherrelative difference between
Q  computed byTHOR andby OpenMCCE

Scatter i Q THOROpenN
0 1. 2823 +1604
1 1. 2683 +4 90
3 1. 26 84 +501
5 1. 26 84 +500
OpenMC CE RRfogrmnalr ®a

Table5.5 shows that increasing the Legendre scattesidgr froma ptod v
increases the difference in results betwisentwocodes by8 pcm Clearly, the results fax 1t
aredefective This quantifies the potential difference in changing the scattering order on the
MCC+ configuration models, and the snaiange in the difference with increasimguggests
that thediscrepancy between the THOR and OpenMC results is not a result of the anisotropic
expansiororder. For our purposes using p going forwards with this problerppears
sufficient. The OpenMC MGXS results were not included as the trend can be identified

sufficiently in comparison to OpenMC MGXS.

5.5.5 Flux Comparison between Quadrature Sets

Building on the findings in sectiodn52, we present the relative error in the total faix
the nine detector locatiossimmed over all groups and subsequently the relative error in the
groupwise fluxes. The relative error in the total flux is presented first to understand the behavior
of the neutron flux as a whole, before the groupwise flux error is presented for theepafp

verification.
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Figure 5.3. Flux Comparison using increasing anguwjaedrature ordewith the Level

Symmetric quadrature set

The flux in the detectors as reported by and scaled to the OpenMC CE values is presented
in Figure5.3a. This includes the OpenMC CE solution, the OpenMC MGXS solution, and the
results from THOR using the Level Symmetric quadrature set as was performed in 28@ion
Figure5.3b displays the relative error between the labelled cases and the OpenMC CE flux
results. The $and S» resultsvisually overlap with the OpenMC CE and OpenMC MGXS
results in Figuré.3a, while it is evident that there is a growidigcrepancy with the;gresults
as the detectors become further from the center of the core. Bigorghows the increasing
relative erroiin the Ssresults. This furthers the suspicion surrounding the resultabie5.1,

indicating an error associated with the use of adeSel symmetric quadrature set on this
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problem. Meanwhile, thes&nd S2 relative errors remain bounded below 1%. Next, we look at
the solutions using Legend@hebyshewjuadrature set® checkif the convergence in the

results remains sensible.

018 Flux in Detectors 1 Relative Error in Total Fluxes
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Figure 5.4. Flux Comparison using increasing angujaadrature ordewith the Legendre

Chebyshev quadrature set

Figure5.4 shows the same results for the total flux and relative errors as previously
mentioned using the Legend@hebyshev quadrature set. In gendratieragreement can be
seen in Figur®.4a, reinforced by thgenerally smallerelative errors presented in Figurdb.
Once more the relative error in the total flux is baedhoelow 1%, this time fothe Sg, Si», and
Sie angular quadratures. The relative error in the OpenMC MGXS resslizider tharD.3%. It

is evident that the results using the [SegendreChebyshev quadrature set are maire

72



erroneous compared to the §evel Symmetric quadrature sétmay be the case that using the
Si6 Level Symmetric quadrature set includes quadratures that run parallel to many element faces
in the mesh, which introduces compounding errors into the fluxandsolutions. Thereforén
the remainder of this wonke will employ the Legendr€hebyshev quadrature set.
For the purpose of verificatiasf our conclusiongsit is important to understand the
behavior of the relative error in the groupwise flux. Presented in Pigfuire the relative error in
the groupwise flux in Detectors9as computed by HOR with LegendreChebyshev

guadratures compared to OpenMC CE results.
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Figure 5.5. Relative Errors in Groupwise Flux for Legendtbebyshev quadrature séetween
THOR andOpenMC CE

In Detectors through6, the relative errors are consistently around 3% and are bound
below 4% for most groups with a smaller error in the first three groups. These detectors sit
within the active region of the core. Detectors 7 and 8 have increased errors in some groups, and
Detector 9 has the largest relative errors in the groupwise flux, up to 10% in some of the fast
groups. In the fast groups of Detest8rand 9, refinement of the angular quadrature reduces the
relative error. Meanwhile in the therngoups 23hrough25the group flux inDetectors 7
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through9 haserrorthatremains below 3%Based on the stopping criteria set in TH@R Tt
on the maximum groupwise error in the flux, the magnitude of the relative errors remains within
the realm of accura@nd thus these relative errors may be used to inform our evaluation of the
neutron fluxin the detectors

The increase in relative error in the fast groups outside of the active region of the core
may be attributed to the lack of fast neutrons produced from fission in these rediais
makes the fast flux rather small in magnitude and susceptible to elevated numerical errors
Meanwhile, the thermal neutron population remains relatively large in the graphite dummies in
the core, which keeps thigferencebetween results from THOR and OpenMC €&allin the
thermal groups for this problem. Although it is metessarily visible due to tisealeof Figure
5.6, it is worth notingthat the groupwise relative errors do not necessarily decrease
monotonicallywith increasing quadrature orgdevith most groupwise relative errors remaining
mostly unchangedith angulardiscretizatiorrefinementNow, we observe the results from the

same comparison between OpenMC MGXS and TH@B&sented in Figure®below.
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Figure 5.6. Relative Errors in Groupwise Flux for Legendtbebyshev quadrature sets between
THOR andOpenMC MGXS

Comparing Fig. ®to Fig. 55, it is evident in detectors 1 through 6 that the relative
groupwise error over all groups is consistent and once more ~3%. In groups 1 through 4 there are
only minor variations in the relative errors in the OpenMC MGX&UuUSTHOR results. The
relative error is also more consistent in detectors 7 through 8, with a maximum of ~5% error in

detector 8 and a maximum of ~8% in detectoh®well, in all detectors both inside the active
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fuel region and the graphite matrix, the thermal groups 23 through 25 are consistently at ~3%
error.

Comparing betweegroupwiseand total relative errors in the neutron flaxjotable
difference in the magnitude of the groupwise versus the total relative errors can be seen. For
example, comparing the results in Figure 5.4 to those in Fighir@n®. 56, the total relative
errors are all below 1% while the groupwise relative errors are consistently ~3% off msrg.
due to the manner in which the groupwise relative errors are calculated farheseh grouphe
difference between the THOR and OpenM®Gupwise fluxes is divided by the OpenMC
groupwise fluxas opposed tthetotal flux from OpenMCSo, these groupwise differences are

taken relative to their corresponding groupwise values instead of the total flux.

5.5.6 Flux Comparison with Mesh and Material Discretization

The relative error in the groupwise fluxes on the coarse and fine mesh cases with the
discretized graphite materials as discussed in Sestfa presented in Figug7 to observe the
changes in the relative error betwdla consideredodes.The Si2 LegendreChebyshev angular
guadrature was used i n @epidtedrcFigsrebd corregporditot he o6 c o

01 e gc h eHgy5b and Fig. .
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Figure 5.7. Relative Errors inhe Groupwise Flux with mesh and material discretization
refinementbetween THOR and OpenMC CE

It can be seen iRigure5.7 for Detectors hrough6 that there is no apparent change in
the relative error with the mesh and material changes. In Detedtmsugh9, the relative error
in the coarse and fine mesh cases with discretized graphite visibly differs from the case without
the material discretization. In Detectorand8 for examplethe abrupt increase in the relative
error in groups 21 and 2ibserved on the coarse mésieduced. With spatial mesh refinement,

the relative error in both of these cases remains almost the same with the greatest differences
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being in Detectors 8 and 9 in the fast energy range, seen in groups 1 through 9. In this range, the
results from the fine mesh are improved from the results in the coarse mesh. This suggests that
the flux solution in the fast energies in the outer detsdsostill sensitive to spatial refinement of
the problem.

For the active core region encompassing Detecttimsolighé THORD solution is
insensitive to changes in angular refinement as seen in FHdgumad changes in spatial
refinement. The relative error of the groupwise fluxes in the detectors in the fuel region remains
bounckedb e | ow 4 %. Il nsensitivity to angular refiner
active core is converged withe employedliscretizatiorievels Belowin Figure 58 are the

same resultas in Figure 5.,7this time comparing @enMC MGXS and THOR.

79



Detector 1 Detector 2 Detector 3

0 0 0
N B A BNDOAINDHE N2 ARNSERONDE N3O BNDBA BN

Detector 4 Detector 5 Detector 6

)

< 10

el

e

o

E

LLJ

@

=

=

S

s

x O 0 0

NS B4 BNDEAINDE N DA BNDEAINDG N D A BND BN SN D

Detector 7 Detector 8 Detector 9

~—E— coarse
coarse w/ mats

—¥— fine w/ mats

Group

Figure 5.8. Relative Errors in the Groupwise Flux with mesh and material discretization
refinementetween THOR and OpenMC MGXS

As foundin the previous comparison between THOR and OpeMBXS in Figure 58,
the groupwise relative errors in detectors 1 through 6 are consistently around 3%. In detectors 7
through 9, introduction of the improved graphitess section representatidmanges the shape
of the relative error between groups, not necessarily lowering it over all groups. Increasing the

refinement of the mesh does improve the agreement between solutions in groups 1 through 8 in
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the graphite region, illustrated in detectors 8 an@tBerwise, most of the scalar flux solution is
insensitive to the use of the Fine Meghisushe Carse Mesh in these detectdralthough the

improvement inQ is evident as seen in Table 5.5.3.

5.6 Multigroup Cross-Section Spectrum Analysis

In order to gain insight into the significant differenceXin between the reference

values from OpenMC using continuous eryesigdthe results from THORNd OpenMC using
multigroup energ structureswe investigate the effects of the discretization of the fuel region
into three distinct regiongpresented by three energy spectra in the energy collapsing process
In order to do this, we investigate the spectrum shift in the multigroup-sectisns by

obtaining these crossections from OpenMC CE per assembly and comparirsgthéhe
multigroup crosssections of their respective homogenized fuel regials® obtainety

OpenMC CE In patrticular, the difference in the fission cr@gstions will be compared over all
groups for each assembly in the thieel regions.See Figure 5.Which displays the three fuel
regions, labelled as Fuel (1), Fuel (2), and Fuel (3) for the inner, middle, and outegiae$
respectively.

The inner fuel region contains 15 assemblies, the middle fuel region contains 13
assemblies (not including the control rod assemblies), and the outer fuel region contains 12
assemblies. Scatter plots displaying the relative error between the homoge iz upu
fission crosssection foreachentire region and the assemiyse macroscopidission cross
section are presented, where each point represents the data from some fuel assembly in the
seleced regionThis evaluation is presented cumulatively rder toshowthe distribution of

error in each energy group.
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Relative Error in MGXS Fission Spectrum for Fuel (1)
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Figure 5.9.Relative Errors in the Fission MGXS over Inner Region Fuel Assemblies
Figure 5.9 displays the relative error in thacroscopidission crosssections between
each assembly and the crassction of the homogenized fuel region for the 15 innermost fuel
assemblies, corresponding to the region labelled as Fuel (1) in Figure 5.1. The distribution of
relative errors increases in grouiisthrough 15. Of note is the range of relative errors in group

23 which is one of the three thermal groups
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Relative Error in MGXS Fission Spectrum for Fuel (2)
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Figure 5.10.Relative Errors in the Fission MGXS over Middle Region Fuel Assemblies

Figure 5.10 displays the same metric, this time for the fuel assemblies in the region
labelled as Fuel (2) in Figure 5Generally, the distribution of relative errors per group is

increased in groups 1, groups 8 through 13, and notably in group 23 and 25 which are the

thermal groups. The relative errors in group 23 range from 0.02% to 0.19%.
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Relative Error in MGXS Fission Spectrum for Fuel (3)
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Figure 5.11.Relative Errors in the Fission MGXS ov@uterRegion Fuel Assemblies
Figure 5.11 displays the same relative error metric for the outer fuel assemblies which
border the graphite matrix. Once more the distribution of relative errors ingraasegh as
0.25% for groups 10 and 23. The distribution of relative errors in group 23 seems to have around
half of the fuel assemblies with relative errors in the fission esessons between 0.03% and
0.09%, while the other half has relative erragsaeen 0.17% and 0.26%. The relative errors in
group 25 are distributed similarly two clusters with the highest relative error being 0.11%.
While therangeof these relative errois generallysmall, thé very presenceés notable
in the macroscopic fission craesectiondor all assemblies, particularthermal groupsThe
fission process drives the chain reaction, hence it is crucial for computing an accurate
multiplication factor. At the same tim#ethermalneutron flux is dominartience its large

errors,such asn group 23 magnifies the multigrouping errors thsisggests that the
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discrepancies if  may bethe result of using too few assembly regions to accurately capture

the spectral effects on the multigroup cross sections
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Chapter 67 MCC+ Configuration Experimental Measurements Comparison

6.1 Flux Detectors in MCC+
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Figure 6.1. Fission Probe Locations for tiidux Shape Measurements in MC(A

Displayed in Figuré.1 is the placement of various neutron flux detectors measured in
the MCC+ coreas reported in [2]A set of U235 and Pu239 fission counters were inserted into
the air channels in the core during steady state operation to obtain both full axial measurements
and measurements at the midplane of the core. Additional measurements were made with foils
conssting of U235, Pu239, PAl alloy, and gold. Note that the control rod in position M6 in
Figure6.1 was inserted between 10.5 and 12.5 inches into the core to maintain criticality. Also
note that the full depth of the control rod traverse is 60 inches [2]. We are primarily concerned
with the measurements taken radially outwards from the center ofrinendochweremeasured
in the positionsndicatedin Figure6.1 The measured daispresentd in Figure 6.2 As

mentioned previously, the detectors are modelled in OpenMC and TH®Ro&@sogeneous
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mixture of 95% enriched uranium and air. The ratio of uranium to air was calculated based on
the given mass of 1 mg of fissile material over the volume of the detector [2]. This simplification
raises some questions regarding the simultaneous inclusimsitéd fnaterial into all of the
detector locations in an axially reflective mad@limarily the potential effects 6@ and the
shape of theadialflux in the coreobserved in the detectadsie to the added fissile material

At steady state operation, the fission probes are inserted axially from the top of the core
either traversing the entire length of the active core or measuring at the midplane of the core [2].
The presence of the fission probes slightly alters the végicind flux distribution throughout
the core as it contains fissile material, although this effect may not be considerable as the fission
probes contain only 1 mg of fissile material. In ordemtielthese measuremerdscording to
how theywere conduted in reality simulatiors modeling the full core (as opposed to using a
reflected quarter coré)cluding the top and bottom reflectors and the inserted contravoattl
needto beconductedo modelthe insertion of théission probeanto each detectdocation.This
is well beyond the scope tife presenstudy Including all of the fission probes in the quarter
reflected core model in one simulation may potentistiijt Q  to a larger valugespecially
considering the axial reflection of the midplane of the casehe presence of fissile material
would be overstated. In order to measure this effect oiidthe we shall perform a comparison
to a problem with only air in all detector locations.

In regard to the fission detector comparison, we justisimplificationsmadegiven
that in the real core the insertion of fission probes at each position would introduce a similar
perturbation of the flux shape at each location and that the superposition of these effects on the
flux distributionat each detector locati@mould in total, not alter the shape of the fluxs for

the lack of control material, the control rod is inserted about 17.5 to 19.5 inches away from the
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midplane of the core in the opposite half of the side where the flux measurements were taken,

thus we should not expect to see any acute effects on the radial flux measurements.

6.2 Fission Rate Comparison to MCC+ Measurements
The fission rate measurements from the MQ@nfiguration were reported ji] and
were taken with both fission counters and a variety of foils as descrilsatiion 6.1.
According to[7], the measured fission rate data was normalized to unity eetier of the core
according to auxiliary counters that measured the reactor power level. The plot of the relative

measured fission rateersusdetector location in MCC+ taken froff] is presented in Figui@2

1.0
CORE —=t=REFLECTOR
.8 —
-
g
[+ 4
=2
(o]
v .6 —
»
(T8
w
;i_' U-235 FISSION RATE
9 4| X COUNTER DATA
w ° FOIL DATA
@
2
K-JHlGFTDCIBA
0 10 20 30 40

POSITION FROM CENTER, inches

Figure 6.2. U235 Fission Rate from MCC+ (Radial Travergf)
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From this plot, the counter and foil data were extracted using PlotDidit&Eby
manually overlaying the axes and points onto the image so the data could be extracted
numerically for digital processing and comparison to values calculated by OpenMC and THOR.
24 data points were extracted from the plot, and a linear model was ctatstutomatically
using MATLAB from all 24 points in order to establish a measure of the confidence intervals
over the dataset since no uncertainty or measurement error information is proyifled in

The linear regression model used B"sorder polynomibmodel presented below in Eq.
(13) with coefficients detailed in Tab® 1, which hasanY value of 0.998 and a Root Mean
Squared errobetween the model and the measuremein®s0114or 1.14% The 5" order
polynomial model was selected as the intercept value of the model was closest to unity (or 1.0),

to which the measurements from MCC+ were normalized to

ww I Twlow o o I »8 O B0

Table 6.1.Linear Regression Model Coefficients of the Detector Measurements from MCC+

Coef f Val u
i 0.980
i 0.013
i -0. 002
i 7 . 1 5005
i 5. 0 2087
i -2 . 5 5028

89



6.3 Measurements Comparison Resust

To establishhe effect oiQ  with theintroduction of fission material into the detector
locations we compare the previous OpenMC CE reference model that contains only air in the
detector locations with a ne@penMC CEeference model that contains the modelled fission
material These results are presented in Tdlike We then preseritoth the values artie
relative error in the total flux and the fluxes in the fast, epithermal, and thermal ranges. For this
work, we take groups-10 to be the fast groups1222to be the epithermal groups, a2825to
be the thermal groupn this way we are able to note any shifts inrikatron spectrum between

these energy ranges.

Table 6.2."Q Comparison between Detector Materials in the MCC+ Configuration in

OpenMC
Detector Q
Air 1. 26 231.22
Fi sPiedomrec|l. 26 23212
Di fferen +5. 6 p

Table6.2 displays the results of til@ comparison between the OpenMC CE model
with air in the detector regions and the model with the homogenized air/95% enriched uranium
material. A difference of +5.6 pcm is identified in fie between the two modelghich
should be viewed in the context of the standard deviation of both values, wheres& pcm.
This suggestsheintroduction of a small amount oéactivity with the addition of fissile
material, however the magnitude of the difference is small enough to not present significant
alterations to the flux distribution in the core. To confirm this, we compare the flux rates in each

energy range betweehd two OpenMC CE models.
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Figure 6.3 Flux Comparison between Detector Materials in the MCC+ Configuration in
OpenMC

Figure6.3.shows the flux rates in the fast, epithermal, and thermal energy ranges as
described previously for the OpenMC CE modeith air and fissile detector material. The plot
on the right shows the difference between the fluxes in the fissile and air material in each energy
range. Note the magnitude of the values. The thermal flux is the same or slightly higher in the
detectors |ear center of the core, then decreases as the detectors become further from the center.
Meanwhile, the fast and epithermal fluxes slightly higher in the center and also decrease
outwards from the centeForreference, the maximum relative error in the flux in any detector

between the three energy ranges was found to be 0\W&2may conclude that the introduction
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of fissile detector materials does not significantly alter the shape of the flux in the detsutiors

has a very marginal effect @@ in the prollem.

6.4 Detector Fission Rate Comparison

Now that we have obtained an understanding of how the energy ranges of the neutron
flux behave with introduction of the fission detector material, we may now perform the
comparison between the fission rate in the detectors and the experimental date @Cth
configuration. Presentad Figure 6.4is the total fission rate, summeder all groups, at each

detector position in the MCC+ core from OpenMC CE and THOR.

11 Fission Rate in Detectors 0.7 Relative Error in Fission Rates
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Figure 6.4. Detector Flux Measurement Comparison between OpenMC CE and THOR
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While the flux shape inside the active region of the émm 0 to 22centimeterss
consistently decreasing,can be seen that significant wingiofithe fission rat@ccurs
beginning at the boundabgetweerthe active fuel and graphite matriggions The fission rate
observed in detectoisthrough Qoutside the fuel region is higher than in detector 6 located at
the edge of the coréleedless to say, these observations do not match the measurements
presented ifi7]. Understanding that the thermal flux should be the dominant comiriiout
inducingfissiongiven that the detectors &@8% enrichecuranium,we also present the fission
rate resulting from incident neutrons in the fast, epithermal, and thermal energy ranges to gain
insight into the relationshipetween the flux spectrum and the fission rate in the detettwes.
flux ranges fromOpenMC and THORwre normalized by thie2 normoverall three energy

ranges
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Fission Rates in Detectors 8 Relative Error in Fission Rates
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Figure 6.5. Comparisorof fissionratesby Energy Rangeomputed withOpenMC and THOR
Figure6.5displays the fission rate in the detectors over the fast, epithermal, and thermal

energyranges between OpenMC CE and THOR along with the relative error between the two
sets of results. In the thermal range over groups 23 through 25, the relative error is consistently
below 1% in the active fuel region and only rises above 1% in detectocsBianhe graphite
matrix. The relative errom theepithermaland fasfluxes in the active core are consistently
around 2%, and 5%espectivelyjncreasing to ~7% in the outermost detector. The magnitude of
the thermal fluxes compared to the epitharand fast fluxes confirms that the fission rates in
the detectors are dominated by the thermal flux, and comparkiguoe6.3the thermal fission

rate is proportional to the thermal flukhiscorrelationis expected, and we can deduce that
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some factor influencing the thermal neutron flux is responsible fartbeeoushape of the
total fission rate outside of the actiftel region
Given the direct and expected relationship between the fission rate and the thermal
neutron flux, we now investigat#her factors that may influence the winging observed in the 2D
model.We proceed by presentingpeeliminary3D OpenMCmodel of the MCC+ configuration,
which is an axial extrusion of the 2D geomdtgm the midplane of the core to the height of the
active fuel regionThis approximate configuration was chosen due to its simplicity to implement
in order to explore the axial effects on thexflnd fission rates at timeidplane of the coreit
the bottom of the model where the midplane of the core is, a reflective boundary condition is
applied and the detectors are modelled axially according to the specifications dikje\in
vacuum boundary condition is placed at the top of thigeatuel regionin lieu of the graphite
refl ector region that exists at the top and
Comparing both the radial and axial data presented in figiasd13from [5], it is
observed that the radial measurements taken at the midpoint of the core cortespend
measurements taken at the midpoint of the axial traverse measurerherasially uniform and
reflected 2D models employéd our workfor the MCC+ configuration fail to account ftire
axial effectsthat exist in the reaIREAT coresuch as leakage, so we employ ttrigliminary
3D modelprimarily to explore th@rend ofthe compuedfission ratein comparisorto its

experimentally measured value
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Figure 6.6. Detector Flux Measurement Comparison with 3D MCC+ Configuration Results

Figure6.6 showsthe detector flux comparison including the results fromptieéiminary
3D MCC+configuration model in OpenMC CHhe fission rate from the 3D model exhibits no
winging outside of the active fuaind is significantly closer to the measured resphsticularly
in the active core regioWhile this is a rough estimation, the results from the 3D model suggest
that the axial effects in the core such as leakage have significant effectgadiahgrofile of
the fluxand hence thdetectorfission rateat the midplane of the cor&his may be due to a
correction of the shape of the axial flux profile, which can be expeztee similar to that seen
in figure 12 from [7], where the axial flux profile takes on a sinusoidal shape with a maximum at
the center of the cor&Vhile 3D THOR results could not be obtained duetmleling constraints
and time limitationsthe 2D OpenMC and THOR fission rates remain consistent, and the 3D
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OpenMC results suggest anprovement in the comparisenf T HOR O6tetheraetwlu | t s

measurements in the MCC+ core.
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Chapter 77 Summary & Conclusion

This work comprises a code-code comparison between the Tetrahedral Higter
Radiation (THOR) transport code and OpenMC with continuous energy and multigroup energy
representations, using models of the TREAT facility. OpenMC was used both to generate
multigroup cross sections and serve as a benchmark, providing reference vales dmd the
scalar flux at selected detector locations. Axially uniform and reflected 2D models including an
infinite lattice of the TREAT Standard Fuel Assembly and the Minimum CriGoaé Plus
(MCC+) configuration were employed, and an attempt was made to compare computed fission
rates in detectors placed in the MCC+ configuration model to experimental measurements in
TREAT. Convergence studies were performed on the Standard Fuel Assemblymibeel
energy, space, and angle discretization, and the effect of the anisotropic scattering order on
solution accuracy was also explored. This convergence study was extended to the MCC+
configuration using a coarse and fine mesh and both Leweir@tric and Legendf€hebyshev

guadrature sets.

7.1 Standard Fuel Assembly Summary

The codeto-code comparison and convergence studies performed with the Standard Fuel
Assembly model gave promising resul t¢gor with m
~95% confidence interval of OpenMC CEO6s resul
results obtained using an-fitoup structure prescribed in previous models of TREAT and a 25
group structure from CASMO. Consistent with prior wptkperformed on 2D models of

TREAT, the 25group structure used in THOR produc@d results that were close to both the

OpenMC CE and OpenMC MGXS reference values (wighin, an improved agreement
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compared to results obtained with thedrbup structure. Thus, the 2Boup structure was used
in the rest of this work. We found that increasing the anisotropic scattering order frano
O v made little difference in the results, suggesting that the Standard Fuel Assembly model is
insensitive to the anisotropic scattering order. Therefore, a scattering ordler pfvas selected
in further numerical tests for this model.

Spatial refinement of the Standard Fuel Assembly mesh via splitting did not change
T H O R'Q s solution significantly and repeating this testing using a higher quality mesh with
improved aspect ratio of the tetrahedral elements further supported this observation. At most, a
variation of +0.2 pcm was observed, a variation smaller than the stoppingcer i a set f or
outer iterations. The groupwise scalar neutron flux in five detectevaumes in the fuel, air,
and zircaloy in this problem was observed and the relative error between OpenMC CE, OpenMC
MGXS, and THOR did not decrease monotorycelith spatial refinement. Therefore, we
conclude that the Standard Fuel Assembly problem is already spatially converged, even on a
mesh with the smallest number of tetrahedral
fully reflected geometry.

Angular refinement using a Level Symmetric quadrature set amS;e produced a

convergent trend i) towards the OpenMC MGXS value with an improvement of 1.0 pcm in

the difference bet ween r e guundedainty inteh@lRbbsth s ol ut i
the OpenMC CE and OpenMC MGXS reference solutions. This apparent convergence behavior

was contextualized with the groupwise relative error in the scalar flux over all detectors, and

from & to Sie the groupwise relative error between the results from the three codes in all
detectors di minished monotonically. From this

Standard Fuel Assembly model converges with angular discretization refinement, and in this

99



case agrees very closely with OpenMCb6s resul't
verification, demonstrating that it is possib
reference values within@, or ~95% confidence interval and are sufficiently converged in

space, angle, and energy to be deemed trustworthy and viable for comparison.

7.2 MCC+ Configuration Summary
The MCC+ Configuration was analyzed using both the Level Symmetric and Legendre
Chebyshev quadrature sets Wi Sio, andSie andSg, Sio, andSyo, respectively. In each case a
reduction was observed in the difference between the OpenMC and THOR results, although the
Sie results using the Level Symmetric quadrature set showed an abnormally large improvement
in accuracy over th& andSp2 results. Observing the scalar flux in nine detector locations in the
air channels in the MCC+ Configuration, we fouhdt the relative error in the total flux
increased up to 10% for ti8es case, whereas for ti& andS, cases the total relative error
remained below 1%&Employing the & LegendreChebyshev quadrature set did not accrue the
large errors seen in thes® evel Symmetric quadrature set, and in all cases using the Legendre
Chebyshev quadrature set the total relative error was below 1%dérh@nstrates the necessity
of careful selection of both the angular quadrature set and its degemding on the plotem
Increasing the anisotropic scattering order flomtito & v provided erroneous results
ford T Froma ptod v, the difference between OpenMC CE and THOR results increased
by 8 pcm, showing an insensitivity to the increase in anisotropic scattering order for this
problem. The setting p was found to be sufficient and was used for the rest of this work on
the MCC+ Configuration. Further distinguishing of the graphite material, i.e. cross sections, for

THOR and OpenMC MGXS models was introduced by separating as different materials the
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control rod followers, the graphite matrix elements near the active core, and the graphite matrix
elements away from the core (on top of having the outer reflector as its own material). In THOR
the resulting cross section set was used to perform numtestsilon both the Coarse Mesh with
21,528 elements and the Fine Mesh with 60,758 eleriesgs Appendix A.2 for further detalil

on these meshes. An improvement in the difference between OpenMC and THOR results of 11
pcm was found using the improved grapldiscretization, and from the coarse and fine mesh a
further improvement of 23 pcm was observed. However, the difference between the deterministic
and Monte Carlo eigenvalues remained large. Between OpenMC CE and THOR, the closest
agreement betweé® results was 323 pcm, and between OpenMC MGXS and THOR the
closest agreement was 141 pcm, where both results were obtained using the Fine Mesh with
improved graphite discretization.

Beyond comparind? , the groupwise relative error in the scalar flux was compared at
the nine detector locations between OpenMC CE, OpenMC MGXS, and THOR. In the active
fuel region from detectors 1 through 6 the results were consistent over all groups, with a relative
error~3% for each group. The results were more consistent over all groups between OpenMC
MGXS and THOR, while the results with OpenMC CE and THOR showed a reduction in error
for the fast energy groups. This reduction in error may be incidental to the shiapdlox tand
an over or underestimation of the fast flux, as contextualizing these results to the Standard Fuel
Assembly case, the largest groupwise relative errors were in the fast energy groups. The largest
groupwise relative errors were observed infds and epithermal groups detectors 8 and 9, up
to ~10% for the OpenMC CE comparison and ~8% for the OpenMC MGXS comparison in
detectors 9. As these detectors sit in the graphite matrix, this increase in the groupwise relative

errors may be attributed #olack of fast and epithermal neutrons as they are more strongly
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moderated down to the thermal energy range compared to the active core region. In the thermal
groups 23 through 25, the relative error remained consistently iseralnd 3% in all detectors
including detectors 8 and 9, supporting this explanation.

The large differences i2  between OpenMC CE and THOR on the order of ~300

pcm are significant and not ideal for supporting this verification effort. In the best cases, the
THOR™Q results were reduced to withiri80 pcm of the OpenMC MGXS results, and the
differences over all cases ranged froh86-270pcm. Meanwhile, the difference between the
OpenMC MGXS and OpenMC CE reference values w2l pcm.

This model error could potentially be attributed to an insufficient energy group
discretization, an insufficient number of angles, or an insufficient spatial expansion order but it is
possible there is some undiagnosed error in the OpenMC nSadtral analysis of the
macroscopic fission crossections of the fuel assemblies also suggested that the homogenization
of the fuel material into three regions has a notable effect on the energy discretization error
between the continuous energy refeeefrom OpaMC and the results from OpenMC MGXS
and THOR. Between all assemblies and their respective homogenized region, the relative errors
in the thermal group 23 were notable and given that the neutron flux spectrum in the system is
dominated by the thermal gragigve conjecture that these differences may be primarily
responsible for the energy discretization emaihe multiplication factar

While developing the OpenMC models for the MCC+ configuration, some errors were
found regarding the 6waterproofingd of the ce
lost in the detector geometries. In prior studies, this problem was ideasfiédnanifested when

the'Q results were not consistent when adding the detector geometry into the air channels

despite using the same air material in OperiM&hereas the expected behavior was that using a
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model with identical materials in all locations should produce the @meDespite this,
THOR produced consistel®2  results using the multigroup cross sections from both cases.

While these errors were addressed when producing the presented results, it is possible more
errors may be present in the OpenMC model that affect the OpenMC CE results but that do not
significartly impact the THOR results.

Nonetheless, the closer agreement between the THOR and OpenMC TG X8sults
and the consistency in the groupwise relative error in the scalar flux provides evidence that
agreement in results produced by THOR and OpenMC on complex configurations is possible

using the same set of multigroup cross sections

7.3 Measurement Comparison Summary

The final effort of this work was an attempt at a preliminary validation of THOR, where a
homogeneous material blend of 95% enriched uranium and air was defined according to the
proportion of fissile material in the actual fission counters in the histdi€&L+ configuration
and implemented into the nine detector locations in our model. The groupwise fission rates and
scalar neutron fluxes were tallied using the 2D model, and the fission rates were compared to
historical measurements taken in the MCC+litgciA linear regression fit using d"order
polynomial was constructed from the 24 data points taken from both the fission counters and foil
data in order to perform the comparison.

The shape of the calculated fission rates did not match the fit to the historical data outside
the fueled core and exhibited significant winging of the fission rate in the detectors from the edge
of the active core throughout the graphite matrix. Aftefficaring that the contribution to the

fission rates was primarily dominated by the thermal neutron flux (as would be expected in a
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thermal reactor system), the behavior of the neutron flux in the 2D model was reevaluated.
Referring to the radial and axial measurement plots fiymt was determined that a 3D model

may be necessary to account for the axial leakage from the core that altered the magnitude of the
flux at the midplane of the core.

From this, a preliminary 3D model was constructed in OpenMC by extruding the existing
geometry, reflecting at the midplane and defining a vacuum boundary condition at the top of the
model where the upper graphite reflector would begin, and modeling sf@nfounters
according to their actual dimensions. The fission counter measurements in OpenMC followed the
shape of the experimental measurements much more closely, confirming that the lack of axial
leakage effects in the 2D model resulted in the abnashagle of the fission rate. Unfortunately,
we were not able to construct an equivalent THOR model due to practical modeling limitations
with the current modeling tools available.

Continuing the process of the previous groupwise flux comparison between OpenMC and
THOR, the fission rates were compared over the fast, epithermal, and thermal energy ranges.
Noting that most of the fission events in the core are induced by thermalnse titr® thermal
fission rates had a relative error around 0.8% in the active core, while the epithermal and fast
fission rates had relative errors of ~1.9% and ~5.1%, respectively. The relative error in the
thermal fission rates increased gradually inghagphite matrix away from the active core, while
the highest errors in the epithermal and fast fission rates were in detector 9, the farthest location
within the graphite matrix.

Despite the inability of THOR in the 2D model to produce fission rates that compare well
with the experimental measurements in the MCC+ configuration, the fission rates computed by

OpenMC CE and THOR compared well. This preliminary validation effort isising for
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future validation work for THOR, given the discovery of the importance of the axial leakage and
the necessity to understand its contribution to the trends, plus the fission rates that were shown to
be consistent between the codes. It must be noted hothevéne historical data from the

MCC+ configuration is both dated and not well documented, as the measurements lack any
uncertainty or confidence intervals and the temperature distribution in the core is not known and
was not specified when taking theXlmeasurements, demanding unnecessary assumptions for a
rigorous validation effort. Therefore, a more modern or more sufficiently documented TREAT
core is recommended for future woiksr another entirely new well documented benchmark

would better suppod THOR validation exercise.

7.4 Future Work

The next step in the verification and validation of THOR is attempting a rigorous
validation according to a sufficiently documented benchmark experimental measurement
campaign such as a reactor problem. Additionally, in a similar manner to this work arsamp
should be made to the code that produces the multigroupsossns for THOR, such as
OpenMC, Serpent, or MCNP as a verification step before performing the validation. Beyond the
necessary validation, a rigorous evaluation of THOR in compars8erpent or MCNP on
models that are consistent among the codes comprises the verification stage.

The most immediate and pragmatic demands for working with THOR s finding a better
modelling and meshing solution for reactor problem configurations. While Gmsh is sufficient for
simple geometries, using Gmsh is time consuming to both learn and useritoaaiestruct a
more complex geometiye ven t hough TREATO&6s geometry is rel

nuclear reactor. Given that the use of the EXODUS file format is increasingly common for
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reactor modeling work, a converter should be made to convert from the EXODUS file format to
THOROGs .thrm mesh for mat. Th-sosrcewoolsisuahasghea bl e t
MOOSE fr amewor k 6[21], Wech is gpecificallyjmdedignéddor generating reactor
geometries and is more accessible to learn and use in terms of programming skills and
documentati on. Finally, optimizing THORG6s com
parallelization and implementingadd i on a | iterative acceleration
would enhance its potential for improved performance in comparison to other prodeegbn

codes and methods.
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APPENDIX AT THOR Meshes
Presented in this Appendix are images and descriptions of each of the meshes of the
standard fuel assembly and MCC+ configuration generated for use in THOR.
A.1 Standard Fuel Assembly Meshes
The following meshes are used in numerical tests involving the Standard Fuel Assembly
and are referred to in the work by their corresponding section titles.

A.1.1 Irregular Mesh

Figure A.1. Irregular Mesh of the Standard Fuel Assembly
The Irregular Mesh contairg30tetrahedral elements and was generated without any
regular structure in the fuel region. Five mesh points on the long edges of the fuel block are used
to define the refinement level in the fuel region. This mesh is used forp@af to 25group

energydiscretization comparison between OpenMC and THOR.
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A.1.2 Unrefined Mesh

Figure A.2. Unrefined Mesh of the Standard Fuel Assembly

The Unrefined Mesh contains 249 tetrahedral elements and contains a rhombus at the
a s s e mb teytliasdefines the regular shape of the first detector region as specified in
Section 4.3Three meslpoints on the long edges of the fuel block and the central rhombus in the
mesh create a uniform pattern throughout the mesh, then this mesh is generated with a minimal
number of elements. The following refined meshes are refinements of the Unrefined Mesh

generated by uniformly splitting the tetrahedral elersent

111



A.1.3 First-Refined Mesh

-- Fuel (Center)

Figure A.3. FirstRefined Mesh of the Standard Fuel Assembly
The FirstRefined Mesh contains 1992 tetrahedral elements and is a product of refining
the Unrefined Mesh by splitting. Naturally, due to how tetrahedral elements are split, the number
of elements increases by a factor of 8. As well as being used ipatia sefinement study, the
FirstRefined Mesh is the mesh used for the angular and scattering order refinement studies

given it has a relatively small number of elements without being extremely coarse.
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A.1.4 SeconeRefined Mesh

.- Fuel (Center)

Figure A.4. SecondRefined Mesh of the Standard Fuel Assembly
The SecondRefined Mesh contains 15,936 tetrahedral elements and is a result of refining

the FirstRefined Mesh by splitting. This mesh is only used in the spatial refinement study.
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A.1.5 Third-Refined Mesh

.- Fuel (Center)

Figure A.5. Third-Refined Mesh of the Standard Fuel Assembly
The ThirdRefined Mesh contains 127,488 tetrahedral elements and is a result of refining
the SecondRefined Mesh by splitting. This mesh is only used in the spatial refinement study.
Figure A.6. shows the mesh detail in the air gaps, fuel can, and ametlaanhe corner of the

model.
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Figure A.6. Corner Detail in ThireRefined Mesh

A.1.6 Higher-Quality Meshes
The set of HigheQuality Meshes displayed in Figure A.7 is descrilbe8ection 4.5.3.
The ter MuaHiighyer refers to the magnitude of th
elements in the mesh. Figure A.7 shows the Unrefined (810 elements) arRiefimsd (6,480
elements) meshes in the first row, and the Se&ithed (51,840 elements) and ThRefined

(414,720 elements) meshes in this set of meshes.
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Figure A.7. Set of Higher Quality Meshes of the Standard Fuel Assembly
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A.1.7 Minimum Viable Mesh

.- Fuel (Center)

Figure A.8 Minimum Viable Mesh of the Standard Fuel Assembly
The Minimum Viable Mesh contains 180 tetrahedral elements and is the coarsest mesh of
the Standard Fuel Assembly achievable including the central detector rhrombus. This mesh is

used to provide a lower baseline reference for spatial mealty in Section 4.5.3.

A.2 MCC+ Configuration Meshes
A.2.1 Coarse Mesh

The Coarse Mesh of the MCC+ Configuration contains 21,528 tetrahedral elements, three
material regions for the fuel in the core, four material regions for the graphite including the
control rod follower, inner and outer graphite matrix, and the outerctefleand materials for

the air, zircaloy, and aluminum in the problem.
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— Graphite (Inner)
B- Graphite (Outer)

.- Graphite (Reflector)
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Figure A.9 Coarse Mesh of the MCC+ Configuration
Figure A.9 shows the layout of the full core, including the threelloelk regions and
the graphite in the inner and outer matrix and the outer reflector. The fuel regions were selected

based on the shape of the flux in the core observed in Paravietheander matrix reflector

region was designated in a similar manner.
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.- Graphite (Follower)
.- Air (Detector)

.- Zircaloy-3

Figure A.11 Control Rod Assembly and Detector Mesh Detall
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Figure A.10 shows the layout of the rightmost control rod assembly and detebtors 3
the Coarse Mesh, while Figure A.11 shows the detail in the control rod assembly and for the
detector regions. The control rod assembly has a higher refinement leviid¢haurrounding
fuel regions, and the detector region is more highly refined with 14 mesh points defined along

the surface of the detector.

A.2.2 Fine Mesh

The Fine Mesh of the MCC+ Configuration contains 60,768 tetrahedral elements and
contains an identical geometry (not mesh) to the Coarse Mesh. The difference is in the number of
elements and the refinement criteria for each assembly, which containsifiteeqgroeach side
of the element as in the standard fuel assembly described in A.1.1. As well, the mesh in the outer

reflector and air regions are refined.

Figure A.12 Fine Mesh of the MCC+ Configuration
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