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Foreword

Under the auspices of théuclear Energy AgencyNEA) Nuclear Science Committee
(NSC), the Working Party on Scientific Issues of Reactor Systems (WPRS) has been
established to study reactor physics, fuel performance, radiation transport and shielding,
reactor core thermddydraulics, and the uncertaintiesasiated with modelling of these
phenomena in present and future nuclear power systems. The WPRS has different expert
groups to cover a wide range of scientific issues in these fields.

The Expert Group on Reactor Physics and Advanced Nuclear Systems (EGRPANS) was
created in 2011 to perform specific tasks associated with reactor physics aspects of present
and future nuclear power systeB&RPANS provides expert advice to the WPRS and the
nuclear community on the development ne@iddga and methods, validation experiments,
scenario studies) for different reactor systemdprovides specific technical information
regardingcore reactivity characteristics, including fuel depletion effestise power/flux
distributions core dynamics and reactivity control.

Starting inthe early 2000s and expanding over the last decade, there has been significant

interest in several member countries to investigate advanced reactors systemsalled

fluoride-salt hightemperature reactog-HR), cooled with liquid (molten) salt, fuelled

with TRi-structural 1SOtropic particle fu€lTRISO). Such reactor designs share certain

similarities (heat removal by molten salt) with the histamolten salt reactor experiment

(MSRE), but also present a fundamental difference in hasotig fuel, either in form of

circulating pebbles or in hexagonal fuel elements. Either fuel form, due to its double
heterogeneity, leads to complex reactor physics and psesatificant modelling

challenges. This is further exacerbated in the case of hexagonal fuel elements, with fuel

TRI SO particles embedded in plates (fiplankso)
coul d be considered a f othensame ftimefitherecialne het er o
experimentally obtained results that would allcalidation. This makes cros@rification

using different reactor physics codes and methods on carefully defined benchmarks the

most viable approach to imprimg confidence in results obtained by numeric simulations.

The FHR Benchmark was proposed in 2018 (BEGRPANSmeeting and accepteih

2019 This benchmark focuses on FHR reactors with plate fuel and consists of several
phases, starting with single fuel element simulation without -bprnand gradually
extending to full core depletion.

Phase I Fuel assembly2D/3D with depletior)
1 PhasedA T 2D (pseude?D) mode| steadystate (no depletion)
1 PhasedB 1 2D model eépletion
1 PhasedC1 3D modeldepletion
Phase Il 3D full corewith depletion
1 Phase HAT Steadystate (no depletion)
1 Phase HB1 Depletion
Phase llli 3D full core with feedback andutiicycle analysis
Phase IHA T Full core depletion with feedbagck
Phase INB i Multicycle analysis
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Specifications for PhaseA and B were drafted in 2019 angereissued asrmaNEA
document in 2021. The present document desctitesesults of PhaseA and B and
includes results collected by May 2023 provided by the participaimbsinitially joined
these activities Additional results (by latgoining participants, orfurther detailed
analyses) may be included in future revisions of this document.
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Executive summary

Over the last decade, there has been significant interest in several member countries to
investigatdluoride-salt hightemperature reacto(6HR), cooled with liquid (molten) salt,
fuelled with TRISGbased fuel. Such reactor designs shamures(heat removal by
molten salt) with the historimolten salt reactor experimefiISRE), but also present a
fundamental difference in having solid fuel, either in form of circulating pebbles or in
hexagonal fuel elements. Either fuel form, due to its double heteedy, leads to complex
reactor physics and presssignificant modelling challenges. This is further exacerbated

in the case of hexagonal fuel elements, with fuel TRISO particles embedded in plates
(Apl ankso), which due to the complex fuel geo
h et er o g etheesanieyime, thefetare no experimentally obtained results that would
allow validation. This makes croserification using different reactor physics codes and
methods on carefully defined benchmarkes itinost viable approach to improve confidence

in results obtained by numeric simulations.

The scope of this benchmark is limited to FHR reactors with plate fuel. It is divided in three
phases, starting with single fuel element simulation without -bpprnand gradually
extending to full core depletion. This report sumsesiheresults of PhaseA and IB.

Phase I Fuel assembly2D/3D with depletior)
1 PhasedA T 2D (pseude2D) mode| steady state (no depletion)
1 PhasedB 1 2D model @épletion
1 PhasedCi 3D modeldepletion

Phase Iii 3D full corewith and withoutdepletion

Phase Illi 3D full core with feedbackdepletionand nulticycle analysis

The reactor modelle$ based on th©ak Ridge National LaboratorDRNL) Advanced

High TemperaturdReactor(AHTR) design presented severalORNL technical reports.

All specifications and assumptions needed for performance of Ridaaed B are given

in the NEA documenNEA/NSC/R(2020)5NEA, 202]). Fifteen participants from nine
participating orgamations from four membecountriescontributed to thisbenchmark
(Some participants changed their affiliation, as indicated ifighef contributors; nostof

them participated throughout this phase, while some were only able to be partially
involved.) The participants were free to select the reactor physics code and nuclear data
library of their choice to perform the required analy§ésee Monte Carldased codes

and one deterministic code were used, together with several nuclear data libraries (mostly
evaluated nuclear data filEINDF/B-VII] based).

In this benchmark aemiblind approach was used. Initially, the participants developed
their models completely independently and provided their selected (no depletion) results
without any crosshecking. Comparison of those results revealed some modelling errors,
misinterpetation of the specifications, and/or ambiguity in specifications. These were
corrected, but no effort beyond that was made to push the results closer together. The
objective was to see the level of inconsistencies (errors/misinteipn@tédr such a
complexmodel. Whileseverabifferences wreidentified and corrected before proceeding

to generat full results, the issues were mainly related to details, resulting in limited errors.

FLUORIDE-SALT HIGH-TEMPERATURE REACTOR (FHR) REACTOR PHYSICS CALCULATIONS BENCHMARK



16 | NEA/WKP(2024)2

The subsequent detailed simulations covered a broad space of cases and results including:

1 nine cases (at different operating conditions; with control rods in and out; with and
without burnable absorbers; for two enrichments)

simulations first withouthen with depletion

results starting with multiplication factor and neutron spectrum, expanding into
increasing details of fission density and multigroup flux distribution, as well as
isotopic evolution with depletion.

Overall, more than 2 million individual values were provided by the participants, then
collected,compiledandanalysedThe main findings are as follows:

Agreement in the multiplication factor for all nine fresh fuel cases (no depletion), 1A
through 7A, is within £20@cm, including results obtained using a deterministic code, and
mostly within about £10@cm. For such a complex model this may be considegebd
agreement. With depletion, results somewhat diverge. This has been traced to different
recoverable energies per fission used by different codes, which essentially leads to different
normaliation of burrup and burrup rates, as is further examinieddetail in a separate

study. In this report, PhaseBlresults comparisons (i.e. results with depletion) should all

be considered with this caveat that different recoverable energy may exacerbate differences
as depletion progresses

Kinetics parameters (delayed neutrons fraction and reactivity coefficients)closes
generally consistent with associated uncertainties. The same can be said for the-problem
averaged thregroup fluxes and neutron spectra.

More interesting results are obtained when examining spatial distributions of the fission
density, discreted over 60 relatively small zones, and thgeeup flux distribution, over

a 100by-100 spatial mesh. The fission rates for fresh fuel (Ph@&gegenerally agree
within £1% among Monte Carlo results. The deterministic results differ a bit more, but
generdly remain within good agreement of +3%, given that (by necessity) they employ
spatial discresation (which involves some approximations) and rguttiip crosssections.
Monte Carlo result differences do not worsen with depletion, probdadtauseuel is
depleted as a single region. However, the differdret@veendeterministicand Monte

Carlo results approximately doubles at the highest-bprnemainingwithin £6%.

Neutron spectra represented in a fine-88@up structure and a brottdeegroup structure
also show good agreement, both at zero tugriand through depletion.

Comparison of fuel isotopics evolution, however, illuminated significant differences
stemming from different recoverable energy per fission values and procedures used by
different codes. These differences have effliat a different normakation of burnrup. A
separate study was performed to further clarify the differences and offer approaches to their
resolution. This issue is not unknown, but it has here been quantified for FHR reactors, for
a range of nuclides, and for several cases including twaetitfenrichments.

Overall, considering the very complex geometry of the problem, and thstawodard
FHR-specific reactor physics features, the agreement among the participants can be
assessed as good, with no major issues. In fact, inaccuracies irsextiess for the
materials and fuel enrichments considered for FHR may lead to higher uncertainties than
the code and modellingassigned uncertainties.

Key lessondearntand recommendations include the following:

i Starting as a fully blind benchmark (without results oroodination among
participants) led to some initial errors, but it also helped identify potentially
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ambiguous benchmark specifications. However, before proceeding to gemerat
results it makes sense to correct ambiguitissinterpretationainderrors. In this
benchmarking effort, t hd Isi rhdass Weroh deaersk.r i b

1 Clear but not tightly prescriptive specifications provideceatlife testof how
much results by typical users could differ. For example, exactly prescribing the
predictor/corrector scheme, recoverable energy to be used, etc. would guarantee
better agreement, but would fail to reveal a range of potential differences.

1 On the other hand, for reference depletion results, it makes sense to prescribe
(either initially, or for the second iteration) specific numerical choices to avoid
generating larger differences of known origin, while potentially missing (masking)
other souces of differences.

1 Understanding the sources of differences for a unit fuel assembly depletion (Phase
I-A and IB), discussed in this report, facilitatielentifying andaddressin@D and
full core simulation challenges in Phas€ I(planned in 2024\and Phase I
(planned for 2025)

The results of this study should prove useful to code developers, practitioners of nuclear
simulations, as well as potential FHR designers. While there is no specific commercial
effort at this time related to platgpe FHR reactors, the results shoalsbbe useful tdhe
benchmarkkor many aspects of simulation capabilities for peki#d type FHR, and even

for thermal liquidfuel molten salt reactorhese systems arenmany cases composed of
essentially the same nuclides/materials (fissile matefkiBe, graphite moderator),
resulting in a similar neutron spectrum. There is ongoing inte@neshgthe initial members

to continue this benchmarking activity as planned and a new participant has joined the
effort.
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l.Backgroumd iaomdl e for the benchi

Advanced reactor systems typically use a coolant different than,weateth enables

higher operating temperature and consequently higher thermal efficiency. Additionally,

when using liquid metal or molten salt, they operate at near atmospheric pressure,
eliminating highpressure vessels and piping. These two attractiverésathave driven

renewed interest in advanced reactor systems. Specifically, startimgeiarly 2000s and

expanding over the last decade, there has been significant interest il ssve@itzer

countries to investigate smlled fluoride-salt hightemperature reacto&HR), cooled

with liquid (molten) salt, fuelled with TRIS®ased fuel. Such reactor designs share certain

similarities (heat removal by molten salt) with the histamolten salt reactor experiment

(MSRE), but also present a fundamental difference in having solid fuel, either in form of

circulating pebbles or in hexagonal fuel elements. Either fuel form, due to its double
heterogeneity, leads to complex reactor physics prasens significant modelling

challenges. This is further exacerbated in the case of hexagonal fuel elements, with fuel

TRI SO particles embedded in plates (fiplankso)
coud beconsi dered a form of Atriple heterogeneif
experimentally obtained results that would allow validation. This makesceoisation

using different reactor physics codes and methods on carefully defined benchmarks the

mog viable approach to improve confidernnaesults obtained by numeric simulations.

1.1. Selected previous works related to core physics simulations and code
benchmarking for plate-fuel FHRs

There have been multiple benchmarking and code -em$fscation activities related to
MSRE, i.e. molten salt reactSR) designs with fuel (fissilesotope/isotopes) dissolved

in molten salt. As far as the authors of this report are aware, there has not been before this
activity a similar systematic, muldrgansational benchmarking and cressmparison

effort related to FHR, i.eMSR with TRISO fuel particles embedded in fuel plates of fuel
elements. However, that does not mean that issues of modelling and simulations of FHR
have not been examined; on the contragyeralstudies on FHRnultiphysics modelling
andsimulation M&S) have been performed nonexhaustive illustrative list is provided
below. Publications relateid MSR andpebblebed FHR are not included, even though

they contain some relevant information as well.

1 Report by Holcomb et al. (2011) presents one of the earlier neutronic analyses of
FHR with plate fuel. SCALE code was used, and for depletion purposes a coarse
nine-zone core division was used.

9 Papers by Cisneros et al. (2012), llas et al. (2012) and Kelly et al. (2012) addressed
some issues of FHR depletion studies.

1 Several papers, including Huang and Petrovic (2014, 2018) addressed double
heterogeneity of TRISO fuel in fuel planks, aiming to devise and/or evaluate
homogersation methods suitable for multigroup depletion calculations.

1 An early version of this benchmark was developed in the internal riepvigni
et al. (2015).

1 Atwo-step analysis usinge®entto generate crossections) and NESTLE for full
3D core analysis is presented in Gentry et al. (2017).
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1 Neutronicsphenomenadentification anda ranking table RIRT) for FHR are
published in Rahnema et al. (2018).

1 Preliminary crosscomparison of results for Phaselobtained using &pent
SCALE and MCNP is presented in Petrovic et al. (2018). This work served to
inform developing this current benchmark.

1 Paper by Ramey and Petrovic (2018) userp&ntto examine sensitivity to many
modelling parameters and provided further valuable information for developing
this benchmark.

For convenience of the reader, references specific toCthégpterare provided below,
separate from the references for the rest of this report.

Avigni, P., M. HuangandB . Petrovi c, AAHTR Reference Desig
and Validation (ver. O0RiSep.BEBprgia Tech int

Cisneros, A.T.D. llas (20132, fiNeutronics and Depletion Methods for Parametric Studies
of Fluoride SaltCooled HighTemperature Reactors with Slab Fuel Geometry and
Multi-Batch Fuel Management Schemefnternational Topical Meeting on
Advances in Reactor Physics 20(PHYSOR2012, Knoxville, TN, United
States 15-20 April 2012.

Gentry, C.,G.l. Maldonado,O. Chvala,B. Petrovic(2017), ANeutronic Evaluation of a
Liquid SaltCooled Reactor AssemldyNucl. Sci. and Engl872 (2017) pp. 166
184.

Holcomb, D.E.D. llas, V.K. Varma,A.T. CisnerosR.P.Kelly, J.C.Gehin(2011), Core
and Refueling Design Studies for the Advanced High Temperature Reactor
National laboratory report ORNL/TM011/365.

Huang, M.L.,B. Petrovic(2014, Use of MCDancoff Correction Factor for MulBroup
Fuel Depletion Analyses of Liquid Salt Cooled ReactBidYSOR 2014Kyoto,
Japan28 September 3 October 2014.

Huang, L.M.andB . PetrovicA, iDevel opment of Met hodol
Evaluation of the Advanced High Temperature Reactor (AldTRhnals of
Nuclear Energy121, 646660 (2018).

llas, D., D.E. Holcomh V.K. Varma (2012, fiAdvanced HighTemperature Reactor
Neutronic Core Design International Topical Meeting on Advances in Reactor
Physics (PHYSOR) 20,1Rnoxville, TN, United Statesl15-20 April 2012.

Kelly, R.P.andD. llas (2012, fivVerification of a Depletion Method in SCALE for the
Advanced High Temperature Reactorinternational Topical Meeting on
Advances in Reactor Physics (PHYSOR) 2&txville, TN, United Statesl5-
20 April 2012.

Petrovic, B., T. Flaspoehleand K. Ramey(2018) AiBenchmar king FHR Core
Simulations: 2D Fuel Assembly ModeProc. 12" Intl. Conf. on Nuclear Option
in Countries with Small and Medium Electricity Grid&adar, Croatia3-6 June

2018.
Rahnema, F. X. Sun, B. Petrovic, D. Diamond, S. Bajorek, Y. Guo, G. Yoder, D. Zhang
and P. Bur k e, AfPhenomena |l dentification a

Level of Multiphysics Coupling in FHR Modeling and Simulatipinnals of
Nuclear Energy121, 546551 (2018).
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Ramey, K.and B . Petrovi c, iMonte Carl o Modeling anc
Assembly to Support V&V of FHR Core Physics Meth®@@2018) Annals of
Nuclear Energy118, 272282.

1.2.Publications related to this benchmak

In addition to this report, several publications resulted from work related directly or
indirectly to this benchmark.

Petrovic, B., K. Ramey, I. Hill, E. Losa, M. Elsawi, Z. Wu, C. Lu, J. Gonzalez, D. Novog,
G. Chee, K. Huff, M. Margulis, N. Read and E. Shwage(a021) APreliminary
Results of the NEA FHR Benchmark Phasé bnd B (Fuel Element D
Benchmark), The International Conference on Mathematics and Computational
Methods Applied to Nuclear Science and Engineering (M&C 2021), Raleigh,
North Carolina3-7 October 2021, ANS (2021).

Gonzalez Mantecén, J. and D. R. Nov(&p21) iDetermination of Latt
Properties and Uncertainties in a Solid Fuel Molten Salt Cooled Assembly using
OpenMC, 0 Progress in Nuclear Energy, 139,

Faulkner, J., B. Petrovi022) A Fl uori de Salt High Temperature
Scattering Law Sensitivity Study in SCALEG®G

Ramey, K.M., M. Margulis, N. Read, E. Shwageraus and B. Pet({OR2) Al mpact of
Molybdenum Cross Sections on FHR Analgsiduclear Engineering and
Technology54, pp. 817825,

Faulkner J. and B. Petrov{2023) AQuantifying Uncertainty Und:¢
Monte Carlo Simulatiorts The International Conference on Mathematics and
Computational Methods Applied to Nuclear Science and Engineering
(M&Cb62023) , Ni agar al3f7@Audust 20230nt ar i o, Canada

Faulkner, J., B. Petrovic, K. Ramey, Z. Wu, C. Lu, E. Losa, G. Chee, J. Goandlez
Hill (2023) fRecoverabl e Energy per Fission Di
Benchmark Depletion Studi@sThe International Conference on Mathematics and
Computational Methods Applied to Nuclear Science and Engineering
(M&C062023), Niagar al3B7Audust20230nt ari o, Canada

Petrovic B. and J. Faulkn€2023) i F |-salbHightdngperature Reactor (FHR) NEA
Benchmark Phase-@: Fuel Element 3B The International Conference on
Mathematics and Computational Methods Applied to Nuclear Science and
Engineering (M&C62023), MildAggust2023Fal |l s, Ont
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2FHR Benchmar k

The scope of this benchmark is limited to FHR reactors with plate fuel. The reactor
modelled in this benchmark is based on the ORNL Advanced High Temperature Reactor
(AHTR) design presented in a number of ORNL technadrts, with some modifications
when deemed appropriate for the purpose of the benchmark (Varma et glH@@bghb

et al., 2011). The FHR Benchmark was proposed in 2018"@GRPANSmeeting and
accepted the next year.

This benchmark consists of three phases, starting with single fuel element simulation
without burrup, and gradually extending to full core depletion.

Phase I Fuel assembly2D/3D with depletior)
1 PhasedA T 2D (pseude2D) mode| steady state (no depletion)
1 PhasedB 1 2D model eépletion
1 PhasedC1 3D modeldepletion
Phase Ii 3D full corewith depletion
i Phase HA'i Steadystate (no depletion)
i Phase HB i Depletion
Phase Illi 3D full core with feedback andutticycle analysis
Phase IHA i Full core depletion with feedbagck
Phase INB 1 Multicycle analysis

Thisdocument summases results of PhaseAl and IB.
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3.Phas-& anB I

3.1.Summary of specifications

Specifications for PhaseA and B were drafted in 2019 and issued adN&A document
NEA/NSC/R(2020)5 (NEA, 2021) This document contains all specifications and
assumptions needed for performance of Pha#sard B and the reader is referred to that
document for all details, regarding the model, cases to be analysed, as well as the required
results. Asummaryis provided here for convenience, but it does not replace the full
benchmark specifications.

PhaseA and IB involve modelling of a unit fuel assembly. Specifically, fuel assembly is
part of an infinite array of fuel assemblies, represented by periodic radial boundary
conditions. Vertically, a slice of the active portion (i.e. containing TRIS@igles) of a

fuel assembly is modelled with reflective top and bottom boundary conditions. Phase |
refers to initial (zero burup, no depletion) simulations, while Phas® &dd depletion
simulation.

A fuel assembly geometric model, reproduced from the specifications, is depicted in

Figure3.1. Dark blue depicts the intexssembly FLiBe, blue withiassembly FLiBe, grey

the assembly Awr apper éehapenhdackithe mseited domtrolmod.l st r u c |
Fuel plateégraphite matrix is shown in red, fuel stripes (portion with embedded TRISO

particles) in green, and spacers in white. All relevant dimensions, materials, temperatures,

densities, and other information required for simulatemeprovided in the specifications.

Figure 3.1. Fuel assembly with control rod inserted
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3.2.Cases

Nine cases are defined:

9 Casel: Reference casélot full power (HFP), with prescribed temperaturesdoolant (948
K) andfuel kernel (1110K). In all cases in PhaseA all other materials (including TRISO
particle layers other than fuel kernel) are ¢éorbiodelled at the coolant temperature. Nominal
(cold) dimensions, 9 wt% enrichment, no burnable poison (BP), control rods (CR) out.

1 Case2H: Hot zero power (HZP) with uniform temperature of 948 K in all regions, otherwise
same as &sel. Comparison with &sel provides HZRo-HFP power defect.

! Case2C: fACol do Zero Power (kegmfLiBe liguideSameaso |l e d

Case 2H, but with uniform temperature of 773 K. Comparison withs€2H provides

isothermal temperature coefficient.

Case3: CR inserted, otherwise same as€l.

Case4: Discrete europia BP, otherwise same aseC.

Case4R: Discrete europia BP, and CR inserted, otherwise samasad.C

Caseb: Integral (dispersed) europia BP, otherwise sameaaglC

Case6: Increased HM loading (4 to 8 layers of TRISO), hence decreased C/HMdgfraum

400to about D0) and decreased specific power to 100 W/gtherwise same asa€el.

1 Case7: Fuel enrichment 19.75 wt%, otherwise same aseC

E

3.3.Required results

Quantities to be obtained by analysesl reportedhclude:

Effective multiplication factor, and its change with depletion.

Reactivity <coeffici ent seffectvd; fued Bdpmec toefficien e p | et

FLiBe temperature coefficient; graphite temperature coefficient).

9 Tabulated fission source distribution, at several levels of granularity (bypfaiel, by fuel
stripe, by 1/8th fuel stripe), and its change with depletion, at selected-igpsn Optional:
visualised fission density distribution.

1 Neutron flux, averaged over the whole model, tabulatedraecoarse energy groups (upper
energy boundaries 3 eV for thermal group and 0.1 MeV for intermediate group), and its change
with depletion, at selected buups.

9 Visualised distribution of the neutron flux distribution, timreecoarse energy groups, and its

change with depletion, at selected bups.

Neutron spectrum, fuel assembly average. Optional: by region.

Fuel (and burnable poison, when applicable) isotopic change with depletion. Note that FLiBe

will be assumed noedepleting (constant isotopics) even in depletion calculations. The reason

is that the FLiBe depletion cannot anyhow be correctly medelithout knowing the volume

ratio of FLiBe in and out of the core. A separeése to benchmark FLiBe isotopic change

with depletion may be addéater.

1
1

E

All nine cases were analysed in Phage(ho depletion), denoted by addifigo, CaselA,

2AH, etc. OnlyCases 1, 4 and 7 were analysed with depletion, denoteaksa$ &, 4B and
7B. For the depletion, buaps at which the results are requested given in the
specifications.

Further details are given in Section 3.1.4 of the benchsp&ifications EA, 2020).
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3.4.Semtblind approach

A semiblind approach was used. Initially, the participants developed their models
completely independently and provided their selected (no depletion) results without any
crosschecking. Comparison of those results revealed some modelling errors,
misinterpetation of the specifications, and/or ambiguity in specifications. These were
corrected, but no effort beyond that was made (e.g. by modifying or tweaking modelling
approaches) to push the results closer together. The associated first objective wieto see
level of inconsistencies (errors/misinterpretation) for sucbnaplexmodel. Whileseveral
differenceswereidentified and corrected before proceeding to generating full results, the
issues were mainly related to details, resulting in limited errors.

FLUORIDE-SALT HIGH-TEMPERATURE REACTOR (FHR) REACTORHYSICS CALCULATIONS BENCHMARK



NEA/WKP(2024)2 | 25

4.Participants

4.1.Institutions and participants

So far, 11 institutions from 5 countries have participated in FHR benchmarking activity, in
Phases-A, I-B and IC. Out of these, 7 institutions from 4 countries initially joined the
benchmark and participated in Phasésdnd FB; those institutions asell as individual
participants are summaeid inTable4.1. Some institutions joineduring Phase-A and

B; moreover, some individuals changed their affiliation and continued or ceased their
participation. Actual or expected participation in the ongoing Pha3eisl therefore
indicated inTable4.2 to provide a more complete information of the status of this
benchmark.

Table 4.1. Participants (institutions and individual) in Phase FA and I-B

Country Organgation ID Individuabarticipants

Canada McMaster University MAC Javier Gonzalez Mantecén
David Novog

Czeshia Research Centre Rez CVREZ [Evgen Losa

United Kingdom University of Cambridge CAM Eugene Shwageraus

Marat Margulis
Nathaniel Re&d

United States Georgia Institute of Technolo| GT Bojan Petrovic
Jonathon Faulkner
Kyle Ramey
United States Pacific Northwest National | PNNL Mohamed Elsé&Wwi
Laboratory
United States University of Illinois at Urbangd UIUC Kathryn HG¥f
Champaign Gwendolyn CHge
United States Virginia Commonwealth Univ| VCU Zeyun Wu
Cihang Lu

(*) Not continuing participation in PhaseCl
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Table 4.2. Participants (institutions and individual) in Phase IC

Country Organgation ID Individuabarticipants
Canada McMaster University MAC Javier Gonzélez Mantecon
David Novog
Croatif) University of Zagfeb FER Davor® Grgil
Czecha Research Centre Rez |[CVREZ Evgen Losa
United Kingdom Bangor Univer§ity BU Marat Margutis
United Kingdom University of Cambridge| CAM Eugene Shwageraus
Alejandra De Léra
United States Argonne National ANL Kyle Ramey
Laboratofy
United States Brookhaven National BNL Cihang Lt
Laboratofy LapYan Cherty
United States Georgia Institute of GT Bojan Petrovic
Technology Jonathon Faulkner
United States University dfinois at UIUC  [Madicken Mufk
Urban&Champaign Luke Seifédt
United States Virginia Commonwealth | VCU Zeyun Wu
University Mohamed Elhar@ef

(*) Joined participation in Phased.
(+) New affiliation in Phase-C.

4.2 .Methods, codesand crosssection libraries

Simulation approach of participants is sumrmsediin Table4.3. All participants except
CAM used Monte Carltased simulation codes, eith8erpent2.1.XLeppéanen et al.
2013) orOpenMC(Romano et al2015), while CAM used a deterministic code, WIMS11
(Lindley et al, 2017), within the ANSWERS package. All Monte Carlo codes employed
continuous energy nuclear data and simulations based on either ENDRBor
ENDF/B-VII.1. WIMS employed XMAS LWPC 17@roup energy structure with cress
sections derivefom JEFF3.1.2.As far as possible, when graphically comparing results
of the benchmark participants, consistegends have been used, as showFigare4.1.

4.3.General information on results
This document describes results of Pha&ahd B and includesesults collected by May
2023, provided by the participants that initially joirtbeése activitiesAdditional results

by laterjoining participants, oadditionalmore detailed analyses may be included in future
revisions of this document.
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Table 4.3. Summary of methods and codes used by participants

ID Method Code Library Energy structure
CVREZ Monte Carlo Serpent2.1.30 ENDF/8/11.0 Continuous ener@E(

GT Monte Carlo Serpent2.1.31 ENDF/8/11.0 CE

PNNL Monte Carlo Serpent2.1.31 ENDF/8/11.0 CE

VCU Monte Carlo Serpent2.1.31 ENDF/8/11.0 CE

MAC Monte Carlo OpenMC 0.11.0 ENDF/8/11.1 CE

uluc Monte Carlo OpenMC 0.4&2v ENDF/8/11.1 CE

CAM Deterministic WIMS11 JEFF3.1.2 MultigroupMG (XMAS

LWPC 17group structure

Figure 4.1. Standard legend and colouring used for participants

GT-SERPENTZ2-ENDF/B-VII.0
PNNL-SERPENT2-ENDF/B-VIILO
——— VCU-SERPENT2-ENDF/B-VIIL.O

—4&— CVREZ-SERPENT2-ENDF/B-VIL.0 —<%— MAC-OPENMC-ENDF/B-VII.1
——&—— UIUC-OPENMC-ENDF/B-VII.1
CAM-WIMS11-JEFF-3.1.2
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5Benchmar k

resul t

5.1.Multiplication factor, k inr (Phase A, zero burn-up)

s and

compar.i

The multiplication factor for the infinite problerkiy, is first presented iffable5.1 with
differences between the average Monte Carlo result showfigure5.1. Values in
Table5.1 are read asik N
mille (pcm). The average multiplication factorfRigure5.1 is calculated as the average of
kint Obtained using Monte Carlo metho@T, CVREZ, PNNL, VCU, MAC, UIUC)as to
eliminate possible biases when larger differences from CAM results were compared.

Error bars shown ifrigure5.1r el at e

each code.

110

wher e

110
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t he

i s a

20

singl e

cal

standard

cul at ec

devi at i

As shown, the results are generally in good agreement with the largest shown difference of
kint being CAM with a difference of 276 pcm (except for Case 3A). There is also a clear

separation in results between OpenMC and Serpent results for Cases 1A, 2AC, 2AH and
4A but this consistency is not seen for other cases.

Not shown inFigure5.1is the large difference in Case 3A CAM resulthich resulted in

gk 978 pcm.3rhis was found to be due to differences in the Molybdenum-cross
sections used iWinfrith Improved Multigroup SchemeNIMS). Further analysis and
comparisons for this specific case and element can be found in (RamegR@22)l.

a

I particip

Table 5.1. Mul tiplication factor from al
GT CVREZ PNNL VCU MAC ulucC CAM
Case 1A| 1.395582 1.39530+2 1.39590+9 1.39587+10 1.39333+8 1.39389+10 | 1.39762
Case 2AH 1.40557+3 1.40540+2 1.40561+9 1.40590+20 1.40328+8 1.40395+10 | 1.40650
Case 2AC, 1.42065+3 1.42044+2 1.42107+9 1.42084+23 1.41944+8 1.41891+10 | 1.42232
Case 3A | 1.03205+2 1.03127+3 1.03029+39 1.03251+18 1.03200+8 1.03147+11 | 0.99187
Case 4A | 1.09886+3 1.09638+3 1.09927+11 1.09922+20 1.09748+8 1.09766+10
Case 4AR 0.83969+2 0.83745+4 0.83922+14 0.84045+15 0.83982+7 0.84158+10
Case 5A| 0.80041+2 0.80016+3 0.80032+15 0.80068+10 0.80163+7 0.79837+9 0.81823
CasebA 1.26301+3 1.26502+3 1.26324+10 1.26313+15 1.26228+8 1.26294+11 ---
Case 7A | 1.50567+3 1.50496+2 1.50604+9 1.50625+21 1.50493+7 1.50526+10 | 1.50828
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Figure 5.1. Difference in knt from Monte Carlo average
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5.2.Kinetics parameters (Phase4A, zero burn-up)

5.2.1.Delayed neutron fraction

The delayed neutron fraction is the first calculated kinetic parameter. Shawablan 5.2
are the reported values with their associated standard deviations for each case. Shown in

Figure5.2andFigure5.3ar e t he enaaldyr@pdn o t s hgpsthendifferermged

bet ween each participantge& rTehseulav earnadg et hvea lauvee rc
calculated as the average of all Monte Carlo results. Error bars represent a single standard

deviation of the originally reported standard deviations.

The results agree well within each case with exceptions for some MAC and all CAM
results. It is notedhowever, that most MAC results are within or near a single standard
deviation of the average. CAM results tend to overpredict the delayed neutron fraction by
10-15 pcm for each case.

Al so, it can be obser v e degbetiveen sepafatecases. i s very | |
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Table 5.2. Delayed neutron fraction results

GT
0.0065
0.0065
0.0065
0.0065
0.0065
0.0065
0.0065
0.0065
0.0065

GT
3.6E06
3.4E06
3.5E06
3.9E06
3.5E06
4.2E06
4.2E06
3.7E06
3.3E06

CVREZ
0.00651
0.00653
0.00651
0.00654
0.00651
0.00651
0.00653
0.00651
0.00651

CVREZL |
5.0E06
5.0E06
4.6E06
5.8E06
5.2E06
5.7E06
5.6E06
5.0E06
4.7E06

PNNL
0.0065?
0.00651
0.00654
0.00651
0.0065]
0.00654
0.00654
0.0065¢
0.00652

PNNL1 ¢
1.1E05
1.1E05
1.1E05
1.2E05
1.2E05
1.3E05
1.3E05
1.2E05
1.0E05

VCU
0.0064¢
0.00651
0.0064¢
0.0065%
0.00654
0.0065%
0.00651
0.0065¢
0.0065%

VCUL1 {
5.8E06
1.6E05
1.6E05
1.7E05
1.5E05
1.9E05
1.7E05
1.6E05
1.2E05

MAC
0.0066(
0.00657
0.0064¢
0.00654
0.00652
0.00671
0.00651
0.0066¢
0.0064]

MAC1 (
5.6E05
5.1E05
5.7E05
6.8E05
6.6E05
7.6E05
8.0E05
6.8E05
4.8E05

uluc
0.00651
0.006573
0.00651
0.00654
0.00654
0.00654
0.0065¢
0.0065]
0.00651

UIUCL
1.3E06
1.3E06
1.2E06
1.4E06
1.2E06
1.5E06
1.3E06
1.4E06
1.2E06

CAM
0.00661
0.0066]
0.00661
0.00664

Case 1A
Case 2A}
Case 2A

Case 3A

Case 4A
Case 4Af

Case 5A

Case 6A

Case 7A

0.00664

0.0066]

Figure 5.2. Delayed neutron fraction results

0.00690

0.00680

0.00670

0.00660

0.00650

3+ 20

0.00640

0.00630 [+

0.00620

CVREZ-SERPENT2-ENDF/B-VIIL.0
GT-SERPENT2-ENDF/B-VIL.O
PNNL-SERPENT2-ENDF/B-VILO

VCU-SERPENT2-ENDF/B-VIL.O
MAC-OPENMC-ENDF/B-VIL.1
UIUC-OPENMC-ENDF/B-VIL.1

CAM-WIMS11-JEFF-3.1.2

1 1 1

0.00610

25

20

15

10

Af, 1o [pem]

-10

-15

-20

-25

kol
!
c;b

(}‘

Figure 5.3. Delayed neutron fractioni difference from average
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5.2.2.Fuel reactivity coefficient

Fuel reactivity coefficients were also reported and are shown below. Each participant was
asked to selfletermine the temperatures used in each case as to best determine the
reactivity coefficients; fuel temperatures are shownTable 5.3 The fuel reactivity
coefficient is defined as follows with }

(5.1)

where” is the reactivity at the upper fuel temperattire,s the reactivity at the lower
fuel temperature)Y is the upper fuel temperature, an is the lower fuel temperature.

The differences shown rigure55us e t he di fference of each
average with the average being defined as the average of all Monte Carlo results. Error bars
use the error in pcm/K as reported by each participant.

The results tend to trend well but there are clear statistically significant discrepancies
between participants in some cases. Most of the differences seen are up to 0.5 pcm/Kelvin
which makes up a nemegligible amount of the fuel feedback coefficiemitich generally
ranges from approximatel2.5 to-5.5 pcm depending on case. A few possible reasons for
the clear differences that are seen are: choice of temperatures at which to calculate
reactivity coefficients, uncertainty underprediction when commgueigenvalues and their
associated uncertainties, possible errors in models, and whickseism library is used.
Crosssection libraries may be an important cause for the differences seen as UIUC and
MAC results are seen to trend together for some of the cases, but not necessarily all.
Uncertainties reported by VCU, for this and the other two reactivity coefficients, are
suspiciously small; most likely there is an error in uncertainty propagation.
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Table 5.3. Temperatures used to calculate fuel reactivity coefficients

GT Tfuef+ |CVREZ Tfuét| PNNL Tfuek | VCU Tfuel+ | MAC Tfuet+ | UIUC Tfuek [ CAM Tfuel+
Case 1A| 1060/1160 1060/1160 1210/1290 1060/1160 900/1110 1060/1110 1110/1160
Case 2AH 898/ 998 898/ 998 948/ 990 900/ 996 900/ 948 948/ 998 948/ 998
Case 2ACQ  723/823 723/ 823 773/ 800 723/ 823 600/ 773 773/ 823 773/ 823
Case 3A| 1060/1160 1060/1160 1210/1290 1060/1160 900/1110 1110/1160 1110/1160
Case 4A| 1060/1160 1060/1160 1210/1290 1060/1160 900/1110 1110/1160 ---
Case 4AH 1060/1160 1060/1160 1210/1290 1060/1160 900/1110 1110/1160 ---
Case 5A| 1060/1160 1060/1160 1210/1290 1060/1160 900/1110 1110/1160 1110/1160
Case 6A| 1060/1160 1060/1160 1210/1290 1060/1160 900/1110 1110/1160 ---
Case 7A| 1060/1160 1060/1160 1210/1290 1060/1160 900/1110 1110/1160 1110/1160

Table 5.4. Fuel reactivity coefficients (pcm/Kelvin)

GT |GT |CVREZCVREZL { PNNL PNNL1 {| VCU [VCU1 (| MAC [MACL1 { UIUC UIUC1 || CAM
Case 14 -2.64 | 0.03 | -2.71 0.03 -2.85 | 0.12 | -2.71 |0.0004| -3.14 | 0.02 | -2.24 | 0.15 | -3.05

(2:2?_'6 -3.42 | 0.03 | -3.38 0.03 -3.39 | 022 | -340 | 0.001( -3.16 | 0.07 | -3.14 | 0.15 | -3.35
Case
2AC -3.76 | 0.03 | -3.78 0.03 -363 | 034 | -3.76 | 0.001 | -3.79 | 0.02 | -3.36 | 0.14 | -3.74

Case 34 -3.59 | 0.07 | -3.48 0.05 -3.92 | 021 | -342|0.001| 4.18 | 0.03 | -4.03 | 0.28 | 4.09
Case 44 -3.30 | 0.06 | -3.35 0.05 -3.62 ( 0.19 | -3.41 | 0.001| -3.94 | 0.03 | -4.06 | 0.24 ---

Case
4AR

Case 54 -4.51 | 0.09 | 4.47 0.05 494 | 034 | -459 |0.001| 535| 004 [ 509 040 | -5.09
Case 64 -4.30 | 0.04 | -4.18 0.04 462 | 014 | 412 | 0.001| -5.08 | 0.02 | -4.46 | 0.19 ---
Case 74 -2.14 | 0.02 | -2.19 0.03 -2.35| 010 | -2.15|0.001| 257 | 0.01 | -249 [ 0.13 | -2.46

-4.29 | 0.10 | 4.36 0.06 429 | 030 | -429|0.002| -503| 0.04 | -560 | 0.49

Note: VCU fuel reactivity coefficient error reporting is likely not accurately reported

Figure 5.4. Fuel reactivity coefficients
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Figure 5.5. Fuel reactivity coefficientsi difference from average
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5.2.3.FLiBe reactivity coefficient

Reactivity coefficients for the FLiBe coolant are shown belowahle 5.6andFigure5.6.
Reactivity coefficients were calculated by allowing the participants to independently
choose the temperatursisown inTable 5.5at which to evaluate the system reactivity.

Reactivity coefficients due to changes in FLiBe temperature were calculated using the same
method that was used for the fuel reactivity coefficients.

The differences shown Figure5.7us e t he di fference of each part
average with the average being defined as the averagevrstéCarlo results. Error bars
showthe error in pcm/K as reported by each participant.

FLiBe reactivity coefficient results agreed reasonably well as MosteCarlo results are
within a single standard deviation of theonteCarlo average. Deterministic results from
CAM were also found to agree well with thonteCarlo results.
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Table 5.5. Temperatures used to calculate FLiBe reactivity coefficients

GT Tflibd+ |CVREZ Tflibe | PNNL Tflibé+ | VCU Tilibé+ | MAC Tflibé+ | UIUC Tflibé+ | CAM THlibé+
Case 1A 898/998 898/998 910/990 900/996 900/948 948/998 948/998
Case 2AH 898/998 898/998 948/990 900/996 900/948 948/998 948/998
Case 2A(Q 723/823 723/823 773/800 723/823 600/773 773/823 773/823
Case 3A 898/998 898/998 910/990 900/996 900/948 948/998 948/998
Case 4A 898/998 898/998 910/990 900/996 900/948 948/998
Case 4AH  898/998 898/998 910/990 900/996 900/948 948/998
Case 5A 898/998 898/998 910/990 900/996 900/948 948/998 948/998
Case 6A 898/998 898/998 910/990 900/996 900/948 948/998
Case 7A 898/998 898/998 910/990 900/996 900/948 948/998 948/998
Table 5.6. FLiBe reactivity coefficients (pcm/Kelvin)
GT GT CVREZ|CVREZL {| PNNL |PNNL1 ¢ VCU [VCU1 { MAC|MAC1 {UIUC|UIUC1 (| CAM
Case 1A -0.05 0.03 -0.02 0.03 -0.12 0.12 -0.02 [2.25ED6|-0.10( 0.08 |-0.15( 0.15 ([-0.05
Case 2AH 0.00 | 0.04 | 0.01 0.03 -0.20 0.22 | 0.02 [4.43E06|-0.02( 0.06 [-0.20| 0.14 |-0.05
Case 2A( -0.06 0.04 -0.05 0.03 -0.07 0.34 0.02 [6.34ED6|-0.07( 0.02 |[-0.11| 0.14 (-0.09
Case 3A| -0.62 0.07 -0.60 0.05 -0.71 0.21 -0.77 [2.61ED4|-0.04 0.13 |-0.83| 0.27 [-0.67
Case 4A| -1.13 0.06 -1.22 0.05 -1.12 0.19 -1.16 4.17E04|-1.30| 0.10 |-1.55| 0.23
Case 4AHf -1.86 0.08 -1.79 0.06 -1.93 0.30 -1.63 [5.86ED4|-1.33( 0.17 |-1.78| 0.46
Case 5A| -4.36 | 0.07 | 4.26 0.05 -4.56 0.34 |-4.29 [1.12E03|-4.56( 0.18 [-4.87| 0.40 |-4.75
Case 6A| -0.05 0.06 -0.04 0.04 0.11 0.14 -0.10 |2.41E05/-0.04| 0.09 |0.16| 0.20
Case 7A| -0.03 0.04 -0.07 0.03 -0.06 0.10 -0.03 [7.41ED6|-0.01( 0.05 |-0.12( 0.12 ([-0.05
Note: VCU fuel reactivity coefficient error reporting is likely not accuyateported
Figure 5.6. FLiBe reactivity coefficients
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Figure 5.7. FLiBe reactivity coefficientsi difference from average
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5.2.4.Graphite reactivity coefficient

Reactivity coefficients for graphite are shown belowigure5.8. Reactivity coefficients
were calculated by allowing the participants to independently choose the tempesa@ires (
Table5.7) at which to evaluate the system reactivity.

Reactivity coefficients due to changes in graphite temperature catmglated using the
same method that was used for the fuel reactivity coefficients.

The differencesvere shownin Figure5.9. Graphite reactivity coefficients difference

from averageand Figure5.10 showt he di fference of each partici
average with the average being defined as the averagevrstéCarlo results. Error bars

use the error in pcm/K as reported by each participant. Bothgesthitand without PNNL

included in the average value are plotted to show a more accurate comparison.

Graphite reactivity coefficients agree reasonably well for most results except for PNNL
results which are shown to contain very large differences when compared to results from
other participants. Ignoring PNNL results, other participants seem to agree well when
compared. The graphite temperature reactivity coefficient for cases with a controlrod or
burnable poison present (cases 3A, 4A, and 4AR) tends to be significantly more negative.
Other cases tend to have a smaljative reactivity coefficient.
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Table 5.7. Temperatures used to calculate graphite reactivity coefficients

GT Tgrapit+ [CVREZ Tgraph |PNNL Tgraph |VCU Tgraph+ [MAC Tgrapht+ |UIUC Tgraph+ | CAM Tgraph+

Case 1A| 898/998 948/998 910/ 990 900/996 900/948 948/998 948/998
Case 2AH 898/998 898/998 948/ 990 900/996 900/948 948/998 948/998
Case 2AQ 723/823 723/823 773/ 800 723/823 600/773 773/823 773/823
Case 3A| 898/998 898/998 910/ 990 900/996 900/948 948/998 948/998
Case 4A| 898/998 898/998 910/ 990 900/996 900/948 948/998 0/0

Case 4AH 898/998 898/998 910/ 990 900/996 900/948 948/998 0/0

Case 5A| 898/998 898/998 900/1000 900/996 900/948 948/998 948/998
Case 6A| 898/998 948/998 910/ 990 900/996 900/948 948/998 0/0

Case 7A| 898/998 898/998 910/ 990 900/996 900/948 948/998 948/998

Table 5.8. Graphite reactivity coefficients (pcm/Kelvin)

GT | GT |CVREZCVREZL ] PNNL |PNNL1 & VCU [VCU1 § MAC |MACL1 {f UIUC |UIUC1 & CAM
Case 1A| 094 [ 0.03 | -1.85 0.06 -0.17 0.12 |-0.97 [3.10ED4(-0.92| 0.08 | -0.68 0.15 |-0.73
Case 2AH -0.93 [ 0.04 | -0.93 0.03 -0.64 0.22 |-0.90 |2.52ED4|-0.88( 0.06 | -0.85 0.14 ([-0.72
Case 2A( -0.65 | 0.04 | -0.54 0.03 0.22 0.34 |-0.64|2.06ED4|-1.00( 0.02 0.07 0.14 (-0.88
Case 3A| -3.62 [ 0.07 | -3.64 0.05 -0.31 0.21 |-3.71|1.26ED3|-2.93( 0.14 | -3.18 0.29 [-4.12
Case 4A| -6.92 | 0.06 | -7.06 0.05 -0.43 0.19 |-7.02|2.53803|-6.67| 0.11 | -6.51 0.24 ---
Case 4AH -10.05( 0.08 | -10.09 0.06 -0.85 0.30 |-9.80|3.53E03|-9.20( 0.17 |[-10.44| 0.47 ---
Case 5A| -24.1 | 0.07 | -24.2 0.05 24.7 0.08 |-24.3(6.32ED3(-21.9| 0.18 | -23.0| 0.38 |-22.4
Case6A | -0.75 | 0.06 | -1.71 0.08 -0.08 0.14 |-0.65|1.55ED4|-0.71 0.09 | -0.39 0.20 ---
Case 7A| -0.59 | 0.04 | -0.55 0.03 -0.12 0.10 |-0.80|2.24ED4|-0.64( 0.05 | -0.62 0.12 (-0.40

Note: VCU fuel reactivity coefficient error reporting is likely not accurately reported

Figure 5.8. Graphite reactivity coefficients
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Figure 5.9. Graphite reactivity coefficientsi difference from average
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5.3.Fission rate density distribution in 60 segments (PhaseA, zero burn-up)

The fission rate density results for all cases of Pha8eake shown in the following
sections.

The fission rate density distribution is compared using nosathliission densityalues
calculated for each participant. Nornsalil fission density values are obtained as the ratio

FLUORIDE-SALT HIGH-TEMPERATURE REACTOR (FHR) REACTOR PHYSICS CALCULATIONS BENCHMARK



38| NEA/WKP(2024)2

of fission rate density in the specified zone to the average fission rate density across all 60
zones for each case.

Discretisation into 60 zones is obtained by subdividing each ofLthiiel stripes. Each

Afuel stripe segmento is defined as being one
Stripe Segment 10 correspondi ng Figueb5.1Li he fir st
illustratesthe division of fuel stripe segments.

Percent differences are based on the average of GT, CVREZ, VCU, UIUC, BNNL
MAC results. It was found that CAM results impacted average values in the relative percent
errors due to CAM deterministic models and a more meaningful comparison can be
performed by using the average of #irechosen results from Monte Carlo participants as
the reference.

Figure 5.11. Fuel stripe division and results reporting format

Reference third (“diamond”)

5 Fuel plank 1‘
= Fuel plank 2.
5 Fuel plank ;
= Fuelplank4 Fuel plank IDs
a2 .Fuel plank 5. -

vFuel plank6

* Top fuel stripe (green)

Fuel plank Fuel stripes
Bottom fuel stripe (green)

(1/5)-th fuel stripe

Note: Fuel Stripe Segment 1 would refer to Box 1 of fuel plank 2 while Fuel Stripe Segment 51 would refer to
the Box 1 of fuel plank 6.
SourceNEA, 2020

5.3.1.Summary of zero burrup fission rate density results

Case 1A fission rate density results are showFRigure5.12. In general, Monte Carlo
participants show extremely good agreement as the percent diffeagnorg all
participants is limited to under a +1% difference for this case. CAM results also show
agreement within +3% difference compared to the Monte Carlo average. This trend
continues for Cases 2AH and 2AC ($égure5.13 andFigure5.14).

Case 3A fission rate density results are showrrigure5.15. In general, participant
disagreement is slightly higher than for the prior cases as the introduction of the control
blade creates a more challenging problem due to steeper gradients in the fission rate density
near the control blade. The fission rate signis observed to sharply vary in each fuel
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plank as the maximum power peaking is observed to increase near the outer edges of the
assembly.

Case 4A fission rate density results are shovifignre5.16. CAM results are not available

for this case so only the Monte Carlo results are shown. The results are again in very good
agreement despite the increased heterogeneity due to the europium burnable absorbers. Due
to the introduction of both the controllole and europium burnable absorbers in Case 4AR
(seeFigureb.17), the discrepancy amortge results is seen to be slightly highdihe
maximum fission rate density discrepancy for each upper or lower portion of a fuel plank

is in the realm of £1.0% to +1.5%.

Case 5A geeFigure5.18) introduces a uniformly dispersed europium absorber in the
graphite fuel plankswvhich has the effect of causing increased power peaking, especially
near the periphery of the assembly. This effect is due to less moderation in the fuel planks
as clearly shown when comparirggure5.35 andFigure5.29. The fission rate density in
peripheral regions, namely Planks 1 and @igure5.11, is not as severely affected as
these planks are near-poisoned moderating material in the form of structural assembly
components. This creates a clearly observable power shift towards the edges of the
assembly. For this case, Monte Carlo differencedess than £1% while CAM maximum
difference is approximately £3.5%.

Case 6A introduces twice the number of rows of fuel as Case 1A. The increased power
peaking observed iRigure5.19 is due to decreased moderation in the fuel planks once
more fuel is introduced. Again, since the upper and lewest fuel planks are near
moderating structural materials and less affected by the introduction of more fuel, increased
power peaking relativio Case 1A occurs in these zones. Discrepancy among Monte Carlo
participants is also much higher for this case. One can see a large degree of bias between
various participants that is only barely recagbie in prior cases. These biases could be
due to a variety of factors i-gectiomdbcahes,parti ci p:
codeto-code differencesr even geometry differences. A mixture of all three is possible,

but geometry differences are the most likely culprit as this was the only caisgrtithuced

a change in the fuel region geometry. Despite the clear biases, the agreement between
participants is still quite good as all participants are within £2.0% of the avieraglefuel
positions.

Finally, Case 7A results are showrFigure5.20. This case increased the fuel enrichment
from 9.0% to 19.5%. The effect of this is a harder neutron flux spectrum as shown in the
neutron flux spectrum plots for Case 1ge€Figure5.29) and 7A éeeFigure5.37). This

again leads to increased power peaking in planks and fuel positions in the peripheral regions
of the assembly. Disagreement among Monte Carlo participants is limited to being less than
1+1.0% while disagreement between CAM and the Monte Carlo avisragmost +4.0%.
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5.3.2.Case 1A zerchburn-up fission rate density distribution

Figure 5.12. Case 1A fission rate density distribution
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5.3.3.Case 2AHi zero burnrup fission rate density distribution

Figure 5.13. Case 2AH fission rate density distribution

115 : ; : S 3%
2
oo 110 1 & 2%y
'E -
L Do 1%t
T 1.05} 1 X
Dé 20 0% f
CE =
7 § 1% t
F L ]
0.95 S 2%
k%)
0.9 : . . E -3% . . ,
0 5 10 15 20 0 5 10 15 20
Fuel Stripe Segment Number Fuel Stripe Segment Number
115 S 3%
e
o 1.1 L 2%y
£ A
= 2 1%
T 1.05F 1 X _
= > o | §3
S 1y 1 =
“ nq?‘ 1% s
F L J
0.95 g 20t
k%)
0.9 : : . E -3% - . .
20 25 30 35 40 20 25 30 35 40
Fuel Stripe Segment Number Fuel Stripe Segment Number
115 : : : S 3%
e
oo 14} L g 2%y
£ A
v - 1% 1
S 1.05| 1 X
= 80 0% |
CE 1 F
%] 1%
2 | | &
0.95 g 29 t
k%)
0.9 - - ; g -3% : - :
40 45 50 55 60 40 45 50 55 60
Fuel Stripe Segment Number Fuel Stripe Segment Number

—4— CVREZ-SERPENT2-ENDF/B-VIL.O —<— MAC-OPENMC-ENDF/B-VII.1
— = GT-SERPENT2-ENDF/B-VIIL.O ——=—— UIUC-OPENMC-ENDF/B-VII.1
—4&—— PNNL-SERPENT2-ENDF/B-VIL.OO — % CAM-WIMS11-JEFF-3.1.2
—>—— VCU-SERPENT2-ENDF/B-VII.0

FLUORIDE-SALT HIGH-TEMPERATURE REACTOR (FHR) REACTOR PHYSICS CALCULATIONS BENCHMARK



42 | NEA/WKP(2024)2

5.3.4.Case 2AQ zero burntup fission rate density distribution

Figure 5.14. Case 2AC fission rate densitdistribution
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5.3.5.Case 3A zero burrrup fission rate density distribution

Figure 5.15. Case 3A fission rate density distribution
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5.3.6.Case 4A zero burrrup fission rate densitglistribution

Figure 5.16. Case 4A fission rate density distribution
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5.3.7.Case 4AR zero burntup fission rate density distribution

Figure 5.17. Case 4AR fission rate density distribution
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5.3.8.Case 5A zero burrrup fission rate density distribution

Figure 5.18. Case 5A fission rate densitgistribution

12 : ; : S 3%
L oo |
op 114 | &
E A 1%t
S 1.08¢ 1 S
. z°
e o— L
S 1.02} { =-1%
= a5}
@ O 2%
Rz A
B~ 0.96 : =
S 3%
%]
0.9 ; : : = 4% : : :
0 5 10 15 20 0 5 10 15 20
Fuel Stripe Segment Number Fuel Stripe Segment Number
12 S 3%
S 2%
op 114 L "
= A 1%t
e =
T 1.08 L oo |
g =
S 1.02} < 1%
= a5}
R L 2%t
B~ 0.96 1 1 =
© -3%
k%)
0.9 - - , i’:’ -4% - , ,
20 25 30 35 40 20 25 30 35 40
Fuel Stripe Segment Number Fuel Stripe Segment Number
12 : : : S 3%
5]
5 2%
op 114 1 LS
- p— Py 10/ L
£ =
$ 1.08 ¢ - X oot
. 5
= £ I
S 1.02} { =%
= (35}
R S 2%}
B~ 0.96 1 =
o -3% |
k%)
0.9 - - ; g -4% - : ;
40 45 50 55 60 40 45 50 55 60
Fuel Stripe Segment Number Fuel Stripe Segment Number

—4— CVREZ-SERPENT2-ENDF/B-VIL.O —<— MAC-OPENMC-ENDF/B-VII.1
— = GT-SERPENT2-ENDF/B-VIIL.O ——=—— UIUC-OPENMC-ENDF/B-VII.1
—4&—— PNNL-SERPENT2-ENDF/B-VIL.OO — % CAM-WIMS11-JEFF-3.1.2
—>—— VCU-SERPENT2-ENDF/B-VII.0

FLUORIDE-SALT HIGH-TEMPERATURE REACTOR (FHR) REACTORHYSICS CALCULATIONS BENCHMARK



NEA/WKP(2024)2 | 47

5.3.9.Case 6A zero burrrup fission rate density distribution

Figure 5.19. Case 6A fission rate density distribution
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5.3.10.Case 7Ai zero burnrup fission rate densitglistribution

Figure 5.20. Case 7A fission rate density distribution
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5.4. Three-group flux and spectral indices (Phase-A, zero burn-up)

5.4.1.Zero burn-up groupwise flux comparison

The groupwisdluxes reported by each participant are presented below. Each table shows
a specific case and the whqieoblem groupwise flux reported by each participant along
with the absolute and relative uncertaintidbvalues are the exact values reportecthgh
participant. Since some differences between participants are due solely to thesatiomali
used, a comparison by spectral indices is performed in Sexdod Values are mainly
reported in tables in this section for the purpose of future-tsdede comparisons.

Table59. CASE 1A Fluxes 0O (n/ cm2s)

o o

E>0.1MeV | 1 & ( {Relative un¢ 0.1MeV>E>3e| 1 0 ( {Relative un 3eV>E 10 ( {Relative ung

GT 4.38388E+13 1.32E+09 3.00ED5 1.19500E+14| 3.58E+09 3.00ED5 | 1.23697E+14 3.71E+09 3.00ED5
CVREZ| 4.33831E+13 2.17E+09 5.00ED5 1.19626E+14| 4.79E+09 4.00ED5 | 1.23824E+14 4.95E+09 4.00ED5
PNNL | 4.40796E+13 4.85E+09 1.10ED4 1.20100E+14| 1.08E+1Q0 9.00ED5 | 1.25909E+14 1.13E+1(0 9.00ED5
VCU | 4.38971E+11 4.39E+09 1.00ED4 1.19648E+14| 9.57E+09 8.00ED5 | 1.23936E+14 1.12E+10 9.00ED5
MAC | 4.39423E+13 4.19E+09 9.53ED5 1.21321E+14| 9.34E+09 7.70ED5 | 1.25484E+14 3.08E+10 2.46ED4
UIUC | 4.23230E+13 7.44E+09 1.76ED4 1.16952E+14| 1.99E+1Q0 1.70ED4 | 1.20835E+14 2.38E+1(0 1.97ED4
CAM | 5.02136E+13 --- - 1.43506E+14 --- - 1.50169E+14 - -
Table510. Case 2AH Fluxes @ (n/ cm2s)
E>0.1MeV | 1 & ( {Relative un¢ 0.1MeV>E>3e] 1 & ( {Relative un| 3eV>E 10 ( {Relative un
GT 4.35236E+13 1.31E+09 3.00EDS 1.18789E+14| 3.56E+09 3.00ED5 | 1.23711E+14 3.71E+09 3.00ED5
CVREZ| 4.30906E+13 2.15E+09 5.00ED5 1.18966E+14| 4.76E+09 4.00ED5 | 1.23887E+14 4.96E+09 4.00ED5
PNNL*| 9.999331 | 8.00ED5 | 8.00ED5 2.72934E+00| 1.64ED4 | 6.00ED5 | 2.88755E+0( 2.60ED4 | 9.00ED5
VCU* | 4.35794E+07 1.05E+04 2.40ED4 1.18910E+08| 2.50E+04 2.10ED4 | 1.23943E+0§ 2.23E+04 1.80ED4
MAC | 4.36275E+13 4.24E+09 9.71ED5 1.20597E+14| 9.29E+09 7.71ED5 | 1.25483E+14 3.13E+10 2.49ED4
UIUC | 4.20205E+13 6.95E+09 1.66ED4 1.16266E+14| 1.85E+1Q 1.59ED4 | 1.20834E+14 2.22E+10 1.84ED4
CAM* | 1.45475B1 - --- 4.16265B1 - - 4.3825981 - -

Note: Starred participants (*) show imconsistent normadation. See the following section for a consistent comparison.
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Table511. Case 2AC Fluxes 0 (n/cm2s)

E>0.1MeV | 1 & ( {Relative un| 0.1MeV>E>3e| 1 & ( {Relativeun| 3eV>E 10 ( {Relative un(
GT 4.30620E+1] 1.29E+09] 3.00ED5 1.17619E+14| 3.53E+09 3.00ED5 | 1.15722E+14 3.47E+09 3.00ED5
CVREZ* 4.26467E+0} 1.71E+01] 4.00ED5 1.17843E+06| 4.71E+01( 4.00ED5 | 1.15916E+0¢ 4.64E+01| 4.00EDS
PNNL* | 1.00026E+0( 8.00ED5 | 8.00ED5 2.73132E+00( 1.64ED4 | 6.00ED5 | 2.62828E+0( 2.37E04 | 9.00ED5
VCU* | 4.31357E+0] 1.08E+04| 2.50ED4 1.17809E+08| 2.36E+04[ 2.00ED4 | 1.15920E+0{ 2.32E+04| 2.00ED4
MAC [ 4.31685E+1] 4.09E+09 9.47ED5 1.19407E+14| 9.10E+09[ 7.62ED5 | 1.17329E+14 2.80E+1C] 2.39ED4
UIUC | 4.15428E+1] 6.85E+09 1.65ED4 1.15042E+14| 1.83E+1(0| 1.59ED4 | 1.12986E+14 2.10E+10, 1.85ED4

CAM* | 1.49068B1 --- - 4.26765B1 --- - 4.2416781 - -

Note: Starred participants (*) show an inconsistent nogatédin. See the following section for a consistent comparison.

Table512 Case 3A Fluxes 0O (n/ cm2s)
E>0.1MeV | 1 {abs.) |Relative und 0.1MeV>E>3e| 1 0 ( |(Relative un| 3eV>E 10 ( {Relative un
GT 5.92901E+14 2.37E+09| 4.00ED5 1.56601E+14| 4.70E+09 3.00ED5 | 1.24669E+14 3.74E+09 3.00ED5
CVREZ| 5.86715E+14 3.52E+0S 6.00ED5 1.56864E+14| 7.84E+09 5.00ED5 | 1.24540E+14 6.23E+09 5.00ED5
PNNL | 5.97771E+13 7.17E+09 1.20ED4 1.57812E+14| 1.74E+1(0| 1.10ED4 | 1.26489E+14 1.26E+10, 1.00ED4
VCU | 5.93265E+13 1.60E+1C| 2.70ED4 1.56753E+14| 3.61E+10[ 2.30ED4 | 1.24953E+14 2.87E+1(] 2.30ED4
MAC | 5.93900E+1] 7.26E+09 1.22ED4 1.58958E+14| 1.77E+1(0| 1.11ED4 | 1.26148E+14 3.54E+10] 2.81ED4
UIUC | 5.71402E+13 1.17E+1(C[ 2.05ED4 1.53080E+14| 3.07E+1(C| 2.00ED4 | 1.21762E+14 2.84E+10, 2.33ED4
CAM | 6.81824E+13 --- - 1.88627E+14 --- - 1.54210E+14 --- -
Table513. Case 4A Fluxes 0 (n/cm2s)
E>0.1MeV | 1 G ( |Relative und 0.1MeV>E>3e| 1 0 ( (Relativeun| 3eV>E 1 {abs.) |Relative un(
GT 5.56748E+1] 2.23E+09 4.00ED5 1.51144E+14| 4.53E+09 3.00ED5 | 1.26811E+14 3.80E+09 3.00ED5
CVREZ| 5.52866E+14 2.76E+0S| 5.00ED5 1.51830E+14| 7.59E+09 5.00ED5 | 1.27217E+14 6.36E+09 5.00ED5
PNNL | 5.61825E+13 6.74E+09 1.20ED4 1.52436E+14| 1.52E+10[ 1.00ED4 | 1.28954E+14 1.29E+1(| 1.00ED4
VCU | 5.57372E+1] 1.45E+1(C] 2.60ED4 1.51323E+14| 3.33E+1(0| 2.20ED4 | 1.27129E+14 2.54E+10, 2.00ED4
MAC | 5.58069E+1] 6.16E+09 1.10ED4 1.53454E+14| 1.47E+1(0| 9.59ED5 | 1.28603E+14 3.10E+10Q, 2.41ED4
UIUC | 5.37344E+14 9.59E+09 1.78ED4 1.47901E+14| 2.57E+1C| 1.74ED4 | 1.23867E+14 2.51E+10 2.02ED4
Table514 Case 4 AR/cBR2s)uxes 0
E>0.1MeV | 1 & ( {|Relative un| 0.1MeV>E>3e| 1 G ( |Relative un| 3eV>E 10 ( {Relative unc
GT 7.28781E+14 2.92E+09 4.00ED5 1.91733E+14( 7.67E+0S| 4.00ED5 | 1.27413E+14 5.10E+09| 4.00ED5
CVREZ| 7.23637E+1] 4.34E+0S| 6.00ED5 1.92707E+14| 9.64E+09| 5.00E05 | 1.27562E+14 6.38E+09 5.00ED5
PNNL | 7.36137E+13 9.57E+09 1.30ED4 1.93552E+14( 2.32E+1C] 1.20ED4 | 1.29165E+14 1.42E+10| 1.10ED4
VCU | 7.29127E+13 2.11E+1(C] 2.90ED4 1.91924E+14| 4.99E+1(C] 2.60ED4 | 1.27654E+14 3.19E+10 2.50ED4
MAC | 7.27915E+13 9.70E+09| 1.33ED4 1.94117E+14( 2.41E+1C] 1.24ED4 | 1.28875E+14 3.71E+1(0| 2.88ED4
UlUC | 7.02212E+13 1.41E+1(] 2.01ED4 1.87409E+14| 3.68E+1C| 1.96ED4 | 1.24450E+14 2.80E+10| 2.25ED4
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Table515. Case 5A Fluxes 0O (n/ cm2s)

E>0.1MeV | 1 G ( |Relative und 0.1MeV>E>3e| 1 0 ( (Relativeun| 3eV>E 10 ( {Relative un(

GT 7.64410E+13 3.06E+0S| 4.00ED5 2.07394E+14| 8.30E+09| 4.00ED5 | 1.31573E+14 5.26E+09 4.00ED5

CVREZ| 7.56847E+13 4.54E+0¢| 6.00EDS 2.07722E+14| 1.04E+1C] 5.00ED5 | 1.31764E+14 6.59E+09 5.00ED5

PNNL | 7.73529E+13 1.01E+1C| 1.30ED4 2.09881E+14| 2.52E+1C] 1.20ED4 | 1.33597E+14 1.60E+1(0] 1.20ED4

VCU | 7.65480E+13 2.30E+1C| 3.00ED4 2.07729E+14| 5.61E+1C] 2.70ED4 | 1.31865E+14 3.56E+1(Q 2.70ED4

MAC | 7.67675E+13 9.99E+09| 1.30ED4 2.10951E+14| 2.47E+1C| 1.17ED4 | 1.33511E+14 3.59E+1(Q 2.69ED4

UIUC | 7.36123E+1] 1.45E+1C] 1.97ED4 2.02498E+14| 3.88E+1C| 1.92ED4 | 1.28549E+14 2.83E+1(Q] 2.20ED4

CAM | 8.58853E+11 --- - 2.43529E+14 - --- 1.61365E+1¢ - -

Table516. Case 6A Fluxes 0O (n/ cm2s)

E>0.1MeV | 1 & ( {Relative un 0.1MeV>E>3e| 1 0 ( |Relative un| 3eV>E 10 ( {Relative un

GT 4.85371E+1] 1.94E+09 4.00ED5 1.27135E+14| 3.81E+09 3.00EDS | 6.72710E+1 2.02E+09 3.00ED5

CVREZ| 4.80016E+13 2.40E+0S| 5.00ED5 1.27257E+14| 5.09E+0S] 4.00ED5 | 6.74309E+1Y 2.70E+09 4.00ED5

PNNL | 4.88910E+19 5.87E+09| 1.20ED4 1.27946E+14| 1.28E+1C] 1.00ED4 | 6.81126E+1Y 6.13E+09 9.00ED5

VCU | 4.85978E+1] 1.07E+1C] 2.20ED4 1.27294E+14( 2.29E+1C] 1.80ED4 | 6.73798E+1Y 1.62E+1Q] 2.40ED4

MAC | 4.86076E+13 5.26E+0S| 1.08ED4 1.28943E+14| 1.22E+1C] 9.43ED5 | 6.82278E+1Y 1.83E+1Q] 2.69ED4

UIUC | 4.68155E+1] 8.67E+09| 1.85ED4 1.24316E+14| 2.24E+1C] 1.80ED4 | 6.56683E+1Y 1.40E+1Q] 2.13ED4

Table517. Case 7A Fluxes 0O (n/ cm2s)

E>0.1MeV | 1 & ( |Relative un 0.1MeV>E>3e| 1 0 ( (Relative un| 3eV>E 10 ( {Relative ung

GT 4.06004E+13 1.22E+0S| 3.00ED5 1.08541E+14| 2.17E+09 2.00EDS | 6.37058E+1Y 1.91E+09 3.00ED5

CVREZ| 4.02921E+13 1.61E+0S| 4.00ED5 1.08961E+14| 3.27E+09 3.00ED5 | 6.39375E+1Y 2.56E+09 4.00ED5

PNNL | 4.08000E+1 3.67E+09| 9.00ED5 1.09023E+14| 7.63E+09 7.00EDS | 6.45459E+1] 5.81E+09 9.00ED5

VCU | 4.06445E+1] 8.54E+09 2.10ED4 1.08660E+14| 1.85E+1C] 1.70ED4 | 6.38564E+1Y 1.21E+1Q0 1.90ED4

MAC | 4.06632E+1J 3.64E+0S| 8.96ED5 1.10105E+14| 8.26E+09 7.50ED5 | 6.46366E+1{ 1.52E+1Q] 2.35ED4

UIUC | 3.91588E+1] 6.18E+09] 1.58ED4 1.06129E+14| 1.62E+10[ 1.53E04 | 6.22032E+13 1.12E+1C| 1.80ED4

CAM | 4.66581E+1] - - 1.30083E+14 - - 7.78414E+1] - -

5.4.2.Spectral indices

Spectral indicesire defined as the ratio gfoupwise fluxes over theéotal flux as calculated
using:

0 — (5.2)

whereOis the spectral inde%o is the groupwise flux, arfdo  is the total flux.

Spectral indicesare shown heras well agheir percent differences the average of the
correspondindvionte Carloresults
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There is generally good agreement between Monte CQasgoltswhen comparing the
spectrunmacross the entire problem showing that each code does well at computing a similar
broadgroup spectrum. This does not come as a surprise since the division of groups is not
fine and all Monte Carlo users are either using ENBWED or ENDF/B-VII.1 continuous

energy crossection libraries. This is alstue tothe percent difference calculationing

the normaléed flux rather than the absolute values reported by.d@de would expect

larger differences when including errors or differences in flux nosatain.

CAM and Monte Carlo results are generallgo ingood agreement with the most efror
prone group being the thermal group. For this problem, it was found that the sedmali
thermal flux is generally underpredicted by up to 4.39%.

Table 5.18. Case 1A spectral indices and percent differences

E>0.1MeV Percent Diff. (% 0.1MeV>E>3eV Percent Diff. (% 3eV>E Percent Diff. (%)
GT 0.1527 0.61 0.4163 0.02 0.4309 -0.20
CVREZ 0.1512 -0.37 0.4171 0.16 0.4317 -0.02
PNNL 0.1520 0.09 0.4140 0.57 0.4340 0.52
VCuU 0.1527 0.58 0.4162 0.05 0.4311 -0.16
MAC 0.1511 -0.44 0.4173 0.21 0.4316 -0.05
uluc 0.1511 -0.47 0.4175 0.27 0.4314 -0.09
CAM 0.1460 -3.82 0.4173 0.22 0.4367 1.13
Table 5.19. Case 2AH spectral indices and percent differences
E>0.1MeV | Percent Diff. (9 0.1MeV>E>3eV |Percent Diff. (9 3eV>E Percent Diff. (9
GT 0.1522 0.63 0.4153 0.00 0.4325 0.22
CVREZ 0.1507 0.34 0.4160 0.18 0.4333 0.05
PNNL 0.1511 -0.06 0.4125 0.68 0.4364 0.67
VCu 0.1521 0.62 0.4151 0.04 0.4327 .18
MAC 0.1506 0.41 0.4163 0.23 0.4331 0.08
uluc 0.1505 0.44 0.4165 0.30 0.4329 0.13
CAM 0.1455 -3.79 0.4163 0.23 0.4383 1.10
Table 5.20. Case 2AC spectral indices and percent differences
E>0.1MeV Percent Diff. (%) 0.1MeV>E>3eV Percent Diff. (%| 3eV>E Percent Diff. (%)
GT 0.1558 0.35 0.4255 0.27 0.4187 0.15
CVREZ 0.1543 0.62 0.4263 -0.08 0.4194 0.32
PNNL 0.1573 1.31 0.4295 0.65 0.4133 -1.15
VCuU 0.1558 0.36 0.4255 0.28 0.4187 0.15
MAC 0.1542 0.66 0.4266 0.02 0.4192 0.27
uluc 0.1541 -0.74 0.4268 0.01 0.4191 0.26
CAM 0.1491 -3.98 0.4268 0.01 0.4242 1.46
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Table 5.21. Case 3A spectral indices angdercent differences

E>0.1MeV Percent Diff. (%) 0.1MeV>E>3eV Percent Diff. (%| 3eV>E Percent Diff. (%)
GT 0.1741 0.55 0.4598 0.11 0.3661 -0.13
CVREZ 0.1725 0.35 0.4613 0.20 0.3662 -0.09
PNNL 0.1737 0.34 0.4587 0.36 0.3676 0.29
vCcu 0.1740 0.48 0.4596 0.15 0.3664 -0.04
MAC 0.1724 0.43 0.4614 0.24 0.3662 -0.10
uluc 0.1721 -0.59 0.4611 0.17 0.3668 0.06
CAM 0.1659 -4.19 0.4589 .30 0.3752 2.36
Table 5.22. Case 4A spectral indices and percent differences
E>0.1MeV Percent Diff. (% 0.1MeV>E>3eV Percent Diff. (% 3eV>E Percent Diff. (%)
GT 0.1669 0.56 0.4530 0.07 0.3801 0.16
CVREZ 0.1654 0.35 0.4541 0.17 0.3805 -0.05
PNNL 0.1664 0.29 0.4516 0.39 0.3820 0.34
VCU 0.1668 0.50 0.4528 0.12 0.3804 -0.08
MAC 0.1652 0.47 0.4542 0.19 0.3806 0.02
uluc 0.1651 0.52 0.4544 0.23 0.3805 -0.04
Table 5.23. Case 4AR spectral indices and percent differences
E>0.1MeV Percent Diff. (%) 0.1MeV>E>3eV Percent Diff. (%| 3eV>E Percent Diff. (%)
GT 0.1859 0.54 0.4891 0.13 0.3250 -0.12
CVREZ 0.1843 0.32 0.4908 0.23 0.3249 -0.16
PNNL 0.1857 0.45 0.4884 0.27 0.3259 0.16
vCcu 0.1858 0.47 0.4890 0.15 0.3252 -0.05
MAC 0.1839 -0.53 0.4905 0.16 0.3256 0.07
uluc 0.1838 -0.60 0.4905 0.16 0.3257 0.10
Table 5.24. Case 5A spectral indices and percent differences
E>0.1MeV Percent Diff. (%) 0.1MeV>E>3eV Percent Diff. (% 3eV>E Percent Diff. (%)
GT 0.1840 0.53 0.4993 0.11 0.3167 -0.14
CVREZ 0.1823 -0.40 0.5003 0.11 0.3174 0.06
PNNL 0.1838 0.42 0.4987 0.21 0.3175 0.09
VCU 0.1839 0.50 0.4992 -0.12 0.3169 -0.10
MAC 0.1822 0.43 0.5008 0.20 0.3170 -0.07
uluc 0.1819 0.62 0.5004 0.13 0.3177 0.16
CAM 0.1750 -4.39 0.4962 0.72 0.3288 3.66
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Table 5.25. Case 6A spectral indices and percent differences

E>0.1MeV Percent Diff. (%) 0.1MeV>E>3eV Percent Diff. (% 3eV>E Percent Diff. (%)
GT 0.1998 0.53 0.5233 -0.10 0.2769 -0.20
CVREZ 0.1978 -0.48 0.5244 0.10 0.2778 0.14
PNNL 0.1996 0.43 0.5223 -0.28 0.2781 0.22
VCU 0.1998 0.52 0.5233 0.11 0.2770 -0.17
MAC 0.1978 -0.49 0.5246 0.16 0.2776 0.05
uluc 0.1977 -0.52 0.5250 0.22 0.2773 -0.05

Table 5.26. Case 7A spectral indices and percent differences

E>0.1MeV Percent Diff. (% 0.1MeV>E>3eV Percent Diff. (%] 3eV>E Percent Diff. (%)
GT 0.1907 0.55 0.5099 -0.08 0.2993 -0.22
CVREZ 0.1890 -0.38 0.5111 0.15 0.2999 -0.02
PNNL 0.1903 0.33 0.5086 0.34 0.3011 0.38
VCU 0.1907 0.51 0.5098 0.11 0.2996 -0.13
MAC 0.1888 -0.49 0.5112 0.16 0.3001 0.04
uluc 0.1887 -0.52 0.5115 0.23 0.2998 -0.06
CAM 0.1833 -3.39 0.5110 0.12 0.3058 1.94

5.5.Fine mesh flux distribution (Phase A, zero burn-up)

Fine mesh flux distributions across an 100x100 grid were computed by most participants
at zero burrup for each of the cases of interest. Thermal (< 3 eV), epithermal (30eV

MeV), and fast (> 1 MeV) fluxes were obtained. Due to the extremely large number of
possible crossomparisons due to the number of participants, codes, and cases, only a
selected sulset of crosscomparisons and cases is included in this report.

First resented are the results for all cases obtained by one participant (GT) tewiteli
threegroup flux distribution for each case at zero bupn While a specific participant was
selected, there is no implication that these results are any more accurate than others. In fact,
it would be difficult to visually differentiate results of one participant from another, as
depicted later in thihapter Then, comparisons between each of ¢ight cases (2A
through 7A)areperformed against the base Cage The same comparisons for selected
cases are then presented for all participants to compare predictions by each participant/code
for the various cases and perturbations. Finally, a -btmdede comparison is made
between the average Serpent 2 and @ee@penMC results.

Since the shape of the assembly cannot be perfectly captured on an 100x100 mesh of tallies,

the postprocessed results are first masked to eliminate any mesh voxels that have significant
portions cut off. This was found to be necessary so that edge voxegsning very small

flux values did not significantly contribute to the norrsation. Also, some small

adjustments to the orientation of each particimmesults had to be made to create

consistent comparisons. This was done by rotating or transpeatigarray of results

Only one participantés results could not be
properlyscale and interpolate their reported results onto the same 100x100 grid as the other
participants. However, qualitative (visual) comparisons are still possible and are thus
included.
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5.5.1.Representative fine mesh flux distributions for all cases

First, the fine mesh flux distribution is presented for all cases performed by GT in
Figure5.21 All results shown are normadid to theaverageof each flux group for that

case. This way, qualitative comparisons on the shape and peaking of the groupwise flux
can be made for each case. Note that all cases and all flux groups use thelsamzar

limits, 0.651.30, except for th€ases 3A and 5Awhich use a lower limit of 0.50 to be

able to capture the thermal flux depression caused by CR insertion.

Cases 1A, 2AHnd2AC show qualitatively the thregroup flux distribution that is typical

of AHTR style FHRs. Little difference is observed between the three cases due to the
differences among all three cases only being due to temperatures. In Case 3A, one can
clearly see the impact of the control rod on both thermal and epithermal fluxes while the
fast fluxes show smaller change. Case 4A shows the effect of the discrete burnable poisons
on the flux shape. Large thermal flux depressions are present meifretimal burnable
absorbers and the thermal flux is somewhat depressed throughout the fuel regions of the
assembly. Case 4AR shows a combination of effects from the control rod and thermal
burnable absorber cases. Case 5A, when compared to Case 4Attshtange differences

in flux shape stemminfrom either a discrete or distributed burnable absofBieally,

Cases 6A and 7A show the effects of doubling the number of fuel layers and nearly
doubling the fuel enrichment, respectiveys expected, discte features (control rods,
burnable absorbers spheres) are most clearly observed.
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Figure 5.21. Georgia Institute of Technology fine flux distribution
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Figure 5.21. Georgia Institute of Technology fine flux distribution (continued)
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5.5.2.Impact of case change compared to the base case 1A

All other cases were compared against the base Case 1A (nominal enrichment and
geometry; nominal hot full power operating conditionslrigure5.22. Again, to limit the
number of crosgsomparisons, GT results were used, but using results of other participants
would generate very similar results. In norrsaly the shown results, all cases were first
normalsed to their averages and then divided by results from reference Cad3dnisA.
normaliation ensurethatthe shape of the flux change can be compared for each of the
different conditions.
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Comparisos between 1A and 2AH show that the hot zero power condition has little effect
on the overall flux shape. However, comparsbatween 1A and 2AC show the thermal

flux shift due to the hot zero powemwhich is larger than the hot zero power comparison

but still relatively small ¢olour barlimits 0.991.01). Comparisons between 3A or 4AR

and 1A show the effect of the control rod on the spatial flux, a significant shift for both
epithermal and thermal groups. When burnable absorbers are addsgsMBaand 4AR,

the effect is a relatively uniform thermal flux depressiothafuel regions of the assembly

with large thermal flux depressions where the burnable absorbers are located. This effect
varies from Case 5A as the distributed burnable absorber affects the assembly in a more
uniform fashion. Adding twice the amount of fuellume in Case 6A (by doubling the
number of TRISO layers) heavily influences the moderation in the assembly. Thus, large
thermal flux depressions in the fuel regions presented in the Case 6A comparison
Finally, the effect of doubling the enrichment in Case 7A shows similar effects to doubling
the fuel volume. However, the effect is slightly less severe than that shown in Case 6A
comparisons.

Figure 5.22. Caseto-case comparisons for GT results
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Figure 5.22. Caseto-case comparisons for GT results (continued)
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5.5.3.Fine mesh flux distributions for all participants

Selecedcases arshown for all participants. The cases shown are Case 1A (reference case),
Case 3A ¢ontrol rod insertion), Case 4A (discrete burnable absorbers), and Case 6A
(doubly thick fuel region). As shown ifrigure5.23, Figureb.24, Figure5.25, ard
Figure5.26 all results are in excellent qualitative agreement. See SéckigHor a better
comparison between Serpent 2 and OpenMC results with some of thdiffeegnces
highlighted.

Figure 5.23. Case 1A fine mesh flux distributioni all participants
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Figure 5.23. Case 1A fine mesh flux distributionii all participants (continued)
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Figure 5.24. Case 3A fine mesh flux distributioni all participants
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Figure 5.24. Case 3A fine mesh flux distributionii all participants (continued)
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Figure 5.25. Case 4A fine mesh flux distributioni all participants
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Figure 5.25. Case 4A fine mesh flux distributionii all participants (continued)
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Figure 5.26. Case 6A fine mesh flux distribution
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