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ABSTRACT

The international Jules Horowitz material testingaBtor (JHR) is under construction at
CEA Cadarache research center, in southern Frénadest criticality is foreseen by the end
of the decade. In order to perform JHR design afiety studies, a specific neutronics cal-
culation tool, HORUS3D/N, based on the determiaisthdes APOLLO2 and CRONOS2
and on the European nuclear data library JEFF3wa%, developed to calculate JHR neu-
tronics parameters taking into account fuel deptetreactivity, power distribution, control
rod reactivity worth, etc. Up to now, the biased ancertainties on the different neutronics
parameters computed with HORUS3D/N were asseseeparticular, by comparing HO-
RUS3D/N deterministic calculations with referencaute calculations based on APOL-
LO2-MOC and TRIPOLI-&. The use for JHR of the recent Monte-Carlo TRIPGY in its
new Depletion mode (TRIPOLIZD) will also allow providing biases for the mainuten-
ics parameters under fuel depletion conditions.sén@dases will give a quantitative estima-
tion of the impact of the approximations of thexflcalculation in the deterministic route.
This paper presents a contribution to the valilatbHORUS3D/N based on the first com-
parisons between the calculations performed wit@RAEFO2-MOC and CRONOS2, and the
ones from TRIPOLI-ED. The study is performed on 2-D calculations foo different clus-
ters in an infinite lattice configuration. It fomson the main parameters of interest: isotopic
concentrations, plate power distributions, reagtias functions of burnug@.he results ob-
tained show reasonable discrepaneigs APOLLO?2 calculation and allow to be confi-
dent on the APOLLO2.8/REL2005/CEA2005 package renendations developed by CEA
for light water reactor studies used in HORUS-3DiNparticular, the main fuel isotopes are
well predicted with TRIPOLI-ZD with discrepancies values lower than -1.5%.

Key WordsDepletion calculation, Monte-Carlo, HORUS-3D/N, JHR TRIPOLI-4 ®D.

1. INTRODUCTION

The Jules Horowitz Reactor (JHR) is a new Materedting Reactor (MTR) under construction at
the CEA Cadarache research centre (south of Frahcdeplacing the French MTR OSIRIS (shut
down in December 2015), the JHR will contributethe improved safety of the existing fleet of



reactors and to their optimization. This will behmwved through the development and qualification
of nuclear fuel and materials exposed to high iataoh rates, thus leading to an accelerated ageing
of the samples compared to the nominal exposueepower plant. In the context of life-time ex-
tensions and the progressive deployment of Geoerdtireactors, the JHR will be a major tool for
research and industry-driven investigations. ThR Jtll also be devoted to medical isotopes pro-
duction for imaging and therapeutic purposes.

The design and safety studies have been carriediginog the neutronics calculation tool HO-
RUSS3D/N, developed since the 2000s to meet thafgpeeeds of JHR [2].

After a description of the JHR, this paper will iscon the dedicated HORUS3D/N neutronics
package and on the recent Monte-Carlo Burnup tahspde TRIPOLI-ZD. Then, the paper will
provide the first results of the contribution te thalidation of HORUS3D/N in depletion based on
TRIPOLI-4°D and performed on two different clusters in ainiité lattice configuration.

2. DESCRIPTION OF THE JULES HOROWITZ REACTOR

The JHR is a tank-in-pool type reactor using liglater as its coolant and moderator, with a maxi-
mum thermal power of 100 MW. It will start with éaadard density low enriched: 8, fuel (e%
233U = 19.75%, density 4.8 g.cthand a thermal power of 70 MW with possibility ieach 100
MW if needed. The core can be loaded with 34 tdugl elements, inserted in an aluminum alloy
rack (see Figure 1).
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Figure 1. Layout of JHR core

Up to 20 experimental devices can be loaded inctire or in the reflector, and irradiated at the
same time. In order to reach a high fast neutnax l#vel (~5x16&* n/cnf/s, E>0.907 MeV), the fuel
elements (see Figure 2) are made of 3 sets of dyphates assembled with aluminum stiffeners and
cladded with Al-Fe-Ni. The core is surrounded byetector made of beryllium blocks which opti-
mizes the core cycle length and provides intengenthl fluxes in this area (~5xT0On/cnf/s,



E<0.625 eV).
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Figure 2. Schematics odHR fuel element and fuel plate
3. DESCRIPTION OF THE HORUS3D/N NEUTRONICS CALCULAT ION SHEME

The innovative character of the JHR led to the tgraent of a specific neutronics calculation
scheme called HORUS-3D/N (HOrowitz Reactor simalatUnified System). This scheme takes
into account the specificities of the reactor wipenforming design and safety studies. The design
scheme of HORUS-3D/N is based on an APOLLO2 [3ROBIOS?2 [4] deterministic calculation
scheme and the JEFF3.1.1 European nuclear deataylifay].

The HORUS-3D/N package is composed of 3 differentes:

- A “deterministic design” route for fresh fuel afmt depletion, based on a two-step de-
terministic calculation with APOLLO2-CRONOS?2. Iretffirst step, the 2D APOLLO?2 lattice code
provides libraries of cross sections collapsed é&nergy groups, tabulated versus burnup or flu-
ence, for each kind of components present in tHe. Jaithe second step, these collapsed cross sec-
tions are introduced into a full 3D core calculatfgerformed with the CRONOS2 diffusion code on
a hexagonal spatial meshing.

- A reference route for fresh fuel, based on 2D d@Bdcontinuous-energy Monte Carlo
TRIPOLI-4® [6] calculation.

- A deterministic reference route taking into aauodepletion, based on 2D APOL-
LO2-MOC calculation.

To quantify all biases and associated uncertairfeldORUS3D/N calculations, its development
follows the Verification & Validation — UncertaintQuantification (V&V-UQ) process [2].

4. MONTE-CARLO VALIDATION IN DEPLETION WITH TRIPOLI  -4°D

Up to now, the validation process of the schemg azlied on TRIPOLI-# Monte-Carlo calcula-
tions for fresh fuel and on APOLLO2-MOC determimstalculations in depletion. The adaptation
for the JHR of the recent TRIPOLE® Monte-Carlo Burnup transport code developed lsyGEA
will also allow providing biases for the main neutics parameters (reactivity, power factors, etc.)
under fuel depletion conditions. Therefore suclsésawill give a quantitative estimation of the im-



pact of the approximations used in the determmiipletion route.
4.1. TRIPOLI-4®D Code

TRIPOLI-4°D was developed by coupling the probabilistic cG@IPOLI-4® and the new CEA
depletion code system MENDEL [7] based on a det@sti¢c solver. Both interfaces are linked to
the C++ interpreter CINT allowing to build advancedupling schemes between transport and
burnup solvers, which are either run interactivelycompiled and executed with coupling scripts.
This interpreter belongs to the ROOT libraries deped at CERN under a LGPL public license [8].
In order to solve the transport/depletion couplitvgp different methods are available for the time
discretization: an explicit Euler method and a Rited-Corrector method. For a given tirhethe
Euler approach consists in calculating the fiand reaction rates corresponding to the isotopic
vector at this time; then, a depletion calculatising this fluxe; provides the isotopic vector at the
end of the time step. Concerning tH8 @der Predictor-Corrector method, two schemesaadia-
ble: one called “midpoint” based on the assumpti@t the flux calculated at the middle of the time
step gives the best description of the flux behaviduring the whole time step; and one called
“mean” which consists in calculating the new isatogector by averaging the vectors obtained at
the beginning and at the end of the time step wisedy.

Figure 3 describes the TRIPOLP@ architecture.
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Figure 3. TRIPOLI-4°D architecture

Two different depletion methods are implementedhm MENDEL code: an analytical one which
consists in an exact mathematical solution of taeeBian equations in a matrix format; and a nu-
merical one based on the Runge-Kutta methdd qtler). In the context of the coupling, the
Runge-Kutta method is used. This method which dmgsdepend on the isotopes relationships is
well suited to treat pure depletion problems. Tkelétion chain used by MENDEL is translated
from the APOLLOZ2 standard depletion chain. 160apet are tracked in the burnup calculation
including 26 actinides and 126 fission productghéligh the MENDEL depletion solver does not
allow statistical errors propagation, errors ontap& concentrations can be taken into account
thanks to perturbative methods or independent sitiouls.



4.2. Preliminary Results of the Benchmark APOLLO2 /CRONOS2 / TRIPOLI-4°D

Two different assemblies in an infinite lattice figaration were chosen for the first step of this
validation study:

- an heterogeneous standard assembly (referrexi$d B) hosting a control rod aluminum
follower;

- an heterogeneous assembly with a control rodrtedgreferred to as CNT) and sur-
rounded with homogeneous standard assemblies (fre§hn order to represent an infinite lattice.
A 27% enriched fuel is considered. This correspdondhe enrichment value needed to operate at
100 MW, with cycle duration equal to 25 days attea
Calculations were performed using a pattern ofsémblies that is representative of the central area
of the reactor core. The central assembly of thisepn is either a STD or CNT one, and it is sur-
rounded by 6 heterogeneous standard assemblieBi(gee 4.).
The APOLLO-2 MOC assembly calculations use the SHE groups energy cutting [2].
The TRIPOLI-#D 2D assembly calculations were performed usind1ches of 1500 neutrons
per simulation. These simulation parameters alld®aioing a standard deviation on the infinite
multiplication factor of 85 pcm for each replicatbé calculation which could not be reduced due to
calculation time constraints. For the purpose & tomparison, the TRIPOLED burnup steps
were chosen as the APOLLO-2 ones. 32 independplitas were run in order to treat the issue of
statistical error propagation. In the context c# thalidation study, all the results are given for a
temperature of 20°C.
The following two sub-sections will present thesfiresults of the validation work. All the discrep-
ancies will be given taking into account the resoftthe APOLLO2-MOC calculations as reference
ones.

4.2.1. 2D Standard Assembly (STD) Calculations

The calculations were performed up to 150 GWgl/twhich corresponds to the maximum average
burnup of the assembly during operating conditi@ancerning the TRIPOLI®D modelling, 1/&'

of an assembly was considered (see Figurgaih of the eight fuel plates is described as fardif
ent medium for the depletion calculation.

74
4 |
¥

Figure 4. STD assembly with environment geometric patternGRRONOS?2 (left) and APOLLO2
(in the center) and TRIPOLIED (right)



It is important to emphasize that, for this typecalculations, up to a burnup of 150 GWgl/using
thePredictor-Corrector option, the requifBRIPOLI-4°D calculation time was about 6 weeks, cor-
responding to 2.5 weeks of CPU time.

As mentioned above, two different methods are akél for time discretization in TRIPOLE®.

A previous comparison between the results givethbyEuler and the Predictor-Corrector method
performed on the same kind of assembly, showedgr@ssive shift of the TRIPOLIZD results as
function of burnup [9]. This effect starts from arbup of 100 GWd{y. For a burnup of 150
GWd/iyy, a discrepancy of 300 pcm + 25 pcna) & observed.

Figure 5 presents the evolution of the infinite tiplication factor during depletion and the evolu-
tion of the bias due to the time discretization lmoeff as estimated from both the earlier and the
current work. The TRIPOLI‘?D calculations from the earlier work [9] are alscluded in the plot.
Errors bars indicate the value of 2 standard dewiaiking into account the 32 replicas which is
multiplied by 100 to make it readable. The reswltdained show that the bias increases qua-
si-exponentially with the burnup.
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Figure 5. Evolution of the infinite multiplication factor idepletion and evaluation of the bias due
to the time discretization methods: Eulef ¢irder) and Predictor-Corrector"{rder) — STD as-
sembly case

The difference between the discrepancies estimatéais work and in the previous one (respec-
tively orange full line and pink dashed line in &g 5) is due to the cluster time constraint which
has an impact on the concentration data loadingekier the same trend is found. Indeed, using the
Predictor-Corrector method, two flux calculatiome aeeded in order to calculate the new concen-
trations for the next transport calculation. Nekelkess, if one of these two calculations is not per
formed within the allocated 24h hours, only thetfiilux calculation is used. As a result of using
this flux for the concentration calculation, themn@ventory seems to have been obtained thanks to
the Euler method. This study highlighted that t@lementation of such a TRIPOLE® calcula-

tion using the available cluster is a compromisevben the loading of the concentration for each



new calculation step and the targeted standardcteni

The Predictor-Corrector method using the “mean’esoh was selected for this study because it is
second-order accurate. In addition, this choicethasadvantage to avoid numerical issues that are
typical of the explicit Euler method and that maguire severe limitations in terms of the maxi-
mum allowable time-step. It should be mentioned this method is consistent with the APOLLO2
one.

The comparison of the discrepancies respectivellyden the APOLLO2-CRONOS2 (7 assemblies
considered) and APOLLO2-TRIPOLE® calculations (1/8 assembly considered) with the Pre-
dictor-Corrector method, is given in Figure 6. Tesults from previous investigations [9] are also
included. The discrepancy between APOLLO2 and CRORI@ due to the diffusion and homoge-
nization approximations, as well as the beha?®m and"**xe in the depletion process (i.e., con-
centrations build up to their equilibrium valuesy & burnup value lower than 10 GWgl{t Using
TRIPOLI-4°D, a good consistency is obtained in comparisoh WRPOLLO2, with a positive shift
lower than 90 pcm = 37 pcm for a burnup of 120 GW\gih the previous and than 40 pcm + 37
pcm in the current work.

300

—— Discrepancy CRONDS2 / APOLLO2 7 assemblies

250 = Discrepancy APOLLO2-TRIPOLI-4D this work

= == Discrepancy APOLLOI-TRIPOLI-4D previous study

Ay (pem)

0 20000 40000 GODO0  SO000 100000 120000 140000
Burnup (MWd/tygp)

Figure 6. kins calculations for the STD assembly— comparison betwAPOLLO2, CRONOS2 and
TRIPOLI-4°D

The second parameter of interest is the evolutioine® masses of the main isotopes in depletion:
239y, 238y, 23924024 13 and**%Sm. All the comparisons are performed on an assesgditor.
The masses given by CRONOS2 for the heavy nuchdesestimated by an interpolation of the
APOLLO2 data for the corresponding burnup valughaf considered mesh. In JHR, the burnup
corresponds, on a first order approximation, tortamber of*U nuclei consumed so tH&U in-
ventory in depletion has to be well predicted. Ef@mrhigh burnups, the observed discrepancy does
not exceed -0.5 % between the APOLLO2 and the TRIRSD calculations and -3.0% between
the APOLLO2 and the CRONOS2 calculations (see Eigir
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Figure 7. Evolution of the?®U mass in depletion — comparison of the APOLLO2 OBRS2 and
TRIPOLI-4®D results in the STD assembly case

Concerning thé*®U chain isotopes, the same good consistency ofabalts can be noticed (see
Figure 8). For a burnup 150 GWght the maximum bias does not exceed -0.6 % in tilse od
APOLLO2 — TRIPOLI-#D comparison. The higher values, observed at lownups for
23924024p, - are only due to the small amount of these jmstan the fuel at the beginning of the
irradiation period.
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Figure 8. Evolution of the?®U chain isotopes masses in depletion: discrepandie®L-
LO2-TRIPOLI-4°D — STD assembly case

Despite the value of the standard deviation in TRIRD calculations, the comparison with
APOLLO2 shows a good consistency of the two moadgdi The relevance for JHR of the APOL-
LO2.8/REL2005/CEA2005 package recommendations dpeel by CEA for light water reactor
studies used in HORUS-3D/N (refined SHEM energy hmasd resonant mixture self-shielding
treatment for>U, 2%, 2**Pu and®*%u in the intermediate energy range) [2] is notedalnto
guestion.

Concerning the two main fission products studiéXe and**Sm, the discrepancies between the
APOLLO2 and TRIPOLI-&D results, within a burnup range up to 150 G\\gl/tdo not exceed
-1% and -1.5%, respectively (see Figure 9). Thesisbency on material balance confirms the ap-



plicability of the SHEM mesh for a MTR light watezactor as well as for other light water reactor
systems.
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Figure 9. Evolution of the **Xe and **Sm masses in depletion: discrepancies APOL-
LO2-CRONOS2 and APOLLO2-TRIPOLI®D — STD assembly case

From the APOLLO2-CRONOS?2 comparison of the predictmss of**Xe, the discrepancies reach
+2% at the beginning of the irradiation period, ai% for a burnup of 150 GWel{§. As regards
149Sm, the bias between APOLLO2 and CRONOS? is +3.2fteabeginning of the irradiation pe-
riod and -11% for a burnup of 150 GWgljt These deviations are due to the concentratiorld bu
up of the two isotopes to the equilibrium valued am the different modelling methods. The results
concerning the discrepancies in absolute valueggsowfer per plate are directly linked to the ob-
served trends 6f°U inventory as shown in Table 1. A systematic lBasbserved.

Table 1. Power per plate discrepancies — comparison APOLLRIPOLI-4®D in the STD assem-
bly case

APOLLO2-TRIPOLI-4 ®D discrepancy
Plate No BU = 37,5 MWd/tm STD 2 BU = 150 GWd/iym STD 2
1 (internal) -2,53% + 0,05 % -1,56% + 0,06 %
2 -2,07% + 0,07 % -1,57% + 0,04 %
3 -1,59% + 0,05 % -1,43% + 0,04 %
4 -1,76% + 0,04 % -1,78% + 0,04 %
5 -1,45% + 0,03 % -1,69% + 0,03 %
6 -1,61% + 0,04 % -1,97% + 0,05 %
7 -1,53% + 0,05 % -2,19% + 0,04 %
8 (external) -1,77% + 0,04 % -2,31% + 0,04 %

4.2.2. 2D Assembly with Inserted Control Rod (CNT)

In the CNT case, the TRIPOL?® and APOLLO2 models consider the same 7 assemipdies
metric pattern. In every fuel assembly, each ofdight fuel plates is described as a different me-
dium for the depletion calculation.



As for the STD configuration, the first resultsygm for low burnup values, show a good agreement
between the threg.ktrends in depletion (see Figure 10). For a buvaipe of 56 GWd/i, the
difference of the APOLLO2 prediction against CRONKO&hd TRIPOLI-ZD is about 300 pcm.
This discrepancy is due to: the homogeneous/hetasms transport equivalence; the homogeniza-
tion; and the reduction of energy groups considerede CRONOS2 calculation. The effect is such
that APOLLO2 underestimates the neutronic wortthef control rod. The underestimation of the
control rod worth involves a local overestimatidritee flux.
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Figure 10. kis calculations for the CNT assembly — comparisonwbeh APOLLO2, CRONOS2
and TRIPOLI-#D

This can also be illustrated by the similar evaintof the?*U mass in depletion. Figure 11 shows a
discrepancy which increases with the burnup andhes 4.3% in the case of the APOL-
LO2-TRIPOLI-4°D comparison.
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Figure 11. Evolution of the®*U mass in depletion — comparison of APOLLO2 and A®ILI-4°D
results in the CNT assembly case



The second step of this validation work, is cudseanhder study, and deals with core calculations in
two different configurations, respectively for aage burnups of the core up to 20 GWg/and up
to 60 GWd/tu. The two configurations of interest are definedadsws:
- 34 fuel elements, 5 fixed absorbers in the raglwben the assemblies, 13 control rods,
and aluminum experimental devices loaded in the (starting core configuration);
- 34 fuel elements, 8 control rods, with refereagperimental loading that is arranged in 7
fuel elements and 3 cells.
The performed tests showed that 72 hours are emtjfor a core calculation up to 20 GWg{us-
ing 500 batches of 5000 neutrons gietulation. These simulation parameters allow oltgi un-
certainty standard deviation on the infinite mditgation factor of 80 pcm for each replica. In gpit
of the system size, the difference in computatidimaé between assembly and core calculation is
due to the difference in the simulation parametieed between the two cases.

5. CONCLUSIONS

The HORUSS3D/N neutronics calculation tool is detbdato JHR design and safety analysis. Up to
now, the validation process of the scheme onledetin TRIPOLI-& Monte-Carlo calculations for
fresh fuel. The adaptation for the JHR of the red@RIPOLI-4°D Monte-Carlo Burnup transport
code developed by the CEA will also allow providades for the main neutronics parameters (reac-
tivity, power factors, etc.) under fuel depletiamnditions. The first step of the validation stuaye
sisted in a comparison between the calculatiorfopeed with APOLLO2 and TRIPOLI®D, and

the ones from CRONOS?2, in 2D, for two differenteasblies in an infinite lattice configuration: a
standard one (STD) and an assembly with a contlimserted (CNT). The"2 order Predic-
tor-Corrector method using the “mean” scheme wasseh for time discretization in the TRIPO-
LI-4®D calculation because it is second-order accumteta avoid numerical problems. Despite
the significant standard deviation of the TRIPOEP4calculations, the results show reasonable
discrepancies with APOLLO2 calculation and allow tme confident on the APOL-
LO2.8/REL2005/CEA2005 package recommendations dpee by CEA for light water reactor
and used in HORUS-3D/N. In particular, the discrepes between TRIPOLI®D and APOLLO2

in terms of the main fuel isotopes are lower tHab%. The investigation of the CNT configuration
highlights an increase of the bias when a distwbas introduced in the modelling, even for low
burnup values, due to an underestimation of thérabrod reactivity weight with APOLLO2. The
main results of the work are summarized in Table 2.

Table 2. HORUS3D/N validation against TRIPOLEB®: summary of the first results

STD (up to 150 GWd/tm) CNT (up to 56 GWd/tym)
T4D Euler/Predictor bias Akins =300 pcmt 25 pcm (2) /
AKis APOLLO2/CRONOS2 Max = 170 pcm at 80 GWdlf 340 pcm
Akint APOLLO2/ TRIPOLI-4 ®D <50 pcmt 37 pcm (2) 300 pcmt 30 pcm ()
Isotopic content (mass) -0.5% <***U < 0 % 0% <*U < 4.5%
APOLLO2/TRIPOLI-4 ®D -1% <**U, Pu isotopes < 1% 0 %<U < 0.5%
discrepancy -1.5% <%Xe,"Sm< 1% | -15%¥"Xe and***Sm < -4%
Power per plate -3%<AP2/T4D discrepancy <0% /




Core calculations for configurations of interest aurrently under study as a second step of this
validation work.

The outcome could provide recommendations for teeekbpment of the HORUS-3D/N scheme
concerning the depletion model.

As a future complement of the work, a benchmarkvben TRIPOLI-#D and MCNPX-ORIGEN
(for the same selected configurations) is planrethat the capability of the TRIPOLED deple-
tion solver can also be assessed against a diffstente-Carlo burnup tool using the same nuclear
data library.
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