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Résumeé

Dans cette thése une nouvelle technique itérath@nibgénéisation pour les réacteurs a lit de beast
développée. Le calcul de flux, dans une géomététérbgene multi-boulets, se base sur une
approximation "macro-stochastique” du transporsdamméthode des probabilités de collision.

La distribution stochastique des boulets avec wiffés taux de combustion dans le coeur est tragéarp
modéle qui considere les différences spectralesprps a chaque type de boulet, pour les calculs
d'homogénéisation et d'évolution microscopiqueteOmiéthode est novatrice car, dans les codes del cal
actuellement employés, on considére un seul bdelebmposition isotopique moyenne.

Dans le schéma de calcul itératif, le calcul dercqear la méthodeSen différences finies RZ, permet de
récupérer les courants rentrants aux interfacesréigisns de spectre qui subdivisent le coeur. Ces
courants sont employés comme terme source powldelau flux, sur un maillage énergétique fin, des
géométries multi-boulets associées a chaque rélgiapectre, en imposantdg du cceur.

La méthode développée dans le code de calcul megt®m APOLLO?2 a été vérifiée par comparaison
avec des simulations Monte Carlo de référence, aRPOLI4. Un modeéle simplifié du réacteur PBMR-
400 a été construit. Une vérification par étapaxassives a été réalisée, dans le but de quarafer
effets sur la réactivitékfy) du cceur, sur la distribution des taux de produgtisur le rapport des
productions sur les absorptions du cceur et sutelaps de calcul liés aux variations des paramelees
calcul tels que: le nombre de groupes, le maillagial, I'ordre de quadrature angulaiggeSle nombre

de régions de spectre dans le calcul RZ du cceur.

Une vérification plus compléte est faite avec urdéie ou les boulets sont positionnés un par un ans
cavité du cceur et ils possédent six différentsanixede taux de combustion, aléatoirement distriblués
mélange stochastique microparticules/matrice eplgt@ contenu a l'intérieur des boulets, est ti@en

un milieu homogene équivalent. Les résultats olstgrar le modele APOLLO2 sont peu différents de la
référence (moins de 100 pcm surklg, de +4% sur la distribution des taux de productiavec une
différence de 3% au point chaud).

Ensuite, une premiére validation a été réaliséagugort a la premiére divergence du prototype HOR-
Les résultats ont été comparés a ceux d’'un bendhim@rnational ou I'on devait évaluer le nombreato

de boulets, pour un mélange de boulets combustdtlenodérateurs, a charger dans le cceur pour le
rendre critique. Le nombre obtenu avec le nouveadéte est seulement de 77 boulets en dessous de la
valeur expérimentale de 16890 boulets. Ce résaltatrés bon comparé aux résultats obtenus par les
participants au benchmark.

Une méthode a ensuite été développée pour évdlu@omposition du coeur a I'équilibre et elle a été
appliqguée pour analyser le modele simplifié du PBMR chargé avec différent types de combustible
(UO,, Pu, Pu + actinides mineurs). La nouvelle méthmdaé appliquée pour évaluer le biais associé a
l'utilisation d'un seul boulet de composition igutue moyenne. Il a été montré que, grace a une
"compensation de l'erreur”, ce biais est faiblenguke coeur est chargé en LJ@vec des écarts sur les
facteurs de puissance et sur les concentrationprilespaux nuclides a la décharge compris dans un
intervalle de £1%. Les différences spectrales elesadifférents types de boulets étant en grandgepa
dues aux résonances duffule biais est plus important quand le cceur estyghavec un combustible de
Pu. Dans cette configuration, les écarts sur Issiblutions de puissances et les concentratiopgyatnt
+10%.

Pour conclure, en se basant sur l'expérience adéamau CEA sur la modélisation des réacteurs a&haut
température a blocs prismatiques et avec la métdédeloppée dans ce travail de theése, on pourrait
monter un schéma complet itératif de calcul coupétronique — thermo-hydraulique, en calculant le
coeur 3D en diffusion (ou en transport si nécessa&ireen associant a chaque région de spectre une
géométrie multi-boulets.

Mots Clé: Réacteur a lit de boulets, homogénéisatitgrative, géométrie multi-boulets, coeur a
I'équilibre, APOLLO2






Abstract

In this thesis we develop a new iterative homogsion technique for pebble bed reactors, based on a
"macro-stochastic" transport approximation in th#lision probability method.

A model has been developed to deal with the staichdistribution of pebbles with different burnup i
the core, considering spectral differences in haanamation and depletion calculations. This is galter
not done in the codes presently used for pebble dmdlyses, where a pebble with average isotopic
composition is considered to perform the cell calton. Also an iterative core calculation schenas h
been set up, where the low-order Rg fall-core calculation computes the entering cuiseim the
spectrum zones subdividing the core. These curresgsther with the cork.y, are then used as surface
source in the fine-group heterogeneous calculatidhe multi-pebble geometries.

The developed method has been verified using neder&onte Carlo simulations of a simplified PBMR-
400 model. The pebbles in this model are indivigupbsitioned and have different randomly assigned
burnup values. The APOLLOZ2 developed method mattheseference cores within 100 pcm, with
relative differences on the production shape factathin £4%, and maximum discrepancy of 3% at the
hot spot.

Moreover, the first criticality experiment of theTR-10 reactor was used to perform a first validatd

the developed model. The computed critical numligrebbles to be loaded in the core is very close to
the experimental value of 16890, only 77 pebblss.le

A method to calculate the equilibrium reactor stai@s also developed and applied to analyze the
simplified PBMR-400 model loaded with different fugpes (UQ, Pu, Pu + MA). The potential of the
APOLLO2 method to compute different fluxes for ttiferent pebble types of a multi-pebble geometry
was used to evaluate the bias committed by theageecomposition pebble approximation. Thanks to a
"compensation of error”, this bias is small whea tlore is loaded with UCfuel, with discrepancies on
the power shape factors and main nuclide densitiedischarged pebbles within +1%, except for
plutonium isotopes, with an underestimation of 3% R#*° at discard. The spectral differences between
the pebbles being mostly linked to the resonancewsf, this bias is important for the Pu loaded core,
where differences up to +10% on the power shapgeraand on the main nuclide densities are observed
Based on the accumulated experience at CEA on atistATGRs modeling, a coupled neutronic-
thermal hydraulic 3D core model of a PBR could bi#tbassociating a multi-pebble geometry to each
three-dimensional spectrum zone of the core.

Key WordsPebble Bed Reactor, iterative homogenization, rpgdhible geometry, equilibrium core,
APOLLO2






Nomenclature of PBR Modeling

PBR; Pebble Bed Reactor

Fuel Pebble it is a ball constituted by a heterogeneous infugil region and a
homogeneous outer graphite region. The inner fegibn is composed by a stochastic
distribution of coated fuel micropatrticles disper$e a graphite matrix.

In our calculations, both the microparticles and piebbles are numerically subdivided
into several radial volumes calledmputational shells

Core cavity; the bed of pebbles is contained in a cavity (wyiical or annular)
delimited by graphite reflectors. The pebbles fldownward through the reactor cavity.

Flow-line: it is the statistical average of the verticajectories of the pebbles starting
from a top point of the bed. Each flow line is asated to an average flow velocity.

Packing fraction (pkf); it is defined over a core sub-region as the ratithe volume of
the pebbles and the total (pebble + coolant) volume

Discharged Pebbles in several fuel management schemes, the pebbies a
continuously discharged from the bottom of the t@aihrough defueling cones.

The discharge burnup value of a pebble is indiyeoti-line estimated by measuring
its y-activity.

Discarded Pebble it is a discharged pebble whit a discharge buwaipe exceeding
the burnup limit for recirculation. It is thus seata spent fuel tank.

Recycled (or re-circulated) Pebblgif a pebble is not discarded then it is re-chdrige
the cavity from the top. It then performs an uttepass through the core.

Pebble Family, the pebbles having performed the same numbeasdgs and having

the same fresh pebble nuclide composition belonhgsame pebble family.

Due to the axial flow, the pebbles are more degletethe bottom part of the core.
Furthermore, the pebbles with the same number séggacan have different depletion
histories (depending on the location of the pelax®l flow-lines at each pass in the
core). Hence, pebbles of the same family comprised core sub-region may have
different nuclide compositions.

Flow Channels they subdivide the computational core model imtigal channels
having the horizontal top and bottom surfaces pefjpelar to a flow-line. All the
pebbles flowing in the channel have the same fleloaity. The channel radial



boundaries are determined both by the pebbles fimile and by common spectral
characteristics of the comprised pebbles.

Spectrum Zone(SZ); it is an axial subdivision of a channel for cartipg reasons, it
his associated to a multi-pebble geometry and lmsolgeneous microscopic cross
sections.

Multi-pebble Geometry; it is associated to a SZ and to the whole sepeifbles,
possibly of different families, comprised in the ramponding core sub-region.

It is composed by a set of one-dimensional sphegas) belonging to a different pebble
type, with a multiplicity equal to the number ofgisées of that type.

Pebble type the nuclide composition assigned to a pebble tgmnaverage over all
the pebbles of the same fanslymprised in the sub-region.

Average Composition Pebble Approximation all the presently existing codes treating
PBRs neutronics use this approximation. For thee-§iroup heterogeneous flux
calculations, the multi-pebble geometry is replaeeth a single pebble having the
volume-weighted average nuclide composition ofitfierent pebble types

Surface-to-Surface Geometrical Probabilities in our modeling,pebble-to-pebble

pebble-to-boundaryboundary-to-pebbleandboundary-to-boundary pZ’,Z) geometrical
probabilities are assigned to each SZ. They quaitié probability for a neutron
leaving isotropically a surface (of a pebble typeoba contact boundary) to reach the

other surface in a straight-line without crossing ather surfaces.

Clustering; the core containing several pebble families,ustelring can originate. It is
a bunch of pebbles of the same family localized gpectrum zone.

Compared to the stochastic uniform mix the clustgrebbles are closer together and
thus they have a greater self pebble-to-pebblegiibty.

Reaction Shape factorit is the ratio between the average reactionpateunit volume
in the spectrum zone and the average reactiordestisity in the core.

Equilibrium Core ; it is a core state where, due to the continuegegculation, the
nuclide compositions of all the pebble types aa¢idically time-stable.

In this configuration, all the stochastically avged neutronic quantities do not vary
with time. A pebble bed reactor is mainly operaethe equilibrium state. Only after
the start-up phase or following a full core disg®a(i.e. for maintenance needs), the
equilibrium state is preceded by a running-in period
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Introduction

"The Generation IV International Forum (GIF) is aaperative international endeavor
organized to carry out the research and developmerted to establish the feasibility and
performance capabilities of the next generationleaicenergy systems"

The main objective of GIF is to establish revolotoy designs of nuclear reactors, which
should become critical around the '30s. Comparethéo Generation llI+ evolutionary

designs presently at the mature phase and readyhérconstruction (EPR, AP1000,
ABWR, ACR1000, APWR, ESBWR, etc.), to the Generatly' reactors is asked to be
safer, sustainable, still economically competitivigh the most cost-effective technologies
expected to be available in the future and moréferation resistant and physically secure.

The GIF selected six families of nuclear systemscasdidate for Generation IV: the
Sodium-Cooled Fast Reactor (SFR), the Gas-CoolstiR@actor (GFR), the Lead-Cooled
Fast Reactor (LFR), the Molten Salt Reactor (MSfRRE Super-Critical Water-Cooled
Reactor (SCWR) and the Very-High Temperature Red®tidTR).

Particularly, the VHTR is akin to the already eixigt High-Temperature Gas Cooled

Reactors (HTGR), described in Chapter 1, excepthfercoolant outlet temperature which
has to reach 1000 °C. At such high temperaturessybem can be operated with a very
high efficiency supplying both electricity and pess heat to a broad spectrum of
applications, such as for hydrogen production frmmy heat and water by using thermo-
chemical processes or, most unlikely, for the mdteonical industry, helping the high

nature-destructive extraction of oil from tar sands

The heart of the HTGR concept relies on the mdtgmated fuel microparticles, developed
at the beginning of last century '603hey are constituted by a fuel kernel enrobed by
successive ceramic layers which act as the finstdvdor fission product retention up to a
very high threshold temperature (e.g. 1600 °C). Tiieroparticles are embedded in a
graphite matrix formed either into a fuel compangerted in hexagonal graphite blocks for
the prismatic block-type core reactors, either mtgraphite coated pebble for PBRs.

The unique properties of the coated micropartialesy designing a nuclear reactor which
is inherently safe. This coveted objective can bleieved when the decay heat removal
from the core relies only on the conduction, cotieecand radiation heat transfer physical
phenomena to keep the temperature of the micropestunder the threshold in all the
possible accidental conditions.

It turns out that this mechanism is achievable amityh small power density cores, thus
leading to the design of relatively low power (faundreds MW,) modular reactors.

On behalf of the Generation IV objectives, the tarding safety features of modular
HTGRs position this family of reactors to the highplace for public acceptance of nuclear
energy. Nevertheless, the necessary low power tyasfsine core reduces their economical



competitiveness, which could nevertheless be rebehsier if the process heat applications
would be coupled to the energy production ones.

From the point of view of sustainability, the vdigxible neutronic properties of HTGR
allow charging the core with a wide variety of fugpes, ranging from Low Enriched
Uranium, pure reactor and weapon grade plutoniumpmactinides and thorium without
degrading the safety features.

The core of a PBR is a cavity filled with a largammber of pebbles, each of which
embedding thousands of coated fuel micropartidiaging operation the pebbles slowly
flow through the cavity by gravity; they are disoed at the bottom of the reactor and then
reinserted on the top of the bed multiple time®hebeing discarded. At equilibrium, each
region of the core is composed by a mix of pebhbasng different isotopic compositions,
which are representative of the burnup cumulatethguhe multiple passes through the
core.

From the neutronic modeling point of view, the pleldted reactors pose unique challenges
associated to the double level of stochasticitthefproblem, due to:

1) the stochastic dispersion of the microparticlegdmgach pebble,
2) the stochastic distribution of different burnup ples inside the core.

Moreover, due to the long neutron migration lengththe graphite moderator, the flux
inside a pebble is strongly dependent on the sudioge so the « classical » two-step
approach for the core calculation (decoupling cfeasbly and core calculations using
multi-parameterized cross sections libraries) isomger adapted.

In this thesis, an innovative neutronic modeling FBRs has been developed in the CEA
transport code APOLLO2, presented in Chapter 2.

In the developed method, presented in Chapteri®,eagenvalue source problem is solved,
with the corek. and the entering currents from the neighboringespito homogenize the
multi-pebble geometries. The neutron exchange lextwthe different pebble types
comprised in a spectrum zone and with the zoneladery surfaces is accounted for by an
innovative "macro-stochastic" transport model.

The results of the developed method verificatiorh weference Monte Carlo simulations,
and validation, with the HTR-10 first criticalitkperiment, are presented in Chapter 4.

In Chapter 5, the potentiality of the developed hodt have been applied to search the
equilibrium core of a simplified PBR model chargedth different fuel types and to
analyze the limitations of the average composigiebble approximation.

Finally, the conclusions and the perspectives erré¢lalized work are summarized in
Chapter 6.
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1 High Temperature Gas-Cooled Reactors

Gas cooled nuclear reactors were considered irJtheed States as material reactors
and also for early power reactdr&oth graphite-moderated experimental reactors at
Brookhaven National Laboratory and at Oak Ridgeidwal Laboratory were air
cooled. In 1943, water cooling of the Hanford pilgas chosen rather than helium
cooling, mainly because of the difficulties antidgxh in providing blowers and in
preventing helium leakage from large pressure V&s#es early as 1945, Farrington
Daniels proposed a helium-cooled, BeO (or graphm@derated, high-temperature
power reactor that was not pursued since it requwe much development and because
of the priority given to high power density, wat®@eled submarine reactors, which led
to the development of pressurized water reactoVgR§8). But interest in gas cooling
was revived in the United States in the mid-195@% @ number of gas cooled reactor
projects were started. Several of these reactors tuglt, among which the more well-
known are the UNGG (Uranium Naturel Graphite Gazlriance and the Magnox and
AGR in the UK. These graphite-moderated gas comadtors used C{as coolant and
metallic uranium or U@pellets in a metallic cladding as fuel element.

To improve the fuel performance and the limitatiemsthe surface temperature of the
metallic cladding, a core with all ceramic maternas studied. The fuel, carbide or
oxide, is dispersed through the ceramic materiathenform of coated micropatrticles.



Moreover, with the possibility of reaching highentperatures in the core due to the
absence of metallic materials, helium was prefeagdoolant since it is inert, has a
very small total cross section for neutron intdmatg and has satisfactory heat transfer
and transport properties at modest pressures, 2Zraorb0 bar, with acceptable pumping
power. These features are common to all high teatper gas-cooled reactors (HTGRs,
called also HTRs), with fuel in the form of coatealrticles (where coatings serves as
pressure vessel for fission gas) within a graphiarix. Graphite was chosen as
moderator, fuel containment material and core siredecause of:

- its good neutronic properties (very low capturessreection),

- its good thermal and mechanical properties undeadi@tion and high-
temperature,

- its low cost.
The HTGR was first conceived as a nuclear heatcsocapable of providing the high
temperature necessary to obtain modern steam cmditr electricity generation and,
at the same time, capable of extending the apmitadf nuclear power to high-
temperature industrial processes.
The use of thorium as a fertile material, rathemth?*®, has also been proposed since
the beginning, in order to match the extended flement lifetime inherent to the
moderator-diluted design with the excellent netitgoperties of the bred % fuel.
The basic HTGR concept has a number of variantsitéofuel cycle, fuel design,
thermodynamic cycle, and industrial applicationdie Treactor can utilize highly
enriched U*® with thorium as the fertile material, or it caneogte in a low-enriched
uranium cycle. & P#* can be used as fissile materials for the thoriyotecto avoid
recycling U° or using U*® coming from other HTGRs or from fast breeders. firet
element could be cylindrical, as in the Dragon ead¢h Bottom reactors, spherical, like
the pebbles in the AVR or THTR reactors, or prismats in the Fort St. Vrain power
plant. The detailed design of the fuel elements eoated particles can be readily
modified in order to reach specific goals, suclih&sincrease of the outlet temperature
or the conversion ratio.
Historically, initial design efforts on HTGR wertaged at the Atomic Energy Research
Establishment in the United Kingdom in 195&imultaneously, another independent
study was initiated in Germany to design a pebbtevssion of the system. The work
in the UK resulted in the construction of the DRAS@eactor, a 20 M) test reactor,
at Winfith, England. This facility was extensivaltilized to demonstrate capabilities of
high temperature gas-cooled reactor and coatettlpaitel. It has been operated from
1964 to 1976. The helium coolant had an inlet teatpee of 350°C and a mixed outlet
temperature of 750°C with heat rejection to the cspmere by air-blast coolers in a
tertiary circuit. The reactor was fuelled with axtre of 93% enriched uranium and
thorium carbides in sintered compacts containedgraphite, which acts both as
cladding and moderator. The active portion of taeeconsisted of 37 hexagonal fuel-
moderator assemblies surrounded by movable and feféector blocks.
The development of the prismatic block-type HTGRss lbeen carried on by the
construction and the operation of other reactoushsas Peach Bottom (first power
operation in 1967) and Fort St. Vrain in the Unitethtes, and the HTTR currently



operating in Japan. Fort St. Vrain delivered itstfelectricity in 1976. Due to many
first-of-a-kind engineering equipment used in thanpl there were many unexpected
problems that led to a low reactor average avditgbover its lifetime. Although
disappointing as an electricity producer, it pr@ddvaluable experience for the
development of the HTGR technology. It demonstratedexceptional fission product
retention of the Triple-coated Isotropic (TRISO)rtide fuel by having very small
release rates compared to other reactor typelsadtpaovided ground for changes in the
regulatory structure, so that the regulations farGR are different from those of a
LWR or BWR. Fort St. Vrain also provided valuableecational data on performance
of helical once-through steam generators as wellindgrmation on the helium
purification system and its component. The high gerature reactor concept with
prismatic fuel is currently utilized in the desighthe High Temperature Test Reactor
(HTTR) in Japan Atomic Energy Research Institutas la small 30MW test reactor
which uses pin-in-block type fuel with UO'RISO coated fuel particlésThe coated
fuel particles are dispersed in the graphite matnie sintered to form a fuel compact as
shown in Figure 1.1. Fuel compacts are containea graphite sleeve to form a fuel
rod, which is then inserted into vertical holesdabin a hexagonal graphite block.

Fuel kernel

High density PyC
SiC

Low density PyC

580mm

Coated fuel
Particle

|Fuel compact [ |Fue| Assernblﬂ

Figure 1.1: HTTR fuel assembly

Parallel to the block-type HTGRs, the pebble bedtt@s were also developed, starting
with the AVR (Arbeitsgemeninshaft Versuchs Reaktobuilt at Julich in Germany
during the 1960’s and operated since 1966. Thistoe@perated exceptionally well for
more than 20 years, accumulating 122000 hours afatipa, and was decommissioned
in the 1980’s. It had a steel pressure vesselltbased helium circulators and steam
generators, driving a traditional Rankine poweregation cycle, above the pebble bed



core. The pebble bed was made up of 100000 pebbsm diameter, initially loaded
with only 30000 spheres, showed in Figure 1.2, #amh contained 6.8g of'8 in the
form of (ThU)G coated particles filling the inner 4cm internamieter, with a fuel free
layer of 1cm thickness. By 1976, more than 2 miBiduel pebbles had been circulated
in the reactor during operation without mechanditiculties, and six different types of
fuel pebbles had been tested. The number of dansgeztes was about 8 per 100000
spheres circulated. One group of fuel pebblesrathia burnup of 160MWd/kg at a
maximum temperature of 1250°C without significaabhthge (some AVR pebbles have
even reached a burnup of 200MWd/kg). No serioublpros have occurred in the core
due to corrosion or mechanical damage of the psbble
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COATED FUEL
PARTICLES IN
GRAPHITE MATRIX

\MACHINED ATJ GRAPHITE SHELL

Figure 1.2: Pebble of the AVR

The two most important contributions of the AVR aemonstration of the safety
features inherent to the HTGR concept, as well am@ as a fuel development
platform. Numerous fuel particle designs were tskem the early BISO particles up
to the current state-of-the-art Low Enriched Urami(LEU) TRISO particles. Detailed
description of the fuel kernels will be given aftards. Various fuels were tested, such
as uranium carbide, thorium/uranium combinationswedl as several degrees of
uranium enrichment.

The next HTGR was also built in Germany, the 750§Whorium High Temperature
Reactor (THTR) at Schmehausen. The THTR delivetedirst electricity in 1985. It
was however shut down and dismantled after 1988talthe political climate changing
strongly against nuclear energy after the Cherndtsaster. Except for the control rods
that were designed to be forced into the pebble thedTHTR operate flawlessly during
its short operational lifetime. It was fuelled wahmixture of Highly Enriched Uranium
(HEU) and thorium, housed in TRISO particles tharevdispersed in 60mm graphite
spheres. The core, steam generators and heliurantanfculators were all housed in a
pre-stressed concrete vessel. As with AVR, the gnyninelium loop provided heat for a
secondary water based Rankine power cycle.



The most recent pebble bed HTR to be operated i€hieese HTR-10. It is a 10MW
reactor intended for research on the general dparaf pebble bed HTRs and went
critical for the first time in 2000. It is fuelledith LEU TRISO particles in a 60mm
graphite sphere, following the fuel design stanadiin Germany. Since the start of its
operation, results from the HTR-10 research prognane been widely publicized and
provides valuable experimental data for computeeaadidation.

Due to the fact that gas cooled reactor are gdgpayaphite moderated, they have large
volumes and therefore relatively low power densitieompared to the typical
100MW/n? of the PWRs and the 50MW/rof the BWRs. Among HTR, the core power
density also varies according to the design. Tablgresents some values of interest
for the reactors described above.

Table 1.1 : Characteristics of some previous and ésting HTGRs

Parameter DRAGON Peach Fort._St. HTTR | AVR THTR HTR-
Bottom Vrain 10

Thermal Power

[MW] 20 115.5 842 30 46 750 10

Electrical Power

[MW] - 40 330 - 15 300 3

Net efficiency [%] - 34 39.2 - 33 40 30

Average core

power density 14 8.3 6.3 25 2.2 6 2

[MW/m?]

Primary coolant

pressure [bar] 20 20 49.2 40 11 30 30

Core height [m] 2.54 2.3 4.7 2.9 3 4.32 2

Core diameter [m] 1.07 2.8 5.9 2.3 3 2 1.8

Type of fuel Rods in Rods Blocks | Blockg Pebblgs Pebbles Pebbles

element clusters

Fuel and fertile UO,, UO,, UG, uo UO,, UO,, uo

material ThO, ThO, ThC, 2 ThO, ThO, 2

AT coolant through 350 344 387 395 270 250 250

the core [°C] —750 —770 —767 —850 | —950 —750 —700

Up to now, electricity generation with nuclear enehas been provided by steam cycle
systems. Increased cycle efficiency and modermrstEmditions may be obtained from
advanced nuclear systems, breeders, AGRs and o$eddilfGRs. The high helium
outlet temperature in the HTGR has allowed a conside reduction in the required
boiler surface, even for modern steam conditionS2aff to 540°C. But a different type
of power cycle deriving real benefits from the higimperature source, namely, the gas
turbine, could be an ideal match for the HTGR cbrstead of exchanging its heat with
water and steam in a steam generator, helium ledh@geactor may be expanded in a
closed-cycle gas turbine that drives both a heleompressor and a generator for
electricity production. Potential advantages of sthadvanced system are its
compactness, since the steam plant is eliminategotential high thermal efficiency,
with the higher top gas temperature obtained frohRGR cores, and also the fact that its
high reject heat temperature greatly facilitatesuke of dry cooling towers.



Besides electricity generation, with either a stegwie or a direct gas turbine cycle, the
HTGR could be utilized to broaden the applicatiomnatlear energy to a number of
industrial processes. Because of the low temperatdrlight water reactors, their

industrial applications are limited to the prodantiof low quality steam, or the use of
rejected heat for district heating, impacting thenp efficiency. High-temperature and
high-pressure steam available from HTGRs with pmowperating conditions could be
utilized in a number of industries: chemical plamslp and paper plants, oil refineries,
tar sand mining or in situ recovery of tar sandgjeneration, electricity and steam.

The higher helium temperature obtainable from HT&@kRes, for example 950°C in the
AVR system, would make achievable the productiorsyithetic gaseous and liquid
fuels from coal, and even direct production of loggn by thermo-chemical

decomposition of water. These really attractivecpsses, nevertheless, would still
require several R&D efforts before being deployemhdustrial scale.

1.1 Inherent Safety Features of HTGRs

There are four principles of stability which must fulfilled in order to avoid core
melting or overheating to unacceptable values mpe&rature in severe accidents. These
principles, illustrated in Figure 1.3, are nucledrermal, chemical and mechanical

stability.’
thermal
stability
nuclear
stability
chemical
stability
mechanical
stability

Figure 1.3: Principles of stability to avoid fissim products release from the fuel
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If the fuel temperature stays below allowed valubs, fission products and the fissile
material are contained inside the fuel elements wattor integrity is guaranteed
without any active measures. A necessary condiboreach safety features is the fuel



capability to retain radioactivity nearly complstelll specified temperatures. All the
principle enumerated here can be fulfilled by atahly designed and dimensioned
HTR.

In all existing power reactofssafety objectives are achieved by means of custom-
engineered, active safety systems. In contrasipdutar HTR can be inherently safe as
a result of the design, the material used, the @l the physics involved. This means
that, should a worst-case accident scenario oocuhuman intervention is required in
the short or medium term. Transient accidents awecipally driven by the residual
power generated by the fuel after the chain readistopped. This power is generated
by radioactive decay of fission products (decayhéfthe decay heat is not removed,
it will heat up the nuclear fuel until its fissiganoducts retention capability is degraded
and its radioactive nuclides are released.

In "conventional" reactors, the heat removal isewdd by active cooling systems (such
as pumps), which rely on the presence of the maasfer fluid (i.e. water). Because of
the potential for failure in these systems, they dwplicated to provide redundancy.
Other systems, such as the containment building, @ovided to mitigate the
consequences of failure and to act as a furtherepaio radioactive release. In a
modular HTR, the removal of the decay heat is iedéent of the reactor coolant
conditions. The combination of the very low powensity of the core, as discussed
above, combined with specific geometrical arrangenw the core (annular core
configuration) and resistance to high temperaturdéuel in billions of independent
particles, underpins the superior safety charastterof this type of reactor. The helium
used as coolant is chemically inert, it cannot combwith other chemicals and it is
non-combustible. Even if there is a failure of tmive systems that are designed to
shut down the nuclear reaction and remove the dheay from the core, the reactor
itself will inherently shut down, due to the stromggative reactivity temperature
coefficient. Eventually, it will cool down naturglby heat transport to the environment,
which is based on physical phenomena, as the atiadi of heat from the non-isolated
metallic surfaces of the vessel to the passivehogosystem (which is a natural
circulation water circuit) situated around the teaor to the concrete wall aroundit.
The self-acting decay heat removal is a very imgrdrtharacteristic of a modular HTR,
which allows it to respect the four principles tdlslity in each accident scenario, and it
is linked to the follow essential features of thbgees of reactors:

- low power density in the core,

- specific geometrical shape of the core (small cgmor annular),
- high heat conductivity in the core,

- high heat storage capability of the core,

- high temperature stability of the core materials,

- high heat transfer coefficients through the corecttires,

- high ratio of surface to volume for the core,

- permanent outer heat sink outside the reactor presgssel.



The difference between the inherent safe principfedecay heat removal and a system
with active decay heat removal is that active systean be carried out with a very high
degree of redundancy and diversity, but still threr@ains a very small probability that
they can fail. Inherent processes of transporteaiag heat out of the reactor can never
fail, because the only involved processes are adiaty radiation and natural
convection. If the plant has been designed andtaared following the principle
mentioned above, the concept of self-acting decay freenoval works.

One very important result of the development of HR[Gwith the use of TRISO
particles fuel kernels imbedded in graphite matisxthat these elements nearly retain
the fission products in all accidents till a tengiare of 1600°C, keeping their integrity,
as shown in Figure 1.4(b). A limitation of releask 10° of the inventory can be
realized, if the temperature is limited to valuessl than 1600°C. Higher temperatures
than 1600°C would cause higher release rates;nfstamce for the isotope Krthe
release rate would rise by a factof #bove 2200°C, as shown in Figure 1.4(a).
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Figure 1.4: (a) Release Rate of K¥P Depending on Temperaturé (b) Failure Fraction of TRISO
particles with Temperature®

The main requirement therefore for a modular HTRthat the maximal fuel
temperatures will remain at values below 1600°@liraccident conditions or to limit
the amount of fuel and the time that this fuel witberience these high temperatures so
that the fission products release would stay bel@wegulatory limit.

Several safety tests have already been performgdopirating HTGR. For instance,
in the AVR a simulation of the simultaneous failwk the cooling system and the
shutdown rods has been performed. The helium fl@s wterrupted and the control
rods were kept un-moved. The reactor became sidatrafter about 5s, and after 90s
the average moderator temperature reached a maxoniyn25°C above its operating
value. After about 20 hours, the reactor becamicariagain. The decay heat was
conducted to the reactor vessel by natural cormeetnd from there to the containment.

An accident that could still happen in a reactothi$ type is linked to air ingress into

the primary circuit, and then into the core, whiefll lead to the corrosion of the
graphite, accelerated by the high temperature.cbmsequence of this accident would
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be corrosion of the graphite and dangerous formaifogases (CO). There are several
measures that can be adopted to avoid high corras@onages of graphite by air
ingress:

- inert gas filling of the reactor building (but thigould mean to have an hermetic
containment);

- limitation of the volume of the air content of timmer concrete structure (citadel)
around the primary system by suited design;

- use of a burst protected primary enclosure withlispeaetrations;

- use of a thin SiC-layer (100 mm thick) on the scefaf the fuel element;

- apply intervention measures after leaks in the arymsystem (inert gas, sand,
foam, granulate to cover openings and to reduceuatraf air).

The possibility to use a SiC-layer of protectiorvésy promising. Measurements show
that at 1200 °C during 50 hours air attack wouklilein a corrosion rate in the order of
1%. Another possibility would be to cover the pebslirface with a vaporized diamond
thin film, which is a very resistant carbon struetuwith a very good thermal
conductivity®

1.2 Coated Fuel Particles

All HTGR fuel are based on the coated fuel partadacept, in which a small kernel,
consisting of oxides, carbides or oxycarbides afviyemetals (Tf** or U*® as fertile
material; U*® U?* or P§*° as fissile material), is coated with a number afets,
typically two to four, or ceramic materials, i.girplytic carbon (PyC) or silicon carbide
(SiC). The coated particles are the fundamentatg@lement of the HTR reactors, they
act as the first barrier for retention of the fissproducts and they are the basis for the
inherent safety features of the modular HTRs. Ascihre of a modular HTR contains
billions of coated fuel particles, if a small fraet of them fails the total radioactivity
release would stay under acceptable values. Morethnemicro-particles resist very
well irradiation and so they make possible to remefery high fuel burnup. Due to their
central role in all the key HTGRs concepts, itngportant to describe their structure and
their actual limitations.

Two main types of coating particles have been agexl during the history of the high
temperature reactors: the BISO and the TRISO pestidypically, TRISO particles are
used in HTGRs for fissile fuel kernels while BIS@atings may be used for fertile
particles (e.g. Thg).

In the BISO particles the heavy metal kernel istfaoated with an inner buffer layer of
a low density PyC to attenuate the recoils of theidn products and to provide enough
void to accommodate fission gasses and the swallirige fuel kernel. An outer layer
of dense isotropic PyC provides high-temperatungtaioment for fission gasses and
mechanical strength for the particles. However, there volatile fission products
metals such as cesium and strontium will gradudiffyise through the PyC layers over
a long period of time. In operating HTGRS, suchtles Peach Bottom reactor, it has
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been found that a fraction of the cesium and suondiffusing out of the fuel rods is
usually held in the graphite structure of the ®lelment.

In the most recent projects of HTGRs, TRISO codited particles with Low Enriched
Uranium UQ kernels are the basis for the fuel elements, venetilock-type or
spherical ones. The state-of-the-art of these dgadgticles has been established by the
German experience, with the German Proof Testfluethe HTR-Module which was
extensively tested and evaluated in GernfamRISO particles consist of a spherical
uranium dioxide kernel surrounded by four concentwating layers. The first layer
surrounding the kernel is a porous pyrocarbon laggown as the buffer layer. An
inner high-density pyrocarbon layer, a silicon cdeblayer, and an outer high density
pyrocarbon layer follow this layer. The layers deposited sequentially by dissociation
of gaseous chemical compounds in a continuous gsoicea fluidized bed. The total
diameter of the TRISO particle, shown in Figure is®2@um.

U3 kernel
Buffer layer
PyC layers

SiC layer

Figure 1.5: TRISO Fuel Particles Showing Detailed €atures
Let summarize the main features of each componemfl&ISO particle?

- Kernel: nuclear fission reactions in the kernel produgeigture of radioactive
fission products. Among these there are some gasasuwvell as some volatile
(mainly metallic) chemical elements which causesstrin the coatings surrounding
the kernel, because of the pressure they exertefidre wet chemical processes that
produce highly spherical kernels are used during ithtial stages of kernel
manufacture. This ensures that stress concentrdgading to cracks formation in
coating layers during irradiation in the reactoe @revented. The spherical fuel
kernel consists in stoichiometric uranium dioxitkg).

- Buffer layer: the first layer in contact with the kernels isokm as buffer layer.
The purpose of the buffer layer is to provide vewlume for gaseous fission
products in order to limit pressure build-up withiv@ coated particle. It also serves
to decouple the kernel from the inner pyrocarboyedato accommodate kernel
swelling, thereby reducing the build-up of stresgthe outer coating layers during
irradiation.
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- Inner pyrocarbon layer: the inner high-density, isotropic layer of pyrity
carbon is also referred to as the Inner Low Tentpegdsotropic (ILTI) pyrocarbon
layer. The ILTI layer form the first load-bearingrbar against the pressure exerted
by fission products within the fuel kernel and thdfer layer, thereby reducing the
pressure on the next layer, which consist on silicarbide (SiC). During
irradiation, the ILTI and Outer Low Temperaturetispic (OLTI) layers shrink at
first, expanding again as higher neutron dose $ewe¢ reached. The interaction
between the ILTI and the OLTI high-density pyrocardayers and the SiC layer
sandwiched between them play an important parteieplkg the SiC layer under
compressive stress as long as possible duringiatrad. Although an intact ILTI
layer forms a practically impenetrable barrier figssion gases and iodine, it
becomes increasingly pervious to cesium, silver atbntium at higher
temperatures.

- Silicon carbide layer. when SiC is vapor-deposited at approximately 2600
under the correct conditions a layer of nearly 10@%oretical density is obtained.
At high temperatures, the ILTI and OLTI layers gly lose their ability to contain
cesium, silver and strontium. The purpose of th@ I8yer is to prevent the release
of this fission products into the graphite mataxd hence into the reactor coolant
stream. The SIiC thus act as the principal presanck fission product retention
barrier in the coated particle. The coated partsttacture results in the SiC layer
being kept under compression as long as possiblatbsaction with the ILTI and
the OLTI pyrocarbon layers as described above. groduction of fuel elements
having coated particles with intact SiC layers, #mel guarantee that these layers
will remain intact under the foreseeable reactorecoonditions, form the most
fundamental basis for the safe operation of a neyddTGR.

- Outer pyrocarbon layer: the function of this layer is to protect the S#&yer
against damage in the fuel manufacturing proce$skswing on the coating
process. It also provides pre-stress on the outsfdéhe SIiC layer, due to its
interaction with the ILTI layer under fast neutrisradiation under the full lifetime
in the reactor core.

- Overcoating. before the final pressing of the graphite matwith spherical or
cylindrical shape, in which the coated particles arserted, a coating of finely
ground graphite is applied to the outer surfaceaufh coated particle in a rotating
drum. This coating in known as the ‘overcoat’ atedpurpose is to prevent coated
particles from coming into contact with each othikereby damaging their coatings
during pressing of the fuel elements.

A large number of in- and out-of-pile tests havevamdhat performance of coated
particles is generally limited by four mechanisths.
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- Kernel migration or “amoeba effect”: kernel migration is defined as movement of
the kernel in the coated particle toward the cgatlhthe migration is excessive, the
kernel will penetrate the TRISO coating leadingfédlure of the particle. Kernel

migration is associated with carbon transport ie ffarticle in the presence of a
temperature gradient. This movement of carbon appaghotomicrographs of fuel as
a movement of the kernel down the temperature gnadind hence the name kernel
migration, as shown in Figure 1.6. This phenomeirsstrongly dependent on the
temperature gradient in the fuel with secondary ddpece on temperature and burnup.

. h‘-_ ; . =-: ’-. .:'. far L 3
Figure 1.6: Photomicrograph of Kernel Migrationlg

In prismatic cores with UDfuel, where particle loadings and power densiaes
greater, the potential for kernel migration is ¢geealn pebble bed cores, the power
densities and hence the thermal gradients are rsmntller. Moreover, the block fuel
stays in the temperature conditions for the lemdtthe cycle, while the pebbles stay in
a specific orientation and temperature conditiony dor short periods, due to their
vertical flow through the core. Therefore, evethd temperature gradient should be the
same as for the block fuel, this fact virtually rmakhe pebble fuel immune to damage
of the coatings layers by the amoeba efféct.

- Fission product attack past irradiation experiment indicate that fisgpvaducts can
be transported from the kernel to the inner surfaicthe SiC where they interact and
can damage and potentially fail the SIiC layer. 1®;kernels, palladium is very
important, as are some of the rare earth and nitdde®n products. In addition, the
migration of silver in these particles has beeneoled. Silver release has been
observed on apparently intact fuel, suggesting $ilaer is transported through intact
silicon carbide layer¥ It can so be released into the reactor coolartesysvhere it
will deposit on cold surfaces. For direct cycle gaactors, this cold deposition may
take place in the turbine, which has important nesiabhce and worker dose
implication. The migration of the fission producgshought to be functions of time at a
certain temperature and burnup, as well as temperaradient. Thus, these fission
products attack mechanisms are expected to playpra mmportant role in prismatic
reactors where fuel particles experience higheptratures and longer times at a given
temperature than particles in a pebble bed reaStwne advanced fuel particle coating
options actually studied are considering the us&@Gfas a substitute for, or in addition
to SiC!® The major advantage of a ZrC coating compared i® iS its higher
temperature capability, but a stable protectivedexiayer is not formed to the same
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degree as for SiC in an oxidizing environment ofasid water. The retention of certain
fission products by ZrC is better than in SiC, watkomplete retention of the silver and
no attack from palladium, but others have a higfiéusion rate, as R3®

- Overpressure under irradiation coated particle fuel is sulgecto a number of
forces that put stress on the TRISO coating. Ortbegarliest recognized mechanisms
is overpressure resulting from gas generation umdadiation. During irradiation,
fission gases are released from the kernel intgtineus buffer layer. The pressure that
Is generated exerts tensile forces on the ILTI pgroen and SiC layer. In addition to
fission gas, in coated particle fuel with Y®ernels, there is excess oxygen released
during fission which reacts to the buffer to for® @as. Both the fission gas and CO
production are function primarily of burnup and feerature.

- Manufacturing defects a small number of particles in some coating hegc
receive incomplete or defecting coatings. Partiolék defective coatings are expected
to fail progressively with increasing burnup, arerefore the fraction of defective
particles is strictly regulated by fuel specificais and quality control procedures.

1.3 The South-African PBMR-400

The PBMR-400 is a helium-cooled, graphite moderdtiggh temperature pebble bed
reactor, designed for a rated thermal power of MI0®;, and a maximum rating of the
turbine-generator of 175 MW’

The reactor is based on the design developed agfpidie extensive High Temperature
Reactor program carried on in Germany, which letdgthe construction and the
operation of the AVR and the less successful THITEs presently the unique pebble
bed reactor design under development, together thétiChinese designed HTR-Pf,
which is not described in this thesis.

The reactor unit of the PBMR-400 consists of thacter pressure vessel, the core
structures, composed by the graphite reflectorstlamatore barrel supporting them, the
control elements, which are located in boringsmauter and central reflectors, and the
core which is the pebble bed.

The core consists of an annular region around #&ratefixed graphite reflector. The

central reflector has a radius of 1 m and the cegioon extends from 1 m to 1.85 m,
with an effective core height of 11 m. An extergedphite reflector is then present from
1.85 m up to a radius of 2.75 m.

A vertical cross sectional view of the reactorhewn in Figure 1.7, since a horizontal
one in Figure 1.8.
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Figure 1.7: Vertical cross sectional view of the PER-400 unit*®

The core ceramic assembly consists of the refle¢kar reflector restraints and the
expansion compensator. The reflector consists aphite bricks arranged to
accommodate thermal and radial induced deformatibnsughout the life of the
reactor, while maintaining its functions. Graphlieys and dowels connect the bricks
together to prevent excessive movement during abaoevents, e.g. seismic, while
allowing relative movement due to thermal expansidns also reduces leak flows.

The annular core contains the pebble bed. Pebldesoatinuously inserted at the top of
the core, from three fuel loading positions, arstkarged at the bottom, from three de-
fueling tubes. They are then passed througpdatector which measures the'€s
concentration in the fuel, thus deriving the peltlienup, as it is explained in Chapter
5. If the burnup does not exceed a target limitgdbr recirculation the pebble is re-
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circulated, until the target burnup is reachedgntlse it is discarded to a spent fuel
tank. On averag®, 2936 pebbles are re-circulated per day, with 488Hhf pebbles
loaded daily, passing through the core, which dostaoughly 452000 pebbles, six
times before being discharged to the spent fuddstafihe residence time in the core is
about 923 days with an average discharge burn@®®d0 MWd/t. That means that at
equilibrium, the core will be composed of a nedrymogeneous mix of pebbles with
different nuclide compositions, corresponding to different burnup reached in each
pass.

Cara Inlet Pipe connection

Reaclor Pressure Vescel

Core Barrel

Side Reflector

44— Core Outlet Pipe connection

SAS Channels

Control Rod Channels

Cere Inlet Fipe connaction

Figure 1.8: Horizontal cross sectional view of th€ BMR-400 unit'®

The pebbles used in the PBMR-400 are based on¢hmaa&h reference fuel design. The
pebbles have a diameter of 6 cm, with an exterfact thick layer of pure graphite.

Each pebble contains about 15000 kernels of lowcleed uranium (9.6% wt) TRISO

fuel particles, as the one described in Section th2a graphite matrix. The main

features of the pebble are shown in Figure 1.9.
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Figure 1.9: The PBMR-400 pebbl&

The main properties of the pebbles and of the egaiarticles used in the PBMR-400
are summarized in Table 1.11.

Table 1.11: PBMR-400 pebbles parameters

Units | Values
Pebble radius cm 3.0
Thickness of fuel free zone cm 0.5
Density of graphite in matrix/fuel free zone  gfen 1.74
**U enrichment Wt% 9.6
Kernel diameter pum 500
Kernel density g/crh 10.4
Coating materials PyC/PyC/SiC/PyC
Layer thickness pm 95/40/35/40
Layer densities g/ct | 1.05/1.90/3.18/1.90
Sublimation temperature of SiC °C > 1800
UO2 melting point °C ~ 2880
Maximum  design  allowable power v/ A5
production per pebble '

Two reactivity control systems are provided to congage for excess reactivity,to
ensure an adequate shutdown margin, and to corttesiges in reactivity that occur
during operation.

18



The first system, called the RCS, consists of 2digldength active control elements
divided into two groups of 12 (with every other tmhrod belonging to a group), one
upper and one lower. The RCS are positioned imberin the side reflector, 13 cm in
diameter (11 cm with a sleeve in place) and withlibring centre points positioned at a
distance of 197 cm from the core centre. The RGfrabrods consist of a 0.8 cm thick
B4C annulus with an outer diameter of 10.0 cm anerssitly of 2.2 g/crf) and with an
inner and outer incoloy structure.

The second system is the Reserve Shutdown Syst&)(Eonsisting of eight reserve
shutdown units making use of Small Absorber Sph&sS). The RSS are positioned
in borings in the central reflector that are, as tlase of the RCS, 13 cm in diameter
(11 cm with a sleeve in place) and with the bogegtre points positioned at a distance
of 86 cm from the core centre. The RSS boringsheafilled with SAS with a diameter
of 1 cm, containing 10% &, and with an overall density of 1.7 gftrithe RSS must
be capable of shutting the core down and keepirsgibicritical at the cold shutdown
average temperature of 100 °C. The RSS is desitmdxe able to keep the reactor
subcritical under all normal operating conditionsd afor Anticipated Operational
Occurrences and Design Based Accidents that requireapid changes in reactivity,
and to keep it subcritical in the long term.

The two systems are totally different in designhwito common mode failure. This
contributes to the defense in depth of the dedwpreover, the on-line fuelling allows a
small excess reactivity in the core.

The PBMR-400 design provides two diverse methodsoturol the core reactiviti?
Firstly, the reactor has a strong negative tempegatoefficient of reactivity over the
entire operating range. Therefore, by opening thgdss valve, the helium inlet
temperature increases, with a slight rise in thammeore temperature, and causes the
reactor to become subcritical. Secondly, the ceaetivity is controlled by insertion and
extraction of the RCS rods.

During normal operation the RCS rods are partigberted, to a deep of 2 m from the
bottom of the top reflector (taking into accounva@d gap of 78.5 cm between the
pebble bed and the bottom of the top reflector)cWiprovides for a small excessive
reactivity that is just enough to overcome the xeboitd-up for the power load follow
requirement. The reactivity requirement for theectw perform 100-40-100% power
load follow was calculated to be 1.4%k/k (or 1400 pcm), thereby bounding the
reactivity addition even in the case of a full gohtods withdrawal. If the load follow
requirement does not need to be fulfilled, the R@6 further withdrawn, leading to a
lower excess reactivity and thus also a largerdsghwah margin for the RCS.

Detail analyses give strong indications that theutlamPBMR-400 core will present
xenon stability’® The axial and the radial xenon and power osailfetiare strongly

damped for several load follow scenarios as wellfaspossible operator induced
initiating conditions. The damped oscillations omguse relatively small temporary
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changes in the fuel temperatures and power desmsitithout exceeding any design
limits.

1.3.1 Start-up and Reloading of the Core

Before the initial approach to criticality, the earavity is filled with graphite pebblé¥.
The first loading of start-up core and any othéwading of the core will be done on top
of this graphite bed. The start-up fuel will hava anrichment lower than the
equilibrium fuel (present best estimate is 5.7%).addition, the start-up core will
contain a mixture of fuel and graphite pebbles nateo of 1:1. While loading this fuel
and graphite mixture, graphite pebbles will be adkd from the core and routed to the
graphite storage tank. The present estimate isahabld criticality the active core
volume will be filled to about 80% of its active uohe. The core cavity should be full
at hot conditions, with some fission products ia ttore. As more fission products are
generated, the fuel and graphite mixture will baok@d by a net removal of graphite
pebbles. This will be continued until all the graphpebbles have been removed.
Afterwards, equilibrium fuel will be loaded wherstart-up pebble is removed.

Each of the de-fueling chutes leads into a Coreoallihg device (CUD) where the
pebbles are singularized and the pebbles thatrake, damaged or have a too small
diameter are removed from the lines. Following kizsge from the CUD, the pebble
passes through a gross gamma activity measureneattime which identifies whether
it is graphite or a fuel pebble. This measuremembhade only during the start-up phase.
After the pebble type is identified, the fuel pedsbhre transported pneumatically to the
top of the reactor, where each of them is assagediirnup. After the burnup is
determined, through the E5y-measure, the fuel pebble is either routed to #aetor

or discarded to the spent fuel tanks. When necgsaarduring reflectors maintenance
operations, it is also possible to unload all thel fto a used fuel tank capable of
containing an entire core inventory of bunt pebbles

1.4 Pebble Flow and Packing in Pebble Bed Reactors

In a pebble bed reactor the pebbles are continuaxtacted from the bottom of the
core and loaded on the top. This determines a flopebbles through the core cavity. A
lot of studies have been done, both by experimants by simulations, in order to
determine the flow characteristics and the avenaagking properties in the bed of
pebbles. A complete overview of the different siatidn techniques can be found in
Ref. 24, since the results obtained applying a modanulation technique in Ref. 25.
In this last, the pebble flow in a typical pebbledbreactor has been simulated by a
powerful Discrete Element Method (DEM) technidfieyhich models accurately each
pebble as a sphere undergoing realistic frictiamtakactions with other pebbles.

The main points to be retained on the flow and pagckharacteristics are depicted here.
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The pebbles flow through the core is very slowthie order of some cm per day.
The flow profile is a nearly uniform plug flow imé larger height of the reactor,
corresponding to the upper cylindrical region, asaghoothly transits to a
converging flow in the lower funnel region, whereetdefueling cones are
situated. This means that the pebbles flowing ctosthe reflector walls have a
higher residence time in the reactor. This aspextd e considered properly as it
has important implications for the non-uniformitiytbe fuel pebbles burnup.

In the upper cylindrical region, the pebble flowpisctically vertical with a very
low degree of mixing. Although there is some homtzab diffusion in the funnel
region, pebbles depart from the streamlines oftigan flow by less than one
pebble diameter prior to exiting the core.

In the plug-flow region, the bulk of the core hagacking fraction near the
jamming point (~63%), but there is an oscillatingnsition towards lower
fractions (55% - 60%) against the reflector wallkis phenomenon is illustrated
in Figure 3.3 of Chapter 3.

The wall friction affects the mean flow deep inteetbulk. Reduces the wall
friction increases radial ordering near the watld aakes the flow profile more
uniform.

Critical values for the defueling cone angle andtfa discharge tubes diameter
exist. These values have to be properly designextder to avoid the possibility
of pebbles bridge formation which could obstructphassage.
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2 APOLLO2 Transport Methods

APOLLO2*"?8%js a spectral transport modular code, developedeaCommissariat a
I'Energie Atomique et aux Energies Alternatives AG,Ewith financial support from
AREVA and EDF. APOLLOZ solves the neutron transggyuation over a discretized
1D or 2D geometrical domain. A 3D capability is saged for its successor
APOLLO3?®

Besides solving the transport equation by obtairiregmultigroup fluxes, APOLLO2
performs several other actions needed in reactgsigdy such as microscopic cross
sections self-shielding for resonant nuclides, hgemzation over energy and spatial
meshes, depletion calculations and perturbatiorutations, among others.

In the following, we will introduce the basic quaies and the equation of neutron
transport, describing some methods implementedROIL.O2 which have been used
in this thesis.

Further mathematical details are given in sevegattor physics books. In this short
survey we refer to Ref. 31 and Ref. 32.
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2.1 The Transport Equation

The main purpose of a neutronic calculation of alear reactor is to determine the
neutron population density (7,4,t) (neutrons/cr at each (discretized) poiit,) in

phase space at time
The neutron transport equation describes the stafisinteraction of a neutron
population with a background medium. This equaisowritten in terms of the angular

flux ¢ (7,9,t), which is the product of the neutron speetimes the averaged neutron
density n (7,7,t) . The neutron transport equation express a loaatoe balance in an
elementary volumel7? around7 anddv aroundd :

]_ — —
20, +0-V 4%, |[v=Ho+ Py +5,. 2.1)
v

The equation is completed by the initial flux abéi equal zero and the boundary values
of the flux.

In practice, the velocity is replaced by the directio and by the speed asi=vQ.
Moreover, the speed is generally expressed in tafirthe neutron energy, since
E=(1/2)mv*.

The different contributions to the neutron balaot&q. (2.1) are listed her.

- The term latzp is the time variation of the flux, which is nulbrf a steady-state
v

problem.

- The streaming term) - Vi accounts for the surface leakage out of the voldine

- The removal tern, ¢ expresses all the reactions of neutrons with maftee total
macroscopic cross sectidn) (7, E,t) is the total probability per unit track Iength for
a neutron to interact with matter. It is computedza(7, E,t) ZN rt)o, . (E),

where the sum in is for all the isotopes contained in the mattHg,(r,t) is the
nuclide density ana, .(E) is the total microscopic cross section of isotapd his

last is expressed as, ; ZO’ p , Wherez are all the possible reactions that

neutrons can have with the isotope. The microscepiss section represents an
equivalent area of interaction and it is generakpressed in barns (b), with 1 b = 10

24 enf.

24



- The transfer term accounts for all the neutronallp@ppearing from reactions other
than fission and it is expressed as

Hy (7, B,Q.1)=[ & [dE'Z, (F, E . EQO Ef),t)l/l(F,E,fz',t), 2.2)

where s, (F, E' - EQ Eﬁ,t) is the density of probability per unit track lehdor a

neutron travelling with an energy’ in the directionQ' to be transferred to an energy
E in the directionQ .

- The production termPy accounts for the neutrons produced by fissions.

- The termSO accounts for the external sources.

One has to notice that the streaming term coupleslll the flux in space, while the
transfer and production terms couple the energidgtze directions.

In the above expressions, we wrote the differembgefor an isotropic medium. This is

generally the case for the materials used in nudleactors, in the sense that their
properties are independent of the direction of it@dent neutron. Thus, the cross
sections are independent from the directiorand depend only on the incident neutron
energy. Moreover, the transfer cross section depandularly only on the cosine of the

deviation angleQ' ().

With the isotropic medium assumption, the reactiaie, for reaction of type, in a
volumeV is

7, (V,t) =Zj'dff(z,,,.,i¢7) (7, E,t)dE, 2.3)
iV
where
§0(’f", E,t) = J- dﬁl/l(ﬁ E7 Q’t) (2.4)
4

is the scalar flux. In the neutronic analysis afuglear reactor, the reaction rates in the
different regions of the core are the main quaetitf interest. Hence, the scalar flux is
the most important quantity to compute.

The angular flux is used to compute the neutroneciias
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j(ﬂ E,t)= I Ql//(F,E,Q,t)dQ. (2.5)

If the neutron crosses the surfa¢g, with N being the normal to the surface, we can
define the exiting currenf” and the entering current” by integrating the angular flux
over outgoing and incoming directions, respectivélie thus write

J*(FE)= | \Q Dv\dQ (7, E,Qt), 26)
+QIV>0

so that the net current is

J(F,Et)IN =J* (7,E,t) - J (¥,E,t). 2.7)

To describe the "normal” operation of a nucleact@a one must consider a steady-
state problem with no sources. Because the flusuoh a problem vanishes except if 1
Is an eigenvalue, one is brought to consider argénagtical eigenvalue problem:

(“-%+zt)¢:H¢+§¢. (2.8)

completed with the boundary conditions for the flidere A is a complex number.
More than one value ofA can give a non-null solution of the equation, ibttirns out
that the A with the largest absolute value is real and pasiand gives a positive
solution. ThisA is called the multiplication factor of the systamd it is notedke:.

2.2 Development of the Scattering Operator

Thanks to the rotational invariance of the scattggperator in an isotropic medium, the
Hy term can be developed in terms of real sphericanbaics Aml(é).33 The

spherical harmonics are the eigenfunctions of #gdatian operator, which is also
invariant by rotations.

Firstly, the differential scattering cross sectisreveloped in Legendre polynomial up
to the orderL:

5, (7B - B,& D)=

(20+1) % (7, E - E)P(Q @), 2.9
i )P (0 m) (29)

Mh

where
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z,(FE - E)=2ﬂj 5 (7B - BQM)F(Q X)d(3 M) (2.10)
-1
is the scattering kernel of ordér.
Then, sincep, (Q X)) = Zj‘il A,,(9)4,,(9), we obtain
Ht/l(F,E,Q)::O Zl:l A (Q)[dE's (7B - EB) @, (7E), (2.11)
where
@, (F.E) = 22:71 [acra, (@) y(r B.Q) (2.12)

are called the angular flux moments.

2.3 Multigroup Discretization

The numerical solution of the transport equatiodase by introducing approximations
in energy, direction and space. The universallyduggproximation in energy is the
multigroup discretization. This approach consistglividing the energy domain in a set
of ¢ energy groups inside which the neutrons are assumleehave as mono-energetic
particles and to write a transport equation for thaultigroup flux
! (F,Q):jdEl//(F,E,Q).

g
The multigroup form of Eq. (2.8) has to preservergmtion rates of the continuous in
energy equation. For instance, the reaction (&e ) (7, F) requires adopting the

definition

L ! (f,ﬁ) _ (2.13)

However, this expression results in a cross sedtiah depends o, which would
results in a complicated multigroup equation fonan-isotropic medium. In order to
avoid this dependence, one has to define groupsefioeigh so thav (E) does not
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change much within the group. In which case one r(mnacet//(F,E,fz) with a

weighting flux ¢, (E) representative of the reactor. The result is

[ o(®)g,(®)

g — Elg

| 48

EOg

g

(2.14)

The spectrumg,, (E)can be adapted to the type of nuclear reactor, foutthermal
reactors, it is generally adopted withya £) value for fast groups, a/E trend for
epithermal groups and a Maxwellian shape for thégraups.

The approach adopted in Eq. (2.14) is good for msenant isotopes, for which the
cross sections vary slowly with energy, but it @ adapted for resonant ones, since this
will require to use a huge number of groups (tenshotisands). Thus, resonant data
require a special treatment in which a flux accmgntor spatial heterogeneity and very
fast variations in energy is computed. This forsrali is called self-shielding.
Considering Eq. (2.13), it is clear that self-stié®l multigroup cross sections are space
dependent, contrarily to the cross sections obtawia Eq. (2.14) for non-resonant
isotopes.

In APOLLO2, the point-wise cross section data mame from any evaluated data file
in the ENDF format such as JEF, JEFF, ENDF/B anNDJIE The three standard

multigroup libraries have 99, 172 and 281 grouppeetively. The first corresponds to
the energy mesh of the predecessor APOLLO cbttee second is the standard XMAS
structuré and the third is the recently optimized SHEM eyanesh’®

2.4 Self-Shielding of Multigroup Cross Sections

A brief description of the self-shielding techniqueed in APOLLO2 is given hefé3®

As it has been explained in the previous sectiom self-shielded cross sections should
preserve the reaction rates, but since the fluxnisnown these reaction rates are not
known a priori for a given geometry.

The APOLLO2 method for computing self-shielded srasections is based on a
simplified problem where only the slowing-down emerrange comprising the
resonances is considered. The spatial detail cahéentire domain to be calculated,
but most often only a restrained domain with r@é#dcboundary conditions is used.
Furthermore, a further approximation is introdutedimplify the equation, leading to
the Livolant — Jeanpierre (L-J) equation for theefstructure flux ¢ .>° This

approximation can be written both for a heterogesegeometry and for an infinite
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homogeneous medium. For simplicity, we consideirdimite medium and write the
slowing-down equation as

(N00-0+N10-1)¢:R0(@+R1(¢- (2.15)

whereR, is the slowing-down operator for the single resarteeavy isotopefz, the

slowing-down operator the non-resonant isotop€sthe atomic densities and the
total cross sections.
Following L-J we write 2| (qo):stl)(, where 2571 is the macroscopic scattering cross

section for the non-resonant (moderator) isotoplege that the non-resonant operator,
R, has a large energy range and therefore acts amatling operator on the actual

flux @. As a result, the macroscopic flyg varies slowly with energy within a group.
We can then define the fine-structure flgixby writing

=90 X, (2.16)

a formula that express the flux as the product &iretion ¢ that changes fast over
energy (driven by the resonances) times a funcgfothat does not change much with

the energy within a group.
EqQ. (2.16) led L-J to introduce the approximation

R@= R, (¢,\/) =XR (9). (2.17)

which is physically plausible becaugeis practically constant within the range &f,

which is an operator with a small energy range\(heasonant isotope).
Thus, the L-J form for Eq. (2.15) reads

(ao +ab)¢:r0 (9) +yo,. (2.18)

where o, :(Nlal)/NO is the background microscopic cross sectigns: ag,,/0 =1
the gamma factor angf =R, / N,,.

Eq. (2.18) can be solved with a very fine multigrapproximation with NJO¥ and
the result can be used to compute the APOLLO2 bgvadp reference, infinite
medium reaction rates. Since (2.18) is a linear #ojuavith sourceyo, the reaction

rates are tabulated in terms of the backgroundscsestiono, and the temperature:
I.(o0,,T).

b’
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A schematics of a self-shielding calculation is whoin Figure 2.1, where also an
iteration over the isotopes is shown since APOLL&# treat resonant mixtures, by
taking into account the resonance overlapping batwehe various resonant
componentg?

next group
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Figure 2.1: Schematics of a self-shielding caleokain APOLLO2

The APOLLO2 method for computing self-shielded sresctions is based on a scheme
comprising four steps:

1) The heterogeneous problem is computed solving tkerdgeneous form of Eq.
(2.18) with the collision probability method (debed in section 2.6.2) over the
detailed reflected geometry, computing a singleraye flux for each self-
shielding region. Notice that in this way space-aeleait interference effects are
directly incorporated via the use of a full coltisiprobability description with no
need for geometrically dependent Dancoff factotse Tesulting [ equations are
coupled both in space via the collision probaleiitand in energy via the heavy
slowing-down operator. The first coupling is treh&xactly, but for the second
one an approximate slowing-down model for the rasbisotope must be adopted
in order to reduce the computing time. The modetslable in APOLLOZ2 are the
Narrow Resonance (NR), the Wide Resonance (WR)Sthgstical (ST) and the
TR one. In this work we have used the TR modekrecalization of the ST one
which can treat all resonance shapes. The TR mnleddk to a quasi-analytical

*

expression for the fluxyp and the group reaction rat(esg i)} T are computed with

the helps of quadrature formulas based on prolalébles tabulated and kept in
the external library?

2) A homogeneous problem with the TR slowing down agipnation is now
considered, and an equivalent background crostc)eengi is determined by

requesting that the homogeneous problem give time sdosorption reaction rates

*

as the heterogeneous problénji): (afﬂ.,T) = (rg .)het .

a,i
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3) With the g/  determined at the previous step, the "exact” imacttes7’  are

obtained by interpolating from the tablésx_i) (ab,T). This step is meant to

correct the approximation introduced by the TR nhodlke reactions considered
are absorption, production and scattering.

4) Since the total reaction rates are now known férredonant groups for the
heterogeneous problem, the final multigroup selélsled cross sections can be
determined by iteratively solving a multigroup predol which reproduces these
reaction rates. This is a typical equivalence rioealr problent?

2.5 Power lterations

The different numerical methods applied to solvedtiterential transport equation in
(2.8) are based on an iterative scheme to conwagdéission source distribution over
the domain and to compute the problem eigenvdlue

Thanks to the multigroup approximation the neutbaance is solved independently
over the energy groups, starting from the highestrgey group until the last thermal
group. Notice that groups are numbered in the @sang energy order.

Let us take Eq. (2.8) expressing the sum of thkealga and the removal operatorsias
and splitting the scattering operator in 3 parts as

- the self-scattering contributiofHy)! = (Hw)" ;

- the slowing-down contribution(Hy)?_ = >’ (Hyp)"
g'<g
- the up-scattering contributiof#y)’_ = > (Hy)"

T

g>g

where the index? indicates a scattering from group to ¢g. The iterative solution of
the system of equations over the energy grougeeis written as

L T I R KO R

A
‘ I |mternal it.|

thermal it. I

external it. ‘
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The external iterations serve to converge onkth@nd the fission source distribution,
F (7) :Z(vzf)? (7)¢@' (7), where (sz)? is the number of emitted neutrons per
g 1 (3

fission times the macroscopic fission cross sectmnfissile isotope: in group g.
Every external iteration updates the valuesk@fand F, (7) by using the previous
values of these quantities to compute the fissoumce

R . .
[Spnin) (Y= (P ()= = X R ). 220)

where x? is the probability for a neutron emitted by figsiof fissile isotopei to have
an energy within group g, and get a new multigrduyp by solving the equations

g

(L) =(Hy) +(5,...) @2.21)

The new flux¢g? is then used to compute the updated valuesFf¢r) andker. The

latter is usually obtained by multiplying Eq. (212) a weight and integrating over the
phase space:

(2.22)

where (W, Py) is an integration over the entire phase space l&inds a weighting
function. The choice in APOLLO2 i#/ = Py .

In order to compute the multigroup flux solutiontdy. (2.8) one solves iteratively the
multigroup equations for each group=(1,...,Ng) using the last value of the

multigroup fluxes for the sources external to th@ug. This solution involves
iterations on the thermal group range becausepbkeattering source is not known.
Thus, the angular and the spatial dependencesdiuk are solved by the numerical
flux solver method over the domaiP for a one-group source problem (internal
iterations). Only the within-group scattering saidepends on the group flux, whereas
all the other contributions are treated as extekmalwn sources. Depending on the
adopted flux solver method, the flux? is then computed in an internal iteration loop

(as for the § method) or directly (as for the ethod).
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2.6 Flux Solvers

In order to compute the one-group angular fiizk, in the power iteration loop, several

numerical methods are available in APOLLO2.
The methods used in this thesis for PBR modeling lanefly described in the
following: the discrete differences,Sn section 2.6.1, and thg,Rn section 2.6.2.

Moreover, the double-heterogeneity treatment ofRhenethod is described in section
2.6.2.1. This treatment is used to compute the ifiuthe average microparticle and in
the surrounding matrix contained in each shell lviclv the inner fuel region of a pebble
IS subdivided.

2.6.1 Discrete Differences § Method

In the & method the one-group form of the differential s@aort equation is solved for

a set of discretized angular directions associmmzleights,{fz n,wn} , Where N is
n=1,N

an even integer. The discretization of the anguwkmiable Q as a set of discrete
directionsQ , is defined in terms of specific direction cosinBifferent quadrature sets

are available in APOLLOZ2. For the RZ calculation kae used the appropriated level-
symmetric formuld?

The one-group discretized angular flgx, =z//(F,Qn) at internal iteration(i +1) is
computed as

—

where L is the scattering ordegp ,(7) are the flux moments defined in (2.12) and
S ., contains all the extra-group contributions (slowttggvn, up-scattering, fission).

€T

The spatial discretization of Eq. (2.23) dependshengeometry. For example, in the
RZ geometry cartesian finite differences are used.a given directio ,, the flux is

computed successively in each cell by propagatisgiream alongQ , the solution of

the angular flux, starting from the inward boundémhich depends oM, ) of the
geometry. Thus, the averaged flux for céll¢ ., is derived from the value of the
surface-averaged entering flug ., at the inward cell's surfaces. To propagate the

33



solution to the next neighboring cells, the surfageraged exiting flux,z//;i, is
obtained by a linear interpolation @f , andy . as

—aqy .
W =—w“ﬂ Yo , (2.24)
n,0 1 -a

If the factor o of this last equation is equal 10/2 the differencing scheme is called
diamond, otherwise is called weighted and it isodticed to obtain positive values of
the exiting fluxes.

A swap of the geometry is computed for each angdiegction yielding the cell-
averaged fluxez;*(/nvl. for all cells and directions.

Next, the updated angular flux moments are compaged

(i+1) i -
[%,z} 1 :214;12% [,] A (9,), (2.25)

and a next internal iteration can be performed.

2.6.2 Collision Probability Method

The collision probability (CP) method solves théegral form of the (2.2) transport
equation, in the one-group form, with isotropic tsm@ng and sources over a
heterogeneous domai® with an angular flux entering isotropically thrdughe

boundarydD . The interest of this method is that it directhmgputes the scalar fluxes.
However, the assumption of isotropic scatteringasrealistic in reactor physics and it
IS necessary to improve it by introducing transpootrected cross sections. The
transport correction consists of using a modifiéd deattering law which includes a

singular contribution in the directio®'=Q and preserves the moment of the P1

scattering law'
The domain is partitioned into a set of homogene®gsons D, that defines on the

boundaryoD a set of surfacegD,, .
Two approximations are made in the collision prolitgtbmethod:

1) A region-wise constant flat-flux approximation isedsfor the scalar flux:
@(7)= @(r), 7 O region;
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2) the angular flux entering throughhD is approximated by a surface-wise

e = J . .
constant expansiog” (7,Q) = Z , 7 0 surfacea , where J; is the current
n a

entering via surfacer of area4, .

The formulation of the flat-flux collision probahy method for a general geometry can
be written as:

Vz'q)izzciij""ZIm Jas

! 2.26
J;,:ZEQ,J_FJ.—I—ZTQ,QJ;, (2:20)
j o

where the sums iy and a are, respectively, over all the regions in the domand
over all the surfaces on its boundary and

= V.= volume of homogeneous region
= @ = average scalar flux in regian

= F=Y_¢ + (@ = average angle-integrated emission density in region
= X = region scattering cross section,

= (@ = average angle-integrated sources in region

. Z,CU/VJ =collision probability from regionj into regionz,

= 2.1, = incoming probability from surface into regioni,

Z, = region total macroscopic cross section,

Ea,j /VJ = escape probability from regioj to surfacea’,

T, = transmission probability from surface to surfacea’.

The matrix CP coefficient§’, I, £ andT are computed via a numerical integration
over the area transverse to the neutron trajeéfory.

One can notice that knowing the values of the exgeangular flux and the external
sources, the values of the scalar flux in eachoregiis straightforward obtained by a
matrix inversion. Thus, with thejRAnethod no internal iterations are needed in the
power iteration loop (the matrix is generally ineer by an iterative method, but these
are other type of iterations).

35



2.6.2.1 Double-Heterogeneity Treatment

By adopting Askew's approximation APOLLO2 can traageometry with region®),

containing a stochastic dispersion of microparsiGkea homogeneous matfix*® This
approximation considers that the current exiting plrticles, due to the sources inside
the particles, is equivalent to an uniform and rigot source in the matrix. This
hypothesis is more adapted when the number of gdispersed in the fuel matrix is
large.

Thanks to Askew's approximation it is possible tanpute equivalent homogeneous
cross sections for the regiorscontaining the grain, thus reducing the problentht®
piece-wise homogeneous one described in the pregection.

This homogenization is performed defining the,., p,,, p, and the p,

probabilities, wherem and p stay for matrix and particle respectively. All see

probabilities can be obtained from the elementaPydBefficients of the microparticles
and between the matrices in different regions. [&tter probabilities are obtained via a
homogenization proceduf@.

Finally, the CP equations are solved for the fluxesll grain and matrix regions.

2.7 Cross Sections Homogenization

In this work, 'homogenize' is used to denote eiace homogenization or energy
collapsing of the cross sections or both.

Two methods are available for creating few-groumbgenized cross sections from a
fine-group (self-shielded) library. In the flux wghiting method, the multigroup scalar

flux result of the fine-group transport calculatioder the heterogeneous geometry is
used to define homogenized cross sections in af $§#bad groups by invoking reaction

rate preservation:

T D bEd

G _ geGiel GG g€G icl \g'eG’

DI 224

geG i€l geq i€l

(2.27)

where ¢ is the volume-integrated scalar flux in region G and G' denote broad

groups and/ is a macroregion.

However, this approach does not really preserveticrarates and it fails to generate
accurate cross sections for lattices that are rtan funiform or periodic. That is, the
reaction rates obtained from a calculation with lloenogenized cross sections do not
reproduce the reaction rates obtained from homag#on of the reference values. In
order to obtain the same reaction rates one hasdoan equivalence procedure that
effectively preserves reaction rates. The equatawasas before, but in the denominator
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one has to use the actual fluxes generated by rthedfgroup calculation over the
homogenized regions:

Do b =9 (2.28)

g€eq i€l

In this way we make sure that the new calculatidhreproduce all the reactions rates
predicted by the fine-group reference calculatidowever, since thagc depend on the

unknown cross sections]G, one has to deal with a non-linear problem thasinfe
solved by iterations.

We point out here that the flux weighting methods halways been used for
homogenization in the present work.

2.8 Depletion Calculation

The exposure of an isotope to the neutron flux tesalnuclear reactions that modify
its nuclear characteristics. Moreover, some is@ae subjected to radioactive decay.
Both events lead to the modification of the numbkneutrons and/or protons of the
original nuclide. These isotopic depletion effettay occur for all isotopes in a nuclear
reactor but are more important for the heavy isaqpesent in the fuel. The state of the
fuel is a function of its burnup, a parameter dbsog its time-integrated produced
energy per initial unit mass. The burnup is gemgetpressed in MWd/t.

The depletion of the reactor materials produces fizadiions in their macroscopic cross
sections which, in turn, produce a modificatiorire neutron flux in the reactor.

The system of differential depletion equationstfoe various isotopes, called Bateman
equations/ is solved using the depletion chains availablthéncross section library. In
APOLLO2, different library versions allow for highlaccurate description of the
isotopic chains for the depletion calculations véttergy-dependent fission yiel@s.

Fuel depletion calculations are treated in a gataie approximation, where the flux is
considered stationary but the concentrations dmevetl to change with time. The
depletion variables may be time, burnup or fluedcpredictor-corrector algorithm or a
step-halving method is applied to control concdrraerrors at each depletion step.
The flux is re-calculated at the end of each stip tie new concentrations.
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3 Model for PBRs Neutronic Calculations

Due to the physical and technological differenckpeabble bed reactors compared to
the classical light water reactors, the neutronicdeling adopted for such nuclear
systems has to account for their specific featwmed need to implement specific
models.

From the neutronic point of view, the recirculatiointhe pebbles in the reactor leads to
a double level of stochasticity of the problem, tue

a) the stochastic dispersion of TRISO particlesinieach pebble and
b) the stochastic distribution in the core of pekhwith different burnups.

Moreover, for the homogenization problem, sincertatron mean free path in a PBR
core is several times larger than the pebble diariethe flux inside a pebble is

strongly dependent on its surrounding. As a cornsecg, the approach classically
adopted for light water reactors neutronic cal¢afet, based on the two-step core
calculation scheme, is not adequate. This schemsiste in the decoupling of the
detailed assemblies calculations (computed witkecehg boundaries conditions and
critical buckling) and the core calculation, thrbughe constitution of multi-

parameterized cross sections libraries. Furthernthre to the thin and tall core cavity
geometry, the thermalized neutrons scattered back the graphite reflectors highly
influence the flux in the larger part of the coféerefore, the homogenization of the
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core sub-regions (spectrum zones) has to accourdufface leakage, which must be
evaluated from the core calculation, resulting thisan iterative homogenization
technique. This technique is akin to the iterabdwanced techniques which are being
investigated for LWRS?

In this thesis, a new homogenization model fordpectrum zones, based on a macro-
stochastic approach has been developed, which ascdan inter-pebble neutron
transport in the calculation of the flux and inasd spectral effects in the
homogenization. AlThus, an iterative scheme has beglemented to couple the
calculation of the spectrum zones with the actoaé calculation, which is carried out
with a low-order transport operator. In this schethe broad-group current entering
each boundary surface of each SZ, expanded inirteegfoup structure by a current
shape factor, and the cdag are recovered from the core calculation.

In this Chapter, a survey of the methodologies gmttg implemented in the codes
treating the neutronic simulation of pebble bedt@s is presented in section 3.1. The
method developed in the APOLLO2 code will be explosesection 3.2. Section 3.3
presents an analysis performed to evaluate inpatmzeded for the model, namely the
boundary-to-boundary geometrical probabilities. sThas been realized by a Monte
Carlo simulation of the individually positioned fxés in the PBMR-400. The
implementations carried out in APOLLO2 will be bBlyesummarized in section 3.4.
The convergence analysis of the developed iteratbraputational scheme performed
on some simplified reactor models is presenteegatien 3.5, together with the analysis
of the pebbles spatial discretization and of thustering phenomenon.

3.1 Survey of Existing Codes Methodologies

The neutronic simulation of a reactor is constidubg two main phases: the generation
of homogenized cross sections and the full-coreutaion. Furthermore, thermal-
hydraulic calculations have to be coupled with theutronic code to provide the
thermal-hydraulic feedbacks.

To generate the homogenized cross sections, dethibe calculations are performed
using a high number of energy groups on heterogenemre sub-regions. The
homogenized cross sections have to preserve theenele reaction rates computed in
the detailed heterogeneous model while assigneal 4ob-region of the homogenous
model. For example, PWR fine-group calculationspedormed at the fuel pin level or,
more often, at the fuel assembly one. Previouslyg, fine-group cross sections have
been self-shielded in order to account for georcateffects and for the flux depression
in the resonances domain. The energy range wheanaaces are located can be
divided in two parts: the resolved part, where snglsonances are distinguishable, and
the unresolved one, where individual resonancesdistinguishable. The calculations
are generally made assuming reflecting boundargitions and representing the core-
conditions leakage by calculating a critical buagli Then few-group cross sections are
obtained homogenizing the heterogeneous geometgyetiier with the cross sections
(total, absorption, nu-fission, scattering, trangptexcess") also other quantities are
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homogenized, as fission spectra and yields, diffusind equivalence parameters. These
few-group quantities are rather stored in a multapeeterized library (depending on,
for example, the fuel temperature, the burnup levkeé moderator density and
temperature) which is, in the second step, useth&ofull-core calculation or iteratively
generated on-the-fly in the iterative homogenizationemes.

The full-core calculation is generally performeda2D or a 3D diffusion solver which
assigns to the materials of the geometry the prigyeigroup cross sections.

Several codes have been developed to account fandiieonic simulation of pebble
bed reactors. Each of them has its proper methggdim perform the self-shielding of
the multi-group cross sections and the homogeoizatf the pebble geometry,
accounting for the double heterogeneity. Moreovee, larger leakage in the bed of
pebbles close to the reflectors and the stochdstabution of pebbles with different
burnup levels in the same spectrum zone have alse &ccounted for.

A brief survey of the different methodologies usedhe most commonly used codes
for pebble bed reactors simulation will be givemehdhe most widely used and mature
tool is the Very Superior Old Programs (VSOP) safteodes?’ developed at the Jiilich
Research Centre for the German HTR program. The sgstem has been updated and
improved for the design and licensing of the SaAfiican PBMR>! Moreover, VSOP
is the neutronic code used also for the desigmefGhinese HTR-PM reactor. In the
last decade, several other codes have been dedetwpmdapted for PBRs modelling.
The Nuclear Research and Consultancy Group (NRGPaifen, The Netherlands,
developed the PANTHERMIX codé,based on a coupling between the lattice code
WIMS,>® the three-dimensional steady-state and transieste cphysics code
PANTHER* and the two-dimensional RZ HTR thermal-hydrauticsle THERMIX-
DIRECT?>® Still in the Netherland, the Delft university oe@hnology developed the
DALTON — THERMIX code system using some routines of the SCALE code
system’ instead of WIMS. Moreover, they developed a neseeatdimensional (xyz or
r6z coordinates) diffusion solver, DALTON. The applion of the SCALE code
system to the simulation of PBRs has also been db®ak Ridge National Laboratory,
using a slightly different algorithm for the crossections self-shielding and
homogenization with respect to the Delft methodglothe full-core calculations were
performed using the Monte Carlo KENO modules of $EAIn the U.S, in the frame
of the U.S. Department of Energy's (DOE's) Next &ation Nuclear Plant (NGNP)
project®® the PEBBED code systems is under developmente 2002, at the Idaho
National Laboratory® It couples the PEBBED diffusion code with the thal-
hydraulic THERMIX — KONVEK module used in VSOP 199%ihe cross sections
generation is performed by different codes and nutlogies, using the MICROX-2
code? or the INL developed COMBINE coffe Recently, the methodology employed
by Oak Ridge National Laboratory, using SCALE 65 haso been coupled with
PEBBED?®*
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Finally, others codes have been applied to theyaizalof PBRs, such as the
HELIOS/CAPP code system developed at the Korea A&t@mergy research Institut@,
but they will not be illustrated in this thesis.

Let us only mention a work at the beginning of tB8s using an interface-current
transport methof implemented in the ROLAIDS cod®@, to treat a double-
heterogeneous multi-system geometry composed byipieullD spheres exchanging
neutrons between themselves. ROLAIDS is an interfagrents integral transport
program which performs an energy point-wise slowdogvn calculation in one-
dimensional multi-region geometries. The one-dinwra spheres are coupled at their
external boundaries through a current balance. Hweming current, which is
considered to be the same at the outer boundaajl tie spheres, is computed as the
weighted sum of the outgoing currents from all spéeres. The weights correspond to
the relative external surface area of each typgpbgeres. This method is similar to the
stochastic multi-cell method developed in the pasthe APOLLO codé? It shares
with the method developed in this thesis the ideaaupling several 1D spherical
geometries by a current balance. Neverthelessmibidnod developed in APOLLO2
treats the neutron transport in the spheres bgdhision probability method, which is a
much better transport approximation compared to iheerface-current one.
Furthermore, the neutron exchange between the @lobimprised in a spectrum zone
and the zone's boundary surfaces is also accotmtedhich is necessary to properly
consider, in the heterogeneous fine-flux calculative leakage in the corresponding
core sub-region. At last, the presence of the helowolant in between the pebbles is
also accounted for via a stochastic approximation.

In the following, we will briefly describe the meittiology adopted by the mentioned
codes to self-shield and generate the homogenizess sections and to perform the
full-core calculation. A summary of the main featsirof each code, compared to the
ones of the method developed in APOLLOZ2, is givethe conclusions for this Chapter
in Table 3.VII.

3.1.1 Homogenized Cross Sections Generation
- VSOP

Spectrum calculations are based on the GAM-I andERMOS code§®
Correspondingly, the codes need the two respeditivaries. The epithermal GAM
library is given with a 68-group structure, rangingm 10 MeV to 0.414 eV, and the
thermal THERMOS one with a 30-group structure raggrom 2.05 eV to 0. GAM
iteratively provides a slowing-down source to THEGB! which computes the flux in
the thermal region and supplies the fission soto@®@AM. Thus, upscattering is treated
no over than 2.05 eV.

The self-shielding in the resolved and unresohe=bnance ranges is performed by the
ZUT code®’ Effective or averaged parameters are given foutiresolved resonances
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of Th?*? and U2 In the resolved resonance range the Nordheinyrat&reatment is
applied® which involves a numerical integration of an imtgform of the collision
density equation as a function of energy, derivechfthe collision probability method
in a two-region unit-cell containing a resonantabsr isotope and a maximum of two
moderating materials. In this slowing-down probldtat sources are assumed in both
the fuel and moderator region, with a 1/E-flux ama absorption taking place in the
moderator. The integral equation depends, amongrgtion the first-flight escape
probability, which is the probability that a neutreriginating in the fuel region
(homogeneously and isotropically) will reach thefate of this region without any
collisions in the fuel. The presence of more thae fuel region in the moderator, such
as the micro-particles dispersed in the graphitérimaf the inner pebble region, is
accounted for using a Dancoff(-Ginsburg) fa&bihis factor corrects the first-flight
escape probability for a single fuel kernel to ¢desthat a neutron which escapes a
fuel region can have its next collision in anothezl region. The Nordheim's Dancoff
corrected escape probability thus relies on theutation of a Dancoff factor, which
depends only on the geometry of the system andh@motal macroscopic cross section
of the moderator. Since the latter varies hardlyhi@ resonance range, the Dancoff
factor is calculated, analytically or by numerigalegrations, only once for a given
geometry.

GAM-I performs a P1 slowing-down calculation in gufinite homogeneous medium
with a fixed source, generally with a®® fission energy spectrum. Leakages are
accounted by a geometrical buckling, computed fachespectrum zone from the
diffusion core calculation. It is then necessary iterate between the spectrum
calculation and the diffusion core calculation nder to obtain the leakage factors. The
leakage factors are provided in the broad-grougiire of the core calculation.
THERMOS performs a collision probability calculatiom a 1D spherical geometry,
where the fuel region of the pebble is represeated homogeneous material. Once
again, a fixed source problem is solved, whereuttiéormly distributed slowing-down
source is given by the previous GAM calculationaka&ges are represented by an
albedo on the surface of the pebble, which is atsoputed from the diffusion core
calculation for each spectrum zone.

Both GAM and THERMOS deal with the second levestaichasticity of the problem in
the same way. The stochastic distribution of thiebfees with different burnup is not
really treated, but a single pebble with an averagserial, obtained by volume
averaging the isotopic atomic densities of theedéht pebble types contained in a zone,
is used for the calculation. As a consequencenglesneutron flux spectrum is used to
homogenize and deplete all the pebble types cadain a spectrum zone. This
approximation is also made by all the other codesgntly developed and described
here.
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-  PANTHERMIX

In this code a multi-parameterized cross sectibraty, depending on the fuel burnup,
the fuel temperature and the xenon density is ededd provide two-group cross
sections to the PANTHER diffusion coffe.

The unit cell calculations, preceded by the germrabf shielded fine-group cross
sections in the resonance energy range, are pextbmather with WIMS or with
SCALE."* The method adopted in SCALE is presented hereaftile describing the
DALTON — THERMIX code system.

In WIMS a 172-group flux calculation is performedh@oying the WIMS-module
WPROCOL. Since it is impossible to model a sphémgemmetry containing grains in
the WIMS code, neutron transport is computed inegpuivalent infinite cylinder
containing coated particle fuel. The cylindricahrtsformation is applied by the
conservation of the mean chord length of the fulez The double heterogeneity is
accounted for by Askew's approximation.

Self-shielding is performed by the subgroup metbaly for a few main isotopes (as
this method is time-consuming), and an approximegednance treatment is applied for
all the other resonant isotopes. The infinite @iotnuclide resonant integrals are
tabulated in function of the background scatterngss sectiono, and temperature.
The WPROCOL module computes collision probabilitieshe equivalent cylinder, of
which the inner zone contains the coated partidiags CP matrix is used for both the
resonance calculation and the flux calculation. €bhlision probabilities are used to
calculate the subgroup fluxes and appropriatelygiteid broad-group resonance cross
sections for the main isotopes. Resonance shiefdingll the other resonant absorbers
is carried out in an approximate way based on edgmce theory and applied to a slab
geometry. Aoy is calculated in the slab geometry and it is usethterpolate in the
table of resonance integrals. The slab geometopistructed in such a way that the
effective mean chord length of the inner layerha slab is equal to the effective mean
chord length of a fuel kernel dispersed in the bit@omatrix. This effective mean chord
length is computed with the radius of the fuel lkeércorrected by a Bell factor, which
has a fixed value and originates from a modificatd Wigner's rational approximation
for the first-flight escape probability, and by arizoff factor.

The Dancoff factor is analytically derived by thesttmod developed by Bende et al.
specifically for pebble bed reactdfsin this derivation, the Dancoff factor is calcadt
as the sum of two probabilities. The first onehis probability that a neutron leaving the
fuel kernel will enter another kernel without amllision in the moderator within the
same pebble, called the intra-pebble Dancoff fadtbe other one is the probability that
a neutron leaving a particular kernel will entefiual kernel in another pebble without
collisions in the moderator, which has been deseghas the inter-pebble Dancoff
factor. This formulation is based on a two-regitire( and moderator) model, with the
value of the total Dancoff factor as a functiontbé geometry and the one-group
macroscopic total cross section of the moderataenad For the grain geometry the
moderator material is computed smearing the fuehéde coatings and for the pebble
geometry the moderator is the fuel free graphitdl.sties then necessary to evaluate
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these total cross sections before performing thecbfé factor calculation using a pre-
determined flux spectrum (as thermal Maxwellian E %/fission spectrum).

After the cell calculation, the pebble materiale ameared to a homogeneous material
and the nuclear data are homogenized to 16 eneogypg One-dimensionakSadial
and axial calculations are then performed, reptesgrcuts of the reactor model, to
embrace the spectral differences over the core. ITAigroup cross sections are then
collapsed to two groups. Two group data are geeéifar several burnup stepse(27),
fuel temperatures and xenon concentrations. One tbasbserve that these 1D
calculations are performed with a unique homogesematerial for the core,
corresponding to a single burnup value of the pebbi the cavity. This is far from a
more realistic situation where, even considering/ dhé average composition pebble,
the burnup distribution varies slightly radiallydagreatly axially in the core cavity.
Finally, each mesh volume in the PANTHER model aorg# a certain material that
corresponds to a set of nuclear constants, obtamegbolating the two group data. The
data for the axial bottom and top layers of thebpelbed is taken from the library
associated to the axial 1D calculations, while diaga for the remaining part is taken
from the radial ones.

This multi-scale approach based on successive grakulations is similar to a
methodology proposed in 1986 to simulate the @litikHATER facility with the
RSYST? code systemi In this approach, the double heterogeneity of TRISO
particles was accounted for by computing flux disadage factors for the particle —
graphite matrix unit cell. These factors express ithtio of the heterogeneous to the
homogeneous spectra.

- DALTON - THERMIX

The methodology used in this code is also baseal multi-scale approach.Here a 9-
group two-dimensional cross sections Iibréz)(r,z)) Is created to associate the broad-

group cross sections to each spectrum zone of iffigsidn core calculation. The
transport code used is SCALE-5.

The resonance shielding calculation, which useBtttede's Dancoff factor derivation,
is performed by the Bondarenko method for the wivesl resonances and by the
Nordheim Treatment for the resolved ones. The Bmrd® methotf uses a simple
expression for the flux computed in a homogeneoedium, as the inverse of the total
cross section in function of lethargy. It then ddess one resonant nuclide and it
expresses the sum of the total cross sectionsl afhalother nuclides as an effective
background scattering cross sectmy constant within an energy group. The collapsed
cross section of the considered nuclide is themesged as an infinite dilution average
value times a Bondarenko factor, function of thieand of the temperature. This factor
is calculated in the specific problem by interpioigtin tables of pre-calculated data for
differentoy, 's and temperatures.

Firstly, a 1D & calculation of the TRISO particle surrounded byegnivalent graphite
layer is performed in 172 groups. The geometryhisnt homogenized in a single
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material, but without energy collapsing, which sed to describe the fuel region of a
pebble surrounded by an equivalent helium layecoBdly, another 1D \Scalculation

is performed with this pebble geometry and agamsgrsections are homogenized
without energy collapsing. Finally, additional 10y $alculations are performed on
radial cuts of the reactor model, correspondinditi@rent cross-sections of the core. In
order to model the transverse neutron leakage esethlD calculations, the reactor
height is used to provide an axial buckling valllee computed flux is used to collapse
the cross-sections to the 9-group structure. Thee-xeeighted cross sections are
aIIoc7a7ted to the corresponding spectrum zones ralecreating a 2D cross section
map.

A limiting factor in this methodology is that théfdrent burnup levels of the pebbles
contained in neighboring SZ for a 1D radial cutca@tion have to be evaluated
previously. In DALTON-THERMIX, the nuclide densiien the core are calculated by
the code system prior to the above procedure uem@EBBED method that converges
directly to the equilibrium cor®.

- SCALE

The SCALE code has also been used in a stand alppeach for the analyses of
PBRs’®" In this case, the homogeneous cross sections sesgineg the pebble
geometry are generated for a Monte Carlo core sitiom. A 238-group cross section
library is used.

The self-shielding of the unresolved resonanceperdormed with the Bondarenko
method. In the resolved resonances energy rang&SENTRM cod&” performs a 1D
Sy point-wise spectrum calculation of the fuel kersekrounded by the equivalent
moderator (coatings and graphite) layer, using atpeise cross sections library. In the
lower and upper energy ranges, a classical muligepproximation is used. CENTRM
solves the fixed source form of the transport equatvith a user-specified fixed source
term. A slowing-down problem is solved, with no esigalue calculation and witk
wave scattering approximation in the point-wiseg@anPoint-wise flux disadvantage
factors are then computed and used to create the-ywwEe particle/matrix mixture
cross sections. In this way the double heteroggme#dccounted for.

Another module called PMC then creates the 238-gooags sections to perform a 1D
Su calculation of the cell with the source iteratiofe cell is then homogenized in a
single material without energy collapsing. The hosroged point-wise cross sections
are then used in a successive CENTRM calculatichefpebble geometry surrounded
by the helium layer and a final 10y 8alculation is performed to create the resonance-
shielded multigroup cross sections that representuel pebble.

This methodology does not rely on the calculatiorbahcoff factors to represent the
double heterogeneity of the fuel. Neither doescitoaint for the leakage effect in the
self-shielding and in the cross sections homogéniza
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- PEBBED

The cross section generation for the PEBBED difflasiode used to be performed with
the MICROX-2 code for an infinite lattice of pebsfé MICROX-2 solves the integral
transport equation for a one-dimensional two-regielh the two regions being coupled
through collision probabilities. The cross sectiamghe unresolved resonances range
are self-shielded by the Bondarenko method andhenrésolved resonance range by a
slowing-down B calculation using point-wise cross section datde Tdouble
heterogeneity of the geometry is accounted forutinoa Dancoff factor computed with
Bende's formalism. A 193-group structure is usedw#-step calculation is performed.
As a first step, the flux is computed on the uretl composed by the fuel kernel
surrounded by a homogenized shell of smeared TRI&iings and graphite matrix
nuclides. Next, another two-region problem is sdlwehere the internal zone is
associated with the fine-group cross sections nbthfor the fuel region in the previous
step and the external zone is a mixture of thereategraphite layer and helium. No
energy collapsing is performed in this study sitiee results obtained by computing a
reflected pebble are compared to a reference Moatio.

In a following development, this methodology hasrbeompleted applying a Spectral
History Correction (SHC) method to account for thakages in the associated core
spectrum zon& The objective of the SHC method is to reduce thmlver of calls to
the lattice spectrum code to iteratively homogertiee cross sections for the diffusion
code during the convergence to an equilibrium fagtle. The description of the
equilibrium fuel cycle and of the PEBBED methodglog compute it is given in
Chapter 5. Briefly, in the SHC method, fine-groupadare pre-computed for a range of
isotopic states, in function of the®8 atomic density, in the pebble geometry with
reflected boundary conditions. These tabulated eseawpic cross sections are used
together with the actual nuclide number densitiesthe spectrum zone, obtained
iteratively from the core calculation, to constriine group macroscopic cross sections.
These last, together with fission spectra, fluxadisantage factors and zone buckling,
are used in the solution of the slowing-down batant a homogeneous medium to
generate an updated spectrum. The zone bucklingesdor all the spectrum zones are
computed by the diffusion core calculation in thedul-group energy structure. Thus, a
constant buckling term is used for all the fine-gr®wcontained in the corresponding
broad group. The microscopic cross sections are tieecollapsed with the new
spectrum in a 6-group energy structure for theesponding spectrum zone in the core
calculation. This is the same approach to accaamieikage which is used in GAM-I.
The difference here is that the flux is recomputadthe detailed pebble geometry by
MICROX-2 only at some iterations interval. Thudstts a sort of synthetic acceleration
method with the low order operator computed byShE method.

Recently, alternatively to MICROX-2, also the CONNE code has been used to

generate the homogenized cross sections for PEBBEMBINE computes the flux
with the B or B; approximation in a unit cell with group-wise bucok terms to
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account for leakage. Nevertheless, presently onlgna-group buckling value is
supplied for each spectrum zone by the core ddfustalculation in an iterative
sequencé’

The Bondarenko method is used for the treatmemtheflnresolved resonances region
and either the Bondarenko or Nordheim Treatment tfer resolved resonances.
Spatially varying Dancoff factors, computed witke thlonte Carlo code PEBDAR for
the different spectrum zones and depending on @he'z packing fraction, are used to
account for the double heterogeneity. In PEBDANItlim-pebble and the inter-pebble
Dancoff factors are computed by a Monte Carlo mragihg method applied to the
geometry simulating the pebble positions in theecoavity. The positions of the
pebbles are computed by a rain model, where a pebbtandomly dropped in the
cavity until it reaches another pebble. With respgecthe Bende's formulation, the
enhanced neutron streaming close to the reflecibug to the pebbles packing
rearrangement, is accounted for by a variatiorhefihter-pebble Dancoff factor. This
last factor drops several tens of percents clos¢héoside reflectors as neutrons
originating in pebbles in the side regions of tleecexperience a larger escape
probability.

A multi-scale calculation, similar to the one enyad in PANTHERMIX, is performed
making al67-group spectrum calculation firstly iee unit cell composed by the kernel
and the surrounding moderator layers. Then withsdi@e group structure the flux is
computed on a second unit cell composed by thelpdbbl region surrounded by the
external graphite layer and by a mixture of graplaihd helium layer, representing the
surrounding moderator pebbles and coolant. The aelitcalculations are performed
with white boundary conditions. With the flux comedtin the pebble cell, the 167-
group structure is homogenized in a 99-group girectwhich is used for the
homogeneous material in 10y $adial calculations of reactor transverses. Fndhe
cross sections are collapsed in a 16-group streidturall the zones in the reactor and
are passed to the PEBBED diffusion code.

Apart from the number of groups employed at eactell®f the calculation, this
methodology differs from the one of PANTHERMIX fdhe use of an improved
Dancoff factor and because an iterative homogebizaechnique is employed, rather
than building a cross sections library. This is el@a capture the effect of transverse
leakage in a zone by the buckling term computethéncore calculation, since the 1D
flux calculation in the transverse capture theablidiakage.

3.1.2 Full-Core Calculation

VSOP, PANTHERMIX, DALTON-THERMIX and PEBBED geneeathe broad-group
cross sections for the 2D or 3D diffusion calcwaatof the core with a different number
of broad energy groups.

VSOP and PEBBED iteratively homogenize the crosdi@®s recovering the zones'
buckling terms from the core calculation. CITATIONhich is the diffusion solver in
VSOP, uses a 4-group energy structure, and PEBBIeD a variable number of broad
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groups: 6, 16 or even 28 in the analysis wherectbes sections are generated by the
SCALE-6 methodology.

PANTHERMIX and DALTON- THERMIX build a multi-paramerized cross sections
library (depending on fuel burnup, fuel temperatainel xenon density) in, respectively,
2 and 9 energy groups.

The diffusion codes which simulate the PBRs haveet with the difficulty of treating
the gas plenum between the top of the core andoiheeflector, since the diffusion
approximation is not valid in this void region. Geally, this is done using the Gerwin
and Sherer's method that treats the cavity adw@sttih region with effective anisotropic
diffusion constantsl¥; andD,) and zero reaction cross sectiGhs.

Because the cell homogenization algorithms desdribethe previous section do not
preserve the inter-pebble leakage rate, the cavrealeveloped by Lieberoth and
Stojadinovic is applied to adjust the diffusion fficeents &’

If the reactor geometry is described by a 2D RZ ehaithe streaming effect of control

rod holes, coolant channels and boron absorberchalinels can not be considered. A
three-dimensional core calculation is necessargvialuate the effect on reactivity of

neutron streaming through these void channelsedriin the internal and external

reflectors.

Finally, we mention an analy&fswhich has been performed simulating a pebble bed
reactor by a RZ @transport method with the DORT cotfeThe cross sections were
generated with the MICROX-2 code. A parametric gtwds carried out to analyze the
sensitivity of the § calculation to the spatial discretization, the w@ag quadrature
order, the scattering order and the energy growctsire. From the results it was
observed that the core eigenvalue, the axial poavel flux distribution were not
significantly affected varying angular quadratufteraS, and using a P3 scattering order
rather than a P1. Thus, with a Pls8attering and quadrature orders, it was observed
that the results were not much impacted by refirengoroadening the spatial mesh.
Moreover, using a 4, 7 or 13 groups structure,as wbserved that the eigenvalue was
significantly impacted by the number of groupsizitl, since for the power distribution
the differences were quite small. The results wiees compared to the ones obtained
by a diffusion calculation performed with the NENHERMIX code systeni’ It was
observed that when the top gas plenum is eliminatad the geometry, there is an
excellent agreement between diffusion and transgh@ory results. On the contrary,
when the gas plenum is considered, the axial p@naile computed with diffusion is
shifted downwards compared to the respective tiahsesults.
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3.2 Description of the Model Developed in APOLLO2

This work is an extension of an infinite-lattice nnegenization technique, earlier
implemented in the CEA transport code APOLLO2,reat a finite spectrum zone by
explicitly accounting for interactions between pasblvith different burnup historiés.

A stochastic model to account for the random distion of different burnup pebbles
within a given spectrum zone, which representss#end level of stochasticity of the
problem, is introduced. Each SZ is associated tauéti-pebble geometry in which
pebbles are grouped into a finite number of pelttes, characterized by average
burnup and multiplicity. The pebble-to-pebble iaigions are described by a collision
probability (CP) formulation for one-dimensional spés which exchange neutrons
among themselves and with a set of external susféiceerfaces with neighboring
spectrum zones or reflectors). The contributiomhef coolant is also included. A set of
pebble-to-pebble, pebble-to-boundary and boundatytindary  geometric
probabilities are introduced to write the closueations between the average neutron
currents entering and exiting each pebble type eaxch surface. For example, the
pebble-to-pebble geometric probability,” is the probability for neutrons exiting

uniformly and isotropically pebbles of type to enter a pebble of typg without
crossing any other pebble. All these probabilitid®y reciprocity and conservation
relations and can be derived from a basic set d&sersurface probabilities and from a
statistical description of the pebbles distributionthe zone* A uniform model is
invoked, according to which the probability to fiadbebble of a given type in a given
location within the spectrum zone is proportiorathie multiplicity of the type. In the
present work a more physia@normalizedmodel is also introduced. These two models
are described in Section 3.2.4. Moreover, for gafetalysis applications, @ustering
model, presented in Section 3.2.5, has been defivedtheuniform andrenormalized
models by artificially increasing the geometricfg@bbability for pebbles of a given

type.

The final spectrum zone model is characterized Bgteof equations giving the fluxes
for each pebble type in terms of currents entettiegsurfaces, providing the possibility
to independently compute each zone from the cugremitering it. The notation is given
in Appendix A.

3.2.1 Iterative Core Calculation Scheme
Let D be the geometric domain of a spectrum zone whmmpcises pebbles of

different types and the helium coolant. The fluxIlnobeys the exact transport source
equation:
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whereH andP are, respectively, the scattering and fission atoes, .. is the core
Keft, ¥ .ore IS the angular flux entering the domain via itsfate 9D, X is the phase

space associated to domdnandI'_ the incoming boundary ok .

For each spectrum zone, the cross sections tallzedtn the full transport or diffusion
broad-group core computation are flux-weighted hgemized from a fine-group
solution of Equation (3.1) over a correspondingtieébble geometry.

For the spectrum zone calculation we assume thatdhe entering angular flux is
isotropic and piecewise uniform over a set of exersurfaces, as defined by the
contacts with the neighboring zones or reflectdtserefore, the angular flux entering
each surfack is represented by the value of the entering cud@r,gt

It has to be noted that, because bothktepfeand the entering currents must be obtained
from the broad-group core computation, the calautascheme is necessarily iterative.
Finally, the value ofJ’ is obtained by preserving the correspond(dﬁ i )eore COTE
value:

(n—1)
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where the quantities on the right hand side arainét from the previous iteratiog,is
the fine group index an@ is the coarse group index.

This iterative core homogenization scheme is itatsd in Figure 3.1. The iterations are
initialized from a critical-buckling infinite-lattie calculation for each spectrum zone,
which is solved by using the CP equations withet#d boundaries, as described in
section 3.3.

Note that the spectral shape factor for the ergesurrent,

X/?G_( +k )n@zghbor Z(J ) ' (3.3)

neighbor

is obtained from the fine-group transport curréfit ) exiting the corresponding

neighbor

neighboring spectrum zone or reflector wall.
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Figure 3.1: Iterative Spectrum Zones — core calcutaon scheme

All the iterations begin with the fine-group transipcalculations for the spectrum zones
and end with a full coarse-group core calculatiime latter is converged as usual on the
fission integral shape and tHes. The convergence criteria for the iterative core
calculation is achieved when the maximum relatiNi=igbnce between two consecutive
iterations on the fission integrals, the core ausentering the spectrum zones and the
homogenized total cross sections, as well as tiselate difference in théey, are
bellow user's prescribed values. One can noticé Wizen these parameters are
converged also the core fluxes and the core powsgrldition have to be converged.
Finally, a transport calculation of the graphitdlegtors is needed to obtain the
homogenized coarse-group cross sections and tondetethe current spectral shape
factor for the spectrum zones having surfaces mtamd with the reflectors. In the
developed calculation scheme, this was done bypeifig axial and radial 1D fine-
group transport calculations of the reactor, usarghe core the cross sections obtained
by homogenizing the spectrum zones with the initifihite-lattice calculations.

3.2.2 Model for "Macro Stochasticity"

In a spectrum zone containing different pebblestaraction among themselves and
with the zone surfaces, one would expect that gaebble will reach a unique
equilibrium flux that will depend on the pebble qawsition (burnup) and on the current
entering the pebble. If a homogenization processveked for the core calculation,
then these are the fluxes that should be usedll@pse and homogenize cross sections
within the domain.

As it has been described in section 3.1.1, thietswvhat is presently done by the codes
used to model the neutronics of PBRs. In fact, tbigel of stochasticity is treated
assuming a single pebble composition, volume-aestanyer the spectrum zone, from
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all the different compositions representing theous passages of the pebbles through
the core. This approximation does not allow accogntor the flux differences in the
different composition pebbles for cross sections dgenization.

The model described in this section, on the coptraredicts this type of solution by
making a stochastic approximation on the way inclwipebbles and surfaces interact.
The mathematical details of the model are giveAppendix B.

The neutron exchange between the different pelyplestcontained in a zone and the
zone's boundary surfaces is described by introdupebble-to-pebble, boundary-to-
pebble, pebble-to-boundary and boundary-to-boundaogmetrical probabilities. These

probabilities are indicated, respectivelypé&s, p”?, p”? and p”’ in Equations (3.4)
and (3.5) and they are the probabilities for a meuto leave a surface (of a pebble or of

a zone's boundary) and reach another surface withossing any other surface.
Neglecting the helium contribution, the currentseeng the different pebble types

J_(E) originate from the currents exiting the pebblﬁs(E) and from the currents

entering the zone surfacg$’ (E):
J_(B)=p""J" (E)+ p""], (E), (3.4)

where fi :{Jﬂ;i} and Jiﬂ. is the total current exiting (+) or entering (Retoverall
surface of the pebbles of type.J" = {J’ﬂk} and J’ﬁk is the total current exchanged
through the zone surfa&e

The total current leaving the domain via its suefars:

J'(E) =p" T (E) + p"P T (E), (3.5)

From these equations one can notice that the eiftgyebble types are coupled through
a current balance, which accounts for the exchawgbaghe zone boundary surfaces.

The validity of this modeling relies on the assuimm of isotropicity and piece-wise
uniformity of the entering angular fluxes.

The appropriateness of the current piece-wise tmity hypothesis can be easily
verified by subdividing the boundary surface of #pectrum zone in multiple pieces.
This has been done in section 4.2.3.3 to analyeesplectral variations of the current
entering from the lateral reflectors the upper Evder spectrum zones of a simplified
PBMR-400 model.

The assumption of isotropic entering angular flexai strong approximation and it is
known that the angular flux leaving a pebble is isotropic but forward peakéd.
Nevertheless, considering the time-varying stoetgstsitions of the pebbles in the
geometry, it has no sense to consider the angelperdience of the pebble's entering
flux. In fact, as a stochastic system is descrilgedjiven pebble distribution would
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represent only one of the possible physical redina, while in this case only the
statistically averaged quantities are physicallyamegful. In this sense, the isotropic
approximation of the angular fluxes entering thelpes is valid.

The isotropic approximation could be weak for titeeng angular fluxes from the
zone's boundary surfaces corresponding with reftegalls. The reflector walls, in fact,
are the only fixed surfaces in the problem and dhgular dependence of the flux
entering the cavity from the graphite reflectordésermined.

Next, the helium contribution is taken into accobgtconsidering a volume-averaged
flux value over the spectrum zone. The source@hilium is a volume-averaged value
and it is supposed isotropic. Since the neutroffeces of the presence of helium are
small this should not insert a significant errothie model.

The exponential flux decrease in helium, due to ne@uabsorption, is modeled through
the density of probability for a chord lengtbetween pebbles, which is approximated
by a Markovian distribution.

Finally, the volume-averaged flux value in heliusnaissociated to the currents through
the boundaries and pebbles surfaces by solvingutrame balance equation over the
spectrum zone volume.

3.2.3 CP Treatment of the Multi-Pebble Geometries

In this section, a model is developed to solve stesy of equations for the flux in the
spherical geometries of the different pebble typas the helium region. The details are
given in Appendix C.

Each pebble type is represented by a 1D spher@aingtry. The flux in the single
sphere is computed through the collision probab{l@P) approximation which leads to
the system of equation (3.6). The double heterageakthe TRISO particles dispersed
in the inner graphite matrix is explicitly accouat®r by the APOLLO2 method based
on the Askew's approximation and described in Glvaht

Vél - C7ﬁ; + /J—,iJ

1

(3.6)

l

I
J+,¢:E¢ i"’TIJJ—,w
where the group index is omitteiddenotes the pebble typ€,, I., E, and T, are the
coefficients of, respectively, the collision, timedoming, the escape and the transmission
probabilities, V; contains the pebble region volumeiﬁl Is the vector of region-

averaged quxesﬁj :257&)7: + @j and Q} accounts for fission and external transfers.

Thus, knowing the problem eigenvalue and the fireeyg uniform and isotropic
entering flux in a pebble, the fluxes in all itgi@ns are determined by solving the first
equation in (3.6). The exiting current is also deieed by the second equation. It is
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then possible to couple the equations referredatth goebble type with the current
balance expressed in Equations (3.4) and (3.5kidering also the neutron balance in

helium and introducing the average flux in heliugn, , to have a@’:[i) @He} ,

Whereéz{fﬁ } . Coupling the systems in such a way one obtain

i

V'®' =CF' + 1]
. U (3.7)
J' =EF' +TJ"

where V' contains all the region volumes in the multi-pebgeometry, including the

inter-pebble helium, and', 7, £ andT are the modified CP matrices.

We thus obtain a response system which allows ctingpthe fluxes in all the regions
of the multi-pebble geometry and the response rexiturrents from the entering
currents through the zone boundaries and thelggre

3.2.4 Surface-to-Surface Geometrical Probabilities Modehg

All the set of surface-to-surface geometrical ptolitgées can be derived from the values

of the pZ}Z boundary-to-boundary probabilities. For details Appendix D.

The notation introduced in section 3.2.2 is usedHe surface-to-surface probabilities.
For a spectrum zonepz;: is the probability for a neutron entering unifoyndnd
isotropically surface: to leave the zone via surfaéé without crossing any pebble.

The surface-to-surface geometrical probabilitiepethel on the zone packing fraction
and on the shape of the domain, but, because efypgeometrical reasons, they obey
the reciprocity and conservation relations. Notat tine reciprocity relations are valid

only if the angular fluxes leaving the pebbles antkring the boundary surfaces can be
considered isotropic.

Thanks to the conservation relation, the probabibir a neutron entering surfa&eo
enter the pebeeSpZ, can be computed as the complement to the protyafal this
neutron to exit the zone directly through one sfibundaries, obtaining

Pizzpfébzl—;%- (3.8)

Then, a redistribution model has to be adopted ritisg the probability for this
neutron to enter a given pebble typeo that
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Dy _apk’ Zai_l' (3.9)

i

In the work in Ref. 91 ainiform model was proposed, where this probability is
proportional to the ratio of the surface of the lgeb of that type over the total surface
of the pebbles contained in the zone, resulting in

NA
Z N (3.10)

In this thesis, aenormalizedmodel is introduced to take into account thatawailable
entering surface for the pebbles of the same tgsetd be reduced by the surface of the
emitting pebble, whereas respecting the conservaétations of the surface-to-surface
probabilities.

Knowing the boundary-to-pebble probabilitpf=b, one can compute the pebble-to-

b,p

boundary onep,"” , thanks to the reciprocity relation, as

b 4b
b, PA;
p.l = ’f—’fA (3.11)

Once again, thanks to the conservation relations,aan compute the probability for a
neutron exiting pebbleto enter another pebhlas the complement to the probability to

exit the zone directly through its boundarigsj pZ’f .
=k,
Finally, applying the same redistribution modeldipeeviously, one obtains the pebble-

to-pebble probabilities:

. (3.12)

pp_a [ Zpbp

3.2.5 Clustering

For safety analysis in pebble bed reactors, it @dnd interesting to study the effect of
the formation of a cluster of pebbles belongingh® same family. Thaniformand the
renormalized models can be easily modified to represent cligjerand the
mathematical description of this derivation is give Appendix E.

Assume that pebbles of typecreate a cluster in a spectrum zone. This ougradolt

in an increase of the self pebble-to-pebble prditwbp;”, and, eventually, a change of
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the probabilitieSijﬁl. This two phenomena can be modeled introducingdiwstering

parametersg anda”, which, respectively, multiply,*, andeZJ;% :
k ’

All the other probabilities then have to be rendineal.

3.3 Implementation in APOLLO2

To implement the model described in section 3.2eis# modules have been developed
or modified in the APOLLO2 code. A short descriptiointhe functions performed by
each of them is described here.

- A module was modified to create a multi-pebble getsyn This geometry is an
incomplete geometry and it will be completed, wattntact and volume data,
when associated to a spectrum zone in the RZ gepwiethe reactor.

- The module computing the collision probability niegés has been modified to
treat the multi-pebble geometry, both for theflex solver and for the self-
shielding calculations.

- A module has been created to compute the exitingots /** from the multi-
pebble geometries. This is used to compute thesougpectral shape factors

gG
X

- The § flux solver module has been modified in order anpute the values of
the exchanged currents at the mesh interfacegiR#hgeometry.

- The module which accelerates the external iteratiminthe { flux solver has
been modified to allow the calculation of the fxth an imposedc@ff. This is

made by renormalizing, at the end of each iteratilba fission integrals by this
constant eigenvalue.

- A module has been created to assign the enterimgnta J' to all the multi-

pebble geometries, once computed the flux in the gedmetry. The total
current, computed in broad grougs over every zone boundary surface, is

expanded it in the fine grougs by the means of theggG associated to the

neighboring spectrum zone or to the graphite redhksc(computed with radial
and axial 1D § calculations). The module, finally, verify the es@ngence of the
spectrum zones — RZ core iterations.
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3.4 Analysis of Boundary-to-Boundary Geometrical Probalilities

As it is shown in Section 3.2.4, once the set ofnolauy-to-boundary probabilities,

{pZ:} is known and a distribution model for the pebbteassumed (theniform one

or therenormalizedone), all the other geometrical probabilities neettecompute the
CP coefficients for a zone are deduced.

However, in the scheme implemented in APOLLOZpQr,% have to be provided, for all

the spectrum zones in the core, as external dat#, is necessary to evaluate them

independently. Th@z;z depend on the core (cylindrical or annular) andsilze, shape

and position of the spectrum zone in the core. dsw@llations of the packing fraction
near the reflector, described in Chapter 1, in@e¢hs neutron streaming. In our model,
radial and axial streaming effects, which occuthi zones in contact with the reflector,
can be easily accounted for by adopting approprsatdace-surface probabilities.
Indeed, the presence of a wall forces the pebblesarrange close to it, resulting in a

locally less dense packed bed and an increas«eqjml

A study for a pebble bed randomly packed in an Emraore was carried out with the
Monte Carlo code TRIPOL4 to evaluate the values of thg? in a typical bed and to

observe the influence of the external and intemefllectors on the surface-surface
probabilities.

The random pebble distribution has been taken frothata set representing the central
positions of the pebbles packed in an annulus 6fch internal radius, 186 cm external
radius and 10 m height. The pebbles have a dianwte8 cm and the bed is
characterized by an average packing fraction of,Ge6typical value for PBRs. These
data have been computed with the code BP&by Pebble Bed Modular Reactor Pty
which kindly furnished then® They have been obtained simulating the pebbles flo
through the PBMR-400 and they represent a snaghbe pebble positions at a given
time. PFGP is a particle flow computer program that usesiginct Element Method
(DEM) to simulate the non-linear interaction ofamge number of particles and which
simulates directly the physics driving the movemefitthe particles. The PFE
geometry is constructed from CAD models and captihe pebble flow paths. An
illustration of such a model showing the defuelooypes of the PBMR-400 is shown in
Figure 3.2, where also the natural irregular paclohghe pebbles is visibfé. The
oscillations of the packing fraction near the retibe are illustrated in Figure 3.3.
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Defuelling Funnel and Chute {3x)
Figure 3.2: PFCP model of the PBMR-400 showing defueling cones amthutes”
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Figure 3.3: Radial oscillations of the packing fration in the PFC®*® modef®

In the TRIPOLI4 geometry, zones of various sizes @ositioned in different parts of
the core and the surface-surface probabilitiesoatained by applying a uniform and
isotropic neutron source on a boundary surfacesandng only the neutrons crossing
the zone without entering any pebble. To scoregamerate the particles, four very thin
volumes are built on the external side of the boundarfaces of the zone. In one of
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them neutrons are generated uniformly and isotedigi¢so statistically one half of the
generated weight enter the zone) and the othes #neeused to tally the current passing
through the surfaces separating the zone volunteegith of the thin volumes. To tally
the neutrons which cross the bed without havingatysion with the pebbles, a quasi-
infinite absorber simulated by,8(which has a very high thermal absorption cross
section) at very high density is used as pebbleen@ht A mono-energetic neutron
source is used and the current tallies are dividetivo energy bins, one very small
around the energy of the source and one for therionf energies. So even in the
unlikely event that a neutron colliding with a p&blwvould not be absorbed and then
exits straight the zone through one of its surfatesould not be tallied in the higher
energy bin.

The schematic of the simulated geometry is showsigare 3.4.

100 cm ) 86 cm

H L. Spectrum
1 < = Zone

ffffffff et vilielvs
Internal 2 '..-‘,: %;.. r| External

wall B [SCOTRSSUERED Wall

‘

Ext surface |

A SULHCE. |
radius

b,b

Figure 3.4: Schematic of the geometry used to analy the Do

of a spectrum zone

The various zones defined for the analysis havaltape of an annulus with rectangular
cross-section. It is thus possible to distinguishEaternal, an_mternal, a_®p and a

Bottom surface. For example”? is the top to bottom probability.

One can notice that each zone requires a set qﬁZéLG but these probabilities must

satisfy the reciprocity relation!; 4, = p;;.A,, so that the corresponding matrix is

symmetric and the elements to be determined areeeddo 10. Moreover, the form and

symmetries of the zone require that’ = p?? = p! =0, and that statistically

p'E = pBPand p™ = pP!, which leaves only five probabilities to be detaredl.

The results are shown in figures 3.5 to 3.9. IrsehﬁagureSpZ;Z

(e.g. p?T as T- B) and H, W and Rdenote the zone’s height, width and theeenal
surface radius, respectively (see Figure 3.4).

is indicated as: — &’
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Figure 3.9: pZ;Z for H =50 cm and R = 100 cm (internal

surface on the reflector wall) versus zone width W

From Figure 3.5 it is possible to evaluate thedase of thep;’ when the zone is close
to the reflectors, starting at about 3 pebble diansefrom the wall. In the internal part
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of the core, these values are almost constantiguré 3.6, the zone has a fixed height
and a variable width, with the external surfaca fixed position at a radius r = 150 cm.

The p®T is not represented, because it is very small, wherzone is not close to a
reflector (also when the height is smaller thanch) tests were made decreasing the
height until 20 cm). Moreover, notice that” ~ p®’ even if the internal surface has a

smaller area than the external one, and 4t does not increase when the width of the
zone, and so the top area, increases. This meanghih larger contribution t(pz;:

between two perpendicular surfaces mainly occuhéncorner region. From Figure 3.7

and Figure 3.9 it is noticeable that, when the zsrie contact with the reflectop’” is

one order of magnitude greater than in Figure 16 that p®7 is not negligible,

showing the locally enhanced radial and axial reustreaming close to the wall. From
Figure 3.8 one can notice that’” varies slightly with the zone height and th&t®

increases when the height decreases, due to ththé@ larger fraction of the external
surface is in the corner region with the top swfac

This analysis evaluates tm%: depending on the size and position in the corthef

spectrum zones, which can be used to establisiheancodel. However, this analysis is
made in a particular core configuration, so notiladl aspects needed to generalize the
modeling to all possible reactor designs are inadudBhe sensitivity of the core
calculation to the values of the boundary-to-boupgaobabilities have been partially
investigated in section 4.2.3.4.

3.5 Convergence Analysis of Steady-State Reactor

A set of preliminary calculations have been madéwansimplified reactor models, one

cylindrical and one annular, in order to test tbewergence of the developed iterative
scheme. Furthermore, some quantities have beerkaghdo ensure that they had a
physical sense. The model and the results are misgsan section 3.5.1 for the

cylindrical model and in 3.5.2 for the annular one.

The pebbles contained in the reactors have thactaistics of the typical pebbles used
in the PBMR-400, presented in Table 1.Il. To haieent pebble types, the flux in a

single pebble surrounded by an external heliumr|aygh an equivalent radius of 3.54
cm corresponding to a packing fraction of 0.61, hasn computed with a reflecting

boundary condition. The pebble was depleted upeteral burnup levels and the
corresponding isotopic densities have been assdctatthe fuel kernels of the pebbles
contained in the reactor models. The micro-partislsubdivided in 3 computational

equivolumetric shells for the fuel kernel and ohelkfor each of the 4 coating layers,
for a total of 7 shells. The fuel region of the pebis subdivided in 3 equivolumetric

computational shells and the 0.5 cm thick extegnaphite region in 2 shells.
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It has to be noted that each different shell of thel region contains a proper
representative micro-particle. Thus, each additifunal region shell adds 7 (the micro-
particle) + 1 (the graphite matrix) computatioregions to the geometry.

An analysis of the sensitivity to the pebble spatigscretization on the power
distribution in the pebble, on the cokgz and on the computing time has been
performed, in the case of the annular core, in@e&5.2.1.

For both reactors, theniform and therenormalizedmodel for the surface-to-surface
geometrical probabilities computation have beetetesThey gave practically the same
results (within £1 pcm on the cokgy) with the same computing time. So it has been
decided to always use thenormalizedmodel.

3.5.1 Cylindrical Core Containing a Single Pebble Type

In this case the core cavity is cylindrical, with 8fh radius and 300 cm height,
surrounded by upper, lower and external reflecddrs m thick. The core contains only
pebbles with a burnup of 30000 MWd/t. The coreuisdsvided using 6 spectrum zones
of 25 cm width and 100 cm height, each of them a@aomg a different number of
pebble types, having all the same isotopic comjposf with a packing fraction of 0.61.
Even if all the pebbles have the same compositinare than one pebble type is
assigned to the spectrum zones to check if the @®iges and the surface-to-surface
geometrical probabilities are well constructed.sTisidone by checking on the results if
the symmetry of the problem is respected. The nurabhd proportion of the pebble
types in the spectrum zones are given in Tableadd a schematic of the reactor is
shown in Figure 3.10.

I50cm |
Tap
Reft. Table 3.1: Fractions of pebble types in the spectnm zones
Sz1 SZ4
4 Nber pebble types: 2 Nber pebble types: 2
1l Proportion: 10%-90% Proportion: 20%-80%
SzZ2 SZ5
2ls| [?%°¢™ | |seeem | Nber pebble types: 2 Nber pebble types: 2
Eﬁjﬁ Proportion: 50%-50% Proportion: 50%-50%
3|6 SZ3 SZ6
Nber pebble types: 3 Nber pebble types: 1
Proportion: 10%-30%-60%| Proportion: 100%
.\ |
Sﬂr:n?

r
Figure 3.10: Schematics of the simulated annular extor
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In this Chapter for a sake of simplicity the; Ralculations of the multi-pebble
geometries were done with the 172-group JEFF2rarlh whereas the RZ core was
computed with a discrete ordinates diamond differepscheme and 8 broad-energy
groups. AlThus, radial and axial 1& calculations were carried out to homogenize the

reflectors and to compute the specjs(gG of the currents exiting them. One axial

calculation is performed, to homogenize the graploitoss sections of the top and
bottom reflectors, and one radial for the extera#iector.

The RZ geometry is numerically subdivided radiaiy20 — 20 — 40 cells, and axially in

40 — 50 — 50 — 50 — 40 cells, for a total of 184éfions.

Spectrum zones 1, 2 and 3 contain 1058 pebbles e&de spectrum zones 4, 5 and 6
contain 3176; for a total of 12702 pebbles in thactor. All the materials are at a
temperature of 20 °C. The final value of the commﬂorekeff was 0.97097.

Thirty spectrum zones — core iterations were peréat checking how the fission
integrals, the entering currents per group andbpemndary surface, the homogenized
total cross sections and thl:gff converged. Figure 3.11 shows the maximum relative

differences between iterations for these core dtiesit This figure illustrates the

convergence of the scheme, which depends alsoeooatfivergence precisions adopted
for the collision probability calculations of thepextrum zones and for they S

calculation of the core. One can observe that theclked values asymptotically
converge to a sufficiently high precision, thus sinmgmhe good convergence trend of
the scheme.

1E+00

—=— K eff
1E-01 ~ —O— Entering currents
—— Fission integrals

1E-02 -

1E-03

1E-05

1E-06 -

Max difference with previous iteration

1E-07
0

Spectrum zones - core iteration n°
Figure 3.11: Convergence trend of the cylindrical are calculation
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An analysis of the current exchanged at the zonedharies was performed.
The broad-group currents exiting the spectrum zpeedvoundary surface, computed in

the RZ & core calculation, were compared with the fine-grourrentsfid computed,

with the second equation in (3.7), in the corresiioy multi-pebble geometries. For
this comparison, the total currents (over the engrgups) were checked.

The smaller is the discrepancy between the zondmg currents computed in the
heterogeneous and in the homogeneous problem, dtter bs the homogenization.
Comparing the total exiting currents per contacthaf spectrum zones, the maximum
relative difference, between the ones computedhénnbulti-pebble geometry with the
CP equations and the ones computed by th&k3 calculation of the core, is 0.4%,
which is a good agreement.

Due to the symmetry of the geometry, the currentsreng in the spectrum zones 1 and
3 and in the 4 and 6, respectively, have to beldquéhe corresponding contacts. This
means, for example, that the entering current f84rb has to be the same for SZ 1 and
SZ 3. Comparing the entering currents per contatase, in the 8 broad energy groups,
between the corresponding zones and contacts, #&xamam relative difference is of
0.07%. This small difference indicates that the myatry of the problem is respected.
The same order of the maximum relative differerecdound also when the entering
currents are compared in 172 energy groups, whigansthat also the current spectral

shape factors/ , defined in Eq. (3.3), are well defined.

3.5.2 Annular Core Containing Six Pebble Types

The annular core, with 1 m internal radius, 1.5@xternal radius and 1.50 m height,
surrounded by upper and lower reflectors of 1 rokitind by an external reflector of
0.70 m thick, contains 6 different pebble typedwdifferent burnup levels, as described
in Table 3.11.

The core is subdivided in 9 spectrum zones of widilcm and height 50 cm each of
them containing the 6 different pebble types witlpacking fraction of 0.61. The
proportions of the different pebble types in thectpum zones are also given in Table
3.1l and a schematic of the reactor is shown irufgg3.12. Spectrum zones 1, 2 and 3
contain 3324 pebbles each, while spectrum zongsad 6 contain 3870, and spectrum
zones 7, 8 and 9 contain 4422; for a total of 34BB@bles in the reactor. The RZ
geometry is subdivided radially in 40 — 20 — 200—230 cells, and axially in 40 — 40 —
40 — 40 - 40 cells, for a total of 26000 regionB.tde materials are at a temperature of
20 °C.

The details regarding the calculation scheme aredhee as for the cylindrical model.
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Top
Reflector

100 cm
Table 3.1I: Burnup of pebble types in the core and

fractions in the spectrum zones
SZ |87 |SZ .
ililg Pebble | Burnup Fraction in spectrum
Internal Reflector External zones
R I R L R W S AR N Y
2|58 A 0 0.25 1/ 6 0.10
|l B 15000 0.20 1/6 0.11
e C 30000 | 018 1/6[ 0.16
31619 D 50000 | 0.16 1/6 0.18
E 75000 0.11 1/6 0.20
f P F 95000 | 0.10 1/6 0.25
100cm 54 cm 70 cm

Bottom
Reflector

T

Figure 3.12: Schematics of the simulated annular extor

The convergence precision for the maximum relatiifferences from the previous
iteration, were fixed a0 *for the fission integrals and for the entering euts per
group and per boundary surface, and@t’ for the homogenized total cross sections
and for the keff (for this last parameter the precision is checkedtlom absolute

difference).
The core calculation scheme converged after 14tgspeczones — core iterations with
keff = 0.99944, with a computing time of 509s on ani®t€eon® 2.66 GHz processor.

The convergence trend, which is similar to the obgserved for the cylindrical case of
the previous section, is gathered in Figure 3.13.
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Figure 3.13: Convergence trend of the annular corealculation

To illustrate the spectral effects, Figure 3.14vehdhe normalized currents entering
9G
k
The presence of the external reflector is cleaijhlighted by the highly thermalized
current entering the corresponding boundary. Omeoteserve that the spectrum of the
current entering from SZ5, which is located in teatre of the core, is harder than the
ones from SZ7 and SZ9, which are close to theateite

spectrum zone (SZ) 8, expanded in172 groups bgdhespondingyy ~ shape factors.
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Figure 3.14: Spectra of currents entering SZ 8
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Next, the methodology adopted by the actual coddseat the stochastic distribution of
the different pebble types in the core by usingngle average composition type per
spectrum zone, as explained in section 3.1, wagpaoed to the developed method.

To do that, the same reactor was computed witlspleetrum zones containing a single
pebble type. This single pebble type owns the a@eerigotopic composition of the

different types contained in the zone, weightedtie number of pebbles reported in
Table 3.1l. The fluxes in the spectrum zone regiares still computed through the first
equation in (3.1). The geometric probabilities,dus® construct the CP coefficients for
a spectrum zone, are deduced starting from the ssmhef boundary-to-boundary

probabilities pZ’,Z as for the previous calculation. The self-shigldis also performed
using the multi-pebble geometries CP matrices, tdlotaking into account both the
intra-pebble and the extra-pebble contributionthéofirst-flight collision probability for

a neutron generated inside a fuel kernel to collidanother kernel, of the same pebble
or of a neighboring one.

The normalized fluxes in the fuel kernels of thiéedlent pebble types in SZ 5 have been
compared with the one computed in the kernels & torresponding average
composition pebble. The relative differences betwiée spectra are shown in Figure
3.15.

30%

Pebble A
Pebble B
Pebble C
Pebble D
Pebble E

Pebble F
10% :

St Pz =
= A

-10% -J

20 % |
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Relative difference

-20% T T T T T
1E-09 1E-07 1E-05 1E-03 1E-01 1E+01

Energy [MeV]
Figure 3.15: Differences in the kernels spectra rative to the average pebble in SZ5

The strong effect on the spectra of the Pu240 asmmpeak, at 1.06 eV, is highlighted.
For pebble A, a smaller influence of Pu239 and Ru2$éonances at about 0.3 eV can
be noticed. The magnitude of the differences isilaimo those observed in others

independent previous analys&s’ In one of them, the spectral differences betwéen t

fluxes in the fuel kernels of different burnup pldsband of an average composition one
were analyzed by a Monte Carlo simulation.

68



When an average pebble is used for the flux cdiomathe computed coréeff IS

1.00013, only 86 pcm higher than the one obtainedhe first calculation. The
maximum relative difference between the two casethé total 8-group homogenized
cross sections of the spectrum zones is 0.12%eirgtoup ranging from 0.625 to 1.67
eV, where the Pu240 resonance peak is locateddifieeence is rather small, and this
is due to an error compensation which occurs when6t pebbles are averaged in a
single composition pebble, as the differences in #pectra are symmetrically
distributed. Also the maximum relative differencetihe broad-group entering currents
per boundary surface in the spectrum zones is sindldoes not exceed 0.57%.

The effects of using the proper spectra in theediifit pebble types, comprehending for
the calculation of the equilibrium core, are dedpeestigated in session 5.4.

3.5.2.1 Analysis of Pebbles Spatial Discretization

In order to analyze the influence of the pebbleatiap discretization on the main
physical quantities, firstly a fresh pebble surmech by an equivalent helium layer has
been computed with reflected boundary conditiorisis Thas been done varying the
number of equivolumetric shells in which the fuekied (FK) and the pebble fuel
region ER) have been subdivided. Two shells are for therogitephite layer and one
region for the helium.

Each fuel region shell contains a correspondingarparticle in which is computed the
average flux for all the particles contained in shell.

A different fuel material (but with the same isompomposition) has been assigned to
each different fuel kernel shell per fuel regiorelsh The cross-sections of the fuel
kernels are self-shielded using the flux computethe corresponding fuel region shell.
Therefore, a different set of microscopic self-kled cross sections is assigned to each
fuel material.

In the reference calculation both the fuel kermal ¢he fuel region are subdivided in 6
equivolumetric shells, for a total of 69 computasibmegions in the geometry. The
computed pebble + heliuk, is of 1.52867. In Table 3.1 thdifferences in reactivity
from the reference, obtained by changing the sufidiv, are shown.

Table 3.1lI: Reflected pebble reactivity
differences from 6FR and 6 FK discretization

FR shells | FK shells | Total n° regions | Ap[ pcnj
3 3 24 + 3 -1
3 1 18+ 3 -8
1 6 11+3 -2
1 3 8+3 -3
1 2 7+3 -5
1 1 6+3 -9
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One can observe that the variations on kheare in any case very small and that
decreasing the number of computational shellserfulel region has a larger impact that
in the fuel kernels.

For the second analysis, the same effect was dedlwam the coré.s The pebbles of
the 6 different types composing the multi-pebblergetries of the cylindrical reactor
were subdivided in different numbers of computadioshells, as for the single fresh
pebble. Here, a unique fuel material is assignatidaorresponding kernel shells of the
micro-particles contained in the different fuelimyshells. This means that the average
of the fluxes computed over the different shellsised to self-shield each kernel shell.
Thus, the fuel kernels in the different fuel regishells have all the same set of
microscopic self-shielded cross sections.

The reference calculation is the one presenteceatian 3.5.2 with 3 shells for the
kernels and 3 for the fuel regions, for a total 5¥ computational regions in each multi-
pebble geometry. The computed cégg was 0.99944 and the computing time 509s.
The reactivity difference from the reference foe tbore ke and the corresponding
computing times are shown in Table 3.1V for difigrepatial discretizations.

Table 3.1V: Computing time and reactivity difference from the reference for
the cylindrical core computed with different pebbles discretizations

FR FK | Total n° regions in

Ap[pc Calc. time [s
shells | shells | a multi-pebble geo. ol pen] [s]

1 1 49 20 322
1 2 55 15 367
5 4 283 -24 871

One can observe that the reactivity differencesehaw opposite trend than the one
observed for the reflected pebbles, where decrgabim number of shells induces an
decrease of thk,. Moreover on the corks the reactivity differences are larger, but
remain small. Thus, considering also the gain im@ating time, it seems acceptable to
use a single shell for the fuel region and onevar ghells for the fuel kernel.

Next, the variation of the power density in thelfkernels belonging to different fuel
region shells, of the fresh pebble in SZ 5, hawnhadotted in Figure 3.16 for theFR

— 4 FK subdivision. The fuel regions are numbered from ititernal one FR1 to the
external one FR5. The power densities have beemalzed to the value obtained
using a single shell in the fuel region and in thel kernel. This last value is 0.07%
smaller than the one which is obtained averagiegdifferent power densities in the 5
FR — 4FK case, showing that it rightly represents the aye@ower density in the fuel
kernels of the pebble.

Moreover, it can be noticed that the variationh&f power densities in the different fuel
kernel shells are comprised within +2% from therage value.
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Figure 3.16: Normalized power densities in the frdspebble kernels in SZ5

As to conclude, a study was performed depletingefeeated pebble up to 150000
MWd/t and varying the number of shells in which thel kernels and the pebble fuel
region were subdivided. Each shell corresponded tlifferent depleting material, so
that the flux variation over the kernel and thel ftegion radii was correlated to the
differences on the nuclide concentrations compiurtdtie various shells. Moreover, the
impact on the,, at various burnup steps was also checked.

A first set of calculations was realized depletihg reflected micro-particle geometry.
In the reference calculation the Y®ernel was subdivided in 8 shells. When using a
single material for the kernel, the differencesanctivity did not exceed 46 pcm up to
150000 Mwd/t, since the relative differences on thain nuclides concentrations
stayed below 0.5%.

A second set of calculations was realized deplétiegreflected pebble geometry, with
the UQ kernels subdivided in 2 shells and decreasingitheber of fuel region shells
starting from 10 as a reference. When using a sidgipleting material for the fuel
region, the differences in reactivity did not ex@¢de3 pcm up to 150000 MWd/t, since
the relative differences on the main nuclides catreions stayed below 0.1%.

These calculations showed that considering a sidgl@deting material for the UO
kernels has a larger impact, on theand on the computed nuclide concentrations, than
for the pebble fuel region. Nevertheless, the disancies with the reference
calculations resulted quite small. Thus, in theculations performed in Chapter 5 to
compute the equilibrium core a single depletingenat will be used both for the fuel
kernel and for the pebble fuel region.
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3.5.2.2 Clustering Simulations

A cluster of a pebble type in a zone is intended &ariation of the uniform stochastic
distribution such as the total number of pebbleshat type remains constant but a
fraction of them are clumped around a given poirhe core.

Using the clustering model described in sections?.8 cluster of 50 pebbles of type A
and F have been simulated in SZ 5. The spectrum zontains 645 pebbles of each
type.

Thus, the pebble type which cluster has been dividetwo separated groups: a first
one composed by 595 pebbles and a second one cethpgs50 pebbles. The self
pebble-to-pebble probabilityp,,,,, of this last 50-pebble group has been increageal b

factor a of 10 or 100. It is difficult to evaluate what tise physical equivalent to be
associated to these factors, but the main obje®it@ determine the trend of the power
density in the fuel kernels while the clusteringtéa a increases.

The parameten” is assumed equal to 1.

Considering the packing fraction of 0.61, a clusteb0 pebbles around a point in the
core is contained inside an equivalent sphere ofiah3 cm radius. Of course, outside
this imaginary sphere, the fraction of this peltigfge over the total number of pebbles
will be reduced, compared to the not-clustered.case

The total reactor power has been normalized akKWV1g of initial heavy atoms in the
fuel. This value has been computed roughly consigehat in the PBMR-400 the core
power is 400 MW whereas the core is filled with a400000 pebbles and each fresh
pebble contains 9 g of uranium.

The average power densities in the fuel kerneth®fifferent pebble types in SZ 5 are
shown in Table 3.V for a cluster of 50 type A pedsband in Table 3.VI for 50 type F
pebbles. The presence of these clusters has nattetpthe corkes.

Table 3.V: Power densities in the fuel kernels inZ5 and rel. diff. with a cluster of 50 fresh pebble

Average power density ) . .
Pebble Type KW Jemd Rel. diff. from uniform mix
a=1 a=10 a =100
Clust. A (50) 1.165 -0.067% -1.918%
A (595) 1.165 0.001% 0.026%
B 1.061 0.000% 0.024%
C 0.948 0.000% 0.022%
D 0.792 0.000% 0.022%
E 0.596 0.000% 0.019%
F 0.445 0.000% 0.018%
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Table 3.VI: Power densities in the fuel kernels ir8Z5 and rel. diff. with a cluster of 50 most burnt
pebbles

Average power density ) . .

Pebble Type KW Jemd Rel. diff. from uniform mix
a=1 a=10 a =100

A 1.165 0.000% -0.032%

B 1.061 -0.002% -0.032%

C 0.948 -0.002% -0.030%

D 0.792 0.000% -0.028%

E 0.596 0.000% -0.030%

F (595) 0.445 0.000% -0.029%
Clust. F (50) 0.445 0.079% 2.582%

The results show that when the cluster is compao$doesh type pebbles, the average
power density in the clustered pebbles decreasés thle clustering factom increases.
The opposite trend is observed when the clusteromposed by the most depleted
pebbles. This seems apparently opposite to tharigtive idea.

In previous works®“® a fresh pebble clustering in the core has alwagtihought as
been able to create a power peaking in the fuehdtgrof the clustered pebbles.
Nevertheless, in these studies the clustering ispectrum zone has always been
simulated increasing the fraction of fresh pebldesr the total number of pebbles
contained in the zone (for example consideringreezmntaining only fresh pebbles). In
this case, it is obvious that the power densittheawhole zone increases, as the average
U?* atomic density in the zone increases.

However in our approach to clustering, the averdg® atomic density in the zone
remains constant and the total number of pebble=ach type does not vary. But the
positions of the pebbles inside the spectrum zamg from the uniform mix, increasing
a, toward a configuration where 50 pebbles of theeséype are all grouped together.
50 grouped pebbles, with a packing fraction of Q&® contained inside a virtual 13
cm radius sphere.

The trend observed in the calculation could beamralsle while considering that the
neutron mean migration length, which is the rooemequare distance travelled by a
neutron between his birth with a fission and itsaption in the thermal rand@jn a
typical pebble bed is on the order of 80 th.

As a consequence, the 50 fresh pebbles, groupéatkitisee 13 cm radius sphere, will
mostly probably never experience a fission fromeatron which is born inside this
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sphere. They would rather act as a higher denstytron source, compared to the
uniform mix, concentrated in this sphere and semdwore neutrons to the neighboring
pebbles. This would justify the increase of therage power density in the fuel kernels
of the pebble types which are not clustered.

In the same way, when the most depleted pebblaggtbe surrounding pebbles will
be in average fresher than in the uniform mix. This clustered pebbles will act as a
concentrated neutron sink, resulting in an incredgbe power density in their kernels
with a decrease in the neighboring pebbles' kernels

These observations are only hypotheses and shauldobfirmed by a verification
process with some reference Monte Carlo simulatiom$ortunately, in the time period
of this thesis it was not possible to perform thesification. Thus, no other clustering
simulations will be performed in the next Chaptas, the results of the developed
model have still to be verified.

3.6 Conclusions to the Chapter

In this Chapter the new iterative homogenizatiochteque, developed in APOLLO2,
for neutronic computation of pebble bed reactosslieen presented.

As opposed to previous methods, where a singlenwvelaveraged composition pebble
per spectrum zone is used for homogenization pegosur technique includes the
effects of local spectral differences in the séliefling and homogenization processes.
In the majority of the existing codes the pebbletile-heterogeneity is accounted for
by the Nordheim's Dancoff corrected escape proibabBy using a Dancoff factor, it
has to be considered that the extra-pebble comiriibaomes from pebbles which are of
the same type as the one in which self-shieldingeiformed. On the contrary, in the
APOLLO2 developed method, self-shielding is perfednover the heterogeneous
reflected multi-pebble geometry, thus considerixglieitly the different pebble types.

The core is decomposed into several spectrum z@aes, one of which comprises a
stochastic distribution of pebbles with differentribups. Each zone is associated to a
multi-pebble geometry where the pebbles are groupeddifferent burnup types and a
collision probability description is derived by iatucing a "macro-stochastic” model.
This model describes the neutron exchanges betwebhles of different types and
between pebbles and zone surfaces. These exchamegascounted for by introducing a
set of surface-to-surface geometrical probabilit®g modifying these probabilities, it
is possible to model clustering phenomena.

The core is computed with a low-order transportrafpe and, at each iteration, every
spectrum zone is independently homogenized by replai fixedkes source problem,
where thekes and the entering currents are obtained from theipus core calculation.
The convergence of the scheme has been verifiedhendesults obtained for various
configurations are satisfactory.
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The boundary-to-boundary probabilities have beeraluaded by Monte Carlo
simulations of the bed of pebbles in the PBMR-46fecwith the pebbles individually
positioned by a Discrete Element Method code. Tifeaeced neutron streaming close
to the reflector walls is considered, by the proldss variation, both in the self-
shielding and in the homogenization processes.

The results of the test calculations show thatube of an average composition pebble
results in rather small bias kar but discernible flux differences.

An analysis of the pebbles spatial discretizatioovged that the average power density
value computed with a single shell both in the keihels and in the pebble fuel region
is sufficiently precise and representative of théole pebble's micro-particles.
Moreover, while depleting a reflected pebble witlsiagle material both for the YO
kernels and for the pebble fuel region, the disanepes on the resultirg, and nuclide
concentrations with a finer subdivided model aralém

Finally, clustering simulations shown that the powensity in the fuel kernels of 50
fresh clustered pebbles should be smaller thahembt-clustered case. Nevertheless,
this trend still needs to be verified by a comparisnvith reference Monte Carlo
simulations.

To conclude the Chapter, the methodologies usegtidopresently existing codes to
solve the main computational steps of the neutroradeling are summarized in and
they are compared to the APOLLO2 method.

It is to note that a part from APOLLOZ2, all the &ig codes use diffusion as full-core
flux solver and the average composition pebble @ppration to describe with a single
cell the different pebble types comprised in theezo

Table 3.VII: Main features of presently used codefor PBRs neutronic and developed APOLLO2

model
Double — | Flux solver
Homogenizatio Gheoor?]woetryxfgr Self-shielding heterogeneity for homog. Core leakage
technique energ:[ion (s.-s.) of XS 9
9 microparticle§ generation
VooP Rl(te?:rcij:ﬁ n Infinite alf;fmegigg far
; 91 mediumin [P U**fission
buckling and the unresolve Broad-group
GAM. source 68g .
albedo terms Sinale resonances df P1 slowin bucklingtermsg
from the full- 9 Th*®?and U*8| Dancoff NG lin GAM (3 G)|
reflected . down in
core calc. ; Nordheim factors 1G albedo
. pebble with . GAM. )
68g in GAM, homogeneous integral 30 A in termin
30g in fuel .~ treatment for oS THERMOS
THERMOS, 4@ 1€ region i ooy THERM
in CITATION THERMOS resonances
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Geometrv for Double — | Flux solver
Homogenizatio y Self-shielding heterogeneity for homog.
. homog. XS Core leakage
technique . (s.-s.) of XS
generation . . .
microparticles generation
PANTHERMIX Askew's
Multi- equivalent " approximatior '
parameterized infinite ﬂP” subgroup for Pij 1729 i for
. . uxes formain ; equivalent .
XS library. cylinder ; calculations : 169 1D axial
: .~ nuclides. .| cylinder :
By multi-scale| containing ) (flux and main + and radial
approach: microparticlese 'Gakljl:ennt sla nuclides ss.). 16g S, for reactor-cuts g
1729 then 164 + ql]fc')vr other Bende's ng calculations
then 2G in | 1D radial and lid Dancoff factol reactor-cuts
PANTHER axial cuts nuclides for other
nuclides s.-s|
DALTON- Mult- Successive 1| Bondarenko
THERMIX parameterized 1729 1D axia
. Sy method for ;
XS library. . and radial
: calculations| unresolved
By multi-scale . reactor-cuts g
TRISO resonances. Bende's ;
approach. ; 172g & | calculations +
+ Nordheim | Dancoff factol . )
1729, no . axial buckling
o Pebble integral
collapsing till from reactor
+ treatment for .
the end, then 9 radial cuts | resolved ones height
in DALTON i
SCALE 238g XS Bondarenko
library. Successive 1| method for
Energy S\ unresolved | Point-wise
collapsing from calculations| resonances. flux 2389 & Not accounte
point-wise to TRISO 1D SN point- disadvantage 9 for
238g + wise calc. for factors
Monte Carlo Pebble resolved
full-core calc. resonance
PEBBED . . Bondarenko
+ Iterative, with method for Bende's
SHC method.
MICROX . . unresolved | Dancoff factot
Fine-group datgl D two+egion .
resonances. in s.-s. 193¢g Broad-group
pre-computed cells X : .
. 35 Slowing-down + slowing- |buckling term
function of U TRISO . T
densit + B, calculation| Point-wise | down B, or | (6G) from
Y- using point- flux B3 core calc.
193¢ then Pebble . .
; L wise cross | disadvantage
collapsed in 6G section in factors
in PEBBED
resolved res,
PEBBED 167 B, or B3| Bondarenko : 1679 . d
+ lterative. |1D two+region method for ?/g?;liilgl:ly slowing- 1D ra(i|al cuty
COMBINE By multi-scale cells unresolved Dancoff factol down 16G (presentl
approach. TRISO + resonances.| . o (B, or B3) only 1G)
167gthen 99d Pebble Nordheim ra gracin Y + bucklix term
then 16G in + integral ycode 9 99g S for from%ore
PEBBED 99g 1D § | treatment for 1D
. | PEBDAN. calc.
radial cuts | resolved ones$ reactor-cuts
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Geometrv for Double — | Flux solver
Homogenizatio y Self-shielding heterogeneity for homog.
. homog. XS Core leakage
technique . (s.-s.) of XS
generation . . .
microparticles generation
APOLLO2 Iterative. .
Recovering Multi pgbble . Askew's
; geom.: 1D Pij flux P
entering : approximation. 281g
spheres | calculation on ;
currents and - . Spatial reconstructeq
containing the multi- ot f
corekgs from | . : variation o currents per
microparticleg pebble geom leak
core calc. Different | TR resonance caxage 281g K contact
281g for multi- 1 accounted by 9 entering the
pebble types treatment with
pebble geom. bb SZ boundary
coupled |heterogeneous- D1,
then through homogeneous / surfaces and
. D .
13G or26G in exchanged | equivalence. compute_d by imposedkr
APOLLO2 ray-tracing
currents
RZ S
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4 \ferification and Validation

Verification (code to code comparisons includingnparisons to reference modeling)
and validation (comparison to experimental data)iadispensable processes to assess
the confidence in the results provided by a catadescheme.

The codes used for neutronic simulations of nuclesactors are based on both
deterministic methods and stochastic Monte Carlthote The Monte Carlo codes are
generally regarded as the reference tools to repethe physics of a neutron transport
problem and so they are taken as a reference ferdeterministic codes. The
verification process of a deterministic transpodde& consists in evaluating the
methodological biases on some important core pamméeffective multiplication
factor, neutron flux and reaction rate distributicontrol rod worth, temperature
coefficients, etc’f* with the reference results (taking into accounirtbi@certainties)
obtained with a continuous energy Monte Carlo satoh. In a deterministic code
several quantities are discretized (energy groapgular directions, spatial mesh) and
several precisions are imposed to check the coemergof the iterative methods used.
It is intended that finer the discretization is dader the convergence precisions are,
better the deterministic results will fit the redace ones (as long as the multigroup
cross sections used in the deterministic simulagien physically representative of the
problem). Nevertheless, the computing time necgdsarthe calculation will increase.
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As the industrial interest in a code is also sthprgnnected with the requested time for
a calculation, with clearly a preference for fastedes at equivalent precision, the other
interest of the numerical verification is to fintet best approximations that can be
adopted keeping the degradation of the results caeptable level.

It has to be noticed here that the Monte Carlo ktan provides the best physical
description of the problem when the geometry amdcthmposition of the core are well
known. But this is not always the case. For exanvyate Carlo can not be used, up to
now, as a reference for the depletion problemso Aisthe case of pebble bed reactors
its validity as the best method to represent thesiohl problem is questionable, as both
fuel particles and fuel pebbles are stochastiah#ijributed inside the core.

In the validation process, the calculation reshiése to be compared with the data
obtained in an experimental facility. The errorsshhcan then be observed in a neutron
transport code results are mainly due to two cbuations: the physical model adopted
and the cross-sections libraries used for the Glons. To evaluate the reliability of
cross sections libraries, a Monte Carlo simulat@inthe experimental facility is
performed with a great number of histories, in ordereduce the variance, so that the
residual error can be attributed to the errors loa tross sections. International
benchmarks are generally organized to compareehdts of different codes with the
experimental data obtained by some facility, wheeecross sections sets are provided
by the organizer.

For the verification process carried on in this ftkg the Monte Carlo simulations
have been performed with the CEA code TRIPGL.ihich simulates the 3D transport
of neutrons, photons, electrons and positrons. DRIR uses both pointwise cross-
sections produced with the NJOY processing codeesysr self-shielded homogenized
multigroup cross-sections produced by lattice datcans as APOLLOZ2. It addresses
radiation shielding and neutronic (subcritical @nitical) problems.

A common realistic reactor model is set up for T4 and APOLLO2 and the
details of both of them are given in sections 4&hd 4.2.2 respectively.

The progressive verification of the developed iigeacore calculation method, exposed
in section 3.2, is performed comparing the resoiithe APOLLO2 calculations to the
corresponding TRIPOLI4 simulations of four diffetdgpes of core. This is done to
progressively analyze the discrepancies in theltsgsstarting from a simplified
homogeneous core up to a core containing a randxtuna of different type pebbles
individually positioned in the Monte Carlo geometihese different verification steps
are presented in section 4.2.3.

Before presenting the verification on the full reaccalculations, the results of several
studies aiming at verifying the double-heteroggnéieatment of APOLLO2 with
Monte Carlo references are presented in sectian 4.1

For the validation of the developed method in APQI2, the calculation of the critical
bed height in the Chinese experimental reactor HORwvas performed and will be
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presented in section 4.3. Clearly, it does notasgmt an extensive and exhaustive
validation process for the developed method asldhioe done if a nuclear industry

would use it to design a commercial reactor. Né\adess, it can provide a preliminary

demonstration on the reliability of the method.

4.1 Verification of APOLLOZ2 Double-Heterogeneity Treatment

The first part of the analysis is devoted to thefwation of the double-heterogeneity
modeling in APOLLO2 in the case of a typical pebbiged in PBRs. Using this
treatment it is possible to compute the flux, andre reaction rates, inside the kernels
of the TRISO particles stochastically dispersedhm graphite matrix of the inner fuel
region, derived from the entering current throuug pebble.

To verify this treatment we will refer in this thego an internship work conducted in
our lab and we will report its main conclusionseTgebble modeled is of the type used
in an irradiation experiment conducted in the DutdRR reactor with an external
diameter of 6 cm and the diameter of the internal fegion of 4.4 cm. The pebble

contains 9560 TRISO particles with WY@iel kernels of 50Qum in diameter enriched at

16.75%.

A white boundary condition is adopted on the exesurface of the pebble and the
infinite multiplication factor is computed. The fu@ebble collision probabilities
calculation in APOLLO2, including the double hetgeaeity model, is performed using
the 281-group SHEM energy méSand JEFF-3.1.1 libraty’. In the TRIPOLI4 model
continuous energy cross sections are used andethmegry is modeled using both a
random distribution for the microparticles (beirige tmost realistic one) and a cubic
lattice. For the cubic lattice the pitch is adaptedrder to keep the same number of
particles but also to avoid cutting particles ba border of the inner fuel region zone
(by removing the particles in those positions).sTisi done to improve the comparison
with the random distribution, which could not bésfactory otherwisé®

Calculations are performed for different unifornmigeratures, of 27 °C and 1250 °C,
and at different burnups of 0, 60000 and 120000 Mt\Wabmputed with the reflected
pebble).

The reference results are the one obtained in TRKPQuith the random grain
distribution, where the relativie; are computed with a varianceon the order of
40 pcm in the different calculations.

The comparison shows that thkg obtained with the lattice distribution in TRIPOLI4
are within 3. In the same way, the results obtained by the ARQR kcalculations are
always within &.

The double heterogeneity treatment of the TRISQighes in APOLLO2 fits well with
the reference results for pebble configurationl(fwatent and enrichment) that will be
encountered in the core model.

A supplementary verification with a TRIPOLI4 comigan of the APOLLO2 double
heterogeneity treatment in a prismatic HTR fuel wesle in Ref. 104. In this study the

81



influence of the grain size was analyzed and ah#jigworsening of the relative
differences with reference was observed for pagiciameter greater than 40@.
Finally, the homogenization with APOLLOZ2 of the péb fuel region was used to
model the first criticality of the HTR-18? In this work the authors use TRIPOLI4 to
model the geometry of the reactor with a latticeadiption of the pebbles inside the
core. The fuel region of the pebbles is represeht#i via a lattice of microparticles
both by a set of multigroup cross sections (172rggn@roups) obtained from the
APOLLO2 calculations. For this last configuratioa, 1D calculation of a pebble
containing the microparticles in the fuel regionpsrformed with white boundary
condition and critical buckling. The cores computed in TRIPOLI4, using the
APOLLOZ2 libraries, is very close to the one caltedausing the detailed description of
the microparticles in a regular lattice and witmiouous energy cross sections. The
relative small effect on thky confirmed on the one hand the appropriate treatmien
the double heterogeneity in APOLLO2 and on the ottend that the calculation
scheme using multigroup cross sections in the fegion appears as a reliable

approach.

4.2 Verification of the Developed Method by Monte CarloSimulations

A common reactor model was set up in order to compiae results issued from the
iterative core calculation scheme developed in APO2, and exposed in section 3.2,
with the ones obtained with TRIPOLI4 simulationbeTdetails of the TRIPOLI4 model
are given in section 4.2.1, and the ones of the IARI2 model in section 4.2.2.

Table 4.1 List of test cases computed for the veiifation

SZs containing a homogeneous materi
both in T4 and in AP2.
Standard RZ $core calculation in AP2.

Full cylindrical geometry in T4.

al SZs containing individual pebbles in T4 o

associated multi-pebble geometries in AP’E.

281-group homogenized pebble fuel region.

Y, cylindrical geometry in T4

1) Homogeneous core: from a single
50000 MWd/t pebble homogenized.
8-group XS in T4 and in AP2.

Fine and broad RZ spatial meshes.
Cold core conditions.

2) Heterogeneous core: diverse SZ
materials from homogenizing reflected
AP2 multi-pebble geometries.
281-group P1 T4 XS.

8, 13, 26 and 281 group XS in AP2 R4
Su. Diffusion tested with CRONOS2.

Cold core conditions.

3) One pebble type of 50000 MWd/t in the

whole core.

Continuous or 281-group P1 and PO* T4
graphite XS.

8, 13, 26 and 281 group XS in AP2 R S
Cold and hot core conditions.

4) 3 random mixtures of 6 pebble types.

Diverse pebble types fractions and reactig
rates per type in each SZ.

281-group P1 T4 XS.

13 and 26 group XS in AP2 R4S

Sg and S angular quadrature.

Cold and hot core conditions
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In order to progressively verify the results of theOLLO2 (AP2) calculations against
the ones obtained with the corresponding TRIPOM4) (simulations, four different
types of core are considered and analyzed in hmdbsc

The characteristics of each of them are resumd&alote 4.1 and are deeper explained in
section 4.2.3.

An important limitation for the Monte Carlo geometsuild-up is that the number of

volumes to be described is huge due to the amdpshibles in the core, in the order of
10, and it is not possible to describe all the volarifehe microparticles are explicitly

defined inside each pebble. This is due both to amgmequirements and computing
time. It is consequently not possible to modeldbee geometry taking into account the
double heterogeneity of the fuel pebbles.

Nevertheless, as the capability of the double-bgemeity treatment of APOLLO2 to
properly describe the presence of the TRISO petitiside the pebbles was verified in
section 4.1, it will be possible to assume an emaivt homogenized fuel region
material in the inner fuel zone. Thus, the pebldengetrical description will consist,
both in TRIPOLI4 and in APOLLO2 models, in two hogemous regions, the outer
graphite shell and the inner fuel region.

This will verify the whole interactive core calctitm scheme, allowing to compare
both local quantities such as the power distributi@tween the pebbles of different
types in a given spectrum zone, and the integralsoas the cor&s and neutron
leakage.

In order to assign a homogeneous material to tiblps inner fuel region, a single
pebble, with the properties specified in table, Was computed with APOLLO2 using
an external layer of helium, up to the diameteB®&37 cm to account for an average
packing fraction of 0.61, with white boundary cdm@hs and using the 281-group
SHEM JEFF-3.1.1 library. A depletion calculationsmearried on up to the value of
95000 MWd/t and a set of fine groups P1 anisotromgs sections were stored at the
burnups of 0, 15000, 30000, 50000, 75000 and 93@W/t. These cross sections
were used to describe the inner fuel region ofglkbles both in APOLLO2 and in
TRIPOLI4. The self-shielding was performed on tlél fieometry (pebble + extra-
region including helium) thus accounting for theenpebble leakage. The pebble flux is
computed with the collision probabilities method¢caunting for the double
heterogeneity of the micro-particles, and selfslmg is repeated at each depletion
substep.

4.2.1 TRIPOLI4 Reactor Model
In order to describe the geometry of the problemROOT progranf® was used. The

ROOT system is developed by CERN and provides afsaject oriented frameworks
with all the functionalities to handle and analyaege amounts of data in an efficient
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way. Using ROOT it is possible to easily describeomplex geometry which can be
read afterwards from TRIPOLI4.

The advantage of using the ROOT geometry construstthat it is possible to create
and place geometrical objects using logical opesatimops, subroutines and to read
data from external files. These functionalities everery useful for constructing the
pebble bed itself, as it was possible to place gatible individually and to assign them
a specific material for the fuel region to repreasifferent burnups.

The individual positions of the pebbles are dedidtem the data set provided by

PBMR Pty Ltd* which has already been used for the calculatiothef;’ boundary-

to-boundary probabilities, as explained in sect®d. This guarantees consistency
between the data that are used to describe thepeblble geometry in APOLLO2 and
the effective pebble distribution in the core af IfRIPOLI4 model.

Besides the motivation of the coherence of ﬂzl% modeling the core with the pebble

positions individually described allows taking peoly into account the effects of
packing redistribution close to the wall, which HBeen described in section 1.4. This
effect, which enhances neutron streaming close ht® reflectors, would not be
accounted if a lattice was used to model the bid.lattice approach is the mostly used
one when PBRs are modeled with a Monte Carlo 5% In this case, the pebble are
positioned as the elements of a lattice, whichesafrom body-centered cubic, face-
centered-cubic, hexagonal close-packed, etc., hadctre cavity is filled with this
lattice. Obviously, this approach has several htons: the packing fraction remains
constant in the whole core and does not decrease tb the reflectors, the streaming
effect close to reflectors is no longer represensederal pebbles of the lattice which
are intersected by the reflectors surfaces arehysigally cut. The advantage of the
lattice description compared to the pebbles indialy positioned is the great gain in
computational effort needed. While in a random fased geometry all the
intersections with all the surfaces of the geomdiave to be computed before
transporting a neutron along a straight line, lattce is already known that the closest
volumes are the ones in the adjacent element dattiee. This elementary observation
is the one which makes simulations in a latticaicttre much faster than in an
unstructured geometry. As a consequence, the UR®OOIT to build the geometry gives
another advantage compared with the standard TR @tometry. When building the
geometry, ROOT creates other additional structwaked voxels, which are a sort of
bounding boxes filling the geometry space and sudieig it in sub-spaces. This
structure fast up the research algorithm of theestantersected surfaces, as they will
be searched only in the voxels adjacent to the(ane of course in itself) containing the
point from where the particle is transported. Thecpss of voxels creation is called
voxelization and, as it will be explained in sent#.2.1, it gave a limitation for the size
of the geometry. Conscious of the larger computatieffort, but of the better physical
description of the individually positioned pebhiewas considered possible to execute
the simulation with this geometry thanks to theyéaparallel processors capacity of the
CEA clusters.
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The main interest of this verification processasverify the iterative homogenization
scheme based on the "macro-stochastic” transp@rosimation in the multi-pebble
geometry. For this reason, the reactor model waplgied, in order to focus on the
representation of the core itself and to reduceptiasible gaps between the results of
TRIPOLI4 and APOLLO2 models to the treatment of Hesl of pebbles. In order to
avoid geometrical complex shapes, from the dafzebbles positions distribution in the
PBMR-400, the top part of the bed, in which thelpelare still not packed like in the
lower heights, and the bottom one, which is infleesh by the presence of the three
discharge cones, have been cut out. From the 1léighthof the PBMR-400 core, only
9 m, starting 1 m under the bed top, have beemestaThe 50 cm helium gap between
the top reflector and the top of the core has aklsen neglected. Nevertheless, if the
presence of this void cavity is of difficult treagmt when performing the core
calculation in diffusion, it should not create peutar problems when the core is
computed with a transport meth®4.

Finally, the geometry of the reactor model condista 9 m height annular cavity, with
radius ranging from 100 cm to 187 cm and a cemgr@bhite column of 1 m radius, an
external graphite reflector of 1 m thickness aridpaand bottom graphite reflectors of 1
m height. The cavity was subdivided in annular oagito represents the spectrum
zones subdivision used in the deterministic code.tHis thesis specific studies
concerning the optimization of spectrum zones subidin were not carried out. This
can be done both by testing different subdivisiamsthe deterministic code and
comparing the result to the reference Monte Caalouation and also like in a recently
proposed methodology, but where the core calculaoperformed in diffusion, by
analyzing some predefined spectral inditésThus, the VSOP spectrum zone
subdivision of the PBMR400, which is based on eegiing evaluatioA® was adopted:
the core is divided in 5 axial channels (A to E)répresent the flow channels, the
internal and the external one, which are closeh® feflector region, are axially
subdivided in 15 equivolumetric zones, since thedltentral ones are subdivided in 11
equivolumetric axial zones, for a total of 63 spat zones. The spectrum zones are
numbered from the top to the bottom and from therimal to the external channels. The
boundaries of the channels and the volumes ofdbgective spectrum zones are given
in Table 4.1I.

Table 4.11: Flow channels redial positions and SZ @lumes

Chan. A Chan. B Chan. C Chan. D Chan. E

Ext. rad. [cm] 110.0 135.0 152.0 177.0 187.0

SZ Vol. [em?] | 3.958E+05 | 1.574E+06 | 1.254E+06 | 2.114E+06 | 6.861E+05

A different axial subdivision is employed in VSO® gimulate the relative velocity of
the pebbles, which is lower in the regions closéhtoreflectors. In this way, if a fixed
time T is assumed for the pebbles to flow through thgltesf a zone, the ones flowing
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close to reflectors will spend TS0 get out of the core from the top, and the @ntr
ones will spend I1L

The pebbles have been individually positioned im®dch spectrum zone. For the ones
which are overlapping between two or three zortes,proper portions of the volume
are accounted in the corresponding spectrum zongkich they are comprised.

The burnup of each pebble is assigned in two diffemanners: in the first analyzed
case all the pebbles of the core have the sameaupuevel, while in a second set of
cases six different burnup levels were used. Thiaupuwas assigned randomly to each
pebble, with a uniform probability. Three differemndom distributions were simulated
in order to evaluate the impact on the core charmtics and the capability of the
APOLLO2 calculations to reproduce different sitoas. When using pebbles of
different burnup types, some sources of uncertaimse introduced for the comparison
with the deterministic calculation. This is duethe fact that in the APOLLO2 model it
is necessary to furnish the fraction of the différdeurnup pebbles over the total number
of pebbles contained in the zone. Thus, duringctimestruction of the ROOT geometry,
in order to count the number of pebbles of differgype comprised in a zone, when a
positioned pebble overlaps between several zoreselative portion of the volume
belonging to each zone should be evaluated. Neslegh, also neglecting the
curvilinear internal and external surfaces of tbaezand approximating them with two
planes, to compute the fractions of the volume Hmctv a sphere is divided when
intersected by two perpendicular planes is a coxpieblem. Thus, for the purposes of
this verification, it has been considered that, doethe large number of pebbles
contained in a spectrum zone (at least 650 innedlsr zones, the ones of the internal
channel), each time that a pebble was overlappitig avzone surface it was accounted
only by half of its volume, and when it was intexteel by a corner of the zone only by a
fourth. This approach has been considered a $tatlgtgood approximation to evaluate
the portion of different burnup type pebbles inleaone, but it can introduce an error
when comparing the reaction rate per pebble typedsn TRIPOLI4 and APOLLO2,
as explained in section 4.2.3.4.1.

At this point, having defined all the dimensionglanaterials, the ROOT geometry of
the full core, which contains 366561 pebbles, wak,but a problem was encountered
during the voxelization phase due to a limitationtbe number of allowed volumes in
the geometry.

It was necessary to restrain the geometry to onetfoof the core, using reflecting

boundary conditions on the lateral sides, whichegthe final geometry used for the
simulations and illustrated by Figure 4.1 (where thebbles are placed only in the
bottom of the core in order to show the spectrumezsubdivision). Of course, it is

possible to use such a restrained geometry dudngoakxisymmetric nature of the

problem. This also allows to have a better statiatid a faster simulation (as the total
number of surfaces is smaller) with the same nurobesndom particles. Nevertheless,
this introduces a supplementary approximation, Wwhatfects are difficult to evaluate,

of un-physical cut pebbles at the lateral sideghef geometry. Still, the fraction of
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lateral cut pebbles over the total number presernhe 1/4 geometry (94198) is only

5.24%, so this approximation should not have aisogmt influence on the results.

Figure 4.1: TRIPOLI4 Reactor Model

In order to furnish all the necessary data to tROALO2 model, it was also necessary
to evaluate the packing fraction of the pebblessath zone. This has been done
computing the helium volume in each zone in twoasafe ways: first using the volume
evaluation option of TRIPOLI4 and secondly devehgpia script in ROOT which
allows to generate random points in the geometdytarevaluate the volume of a given
material and the associate uncertainty. For botnyelative error on the helium volume
was set at 16 of the zone volume. Knowing the helium volume irome, the packing
fraction pkf is straightforward derived apkf=1-V_ /VZOM, where V, is the

helium volume anoVZW is the spectrum zone volume. The results obtawmidd the

two codes are slightly different. Thokf computed with ROOT has been retained to be
used for the verification calculations. They arewh in Table 4.111, together with the
relative difference of the TRIPOLI4 ones from them Table 4.IV. The relative
differences between the two setpif show a systematic deviation, but the reasons of
this have not been investigated. These two diftesets of packing fraction will be used
to evaluate the sensitivity of the resulksi(and core power distribution) to thodf in
section 4.2.3.4.3. As it can be noticed, the pagkiactions of the zones in channel A
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(the internal one) and channel E (the external care) lower than in the central
channels, showing that the redistribution of thelpes close to the walls effectively
result in a locally less densely packed bed. Moeeoin a given channel thekf are
lower at top and bottom and they are not symmélyidsstributed respect to the middle
height. This is due to the fact that, since thebgellistribution data are computed for
the PBMR-400, on the top of the core the bed it it compacted as on the lower
parts, whereas at the bottom the pebbles stag-torange approaching the discharge
cones.

Table 4.111;: ROOT computed packing fractions Table 4.1V: Rel. diff. of T4 computed packing
fractions from ROOT ones

CHAN A|CHAN B| CHAN C| CHAN D| CHAN E CHAN A|CHAN B| CHAN C| CHAN D| CHAN E
0518 | 0585 | 0.590 | 0.586 | 0457 0.45% | 0.11% | 0.00% | -0.09% | “0-48%
0.526 0.458 0.49% -0.43%

0592 | 0.606 | 0.594 0.18% | 0.01% | -0.05%
0.528 0.467 0.45% -0.46%
0525 | 0596 | 0613 | 059 | 0471 041% | 0.20% | 0.02% | -0.07% | -0.45%
0, - 0,
0524 1 4597 | 0614 | 0597 | 9463 046% | 2006 | 0.00% | -0.1106 | 043%
0.530 0.469 0.43% -0.46%
0.595 | 0.616 | 0.599 0.25% | 0.00% | -0.07%
0.525 0.476 0.45% -0.47%
0533 | 0599 | 0615 | 0.599 | 0.476 0.47% | 0.20% | 0.02% | -0.07% | -0.43%
0.540 0.483 0.47% -0.48%
0.601 | 0.617 | 0.601 0.17% | 0.00% | -0.08%
0.535 0.482 0.40% -0.45%
0, 0, - 0,
0540 | 0602 | 0617 | 0.602 [T o 046% | 0-16% | 0.03% | -0.07% [~
0.537 | 0.600 | 0.619 | 0.604 | 0.496 0.43% | 0.18% | 0.00% | -0.09% | -0.45%
0.535 0.502 0.45% -0.49%
0.602 | 0.618 | 0.604 0.15% | 0.00% | -0.06%
0.539 0.500 0.48% -0.46%
0549 | 0591 | 0.601 | 0596 | 491 0.43% | 0-14% | 0.02% | -0.01% | o 4506

Finally, two different temperature distributiongarsed to simulate the cold conditions
and the hot power ones. For the cold reactor &l haterials are at the room
temperature of 27 °C, and for the hot one the gtapbf the pebbles and of the
reflectors are at 701 °C, and the kernels anddlaérg layers are at 900 °C.
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4.2.2 APOLLO2 Reactor Model

The same reactor dimensions of the one used iMRMROLI4 model are used to
describe the core RZ geometry in APOLLO?2, illustchin Figure 4.2.
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Figure 4.2: APOLLO2 RZ reactor model

The lateral reflectors were divided in three difer materials, whose homogenized
cross sections are obtained by three Lx&8culations representing the radial structure.
One more 1D $ calculation of an axial structure is performedctompute the broad
group cross sections (together with the spectrapstactor for the entering current,
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X:G) of the top and bottom reflectors. These calcoletiwere performed assigning to
the core region of the 1D geometry a set of homiageinfine group cross sections
corresponding to the different spectrum zones. Bbiswas obtained computing with
reflected boundary conditions the related multifgelgeometries. For example, for the
1D geometry representing a radial cut at the ckrtedght of the core (used to

homogenize Internal Reflector.2 and External Réfle2 and compute theb(]fG), the

homogenized cross sections of the SZ 8, 21, 32ndi356 were assigned to the relative
radial regions.

The pebbles which compose the multi-pebble geometrgprise two homogeneous
regions, the outer graphite shell of 0.5 cm thiekich was divided in 3 equivolumetric
computational layers, and the internal fuel regidinjded in 10 computational layers,
which is associated with the 281 groups P1 crossoses also used in TRIPOLI4. All
the fine-group cross sections are taken from th&=3E1.1 CEA library. In the collision
probabilities calculations of the multi-pebble gestres, the PO transport corrected
(PO*) cross sections are used. For theRZ core calculation different broad-group
structures were tested: a 8 groups strutttinehich was developed for the transport
calculations of PWRs, a 13 groups structtiteleveloped specially for HTRs, a 26
groups structure® developed by CEA for transport calculations in PS\#Rd also the
281 SHEM structure without energy collapsing. Tladcalations performed with no
energy collapsing will allow determining the appiafeness of the methodology
utilized to homogenize the graphite reflectors.

The spatial mesh of the RZ geometry has been degtedmby performing some
preliminary calculations with different meshes assented in section 4.2.3.1.

The S calculations of both the 1D equivalent structurel af the RZ core are
performed using the diamond differencing schemeaglangular discretization. In a
previous published work on the, $alculation of a RZ pebble bed reactor md&fet,
was observed that the core eigenvalue, the axiepand flux distribution changed
very little when increasing the angular quadratwrer S. At the end of the verification
process in section 4.2.3.4, an evaluation is madthe saved computing time passing
from S to S, together with the relative differences on theiitss

To complete the input data needed to define theiipebble geometries, the respective
packing fractions of Table 4.1l have been assigttedach of them. Moreover, for the
three cases where six different burnup types wssegaed to the pebbles, the fractions
of each type present in each spectrum zone wagnassas they were computed while
building the ROOT geometry.

b,b
k'k
presented in section 3.4, particularly distingughbetween the zones adjacent to the

Finally, the boundary-to-boundary’’ probabilities were deducted from the data
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internal (channel A) or to the external (channeféi)ectors and the ones belonging to
the central channels (B-C-D).

4.2.3 Comparison of the Results for Different TRIPOLI4 Cares

In order to progressively verify the results of tAP2 calculations against the ones
obtained with the corresponding T4 simulations,rfdifferent types of cores, whose
characteristics are depicted in Table 4.1, areidened and analyzed in both codes.

In the first two simulations the spectrum zonesoth T4 and AP2 models contain a
homogenized material and a full cylindrical reactardel is used in T4 (instead of %4).
The main objective of this set of calculationsasassess the capability of the AP2 RZ
Sy solver to properly compute a large size geomadptimizing the computational
parameters and analyzing the effects of changiogmstructure.

All the simulations are carried out at a uniforrmpeerature of 27 °C.

- Core 1): a homogeneous core is simulated whergalspectrum zones contain
the same material, both in T4 and in AP2.
The core material is obtained homogenizing in 8ugsowith AP2 a single
reflected pebble.
The coherence of the AP2 RZ core spatial mesh, adle@dlong the next
calculations, is checked toward a refined one. dtvvergence parameters of
the S solver are optimized. The results are presentsdétion 4.2.3.1.

- Core 2): the simulation (results gathered in sectt®.3.2) is carried out with
the cross sections of the spectrum zones obtaipdtbimogenizing in AP2 the
respective multi-pebble geometries with reflectembriary conditions. The
multi-pebble geometries contain a single pebble typ50000 MWd/t, but they

differ in the pkf and thepz;z . Thus, the spectrum zones of the T4 model contain

a homogeneous material, but with a different se2&%f-group cross section per
zone.

For the AP2 calculations different broad-group ggestructures are tested. This
allows checking the precision of the R Solver of AP2 on a heterogeneous
core and evaluating the computing time associatedhe different group
structures. Moreover, the core is computed alsh witliffusion solver, in order
to evaluate the associated precisions and gaianpating time.

In the second set of simulations, the core cavitythe T4 model is filled with
individually positioned pebbles. The ¥ cylindrig@dometry is simulated in T4. In the
corresponding AP2 model each spectrum zone of thedRe is associated to a multi-
pebble geometry and the core is computed with tbeeative calculation scheme
developed in this thesis.
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Both a low-temperaturd.T) and a high-temperaturel7) model are simulated.
This is the proper verification of the developed@®R.O2 model.

Core 3) the core cavity contains a single typeaifljpes with a burnup of 50000
MWad/t. The results are presented in section 4.2.3.3

In T4 the graphite material is associated to a6@81-group P1 cross sections,
but an analysis is performed using also PO tramsporrected (P0O*) and
continuous energy cross sections. This last amslysiesented in section
4.2.3.3.2, allows quantifying the effects of usmgltigroup P1 cross sections
for graphite in TRIPOLIA4.

For the AP2 full-core calculation several groupustures are used and the
discrepancies with the T4 results are checked.

Two different ways of computing the production satge compared: one using
the RZ flux computed over the homogenized zonetemah and the other using
the heterogeneous flux computed over the assoamabdtpebble geometry.

The spectra of the entering currents from the c&dls are analyzed, in section
4.2.3.3.1, and compared between T4 and AP2.

Core 4): the core cavity contains six different eégpof pebbles randomly
distributed. Three different random distributiome aimulated.

In T4 the graphite material is associated to @&281-group P1 cross sections.
In AP2 the 26-group and the 13-group structures umed for the full-core
calculations.

For the reaction rate comparison, both the didtionuof the average values over
the spectrum zones and the repartition over theable types in each zone are
verified. This last verification is made in secti2.3.4.1.

To conclude the verification process, an analysigshe computing time is
performed, in section 4.2.3.4.2, verifying also theangular quadrature in the

AP2 RZ calculation. Finally, a sensitivity analysis the results fopkf and p%

k'K
variations is presented in section 4.2.3.4.3.
This is the most complex core used in the veriicaprocess and it helps verify
the capability of the developed AP2 iterative coaculation scheme to properly
compute a PBR core containing a stochastic mixaticéfferent pebble types.

For all these simulations, when comparing the tesof a given calculation with a
reference one, the difference with the referekgewill be expressed in terms of
reactivity as

Ap=r—"—"—. (4.1)

92



To compare the total reaction rate densitref each spectrum zone in the core, we
express the maximum relative difference with tHerence result. This is done for the
rates of reaction over theSZwhich have a shape factaf, larger than 1.:

TT,SZ o Tr,SZ,Ref

% _
A5f>17'r =max

82 =1, N, for SZwithsf >1, (4.2

752, Ref

where N, is the total number of spectrum zones in the core.

The shape factor is the ratio between the averegetion rate per unit volume in the
spectrum zone and the average reaction rate densitye core. The zone with the
highest power shape factor is called hot spot airsdaf particular interest in analyses of
nuclear reactors as its conditions generally dete¥nthe thermal-hydraulic and
mechanical safety factors.

In AP2, the average total reaction rate density a/8Z is computed as

dE | dry, _ (E, E,
T:;f [drs,, (Br)¢(Er) »
r V )

57

where x denotes a fissionable isotop&, , is the zone volume and., , is the

macroscopic cross section for reactioand isotopex. In this study production rates,
with 2., , =wv2, , and absorption rates, withi, , =2J,  , were computed. In the

a,r’?

presentation of the results the production ratdé bve indicated ast . p: and the

absorption ones as, .. The distribution of the production rate in therecas very

similar to the power rate, but it has been preteras comparison parameter for a
question of coherence between T4 and AP2.

The reaction rates integrated over the differemicspm zones of the AP2 RZ model
can be computed in two different ways.

They can be computed directly with the fluxes o fRZ core. A spectrum zone is
composed by a homogeneous material associateditgle set of homogenized broad-
group cross sections. The reaction rates, thusc@mgputed summing the product of
these cross sections by the values of the broaabditax over the computational cells
belonging to the spectrum zone in the RZ geometry.

A second possible way is to compute the reactiesraver the multi-pebble geometries
with the fine-group heterogeneous fluxes. In tlase; the reaction rates are computed
with the proper fluxes of each pebble types over kieterogeneous multi-pebble
geometry. The spatial variation of the flux ovee #tone region in the RZ geometry is
not accounted for, rather an averaged value cornorg the current balance is used.
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Because the multi-pebble geometries are couplezlgr the interface currents, it is
only necessary to normalize the sum of their tteds to the total core value.
In the presentation of the results, the rates caetpwith the RZ broad-group fluxes are

indicated asr”? and the ones computed with the fine-group multighelyeometries

fluxes are indicated as™”” . Obviously, this distinction can not be madetfe cores
1) and 2) where the spectrum zones of the AP2 mar@ehot associated to any multi-
pebble geometry.

Finally, the T4 simulations were performed genetil0000 batches of 50000
particles, for a total of 80 ran particles. Each simulation is parallel comgube a
cluster of 64 Itanium2 1.6 GHz processors, takidg k. This high number of histories
was necessary to reach an uncertainty on the ggeawalue in the order of 10 pcm and
on the reaction rates lower than 1%.

The AP2 calculations were executed on a AMD/Opté&dibit 2,8 GHz CPU.

4.2.3.1 Homogeneous Core

The homogeneous core was created assigning tgeditram zones the same cross
sections in the 8-group structure, both to the md & the AP2 models. These cross
sections are obtained, as described in sectiorb¥.2omputing a single reflected pebble
with a burnup of 50000 MWd/t with a critical buakdj search. This burnup value has
been chosen as it is close to the average burng3@d0 MWd/t calculated for the
pebbles contained in the PBMR-400 in equilibriuratest™ All the materials are at a
temperature of 27 °C.

For the graphite reflectors the 8-group cross emsti are issued from the
homogenization of the external graphite fuel freaezof the pebble. The cross sections
have been furnished to the T4 model and to the REZdBe model of AP2 with the P1
scattering approximation.

To define the spatial mesh of the AP2 RZ core maalebarse mesh has been compared
to a finer one. It has to be noticed that, dueh® different number (15 or 11) of
spectrum zones per channel, using a constant sésh wnly a common multiple of
these numbers can be used to axially subdividedhe. Thus, the broad mesh had 25
cells for radial and axial subdivision of the reflers, 25 cells for the radial and 165 for
the axial subdivision of the cavity. While the firmesh had 50 cells for the reflectors,
50 radial and 330 axial cells for the cavity.

The parameters for theySolver have also been fixed and they will be usgéld these
values in the calculations of the successive segtibhey are fixed to:

- 10° for the precision on the punctual fluxes in int@riterations;
- 10*for the precision on the punctual fluxes in theriteations;
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- 10 for the precision on the punctual fluxes in exa&titerations;
- 10° for the precision on the core eigenvalue;

- A maximum of 20 internal iterations and 10 therntatations per external
iteration.

By comparing between themselves the AP2 resultaimdd with the two different
meshes, it appeared that the coarse mesh is saffito discretize the geometry, since

the computedks are the same and tfr&sbl T oron and theAsf>1 T inso ar€ smaller

than 0.1%. Moreover, the computing time is redubgda factor 2.3 with the broad
mesh.

Finally, it was observed that a large number oéedl iterations were needed to the S
convergence. This was mostly associated to a stowergence of the highest energy-
group fluxes in the graphite reflectors. The fissmeutrons, produced at high energy
only in the core cavity, are slowed down in graphsio that the fast flux is very small in
the external parts of the reflectors. As convergeiscdetermined by comparing the
absolute differences on the flux values betweendwternal iterations to the requested
precision, the oscillations on very low flux valuesn generate convergence problems.
Still, the influence of the fast flux in these ext@ regions has negligibly impact on the
flux distribution in the core cavity. Thus, the e@ngence verification on the punctual
fluxes was limited to a restrained zone of the tagatJsing the broad spatial mesh, only
the 18 cells, of external, top and bottom reflestatoser to the cavity were considered
for the convergence verification. This allowed @ngaf a factor 1.8 in computing time
without significant differences on the core shagdrs.

Coming to the comparison between the T4 and the #Balts, the cor& obtained
with the T4 simulation is 1.11874, with an uncertgiof 9 pcm.

The last calculation described in AP2 differed frima T4 simulation by @\p of 12.3
pcm, a A’ of 0.28%, aA” r - of 0.31% and an” =~ = of -0.10%.

T
>1 = PROD ABS Hot Sp. = PROD

These results demonstrate the reliability of th& AR RZ solver to compute large size
geometries with a core structure and cross-sectibasacteristics close to the annular
PBMR.

4.2.3.2 Heterogeneous Core with Homogeneous Spectrum Zones

For the successive comparisons, the spectrum zmeeassociated to a homogeneous
material, both in the T4 and in the AP2 model, Wwith different cross sections for each
zone. The cross sections are obtained by compwutitiginfinite boundary conditions
the multi-pebble geometries associated to theivelabnes, as it is done to initialize the
iterative core calculation scheme in AP2. FromPRh&ux calculation of a multi-pebble
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geometry, the P1 cross sections, homogenized beewhole multi-pebble geometry,
are produced using a 281-group structure for thembdlel and the different group
structures described in section 4.2.2 for the AP@deh Furthermore, diffusion
calculations were carried out using the CRONOS2£5dThe homogenized reflectors
cross sections for the AP2 and CRONOS2 models lar@ned performing the three
radial plus one axial 1Dy\Salculations described in section 4.2.2

The multi-pebble geometry is composed by a singlebfe type of 50000 MWd/t and

the temperature of pebbles and helium is 27 °@iffiers from the geometry of a simple

pebble surrounded by a helium layer as it incluthes surface-to-surface geometric
probabilities, which will be successively used l tcalculations performed in section
4.2.3.3 and 4.2.3.4, and it is so computed by uiegCP matrices described in section
3.2.3.

Compared to the previous simulation made with tbemdgeneous core, all the multi-

pebble geometries are constructed with the propekipg fraction reported in table

Table 4.11l. It has to be noticed that the valuetlo¢ packing fraction used in the

previous simulation (packing fraction equal to (.6 not the average value of the
ROOT computed packing fractions, but it is the ¢gbivalue considered in pebble bed

modeling**®

The comparison with the Monte Carlo reference ala@termining the precision of the
RZ solvers (§ and diffusion) for a heterogeneous core, wherdethel of heterogeneity
is at the spectrum zones size. Moreover, the effettie group structure on tlker and

on the production distribution in the core will bstimated, together with an evaluation
of the computing time.

The computed cork. with T4 was of 1.10591, with a relative standaevidtion of 7
pcm, since the production shape factors, with tspeaated standard deviations, are
given in Table 4.V

From the production distribution, it is possible dbserve a higher production at the
bottom of the core, compared to the one at theTbs distribution is a consequence of
the distribution of the packing fractions, whiche ahigher in the core bottom, as
observed in section 4.2.1. As expected, the higiheduction rates are located in the
central zones of channel A, which is the most maerone and close to the central
graphite reflector. Less expected are the highape factors at the central core height
of channel E compared to the more radially centdh@nnels C and D. One can notice
that in a homogeneous cylinder the neutron flux aamsine distribution in the axial
direction and a Bessel function distribution in thdial one. But in this core, due to the
presence of the thick internal and external grapinéflectors, the contribution to
thermal flux in channel A and E zones of the newdrslowed down and scattered back
from the reflectors is very important.
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One can notice that this is not the typical powstritbution of an operating pebble bed
reactof' since a uniform cold temperature is adopted heréot operational
conditions, considering the thermal-hydraulic fesak the hot spot will shift toward
the top of the core, where the downward-flow ofddeélium enters the bed.

Table 4.V: Production shape factors and standard deations
of T4 heterogeneous core — homogeneous SZs model

CHAN A|CHAN B | CHAN C| CHAN D| CHAN E

0.62 0.53 0.46 0.48 0.44

: 0,
Aoor 034% | 034% | 033% (e

0.31% 0.78 0.66 0.70 0.31%

01-2%01/ 0.29% | 0.29% | 0.29% 00-2309/
133 | 102 | 089 | 092 [—Go5

0.23% 0.23% 0.23% 0.23% 0.22%

151 1.08
0.19% 1.22 1.05 1.10 0.18%

1.64 0.17% 0.17% 0.17% 1.17
0.16% 1.35 1.16 1.21 0.16%

1.76 . . o [125
0.14% 0.14% 0.14% 0.14% 013%

178 | 1.40 1.21 1.26 1.30
0.12% | 012% | 0.12% | 0.11% | 0.11%

1.30
138 | 120 | 124 | ;iie

1.74 0.13% 0.13% 0.13% 1.26

Ol-lggo 1.28 1.11 1.15 01-111;/0
0"19% 0.17% 0.17% 0.17% 0.i8%

1.46 1.11 0.96 1.00 1.04

0.22% 0.22%
0.22% 0.22% 0.23%

1.23 > > - 001

05 | 0.87 | 075 | 0.78 | 0249

0.97 0.27% 0.27% 0.26% 0.73

0.28% 0.27%
0.71 0.60 0.53 0.54 052

031% | 0.30% | 0.30% | 0.30% | 0.30%

The results of the calculations carried out wite BZ § AP2 model and with the RZ
diffusion CRONOS2 model are presented in Table 4.VI

From the results, it appears that the core trang@abculations performed using the 26-
group energy structure is the most appropriateiendiscrepancies are similar to the
ones observed with the 281-group. The 8-group &tregs very performing in terms of
computing time, but the discrepancies, especidllys¢ observed on the production
distribution, are quite large (3 to 4%) if considgrthat a piece-wise homogeneous
problem is computed.
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Table 4.VI: Discrepancies of AP2 and CRONOS?2 calcations of the heterogeneous core —
homogeneous SZs from the T4 reference and computitignes

k., o [pem)]
T4 1.10591 7
Ap[pem] Zi>1 T proOD ZotSp. Tprop | Calc. time [s]
AP2
8 gr. -194.6 4.23% -3.56% 512
13 gr. 235.7 2.18% -1.68% 1380
26 gr. 27.8 0.89% -0.34% 3160
281 gr. -23.2 0.83% -0.16% 41419
Ap[pem] ZON T proD A(y[;()tSp. Tprop | Cale. time [s]
CRONOS2
4 gr. -39.2 5.60% -5.10% 82
6 gr. 10.7 3.59% -3.00% 160
8 gr. -169.5 3.94% -3.24% 211
13 gr. 256.1 1.89% -1.31% 875
26 gr. 55.7 1.21% 0.07% 2356

Diffusion calculations have been performed in orbeevaluate the discrepancies and
the possible saving of computing time comparedh® & transport calculations.
Moreover, using also 4-group and 6-grbfollapsed structures. The 4-group one does
not come from any particular reference, but itasdd on the laboratory experience in
HTR modeling.

When core calculation is performed using diffusibaory, the gain in computing time
is evident. The 6-group structure gives resulta wery good agreement on tkg, but
the discrepancies on the production distributian dightly too large, especially when
considering that this comparison is made for homegas spectrum zones.
Nevertheless, if computinks is the main interest of the calculation, it apgehat the
6-group could be used properly, having a gainnretof a factor 8 or 9 compared to the
26-group [ calculation. Obviously, this is just a preliminammend that should be
verified with further calculations. To reach an eiable discrepancy on boik: and
production shape factors, the number of groups tbabe increase. The 26-group
structure gives good results, but the associatetpating time is long, especially due to
the long time needed to construct the diffusionrioas, and the gain compared to the
S\ is no more so interesting.
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From these first calculations, it appears that fthg in the cavity zones is highly
influenced by the graphite reflectors; especiallye to the thin and high cavity shape,
by the internal and external ones. Usually, thetno@umigration length, which is the
root-mean-square distance travelled by a neutréwdss: his birth with a fission and
his absorption in the thermal rantjén a typical pebble bed is on the order of 80%¢M,
which is comparable to the radial cavity size ofd®7. Thus, a proper treatment of the
reflectors is a critical aspect in pebble bed m@&cnodeling.

To conclude, for this heterogeneous core simulatiih homogeneous spectrum zones,
the comparison of the AP2 results with the refeeefid ones showed a very good
agreementkes in 30 pcm and differences on production shapefact 1%) on the two
codes results. This is observed when using ther@6pgstructure for the RZ core cross
sections.

When using 6-group diffusion as the low-order opmrao perform the full-core
calculation, a very good agreement with the T4resfee is obtained on the cdag (in

10 pcm of difference) with a short computing tiflevertheless, the comparison on the
reaction rates is degraded (rel. diff. of aboutt8%4%).

4.2.3.3 Single Type Individually Positioned Pebbles

In these simulations each pebble has been poditimuvidually in the T4 model and
all of them with the same burnup of 50000 MWd/t.

Two reactor models are simulated, one at low teatpez (T), with all the materials at
27 °C, and one at high temperatur), with the micro-particles (kernel plus coatings)
at 900 °C, the graphite of the fuel region matauier pebble shell and reflectors and
the helium coolant at 700 °C.

Remember that in both AP2 and T4 models the innef fegion is described by the
homogenized P1 cross sections obtained with the daRilation of the single reflected
pebble, as explained in section 4.2.

The T4 simulations have been performed assigninearaphite materials (reflectors
and outer pebbles' shells) too multigroup (281-gjdRid cross sections, from the JEFF-
3.1.1 library. This is done to have a higher coheyein between the T4 and the AP2
models and to isolate the possible discrepanciéseimesults to the treatment of the bed
of pebbles.

The validity of using 281-group P1 cross sectioos dgraphite has been verified in
section 4.2.3.3.2.

The volume integrated production and absorptiorsrdtave been evaluated in each
spectrum zone. To do that, the reaction rated ith@lpebbles belonging to a given zone
were scored and summed up. For the pebbles overapetween multiple zones, the
reaction rates have been accounted separatelytoeedifferent parts of the volume
belonging to the different zones.

Furthermore, the total production and the totabghison over all the pebbles contained
in the cavity have been tallied. Thus, the ratiotha# total production over the total
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absorption in the core, noted B;éA ratio, can be computed, giving an evaluation ef th

cavity k.
The corekess and theP/A ratio, with the associated uncertainties, obtamwéHd the T4

simulations of both.T andHT models are shown in Table 4.VII. The corresponding
core leakage is also shown.

The production rate distributions, with the assmdauncertainties, are presented in
Table 4.VII for theLT model and in Table 4.1X for thdT model.

Table 4.VII: ke, core production over absorption ratio and core lakage of theLT
and HT T4 simulations using 281-group P1 XS for graphitésingle pebble type)

o . o Core Leakage
keff P/A ratio
[pem] [pem] [pem)
LT e py | 110761 9 1.30111 93 13426
HT(Mg_Pl) 1.07556 10 1.23802 100 12200
Table 4.VIII: Prod. shape factors ando of Table 4.1X: Prod. shape factors ands of
T4 LT simulation (single pebble type) T4 HT simulation (single pebble type)
CHAN A|CHAN B| CHAN C| CHAN D| CHAN E CHAN A[CHAN B | CHAN C| CHAN D| CHAN E
0-605 056 | 050 | 0.52 0-408 0-609 0.61 | 054 | 0.56 0-59
%‘_‘éé" 0.41% | 0.41% | 0.41% Oof'é f %‘_‘gg/" 0.45% | 0.45% | 0.43% oo‘_lgé’
0.39% 0.80 0.69 0.74 0.38% 0.42% 0.83 0.72 0.76 0.40%
olé%ol/ 0.37% | 0.36% | 0.35% 00538 015%,02/ 0.38% | 0.37% | 0.38% 00:-;8
N 0 N 0 N 0 N 0
131 ] 103 | 091 | 095 §5g7 130 | 1.05 | 093 | 096 [goa
0.29% | 0.30% | 0.30% | 0.29% | 0.27% 0.28% | 0.29% | 0.29% | 0.30% | 0.30%
1.47 1.09 1.44 1.04
0.23% 1.21 1.06 1.11 0219 0.01% 1.21 1.07 1.11 0.24%
1.59 0.20% 0.21% 0.20% 1.16 1.55 0.21% 0.21% 0.21% 1.11
0.18% 1.32 1.16 1.22 0.17% 0.20% 1.32 1.16 1.20 0.19%
1.70 1.24 1.65 1.17
0169 | 015% | 016% | 015% | o0 Oieoe | 017% | 017% | 047% | oo
172 | 137 | 121 | 126 [ 1028 165 | 136 | 1.20 | 124 [ 121
0.14% | 0.14% | 0.14% | 0.14% | 0.14% 0.17% | 0.16% | 0.17% | 0.17% | 0.18%
1.28 1.21
1.35 1.19 1.24 0.17% 1.33 1.18 1.21 0.19%
1.68 | 017% | 017% | 017% | 1.23 1.61 | 019% | 020% | 019% | 1.17
020% ) 125 | 1.10 | 1.15 [ 0.19% 019% 1 124 | 1.10 | 1.13 [ 0.19%
ol.é?wG/o 0.21% | 0.21% | 0.21% ol_éé;r}o ol_égoo/o 0.21% | 0.22% | 0.22% ol.éggo
1.41 1.09 0.95 1.00 1.03 1.37 1.09 0.96 0.99 0.98
0.27% 0.28% 0.31% 0.27%
0.28% | 0.28% | 0.28% 0.29% | 0.29% | 0.28%
1.19 - - ~170.90 1.18 - - -1 0.88
033% | 0.86 | 0.75 | 0.79 | o340 033% | 0.88 | 0.77 | 0.80 | o310
0.96 0.36% | 0.35% | 0.35% 0.73 0.96 0.35% | 0.35% | 0.32% 0.73
0.41% 0.39% 0.38% 0.35%
0.71 0.61 0.54 0.56 054 0.74 0.65 0.58 0.59 0.56
0.45% 0.45% 0.43% 0.42% 0.44% 0.45% 0.43% 0.42% 0.41% 0.43%
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One can notice that the reactivity difference bequheP/A ratio and the¢ provides

an evaluation of the reactivity loss due to neutsakage from the cavity. This value is
about 3000 pcm for a typical light water reactoregcsince it is much higher here,
showing that in this type of reactors the leakaga very important phenomenon and so
that a proper treatment of the graphite refleaucial.

In the corresponding AP2 model, all the multi-peblgeometries contain a single
pebble type with the burnup of 50000 MWd/t, as # The packing fractions assigned
to each spectrum zone are the ones shown in Tdllle 4

The RZ & core calculation is initiated with the same setufss sections as the one
used in the previous section and obtained fromréflected multi-pebble geometries.
Successively, after the convergence of the first JRZore calculation, the entering
currents per contact of each spectrum zones amvessd, expanded in 281 groups

using thexlfG and used as the source terms in the ngxtalRulations of the multi-

pebble geometries, together with the dase

The spectrum zones — core iteratioBZ (— core i) are repeated until convergence is
reached. The following convergence precisions,hay are defined in section 3.2.1,
have been imposed: 2 pcm for the ckyig 10” for the entering currents and the fission
integrals and 1®for the homogenized total cross sections.

In the previous sections, the external iteratiohshe RZ & core calculations were
accelerated using the Tchebycheff methiddFor the actual comparisons, the
multigroup diffusion synthetic acceleration (DS$&)has also been tested and the
computing times compared. The application of theAD&sulted in a faster calculation
for all group structures with no relevant differeacin the results compared to the
Tchebycheff acceleration. The time gain factor whshe order of 1.2 — 1.3 for both
low-temperature and high-temperature calculaticdBensequently, only the results
obtained with the DSA acceleration will be presdnte

The comparison with the reference T4 calculationtfi@ different group structures in
AP2 are presented in Table 4.X for the low-tempgeatases and in Table 4.XI for the
high-temperature ones. The calculations indicatetfed. conv.”"were performed with
relaxed convergence parameters for $2ecore it.of: 5 pcm for the corées, 10° for
the entering currents and the fission integrals Hitifor the homogenized total cross
sections. The 281-group calculation was carriedvatitout the restricted control zone
around the cavity for the convergence checkings TWas done to have a reference AP2
calculation for which the computing time was ndinating factor.

These observed discrepancieskgrand production shape factors are sufficiently $mal
to perform PBR safety studies and they fit the legguested for PWR calculations.
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Table 4.X: AP2 calculations of theLT model with diverse group structures and discreparies from

T4 LT simulation with MG-P1 XS (single pebble type)

& 8 gr. 13 gr. 26 gr. 26 gr. 281 gr.
rel. conv. | No_ Zone
Ap[pcm] 194 125 -86 -86 173
Ap[pem]
. 232 18 103 104 50
P/A ratio
A 224% | 237% | 263% | 2.63% | 259%
S, PROD
by T 312% | 3.19% | 360% | 3.59% | 3.40%
S, PROD
% HET
A 2.11% 2.25% 2.63% 2.62% 2.46%
HotSp. ~ prop
% HOM
Hot5. T on 2.97% 3.19% 3.60% 3.59% 3.40%
SZ — core it. 15 13 12 8 14
Calc. time [s] 732 1435 3305 2793 71348

Table 4.XI: AP2 calculations of theHT model with diverse group structures and discreparies from

T4 HT simulation with MG-P1 XS (single pebble type)

= 8 gr. 13 gr. 13 gr. 26 gr. 281 gr.
rel. conv. No_ Zone
Ap [pcm] 264 32 10 -104 -248
Ap[pem]
) 346 -15 -15 104 32
P/A ratio
hopHEr 2.22% 2.19% 2.19% 2.49% 2.52%
sf>1 " prop
% oM 3.03% 2.88% 2.88% 3.32% 3.36%
sf>1 " prop
% HET
A T 2.22% 2.05% 2.05% 2.49% 2.52%
HotSp. ~ prop
% HOM
1ot T oo 3.03% | 2.88% | 288% | 3.32% 3.36%
SZ — core it. 27 120 49 66 29
Calc. time [5] 2438 5969 3465 9563 219566
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From these comparisons it appears that the 26-gstsupture is slightly preferable for
computing theLT model, since for thédT one the 13-group is preferred, also for its
lower computing time. As a consequence, the relaged — core convergence
parameters were tested using these group-strucfarethe respective models. The
corresponding calculations allow a time gain oéetdr ~1.2 for th&. T model and ~1.7
for theHT one, without degrading the results.

It can also be observed that an increase of thebaurof broad-group induces a
decrease of the cokgs. On the other hand, changing the groups struginoeease of
the number of groups) does not impact significantiythe production rate distribution,
showing that the residual discrepancies are corddgotsome other modeling aspects.
The calculation carried on with the 281-group stite revealed that the discrepancies
on the reaction rate distribution are not connettethe reflector treatment, performed
with the calculation of 1D reactor transverses.

The relative differences on the production ratéritistion from the reference T4 results
are shown for the low-temperature 26-group calcan Table 4.XIl and for the high-
temperature 13-groups calculation in Table 4.XIII.

Table 4.XII: Rel. diff. on prod. shape factors Table 4.XIlII: Rel. diff. on prod. shape factors

of 26-group AP2 calculation from T4. of 13-group AP2 calculation from T4.
LT model, single pebble type core HT model, single pebble type core
CHAN A|CHAN B| CHAN C| CHAN D| CHAN E CHAN A|CHAN B | CHAN C| CHAN D| CHAN E
-3.91% | .2 73% | -5.02% | -4.29% | “6-58% -1.55% | .0.34% | -2.73% | -2.409% | “4-62%
-1.53% -3.95% -0.14% -2.81%
-1.76% | -3.87% | -3.06% -0.41% | -2.50% | -1.91%
-0.25% -2.11% 0.40% -1.52%
1.11% | 0.12% | -2.27% | -1.26% | -1.41% 1.26% | 0.83% | -1.44% | -0.60% | -1.11%
0, - 0, 0, - 0,
1.66% | 1.30% | -1.12% | -0.179% | 048% 1.62% | 1.74% | -0.73% | 0.04% | 0-5%%
2.26% 0.24% 1.91% -0.07%
1.85% | -0.47% | 0.47% 1.68% | -0.53% | 0.34%

2.51% 0.51% 1.91% 0.03%
2.63% | 2.16% | -0.30% | 0.73% | 0.50% 1.92% | 1.91% | -0.40% | 0.46% | -0.13%
2.40% | -0.08% | 0.92% 2.19% | -0.36% | 0.40%

2.23% 0.70% 1.51% -0.23%

0, - 0, 0, 0, - 0, 0,
2 599% 2.07% 0.24% | 0.84% 0.54% 1.88% 1.78% 0.59% | 0.26% 0.37%
1.62% | 1.61% | -0.66% | 0.28% | 0.10% 1.09% | 1.38% | -0.94% | -0.15% | -0.69%
1.21% -0.70% 0.72% -1.46%
0.33% | -1.88% | -0.77% 0.29% | -2.02% | -1.16%
-0.26% -2.14% -0.58% -2.71%
1.94% | 042% | -1.94% | -1.11% | _4 3904 2130 | 0-36% | -1.98% | -1.24% | 4 500
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The discrepancies on the absorption rates werecalsputed; the relative differences
from the reference presented the same trend anditagdepthat for the production
distribution and so they are not shown in this ysial

As it is possible to observe from the relative eli#nces on production rate distribution,
the AP2 models systematically over-estimate theti@a rates in the central height
zones and under-estimate the ones in the top attonib@ones. Moreover, the relative
differences are very small (<1%) in the centrale®of the central channel, since they
are higher close to the reflectors. This trendndependent to the number of broad
groups adopted for the core calculation.

To investigate the causes of this trend severahtians were applied to the previous
calculations.

The requested precisions on the R¢ (®re calculations were increased, but without
obtaining significant differences in the results.

A refined spatial mesh was implemented, increasimeg number of radial and axial
computational cells in the zones close to the c&fls and using a non-homogeneous
mesh size in the graphite reflectors, with fineisimelose to the cavity. However, it still
does not lead to significant improvements in trsabts.

Nevertheless, the computed results with APOLLO2 witein 100 pcm of reactivity
difference from the TRIPOLI4 ones and under 3% efative difference on the
production rate distribution. The rates computedrahe heterogeneous multi-pebble
geometry are systematically closer to the T4 reiezehen the ones computed with the
RZ flux of the full-core calculations. Thus, in §ea 4.2.3.4 only the heterogeneous
reaction rates will be computed.

4.2.3.3.1 Analysis of the Entering Currents from Reflectors

The entering currents from the reflectors to thecgpim zones adjacent to them were
tallied in 281 groups in T4 for theT simulation and compared to the corresponding
currents computed with the 281-group AP2 calcutatio

The spectra of the normalized entering currentainbt from T4 are shown, with the
error bars indicating the standard deviation, iguFé 4.3 for the top reflector and in
Figure 4.4 for the internal one.

It has to be noted that the currents entering #wity}cfrom the top reflector had, in the
limit of the standard deviations, the same spemtréghe contacts with SZ 1 and 49, and
SZ 16 and 38, respectively. The currents from tivernal reflector had the same spectra
while entering SZ 2 to 14, and SZ 1 and 15, respagt The entering current from the
bottom reflector has the same trend than the oterieg from the top one; similarly,
the current entering from the external reflectondees like the one entering from the
internal.
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Figure 4.3: T4 normalized entering currents from t@ reflector to spectrum zones irLT model
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Figure 4.4: T4 normalized entering currents from irternal reflector to spectrum zones inLT model
(currents entering SZ 2, 3 and 8 are coincident)

From these results it is possible to see that theet spectra are influenced by the
presence of the reflector corners. The thermalrdmrtiion in the spectra increases while
approaching the corner regions, with a variatioardie entered spectrum zones much
stronger for the top and bottom reflector thantfar internal and external ones, where
only a spectral difference for the highest and ketwsones of channels A and E is
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observable. This is due to the size of the zon¢aobsurfaces with the reflectors, since
the entering currents are considered piece-wisstanhover a zone contact boundary
surface. For the top and bottom reflectors, theéatddngths of the contacts with the 5

different spectrum zones of channels A to E amspeetively, 10, 25, 17, 25 and 10 cm.
For the internal and external reflectors, the aXialghts of the contacts with the

spectrum zones are all of 60 cm. This height agpabe too large to correctly capture
the spectral variations of the entering currentrfrihe reflectors over top and bottom

zones of the internal and external channels.

Following this observation, an AP2 reactor modethwa higher number of spectrum
zones was constructed, obtained axially subdividirggtop and bottom SZs. Thus, the
top and bottom 80 cm were divided in 4 axial zonéshe same height for all the
channels. For example, SZ 1 was subdivided in &zah 20 cm height: SZ 1a, 1b and
1c. SZ 2 in two zones of different height: SZ 2&2&f82 cm height and SZ 2b of 38.2
cm. The same was done for the remaining zonesiottner channels. Finally, the total
number of spectrum zones was increased to 93.

The calculation of th& T model at 281 groups allows recovering the entecugent
from the reflectors, and particularly the curreatgering the top zones and SZ 8 are
illustrated in Figure 4.5.

0.3

INT to 57 1a
= INT to SZ 1b
INT to SZ 1c
INT to SZ 2a
INT to SZ 8

0.2

Normalized current per unit lethargy [n cm-2 MeV-1]

L*” %

0 T T T T T
1E-09 1E-07 1E-05 0.001 0.1 10

Energy [MeV]
Figure 4.5: AP2 normalized entering currents from nternal reflector to the spectrum zones in the

LT model with top and bottom zones axially subdividedcurrents entering SZ 1c, 2a and
8 are coincident)
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As it can be seen, the current spectral variatmres the height of SZ 1 are captured
with more details. Nevertheless, after the firstcA® height from the top, the spectra of
the entering currents from the internal reflectemain the same for all the inferior
spectrum zones.

In spite of this better entering current represgoriaand the higher number of spectrum
zones used to discretize the cavity, the comparisgh the reference T4 is not

improved.

Finally, comparing the T4 currents with the onetaoied from the AP2 281-groups 63

spectrum zones calculation, it resulted that thectspl differences are within the 2

sigma for the top and bottom reflectors, while sadifeerences are observed for the
currents entering from the internal and externfiectors. In the energy groups under
0.162 eV (indicated with a vertical line in Figutes), corresponding to the largest part
of the thermal Gaussian distribution, the AP2 gpeetre higher than the T4 ones.
Particularly, the relative difference is largemakt the double, for the currents entering
SZ 2 to 14 compared to the ones entering SZ 1 &nd 1

The relative differences of the AP2 normalized entgcurrents from the T4 ones are
illustrated in Figure 4.6 for the currents enter8) 8 (the central of channel A) and SZ
1 from the internal reflector. The spectrum of therent entering SZ 8 is also shown.
The 2 sigma standard deviations on the relativierdifices are indicated by the error
bars.

The currents entering the SZs of channel E frometkternal reflector have a similar

trend, but the relative differences are smallerr Egample, on the energy bin

corresponding to the Gaussian peak, the currestiegtSZ 8 from the internal reflector

is 2.5% higher in AP2 than in T4. Correspondingig current entering SZ 56 from the

external reflector is 1.8% higher in AP2.

The fact that the entering currents from the iraémeflector to the central spectrum
zones of channel A are more thermal in AP2 thaif4ncould explain, partially, the
overestimation of the production rates in the gpomding zones of AP2 compared to
T4. The lower rates at top and bottom SZs couldrbeffect of the renormalization. In
the same way, the lower discrepancies in the @aattes of the central zones of
channel E, compared to channel A, could be assattatthe lower spectral differences
of the corresponding entering currents from theml reflector.

However, this hypothesis should be demonstratetutilger analysis, which could not
be carried out during this thesis for a questiotimé.
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Figure 4.6: Rel. diff. of AP2 281-group entering ctrents, from internal reflector to SZ1 and SZ8,
from T4 ones in theLT model (spectra of current entering SZ8 shown)

4.2.3.3.2 Evaluation of 281-group P1 XS in T4

In this evaluation, three T4 simulations have bperformed assigning to the graphite
materials (reflectors and outer pebbles' shellth B81-group MG), P1 or PO transport
corrected (PO*), both continuous energ9Ef cross sections from the JEFF-3.1.1
library. The positivity of the 281-group transpadrrected cross sections has been
checked.

The results of th&1G-P1 simulation are the ones used as referencénéocamparison
with the AP2 results is section 4.2.3.3.

The comparison between tidG-P1 and theCE simulations allows quantifying the
effects of the group structure and to evaluateréhability of the P1 approximation (a
higher order of anisotropy may be considered). ddmaparison between ti&E and the
MG-P0O* simulations allows assessing the effect of mrgg isotropic the scattering
in graphite. This could allow saving computing tirre the deterministic full-core
calculation.

Theke and theP/A ratio, with the respective uncertainties, anddbeesponding core

leakage obtained for tHeE simulations are presented in
Table4.x1v. The reactivity differences of thdG simulations from th€E ones are also
shown.
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Table 4.X1V: T4 calculations realized with continuaus energy (reference) or
with P1 and PO* 281-group cross sections for graptd (single pebble type)

o o Core Leakage
k@ﬁ P/A ratio
[pem] [pem] [pem)]
LT 1.10645 | 10 1.30105 104 13517
A .
pMG’—Plch 95 9 3 93 91
[pem]
AV
MG—-P0*+-CE 113 9 4 87 117
[pem]
HT . 1.07559 10 1.23809 101 12202
p — —_
MG—P1+CE 3 10 4 100 1
[pem]
TAV -
MG—P0*+CE 29 10 6 93 35
[pem]

The discrepancies in the production rate distriutbetween thé1G-P1 simulations
and theCE ones are presented respectively in Table 4.XV B&aldle 4.XVI. These

. . . % %
discrepancies results |n1215f>1 T oroD of 1.62% and aAHotSp' T oroD of 0.32% for the

% %
LT and aA8f>1 T orop Of 0.68% and aAHotSp‘ Torop Of 0.10% for theHT

simulations.

One can notice that the discrepancies forLfhenodel are higher than for th€T one.
Nevertheless, both are quite low and show that Mi&P1 cross sections can be
assigned to the graphite in the T4 reactor modgeit & done for the comparisons with
the AP2 calculations, without deviate significantlpm the results of a continuous
energy simulation.
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Table 4.XV: Rel diff. on prod. shape factors of Table 4.XVI: Rel diff. on prod. shape factors
T4 LT simulation with MG-P1 XS from CE one of T4 HT simulation with MG-P1 XS fromCE

CHAN A| CHAN B| CHAN C| CHAN D| CHAN E CHAN A|CHAN B| CHAN C| CHAN D| CHAN E
-0.76% | _0.350 | -0.20% | -0.09% | “0-09% -1.28% | _0.90% | -0.73% | -0.63% | “0-80%
-0.97% -0.56% -0.72% -0.48%

-0.75% | -0.53% | -0.50% -0.33% | -0.19% | -0.29%
-1.39% -0.73% -0.25% -0.36%
-1.45% | -0.92% | -0.70% | -0.71% | -0.90% -0.03% | 0.02% 0.02% | -0.08% | -0.08%
- 0, - 0, - 0, - 0,
1.62% | 1 1206 | -0.85% | -0.8205 | ©0-96% 030% | 49796 | -0.12% | -0.13% | “0-20%
-1.56% -1.02% -0.51% -0.17%
-0.91% | -0.72% | -0.66% 0.00% | 0.11% | 0.09%
1.17% ° ° | -0.64% -0.13% ’ ° ° | -0.00%
-0.91% | -0.35% | -0.04% | 0.07% | -0.14% 10.02% | 0.13% | 0.13% | 0.19% | 0.16%
0.27% - -0.05%
- 0.24% | 0.45% | 0.46% 0 -0.05% | 0.12% | 0.15% °
-0.08% 0.40% -0.14% 0.05%
- 0, 0, 0,
0.04% | 047% | 0.68% | 0.70% [ = "0.2006 | 0-08% | 0.15% | 0.20% [~ o
0.39% | 0.85% | 1.07% | 1.13% | 0.81% -0.13% | 0.13% | 0.26% | 0.15% | 0.06%
0.74% 1.04% 0.07% 0.28%
1.43% | 1.55% | 1.55% 0.21% | 0.43% | 0.46%
0.86% 1.35% 0.08% 0.50%

The discrepancies in the production rate distrioutbetween th&1G-P0O* simulations

. % %
and theCE onesresulted in aAsf>1 T oroD of 1.82% and aAHotSp' T oron of 0.28%

% %
for the LT and aA8f>1 T orop Of 0-75% and aAHotSp‘ T rop Of 0:12% for theHT

simulations.These relative differences are similar to the ooleserved between the
MG-P1 and theCE simulations. Thus, it appears that the larger rdmumion to these

discrepancies is due to the multigroup structuréhefcross sections rather than to the

Isotropic scattering approximation.

The low discrepancies observed between M@&PO* simulations and th€E ones,
both on the cordes on the total core leakage and on the productid@ distribution,
show that considering isotropic scattering in gregpis an appropriate approximation in
this case.
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4.2.3.4 Multiple Types Individually Positioned Pebbles

Keeping the same pebble positions used for the ddets described in the previous
section, six different burnup levels of 0, 15000030, 50000, 75000 and 95000 MWd/t
were randomly assigned, with uniform probabilitytte fuel region of each pebble.
The compositions associated to each burnup weraingot, as usual, depleting the
reflected single pebble plus helium layer. The hgemized 281-group P1 cross
sections were used in the T4 models.

Both low-temperature and high-temperature modelsevamulated, with the same
temperature distribution as the one describedarptievious section.

The reaction rates in each spectrum zone were dowmer each pebble type separately
and then summed up to obtain the total rate insipectrum zone. To evaluate the
associated standard deviation of this sum, thersqut of the sum of the quadratic
absolute differences was computed. This is notgntgpight since the reaction rates in
the different types are not independent, but it thasonly possible evaluation since the
correlations between data are not known.

Three different random distributions of pebble lworvalues have been simulated,
which will be called D1, D2 and D3. The deviatiaorh the average value of the total
number of pebbles contained in the ¥4 reactor calitided by 6 (15931 pebbles) for
each pebble type in the 3 distributions is showhahle 4.XVII.

Table 4.XVII: Deviation from the expected number ofpebbles
per type for the 3 burnup distributions

Deviation from 15931 pebbles D1 D2 D3
0 MWd/t 0.66% 0.40% 0.93%
15000 MWd//t 0.35% | -0.30% | 0.11%
30000 MWd /¢t 0.89% 0.20% | -0.55%
50000 MWd /¢t -0.53% | -0.78% | -0.55%
75000 MWd/t -0.77% | -0.18% | 0.26%
95000 MWd /¢t -0.61% | 0.65% | -0.20%

The fractions of each pebble type, contained irhegmectrum zone, were computed
during the ROOT geometry building, as explainedséttion 4.2.1, and provided as
input data to the AP2 models. These were the oalg that were changed between D1,
D2 and D3.

In accordance with the results obtained in the iptes/section for a single pebble type,
the AP2 calculations were performed using the Zfiggrand the 13-group structures,
both with the relaxed convergence parameters.

The data gathering the comparison between the fBderece results and the AP2 ones
are resumed in Table 4. XVIII.
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The production rate distributions obtained with TWith the associated standard
deviations, are presented in APPENDIX F from talftdsto F.XIl, together with the
relative differences of the corresponding AP2 rssuDn the basis d&¢ precision and
computing time, the 26-group appears slightly maatapted for the& T calculations and
the 13-group for thélT ones. Thus, the AP2 results considered in APPEND#&%e the
one obtained using the 26-group structure for ltfiecalculations and the 13-group
structure for thedT ones.

Table 4. XVIII: T4 ket of LT andHT simulations (@~10 pcm). Discrepancies of AP2 13- and 26-
group calculations (P1-g RZ) from T4 references and computing times (multife types pebbles)

LT-D1 |LT-D2 |LT-D3 | HT-D1 | HT - D2 | HT - D3

k,-T4 | 115802 | 1.15724 | 1.15802 | 1.11156 | 1.11065 | 1.11145

P1-S; and 13-group structure

Ap[pem)] 165 123 146 63 43 57
BOrHET N 30796 | 2.64% | 3.56% | 2.66% 1.98% | 3.19%
sf>1 " prop

% HET
Arsy. Tor | 207% | 0.14% | 2.70% 117% | 039% | 2.28%
S7Z — core 1t. 8 8 8 25 10 9
Cale. time [s] | 2636 2256 2170 6516 5773 5410
P1-S; and26-group structure

Ap[pem] -39 -83 .59 72 .94 -83
% HET
g Tl | 3.41% | 2.88% | 3.75% | 251% | 235% | 3.01%

% HET
Absy T | 235% | 035% | 289% | 1.46% | 045% | 2.09%
S7Z — core 1t. 8 8 8 37 13 20
Cale. time [s] | 4008 3480 3415 11580 8155 8984

From the results, it appears that the differencdsiéen the AP2 calculations and the
reference T4 ones are always in an acceptable ramtje the discrepancies on the
production rate distribution < 3% at the hot spot & 4% over the zones with a
production density higher than the core average.

It must be observed, from the tables in APPENDIXHat D3 has the hot spot located
in SZ 8, differently than D1 and D2 which havent®Z 9. The AP2 calculations rightly
compute the position of the hot spot for all thstrbutions, thus taking properly into
account the differences between them.

The agreement on thgs is very good; the reactivity discrepancy is lowean 100 pcm
for all the cases, except for th& 13-group calculations.
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TheHT results, which are the interesting ones for opanat conditions, appear to be
closer to the references than thieones.

4.2.3.4.1 Reaction Rates per Pebble Type

As a final comparison between the T4 simulationd #re AP2 calculations, a more
detailed investigation can be done by analyzingrédaetion rates of each pebble type
individually in a spectrum zone. One possible obslele quantity could be the
distribution of the production rate over the siXfatient types. Nevertheless, this
quantity is influenced by the relative abundanceadth pebble type in the zone. As it
has been explained in section 4.2.1, these dattinoan un-quantified uncertainty
linked to manner in which the pebbles were posétbin the ROOT geometry. Thus,
the relative differences of the AP2 results frone th4 ones would not be truly
representative of the physical model precisiors tiecessary to compare a value which
does not depend on the fractions of the differemtyte types contained in a zone. Thus,
in each spectrum zone the ratio of the productade over the absorption rate for each

pebble typenoted as(P/A) ratio, was computed.
The results on the comparison made for theHFImodel are shown for some spectrum
zones in Table 4.XIX. Th€<P/A) ratios obtained in the T4 simulation are shown

together with the respective uncertainties. Theatined differences of the AP2
calculation results (P1s@nd 13-group structure) from the T4 ones are alssgnted.

Table 4.XIX: production over absorption ratio per pebble type inT4 D1 HT simulations
and rel. diff. of the computed values with AP2 134gup calculation (P1-§ RZ

0 15000 | 30000 | 50000 | 75000 | 95000
MWd/t | MWd/t | MWd/t | MWd/t | MWd/t | MWd/t
SZ 1
(P/A)P ratio 1.66 1.53 1.47 1.38 1.26 1.14
o [%] 0.55% | 0.62% | 0.60% | 0.55% | 0.58% | 0.58%
N 001% | 0.29% | 0.17% | 0.57% | 0.35% | -0.01%
SZ 8
(P/A)P ratio 1.62 151 1.44 1.35 1.22 1.11
o [%] 0.26% | 0.28% | 0.25% | 0.25% | 0.27% | 0.28%
N . 0.48% | 0.26% | 0.48% | 0.42% | 0.61% | 0.48%
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0 15000 | 30000 | 50000 | 75000 | 95000
MWd/t | MWd/t | MWd/t | MWd/t | MWd/t | MWd /¢
SZ 15
(P/A)P ratio 1.66 1.54 1.47 1.38 1.27 1.14
o [%] 0.65% | 0.68% | 0.68% | 0.67% | 0.64% | 0.65%
N 0.55% | 0.34% | 0.22% | 0.67% | 0.24% | 0.55%
SZ 32
(P/A)P ratio 1.44 1.35 1.28 1.19 1.06 0.94
o [%] 0.23% | 0.24% | 0.22% | 0.24% | 0.23% | 0.22%
AV -0.61% | -0.53% | -0.64% | -0.64% | -0.78% | -0.61%
SZ 56
(P/A)P ratio 1.63 1.51 1.45 1.36 1.23 1.11
o %] 0.23% | 0.23% | 0.22% | 0.23% | 0.23% | 0.23%
N 0.17% | 0.25% | 0.16% | 0.35% | 0.14% | 0.17%

Analyzing the results, in channel A t|6@/A> ratiosare higher for all the pebble types

contained in SZ 1 and SZ 15, which are at the ¢cashthe core cavity, compared to the
ones contained in the central SZ 8. On the same atdlie core middle height, the ratio
values are similar in SZ 15 and SZ 56, which aoselto the lateral graphite reflectors,
and both are higher than in SZ 32 of the centrahakel C.

One can notice that the most burnt pebbles witr093@Wd/t, except in the top and

bottom zones, have éP/A) ratio lower than the coré.s meaning that this pebble

type in these core positions act as a neutronrsithier than a neutron source, while still
having fissions which deplete the fuel and prodoawer. In the central part of the core
also the pebbles of 75000 MWd/t show the same trend

To conclude, even when comparing the reaction @tesmore detailed scale that is, at
the level of the different pebble types comprisadai zone, the developed model
computes the production over absorption ratio pgre twithin the & from the
TRIPOLI4 results. This shows that the neutron ergea between the pebbles of
different type are properly modeled with the APOLL®2acro-stochastic" method.
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4.2.3.4.2 Analysis of the Computing time

The weak point of the calculations performed in thexification process is the
computing time, which is clearly too high for indugl reactor design.

The calculations at high-temperature generally estpd more SZ — core iterations to
converge, and so a longer computing time. This rizbably due to the increased
importance of scattering in graphite reflectorsjolihcould lead to an increase of the
iterations needed to converge the coupling betwleemulti-pebble geometries (which
account for the reflectors only by the enteringents through the contact surfaces) and
the core RZ calculation.

In order to evaluate the capability to acceleraie ¢alculation, the 13-group DT
calculation (which has the middle computing timewsen D1,D2 and D3) was
analyzed in more detail and the total time shasss@ated to each main computational
block are shown in Table 4.XX.

Table 4.XX: Computing time shares of each main comgational block
in AP2 13-group D2HT calculation (multiple type pebbles)

Geometry and materials creation 0.08%
1D Sy for reflectors homog. 7.71%
Multi-pebble geom. critical buckling homog. 2.20%
RZ — core iterations

SN RZ core calculation 69.32%
Entering currents to SZs reconstruction 2.28%

Multi-pebble geom. homog. with currents and &, | 18.41%

It is clear that the most time consuming part esented by the core RZ computation
that is performed with thexSmethod. Usually, diffusion theory using a low nwaniof
energy groups (2 or 4) is applied for a 2D or 3ecwalculation. To better understand
how the RZ core calculation weights on the totaktj the associated times of each RZ —
core iterations are illustrated in Table 4.XXI, wdedhe indication "SZs calculation”
includes both the reconstruction of the fine groeptering currents in the zones and the
Pj calculations of the multi-pebble geometries.

Table 4.XXI: Computing time of each SZ — core iteréion in AP2 13-group D2HT calculation
Iteration n° 1 2 3 4 5 6 7 8 9 | 10

SZs calc. [s] | 114 | 263 124 | 106 | 99 | 94 | 97 | 97 | 99 | 96

RZ Sy [s] 898 | 1207 | 1123 | 44 | 49 | 56 | 55 | 54 | 55 | 54
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For the SZs calculations, in iteration n° 1 thdewed multi-pebble geometries are
computed with the critical buckling search assumptiln the second iteration, the
surface currents are recovered from the core catloul for the first time. Thus, the
necessary informatic structures associated tdalhtulti-pebble geometry objects have
to be built, leading to a computing time highentliar the successive iterations. For all
the successive iterations the data of the previtaunation are updated in the already
existing structures and the flux computations aitaited with the converged flux of the
previous SZ — core iteration. Consequently, stgrfrom iteration n° 3 the computing
time settles on a reduced stable value.

For the RZ { core calculation, in the first SZ — core iterat@maximum number of
100 external iterations is fixed for the flux congtion which takes 898 s. In the others
SZ — core iterations, the maximum number of extertegations for the $ solver is
fixed to 500 and this limit is never reached as dhkulation converges before. Also,
every core § calculation is initiated with the converged fluktbe previous iteration.
This explains the observed trend.

Computing time can be reduced by substituting tEe SR full-core calculation with

diffusion. i.e., performing the initial calculatiowith a 6-group diffusion (which

appeared to have a good agreement with the T4ereferon theks and on the

production rate distribution, as shown in Table I%.\bnly 160 s are required to
converge. Furthermore, surely a shorter time woloéd associated to the further
iterations initiated with the previous convergeaukfl

A simple and effective solution to reduce computinge of the core RZ $calculation,

is to reduce the angular quadrature order. In &ique study concerning the R4S
calculation of the PBMR-400 core it was observedt tine core eigenvalue, the axial
power and flux distribution changed very little tiie results of varying angular
quadrature after Sand scattering order after B’IThus, theLT and theHT models have
been recomputed, using respectively the 26-groupthe 13-group structure, with a
P1-S approximation in the RZ core calculation. The hssare presented in Table
4 XXIL.

As it can be seen from the results, the adoptioi®fS angular quadrature, instead of
the S, has practically no effects on tkg: and degrades very little (<0.5%) the relative
differences for the reference production rates. edeless, it allows reducing
consistently the computing time, with an average dactor of 1.7 for theeT models
and of 1.6 for theHT ones. Moreover, for thélT models it allows stabilizing the
number of SZ — core iterations required for coneagg (to about 8 or 9) for all the 3
random distributions.

Consequently, in Chapter 5, where the researcheotguilibrium core composition is

performed for the reactor operating at high temjpeea the P1-Sapproximation and
the 13-group structure will be used in the RZ amaleulations
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Table 4.XXII: Discrepancies of AP2 26-groud-T and 13-groupHT calculations
(P1-S, RZ) from T4 references and computing times (multife types pebbles)

LT-D1 |LT-D2 |LT-D3 | HT-D1 | HT-D2 | HT - D3
k,-T4 | 115802 | 1.15724 | 1.15802 | 1.11156 | 1.11065 | 1.11145
P1-S, and 26-group structure P1-S, and 13-group structure
Ap[pem] -40 83 59 61 42 50
% _HET
o1 3.40% 2.92% 3.85% 3.00% 2.13% 3.08%
5, PROD
% aer 0 0 0 0 0 )
oty Tonoy | 244% | 0.46% | 2.98% | 1.68% | 0.84% | 2.29%
SZ — core it. 8 8 8 8 9 9
Cale. time [s] 2400 2081 2066 3741 3238 2962

Finally, an effective way to accelerate the caltatascheme would be to parallelize the
Pj calculations of the multi-pebble geometries as#ed to each spectrum zone. As
Table 4.XXI shows, after the initial iterations tbere calculation takes less time than
the corresponding SZs calculations. Thus, parat@hputing of the multi-pebble
geometries would be interesting, and also straogwtird. Once the currents entering
the spectrum zones are recovered from the corelaéitin, the source term for each P
calculation, together with the cokey, can be assigned to an individual processor. The
flux computations in the multi-pebble geometriesildathen be solved in parallel and,
afterward, the homogenized cross sections from spebtrum zone could be recovered
and assigned to the next core calculation. Thi$ ledd to a time gain, for the SZs
calculation part, of the order of the number of ¢tbee spectrum zones.

4.2.3.4.3 Sensitivity Analysis topkf and p;’ Variations

To conclude the verification process, the sengytiof the corekes and of the production
rate distribution was tested with respect to théatian of the packing fractiorpkf) and

pZ;: boundary-to-boundary probabilities. The AP2 BT calculation (P1-Sand 13

b,b

o, were varied, and the

groups) was taken as reference. Zones' packingdngcandp

corresponding results compared to the reference.

As depicted in Table 4.1V, the packing fractionsnputed with T4 for each spectrum
zone differ from the ones computed with ROOT, whietre used in the verification
calculations. The T4 ones were used here. Thetmgunodel does not present a

significant variation inket (Ap <4 pcm) and the production rate distribution difer
from the reference (with ROOT computekf) as shown in Table 4.XXIII.
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Table 4. XXIlI: Rel. diff. of AP2 13-group D1 HT calculation
(P1-$ R2), using T4 computed packing fractions, with the
reference, where ROOT computegkf are used

CHAN A|CHAN B| CHAN C| CHAN D| CHAN E

0.53% | 026% | 0.16% | 0.11% | “0-23%

0.54% -0.21%

0.21% | 0.10% | 0.09%
0.49% -0.39%

0.46% | 0.19% | 0.05% | 0.01% | -0.40%

0, - 0,
0.42% | 61196 | -0.05% | -0.120 | 9-4°%
0.29% -0.49%

0.11% | -0.11% | -0.12%
0.31% -0.48%

0.37% | 0.03% | -0.10% | -0.14% | -0.49%

0.37% -0.50%
0.03% | -0.12% | -0.16%
0.30% -0.46%
0 - % | - 0
0.38% 0.05% | -0.06% | -0.10% -0.49%

0.40% | 0.13% | -0.01% | -0.06% | -0.44%

0.41% -0.36%
0.17% | 0.06% | 0.05%

0.61% -0.29%
0.58% | 0-23% | 0.16% | 0.17% | 3304

It is evident that the variations of the productgirape factors closely follow those of
the packing fraction. On the average, the diffeeebetween thekf values for T4 and
those computed with ROOT were of +0.4% in channand -0.5% in channel E, with
lower values in the central channels. The samedtisnobserved here with similar
amplitudes on the production distribution.

This means that the packing fraction affects sigarftly the production rate
distribution, but it has less impact on the keflfuea for which the major contribution is
the total number of pebbles contained in the caaity the fraction of each type

Nevertheless, this does not mean that a large timarieof the packing fraction

distribution would not affect thies. As shown by other authors in Ref. 121, considgrin
an average packing fraction, instead of higher onebe central channels and lower
ones in the channels close to the reflectors, dsesethek. This is connected to the
compaction of the bed in the central channels, wlgads to a positive reactivity effect.
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In order to evaluate the sensitivity with respecthe variation of thq;Z;Z, the values

which were used for the reference model were aiddd or multiplied by a factor 10.
The model with IowerpZ;:, which simulates a bed with less leakage in betwbe

pebbles, resulted in no obsenigdvariation and the one with high@ﬁ;: had aAp of

-4 pcm from the reference. This variation is naglg but it shows that an increase in

pZ;: correspond effectively to a negative reactivitfeef. The variations on the

b,b

o values and in

production rate distribution are shown in TableXIX for the lower p
Table 4.XXV for the higher ones.

Table 4.XXIV: Rel. diff. of AP2 13-group D1HT Table 4.XXV: Rel. diff. of AP2 13-group D1IHT

calculation (P1-$ RZ) with pZ}Z /10 from ref. calculation (P1-$ RZ) with pZ;Z «10 from ref.
CHAN A|CHAN B| CHAN C| CHAN D| CHAN E CHAN A|CHAN B | CHAN C| CHAN D| CHAN E
0.14% | 0.07% | -0.03% | -0.08% | 0-14% -0.44% | 0330 | 0.21% | 0.18% | “1.55%
0.11% 0.14% 0.08% -0.96%
-0.09% | -0.04% | -0.09% 0.37% | 0.38% | 0.29%
0.19% 0.14% 0.06% -0.95%
0.16% | -0.07% | -0.03% | -0.05% | 0.11% 0.02% | 0.41% | 0.33% | 0.27% | -1.01%
0, 0, 0, - 0,
013% | 059 | 0.00% | -0.050 | %:09% 0.00% 1 63006 | 0.30% | 0.210% | +-1°%
0.08% 0.13% -0.15% -1.12%
-0.04% | -0.02% | -0.02% 0.25% | 0.24% | 0.21%
0.02% 0.11% -0.25% -1.16%
0.08% | -0.04% | 0.00% | -0.03% | 0.15% -0.20% | 0.29% | 0.22% | 0.17% | -1.10%
0.16% 0.15% -0.11% -1.16%
-0.02% | 0.01% | -0.02% 0.24% | 0.23% | 0.17%
0.23% 0.17% -0.05% -1.15%
- 0, - 0, - 0, 0, 0, 0,
0.05% | “0:02% | -0.03% | -0.05% [~ 0039 | 0:25% | 0.19% | 0.14% [ .-
0.18% | -0.03% | -0.03% | -0.06% | 0.11% -0.08% | 0.33% | 0.21% | 0.15% | -1.16%
0.24% 0.15% -0.16% -1.12%
-0.06% | -0.02% | -0.05% 0.25% | 0.25% | 0.19%
0.15% 0.09% -0.27% -1.23%
0.00% | “0-07% | -0.03% | -0.04% | 9o 210% | 0.14% | 0.04% | -0.04% | 1 ga9s

As it can be seen from the distribution of the tretadifferences, the Iowepz;: values

gave a higher production in the reflector-adjaadr@nnels A and E and a lower one in

the central channels. The opposite trend is adsocia the higherpz;: values. This
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means that the influence of tlﬁ;z is stronger on the side channels than in the akentr
b,b
k'K
spectrum zone of travelling through the bed of pebhbvithout entering any pebble.
Close to the reflectors this means that a highaatitsn of neutrons leak out of the cavity
without contributing to the production in the zofié&e variation on the shape factors in
the central zones could be mainly due to a renoratédn effect.

It is interesting to observe that for highp]ihz values the shape factors in the external

ones. In fact, a highep’s’ corresponds to a higher probability for neutronseeng a

channel E decreases much more than the ones imahanThis could be due to the
fact that neutrons leaking out of the cavity inritee the external reflector; since the one
leaking out in A enter the internal one and so rewegher probability of reentering the
cavity after several collisions.

Nevertheless, except for the effects on channebiteg, the variations of one order of
magnitude of thepz;z values did not lead to large variations in thectiea rate

distribution.

Hence, the sensitivity of the results toward theurstary-to-boundary geometrical
probabilities values appears to be quite low, wsehsible effects observable only on the
production rates of the external channel zones.

4.3 Validation on the HTR-10 First Criticality

The HTR-10 is a 10 M\ pebble bed high temperature reactor built in ite & the
Institute of Nuclear Energy Technology (INET) ofifighua University, near Beijing in
China’? Its first criticality was attained on December2000. It is a cylindrical type
reactor, where the cavity has a diameter of 180 &rheight of 197 cm and a cone-
shaped bottom. The external graphite reflectoramasffective thickness of 100 cm and
the top reflector of 130 cm. In the bottom refledticere is a defueling tube of 50 cm
diameter to carry out the pebbles for a continu@lgad operation, using the typical
multi-pass refueling scheme of pebble bed react®everal holes are drilled in the
external reflector: 10 control rod channels andk@eeimental channels, each of 13 cm
diameter, 7 ellipsoid shape boron absorber balhicéls with a 16x6 cm diameter, 20
helium flow channels with of 8 cm diameter for ttedd helium inlet.

The HTR-10 vertical-cut schematic is shown in Fegdr7, since a horizontal core view
in Figure 4.8.
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Together with the fuel pebbles containing the ,URISO microparticles, the HTR-10
was charged also with graphite-only moderator peblijtalled "dummy balls™). The
characteristics of the pebbles, fabricated in Chamal used in the HTR-10, are
summarized in Table 4. XXVI.

Table 4.XXVI: Characteristics of HTR-10 graphite and fuel pebbles

Pebbles packing fraction in the core 0.61

Fuel pebbles

Pebble diameter [cm] 6.0

Fuel zone diameter [cm] 5.0
Density of graphite in matrix and outer shell [g/cm’] 1.73
Heavy metal (uranium) loading (weight) per pebble [g] 5.0

“U enrichment (weight) 17%
Equivalent natural boron impurities in uranium [ppm] 4.0
Equivalent natural boron impurities in graphite [ppm/ 1.3
Radius of UO, kernel [mm] 0.25

U0, density [g/cm’] 10.4
Coating layers materials (starting from kernel) PyC/PyC/SiC/PyC
Coating layers thickness [mm] 0.09/0.04/0.035/0.04
Coating layers density [g/cm’] 1.1/1.9/3.18/1.9
Moderator pebbles

Pebble diameter [cm] 6.0
Graphite density [g/cm’] 1.84
Equivalent natural boron impurities in graphite [ppm] 0.125

To enhance confidence in predictions of neutronspsybehavior, the International
Atomic Energy Agency (IAEA) set up a Coordinateds®arch Project (CRP) on
validity of safety related physics calculations ff GRs'?® Countries participating in
this CRP include China, France Japan, SwitzerlaBg&rmany, Indonesia, the
Netherlands, the USA and the Russian Federatioa. bEmchmark analyses regarded
the HTR-10 start-up core physics experiments amduded the calculation of the
critical bed height of initial criticality (benchma problem B1), the temperature
coefficient of the fully loaded core (benchmarkigeon B2) and the control rod worth

for initial and full core (benchmark problem B3).
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To evaluate the control rod worth, a proper modgtihthe graphite reflector should be

implemented and this goes forward the scope ofttiasis. Regarding the temperature
coefficient calculation of the fully loaded corep physical measurements have been
done on it, meaning that its calculation can notubed for validation purposes. As a
consequence, only the benchmark problem Bl hasthekied.

The RZ model of the reactor, together with the egjeint graphite densities, computed
averaging the void spaces, and natural boron irtipsirof each region, was furnished

by the benchmark organizers. A schematic of ther®®del is shown in Figure 4.9.
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Figure 4.9: RZ model of HTR-10 (different materialsdepicted)?®

The first criticality experiment of the HTR-10 wearried out in most air atmosphere at
15 °C, at a pressure of 0.1013 MPa. For the cdiounlathe relative moisture of the air
has been assumed as 100%. The moist air has besde®d in the upper cavity and in
the space between the pebbles in the core. Underahdition of saturation humidity,

the density of vapor in the moist air is equal 167210° g/cnT, so the density of the

moist air is about 1.175*10g/cnT and the density of air is about 1.149®1g/cnt.
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Finally, the weight proportion in air of nitrogendioxygen were 75.53% and 23.14%
respectively.

In the experiment, the first criticality was readhethen a total number of 16890
pebbles were loaded into the reactor core, of wB@h7 were fuel pebbles and 7263
were graphite moderator pebbles, for a ratio o#37This loading corresponds to a
loading height of 123.06 cm.

4.3.1 APOLLO2 Reactor Model and Results

The RZ geometry of the APOLLO2 model has the samenbaries as the schematic
shown in Figure 4.9, except for the conical shapée lower dummy balls and the
bottom reflector indicated with material 0. To dése this region a unique material has
been used mixing the dummy balls, the inter-pehblaim and the graphite reflector.
The part of the cavity filled with the mix of fuelnd moderator pebbles has been
divided in 5 radial channels. The boundaries of thannels are showed in Table
4. XXVIl. The external channel is radially thinndrah the others in order to capture the
streaming effect through the rearranged bed clo$eet reflector wall.

Table 4.XXVII: Radial positions of channels bounday in AP2 model of HTR-10
Chan. A | Chan. B | Chan. C | Chan. D | Chan. E

Ext. radius [em] 21.15 41.75 60.91 80.38 90.0

The channels have then been subdivided axially ior 4 or 8 equivalent-height
spectrum zones, giving 3 different number of tefactrum zones in the core of 20, 30,
40. This has been done in order to investigatarttheence of the spectrum zone core
subdivision on thés. It has to be noticed that a spectrum zone shourdaprise a group
of pebbles with similar spectral characteristicel #mat the optimal boundaries of the
zone should lie where some spectral index vatieshus, differently from the case of
the spatial meshing for a discretized problem, rgela number of zones does not
necessarily correspond to a better physical reptaten.

Every spectrum zone is associated to a multi-pebbtemetry composed by 2 pebble
types, corresponding to the HTR-10 fuel pebbles rmoderator pebbles in proportion

57:43. A constant packing fraction of 0.61 has hesed. ThepZ}Z computed in section

3.4 have been used, also if they have been compried distribution of pebbles
corresponding to the annular type PBMR-400 core.velbeless, the data
corresponding to the internal channels and to xtereal one can be used because, as it

was shown in section 4.2.3.4.3, the sensitivitthefk.s to the pZ}Z values is very small.

Both the B and the RZ & calculations were performed using the 281-group BMHE
structure issued from the JEFF-3.1.1 library. Té&ls to high computing times, but for
the validation benchmark problem this is not a nvaimry. On the other side, avoiding
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the energy homogenization in the R¢ Smplified the reflector treatment as no 1R S
calculations are needed.

All the other parameters (spatial mesh size, cayerare precisions, P1 cross sections)
have the optimized values obtained in the previ@rgication part.

The first calculations were carried out with a tixeore height of 123.06 cm,
corresponding to the experimental critical heigdumid air atmosphere has been
considered and a uniform 15 °C core temperatutelalision.

The ket computed with the APOLLO2 model and different nemsbof spectrum zones
are shown in Table 4.XXVIIl. The total number ofjpées contained in the core varies
with the total number of spectrum zones. The redsothis is that each multi-pebble
geometry comprises a whole number of pebbles. mhmber is computed with the
corresponding zone packing fraction and volumethso it is affected by a round off
error.

Table 4. XXVIII: Computed HTR-10 kg for 123.06 cm height
core with diverse SZ number in the AP2 model

k, | Aplpem] | N° Pebbles
20 SZ | 1.01542 16888
30 SZ | 1.01596 52 16896
40 SZ | 1.01609 65 16896

From these results, it appears that the variatfathe spectrum zones number does not
impact significantly thées and that the greater values for 30 and 40 SZ aialyndue

to the 8 more mixed pebbles contained in the ddsea consequence, the subdivision in
20 SZ that has been chosen as the correspondiegcootains the closer number of
total pebbles to the reference of 16890.

From these first results it appears that the coetbg: value for the critical core height
is largely supercritical. This is expectable andsitdue to the fact that in the RZ
modeling of the reactor the streaming effect oftomrod holes, coolant channels and
boron absorber ball channels is not consideredréetdimensional core calculation is
necessary to evaluate the effect on reactivity eaftion streaming through these void
channels drilled in the external reflector. The ri@sie team performed the benchmark
calculations both using the VSOP code both the EldBarlo code MCNB* and
reported a correction factor of -1.28k/k to be applied to the RZ calculation in order to
account for this streaming effect.

In a more recent study,the first criticality of the HTR-10 has been cortguliby two
different models with the Monte Carlo module KEN®Qdf the SCALE 6 code system:
a Simplified and a High-Fidelity model. Both modédisscribe the bed of pebbles using
the same lattice disposition. They differ in theywlae void channels in the reflector are
represented. In the Simplified model the holes lmwenogenized with the reflector
materials and the benchmark-furnished densitiethimiRZ model are used. In the High
Fidelity model all the void channels drilled in theflectors are explicitly described in
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the geometry. The physical conditions in which éheso models are computed being
the same, and corresponding to the HTR-10 firsicafity experimental conditions, the
difference in the resulting corks measures the reactivity lost associated to the
streaming effect in the reflector holes. The coragts of the Simplified model was
1.02804 witho = 27 pcm, since for the High-Fidelity model it wa91399 witho = 27
pcm, thus resulting in a streaming effect reactiitst of 1.35%Ak/k. This value is
slightly higher than the one reported by the Chene=am and it will be used for the
APOLLO2 model validation.

The calculations with the 20 SZ APOLLO2 model hdvez=n performed for different

core heights. The results on the relative difference(keff — 1)/k€ff, both as obtained

from the APOLLOZ2 calculations and corrected by #teeaming coefficient, are
represented in Figure 4.10.
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Figure 4.10: HTR-10ke¢ varying with core height. -1.35%Ak/k streaming correction applied to
AP2 results

Interpolating the streaming corrected results, ¢bmputed core critical height is of

122.55 cm, corresponding to 16819 mixed pebbles¢iwis 77 mixed pebbles fewer

than the experimental result. The computed numberitical mixed pebbles and the

experimental number are in good agreement, withaive difference of -0.42%.

The VSOP calculation performed by the Chinese ptedithe critical core with 16759

pebbles, which is 60 pebbles farther from the expantal value (-137 pebbles) than the
result obtained with APOLLO?2.

Finally, as the initial benchmark specificationsrevéormulated with a homogeneous
core temperature of 27 °C, the APOLLO2 calculatibase also been performed with
moist air at this temperature. The computed reigtiost at the critical height when the

core temperature increases from 15 °C to 27 °@ i858 pcm. The interpolated critical

height resulted of 123.02 cm, corresponding to 568&obles, increasing by 66 mixed
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pebbles the required number at 15 °C. Moreoverrdsslt is very close to the Chinese
one, who evaluated the corresponding reactivitytm$2 mixed pebbles.

In conclusion, the validation calculations on th€RH10 first criticality confirmed the
very good capability of the developed APOLLO2 mobetompute thées of a pebble
bed reactor charged with different pebble typesididbeless, due to the limitations of a
2D core model, the streaming effect associatetidosdid channels in the reflector have
to be determined in a separate study. Howevergesihe reflector configuration is
known, this study can be simply performed onceviny Monte Carlo simulations, one
considering a graphite reflector where the voids lammogenized and one describing
explicitly the void channels. In this study the Whbed of pebble can be described by a
homogeneous equivalent material or by a latticeasigion.

4.4 Conclusions to the Chapter
In this Chapter the method developed in APOLLO2 tfe neutronic calculation of
PBRs has been verified with several Monte Carlerssfce simulations of a simplified

PBMR-400 model and validated with the first crititaexperiment of the HTR-10.

Conclusions on verification

Firstly, simulations with the spectrum zones ddaiwith a homogeneous material
were carried on. They allow determining the proR&r spatial mesh, the number of
broad groups, the scattering order and the conuweggparameter to be used.

Diffusion calculations of the core were tested with the CRONOS2 code. This
showed the potential gain in computing time whiohld be achieved using diffusion as
the low-order operator for the full-core calculationstead of the discrete ordinates
diamond differencing method.

Successively, pebbles were individually positiomethe Monte Carlo geometry.

The use of multigroup Plcross sections for desayilthe graphite reflector in Monte
Carlo geometry has been verified. The relative edg@hces on the Monte Carlo
simulations, using rather continuous or 281-group dPoss sections, showed that
assuming isotropic scattering results on a coretirety difference of 95 pcm at low
temperature and -4 pcm at high temperature. Theimmem difference on the
production densities, over the spectrum zones aiialue higher than core average, is
of 1.62% at low temperature and 0.68% at high teatpee.

A comparison between different ways of computing $pectrum zones reaction rates
shows that, while computed with the fine-group hegeneous fluxes over the multi-
pebble geometries, the rates better match the Moatl® reference.

Investigations on the entering currents from thappite reflectors were performed in
order to understand the trend of the relative tkfiee between the APOLLO2 and the
T4 results. A higher thermalized current enterihg tore cavity from the lateral
reflectors have been observed in APOLLO2. More istudre needed to explain this
discrepancy.
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A sensitivity analysis on the core eigenvalue agmttion rates to the variations of the
zones' packing fraction and thn%;z boundary-to-boundary probabilities was performed.

It showed that varying the packing fraction of aaif lof percent created a variation of
the same order on the production shape factor$, pveictically no effects on thes:

The variation of th@Z;: of an order of magnitude did not influence theeceigenvalue

and only in a small manner (~1%) the productiorpshiactors of the external channel
zones while increasing.

Both a low temperaturd_T) and a high temperaturel7) models were analyzed. It has
been determined that the best results are obtaisieg 26 broad groups for thd and

13 broad groups for thédT, with a P1-% approximation, in the core RZ flux
computation. This allowed computing the simplifiBMR-400 model containing a
random mix of 6 different burnup level pebbles ireasonable computing time (<1h),
both for theLT (faster) and thedT model. The reactivity discrepancy from the T4
references resulted smaller than 100 pcm and tagvee differences on the production
rate distribution were smaller than < 3 to 4% ie #ones with a shape factor larger than
1, and < 3% on the hot spot.

These observed discrepancieskgnand production shape factors are sufficiently $mal
to perform PBR safety studies and they fit the legquested for PWR calculations.
Nevertheless, the computing time remains high. Tikismostly due to the high
computing time spent in the RZ, Slux solver. A solution could be envisaged using
diffusion as the low-order core flux solver operatd small decrease in precision,
especially on the reaction rate distribution, whsesved with diffusion, but this was not
evaluated while computing the heterogeneous reaaties. Another practical and
effective solution is the parallelization of the ltnpebble geometries;Pcalculations.
This would be mostly useful after the first speatraones — core iterations, when the
core flux solver initiated with the previous itecat flux values speed up greatly the
convergence.

Even when comparing the reaction rates at a mamglel@ scale that is, at the level of
the different pebble types comprised in a zone, deeeloped model computes the
production over absorption ratio per type withie 8 from the TRIPOLI4 results. This
shows that the neutron exchanges between the pebbldifferent type are properly
modeled with the APOLLO2 "macro-stochastic" method.

Conclusions on Validation

The developed APOLLO2 model was then validated withfirst criticality experiment
of the HTR-10. The critical number of pebbles to inoduced in the core was
evaluated. Compared to the experimental value @&Q@6mixed (graphite and fuel)
pebbles, the APOLLO2 model evaluates the critiaahber only to 77 pebbles less.
This is a very good agreement, better than theobteined with a lot of other codes.
Nevertheless, the streaming effect associatedet@aid channels in the reflectors have
to be determined in a separate Monte Carlo studgused on detailed reflector
geometry and simply representing the pebble beel lmpia homogeneous material.
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5 Search of the Equilibrium Core

The continuous fuel reloading and the downward ftdwhe pebbles through the core
lead to specific features for the fuel cycle in lplelbed reactors that do not exist in the
most common reactor cores (PWR, BWR, ...). Usuddly,theses reactors, the fuel is
loaded periodically (intervals varying from 12 t8 fnonths depending on the reactor
design and the fuel loading strategy). During thel feloading, a fraction of the fuel
assemblies is discharged and replaced with freshdssemblies. After the reloading
phase, the reactor operates until the core becomaer-critical. For such operation, it
IS necessary to have an excess reactivity at thentuaeg of the cycle, this reactivity
being compensated by burnable poisons, boron dilutevater and control rods. The
loss of reactivity during core operation is cortethto the fuel depletion (loss of fissile
isotopes), while the average burnup of the coreeames.

As it has been explained in section 1.3, in systeuth as PBRs, where a continuous
reloading strategy is adopted, the initial excesstivity of the cold state core with all
rod extracted does not need to be as large asB@la(Beginning Of Life) PWR core.
Due to the continuous reloading, at hot core fallvpr conditions no reactivity excess is
needed to compensate the loss of reactivity duoppgration. Only a small reactivity
excess is maintained to ensure the fine reactmgtulation. Since the fresh fuel is
continuously inserted in the core and the depletes extracted, after a start-up period

129



called running-in phase, an equilibrium conditisrréached where the average burnup
of the core does not change with time. This equilib core burnup is targeted during
the reactor design in order to ideally ensure t&caficore with no control rods inserted.
In reality, a slightly over-critical core is desgph in order to ensure the reactivity
control in nominal operation. The analysis of th@n+quilibrium core is important
during the running-in phase corresponding to thedition from the fresh core to the
equilibrium one. However, this phase is relativehprt compared to the period in which
the reactor will be operated at full power withexuilibrium core (for the HTR-10 the
running-in phase is estimated to last about 11Q@v&atent Full Power Days (EFPD), to
be compared with the average irradiation time fofed pebble in the equilibrium core of
1080 EFPD)}* As a consequence, the major part of the works wcted for PBRs
reactor design concern the equilibrium core coadgifor which are performed the
neutronic and thermal-hydraulic calculations, tladety analysis and the fuel cost
estimation. Most of the performance and licensialgwations assume the equilibrium
core configuration.

The configuration of the equilibrium core depenld® @n the refueling strategy adopted
for a specific Pebble Bed Reactor design. Threesiples fuel management schemes
have been studied for PBRs: the "OTTO" (Once-thinetingn-out), the "peu-a-peu” and
the "multipass” (also called MEDUL in referencethe first build AVR reactor).

- In the OTTO scheme the fresh fuel pebble is indeote the top of the pebble
bed filling the reactor cavity (except for the uppeid space) and it flows once
through the core, then it is discharged and setitespent fuel tank.

- In the peu-a-peu scheme, the initially loaded pebfill up only a partial height
of the reactor cavity, which is generally highearththe one designed for the
other fuel management schemes. The pebbles ddawotttirough the reactor,
but fresh pebbles are periodically dropped on the df the bed in order to
compensate for the reactivity lost due to fuel deph, since the cavity is not
completely filled. The core is then discharged am&w cycle begins.

- In the multipass scheme, a pebble which has alrady through the reactor is
extracted from the bottom of the core and therbusup is estimated by an
indirect measure. If the measured burnup does xu#esl the target limit fixed
for recycling, the pebble is pneumatically re-ti@or$ed on the upper part of the
reactor and dropped on the top of the bed, bottamaty or in a specific radial
position, to pass again through the core. If theasneed burnup exceed the
target limit, the pebble is discarded and senh&dpent fuel tank, and a fresh
pebble is dropped on the top of the core instead.

The OTTO and the peu-a-peu schemes have beendstudieot really envisaged for a
realistic reactor application. The disadvantagéhefpeu-a-peu scheme is the refueling
period that implies a reactor shutdown, lowering @kailability factor. Compared to the
OTTO cycle, where the burnup of the pebbles vaiglgxfrom zero to the maximum
value, the multipass has the advantage of flattethe axial flux profile, because the
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average burnup of the mixture of pebbles with d#fe number of passes through the
reactor cavity has a smaller variation from the topthe bottom of the core. As a
consequence, the power peaking factors are rechced the maximum pebble center
temperature at operational condition for a givingak core power and coolant
temperature. Moreover, in the case of a Depres=iirizoss of Coolant (DLOFC)
accident, which can be considered as the worstsmas®rio for an HTR, a lower power
density in a pebble at operational conditions iegla lower decay heat, hence a
reduced maximum fuel temperature during the tramsi&his allows keeping the
TRISO particles temperature under the 1600 °C liensuring the effectiveness of the
SIC barrier in retaining the fission products amdtlse inherent safety feature of the
reactor, as explained in section 1.1. Moreoverthn multipass scheme the DLOFC
power peak can be further reduced of about 200 d@ptang a radially-dependent
repositioning strategy of the recycled pebblesedalradial fuel zoning?® The
capability of managing the fuel zoning depends ugua design of the mechanical
device which inserts the fresh or recycled pebbleshe top of the core. For example,
in the PBMR-400 design, this mechanism drops thiebles by some fixed pipes
positioned over the bed. Then, under these positeohill of pebbles is formed on the
top of the bed. An inserted pebble will roll oxbe hill until reaching a stable radial
position, from where it will start to flow downward an almost purely axial direction,
surrounded by the other pebbles in a plug type,flelhose characteristics are depicted
in section 1.4. In this reactor design no radiahiag is possible and a random
distribution of the re-circulated pebbles at théryemplane of the core cavity has to be
simulated.

To better understand how the multipass scheme dhioel simulated, let in detail
analyze how a discharged pebble is recycled omadied. Generally, when a pebble is
extracted from a defueling cone at the bottom efrractor, its burnup is estimated by a
gamma detector measuring the concentration 6 @sthe fuel. This isotope is chosen
because it has a stroggemission at 0.661642 MeV and it is a fission paiduith a
long half-life (30.2 years), which avoids the etteof the short period flux fluctuations
on the cumulated atomic density. A target burnaptlfor recirculation is fixed; beyond
this limit a discharged pebble is discarded ratthem re-circulated. The limit for
recirculation is determined in order to avoid thiscdarged pebble to exceed the
maximum allowed burnup for the TRISO particles gniy with a further passage
through the reactor. This TRISO burnup limit isefikby the regulators and it depends
on the physical properties of the fuel under iraidn. As it has been described in
Chapter 1, in the German AVR reactor some pebbke wradiated up to 160 MWd/t
without significant damage.

The burnup cumulated by a pebble during a passighrehe core depends both on its
burnup value at insertion and on the radial pasittowhich it flows through the cavity.
For example, in the case of an annular core, pshildeing close to the reflectors have
the lowest flow velocity, and so the highest resaetime in the core. Moreover, while
flowing close to the internal reflector they alsasp through the zones with the highest
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core thermal flux and, thus, power density. Thastlie same entering burnup at the top
of the core, their discharge burnup will be higtiemn the one of the pebbles flowing in
other radial positions. As a consequence, the tdmgeup limit for recirculation has to
be determined considering that the discharged pebbl made his further pass in the
most penalizing radial position. This position esponds to the most internal flow
channel in an annular reactor. For example, inHM&®-10 (which is cylindrical) fuel
management scheme the target burnup limit for ¢eldtion is fixed to 72000 MWd/t,
which gives an average burnup of the spent fueltter equilibrium core of 80000
MWd/t and a peak value of about 96000 MWdTt.

The selection method described, which allows ahdisged pebble to be recycled or not,
entails that not all the pebbles will do the sanuenber of passes through the core
before being discarded. This trend was partiallglyred for the PBMR-40d¢° and it
should be addressed in a proper modeling of théipask scheme.

This Chapter will focus on the research of the igpuum core with a multipass fuel

management scheme. In section 5.1, an overviewefrtethods implemented in the
codes presently used for pebble bed reactors diimlprecedes the description of the
method developed in APOLLOZ2, presented in secti@n Bhen, the developed method
is applied for several fuel cycles proposed in PB&sscribed in section 5.3. The
characteristics of the corresponding equilibriumnesoare evaluated for the simplified
PBMR-400 geometry, already used in Chapter 4, cticge 5.4.

In this last section, the potential of the methededoped in APOLLO2 is exploited to
quantify the bias committed by using the averagamusition pebble approximation.
This bias concerns both the homogenized crossosegéineration and the fuel depletion
calculations.

Finally, the conclusion on the equilibrium core glations will be given in section 5.5.

5.1 Survey of Existing Codes Methodologies

Before describing the various methods specificachecode, let introduce the common
features and techniques implemented in all metlogpies.

First of all, since the pebble flow through the itavs practically vertical, the core is
subdivided in parallel flow channels and the pebldatering the top of the bed in a
given channel are supposed to flow till the bottomthe same channel. The only
exception to this trend appears at the bottom efcthre, where the defueling cones are
present and the flow lines curve approaching oaek ether.

Several codes represent the cone bottom by aritdilgy which does not introduce a
great error as the flux at the bottom end is vengls due to the higher pebble burnup,
the increased coolant temperature and the cosapgestharacteristic of a homogeneous
core.

The radial width of the flow channels is chosercapture two common features of the
pebbles comprised in the corresponding spectruneszotine flow velocity and the
neutron flux shape. As a consequence, the chactods to the reflectors are radially
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thinner, both to assign to the pebbles a slowav flelocity and to capture the spectral
effects connected to the reflectors neighborhoodg¢hvresult in a higher thermalized
flux. Some codes assign a constant velocity throtnghwidth of the flow channel,

while others assign a different velocity to eacimpatational cell in the radial direction
of the RZ core model. Moreover, some codes allosigagng a different flow speed to
each channel, while others subdivide the differd@mdnnels in a different number of
axial spectrum zones with a constant residence itinal of them, so that the relative
numbers of zones in the channels determine thevweldowing speeds.

To find the pebble burnup values correspondinchedquilibrium core, all the codes
compute a steady-state reactor model with a givemiltltion of burnup and then use
the calculated fluxes to deplete the fuel pebbtekta find the next core burnup profile.
Two main approaches are used. In the first onecdtine equilibrium search is treated
explicitly, from the fresh core to the final asymt loading, simulating the whole
running-in phase. In this case the successive lpupnafiles computed correspond to
consecutive steps of the running-in phase. In goersd approach, the equilibrium state
is directly calculated iteratively, converging tbet equilibrium burnup distribution
without modeling the succession of running-in #atd third approach based on
statistical considerations on pebble distributias klso been developed, but it has not
been particularly usedf:*?’

In the simulation of the multipass fuel managensafteme, it is necessary to develop
both a depletion algorithm, used to follow the huprevolution of the pebbles flowing
through the core, and a mixing algorithm, which deies the reintroduction of the
recycled pebbles on the top of the bed and thetitutiien of the discarded pebbles with
fresh ones. In the following, the methodologies @dd by some existing codes are
described in a deeper detail.

- VSOP

The VSOP code system solves the problem in a tiepewident manner, employing a
sequential fuel shuffling and burnup algorithmdatiow the evolution of the pebbles
burnup through the running-in phase till the edmilim core’®® It assigns a fixed
residence time to all spectrum zones, dividing ¢hannels in a different number of
spectrum zones. The pebbles with the same numbggissles in each zone are lumped
into batches. The volumes of each batch in a zoedhe same and equal to the total
batch volume divided by the average number of gassthe core. Batches that are co-
located in a zone define pebbles that move togesismulating the mixing of the
pebbles with different burnup levels within the ieg A single average batch is
computed for each spectrum zone, volume-weightimg different batches nuclide
densities, to define a single material. All the muital mesh cells belonging to a
spectrum zone in the RZ model are associated tedh®ee set of microscopic cross
sections and average nuclide densities, so thatntheroscopic cross sections are
constant in the zone. The nuclide densities inzibee should represent the average
composition for that volume over the time interualwhich the pebbles flow through
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the zone. It is therefore typically defined to Ie tomposition half-way through the
time interval (or burnup step). Given a burnuprdisition of the core at a given time
step during the running-in phase, the RZ core mpaed with the finite difference
diffusion code CITATION in 4 energy groups. Withethiffusion broad-group flux
averaged over the zone volume, the different battiedonging to a zone are depleted
for the duration of the time step and then shuffiledvnwards to the next spectrum
zone. In reality a more complex subdivision in Bseps is employed, where the flux
distribution and the microscopic cross sectionsracalculated at the midpoint and the
flux is renormalized to preserve the core total powore details can be found in Ref.
128, where an analysis is also performed compdhagise of these two different flux
vectors per substep with a unique constant aveflageduring the whole step. The
obtained results did not show any observable dffees on the computed
concentrations of the main nuclides.

The batches belonging to the bottom spectrum zbeaah channel are mixed together
to obtain the composition of the batches to beseriied at the top of the core. The
mixing algorithm is the simplest and most commaudgd one, consisting in computing
a flow-weighted average over the channels per eaaés (which in this case
corresponds to a volume-weighted average over tneesponding last batches per
channel) and then assigning this average compnoditidhe next pass at the top of the
core. The last pass is completely discarded andirstepass at the top of the core is
composed by fresh pebbles. As the number of peljbtethe batch volume) per each
pass is the same in all spectrum zones, the nuaiblast pass pebbles discarded at the
bottom is equal to the number of fresh pebblesriaedeat the top, maintaining constant
the pebbles inventory in the core.

This implemented mixing algorithm can not autorradtictreat the case of a radial fuel
zoning strategy, and a case to case reloadingrpdttes to be implemented to describe
the radial distribution of the pebbles accordingtheir burnup level. Moreover, this
simple scheme does not account for the dispergsionnd the average burnup values
used to represent the set of pebbles of the samiyfaontained in a zone. Thus, the
physical mechanism of imposing a target burnuptlifar recirculation can not be
properly simulated and all the pebbles performstme number of passes through the
core. As explained in the previous section, thisasthe realistic situation.

- BATAN-MPASS

BATAN-MPASS' was the first code which allows computing diredtlg asymptotic
burnup distribution of the equilibrium core by aerative coupling of the core flux
calculation and the depletion calculation, eacltidation being performed separately.
This differs to an earlier developed code, the PR&s@e™*® where the coupled
discretized depletion and diffusion equations aemted as a system of algebraic
equations and solved simultaneously with the SORitbie method. The PREC code
could consider only a single burnup value flowitgotigh the core and so it was
applied only to OTTO cycle simulations. In BATAN-MBS the burnup and core flux

calculations are solved separately, mostly to enthe convergence of each calculation.
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Differently from VSOP, the axial flow of the pebblé not considered at the level of
the flow channels but over the spatial mesh usedidoretize the RZ geometry, with
radially varying flow velocities. Thus, the flux @ined from the diffusion solver is
used to compute the axial variation of the nuctidesities over each cell of the mesh.
A different flow velocity can be assigned to eactmbmesh, so that a fine velocity
profile can be simulated. Nevertheless, assumingrging flow velocity over a mesh
size smaller than a pebble diameter is certaintyphgsical.

The diffusion code computes a single flux value gqegrgy group in each mesh cell and
this flux is used in the Bateman equation for dipdethe different nuclides densities
corresponding to the different pass pebbles. Tralideidensities vary in the group of
mesh cells corresponding to a spectrum zone, im@lyhat the microscopic cross
sections are constant in a spectrum zone, butieanhficroscopic cross sections.

The mixing algorithm appears to be the simple asedun VSOP too and the core flux
calculation iterates with the depletion solver adton until reaching convergence on
the corekesr, the group flux values and the nuclide densitiesach pass in each spatial
mesh cell.

Finally, an external iteration loop adjusts the lgeb flow velocity, by linear
interpolation, until the corresponding computed idgium core matches a
predeterminedss. Given that the reactor dimensions are fixed, ttogrewith the total
power, the number of passes and the pebble chastice varying the flow velocity
indeed results in a variation of the equilibriunte&s. For example, increasing the
pebble flow velocity, a larger number of fresh plekhks introduced in a given period
given an increase of the reactor multiplicationtdactogether with a decrease of the
average burnup value of the discarded pebbles.

- PEBBED

The recently developed PEBBED code uses the PREGoeh@ogy of coupling the
core diffusion equation and the fuel depletion e¢iguma The diffusion equation is solved
over the RZ core geometry whit a different averggebble composition per
computational cell. The fuel depletion equatiorwigtten with a term which accounts
for the axial flowing of pebbles. This term variasthe size of the cells width. This
depletion equation is solved iteratively with tHexfcomputed by diffusion over the
spatial mesh of the core. Moreover, it introducesuaalytical formulation which allows
deriving the burnup of the different pass pebbsprised in a spectrum zone from the
average fuel compositiofl.An interesting feature implemented in PEBBED caonse
the mixing algorithm, which is based on a sophagéd recirculation matrix which
allows defining recirculation and transfer coefigis’*! Through these coefficients the
fractions of each pass to be loaded in the differadial positions are determined. It is
so possible to parameterize the specifications nyf faiel reloading strategy and to
automatically explore different strategies by simphrying the matrix coefficients,
allowing efficient optimization researches basedjenetic algorithm&*

Recently** PEBBED has also been applied to analyze the budistpbution of the
discarded pebbles around the average values perqgigined from the equilibrium
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core calculation. This has been done using theerged flux values of the equilibrium
core, computed with the average composition pelalpproximation and an equal
fraction of pebble type per pass. The flux values ased to perform the depletion
calculations associated to all the realizable expokistories. An exposure history is a
given combination of the flowed channels by thelpelduring its life in the reactor.
Thus, if the core in divided ilN,, channels and the average number of passes for the

pebbles isN the total possible combinations, representingdifierent exposure

pass?
histories, are( Nchan)N"ass. The simulation of all these histories individyal very time
consuming. In the example given in the referencéd@a core with 4 channels and 10
passes was simulated and the computation of alf Nggn)N”aSS combinations required

about 2 weeks on a single processor. Furthermaes dot simulate the recirculation
strategy based on the measurement of the burnup wéldischarged pebbles. As it has
been explained in the previous section, in redlty number of passes used in the
existing codes to compute the equilibrium core dycan average value, but some
pebbles could make less passes and other moréhbanerage.

To properly evaluate this dispersion around theagye value some strategies should be
implemented in-line with the iterations between tloee flux solver and the depletion
solver, in order to properly estimate the fractadrpebbles with different passes in the
equilibrium core.

- DALTON — THERMIX

The methodology recently developed at the Delftvdrsity of Technology? in The
Netherlands, is the closest one to the methodoldgyeloped in APOLLO2. An
iterative scheme is employed to find the asymptnoticlide distribution directly by a
loosely coupling of the core diffusion solver DALNOand the depletion solver
ORIGEN of the SCALE-5 code system. The iterativen@ple is the same as in
BATAN-MPASS. An outer loop allows adjusting the eoresidence timg,,of the

pebbles to obtain an equilibrium reactor with asprided ke The depletion and
flowing algorithm are mostly similar to the VSOPesn The RZ core model is divided
in spectrum zones with constant homogenized miopmsccross sections and nuclide
densities in all the computational mesh cells efzbne. This differs from the BATAN-
MAPSS method were the nuclide densities vary oaehemesh cell. After a burnup
iteration which modifies the nuclide densities Ire tspectrum zones the self-shielding
step is repeated and the microscopic cross secaomscomputed by 1D transport
calculations for the TRISO coated particle surrethty the moderator graphite matrix.
A 172-group XMAS energy structure, based on theREEF library, is used. Radial and
axial 1D transport calculations are used to cateutane weighted cross sections for the
entire reactor and obtain the macroscopic crossosscfor each zone. The diffusion
solver computes the RZ multi-group flux profile s average flux value is computed
for each spectrum zone and scaled to the desiestiorepower. The average flux value
is then used to deplete the nuclide densities &gsdcto each spectrum zones during
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the time period in which a pebble would flow thrbuilpe zone. This also differs from
the BATAN-MPASS approach where the flux values iacle computational cell

belonging to the zone are used to deplete the sworeling nuclide densities,
considering the axial and radial variation of thexfin the zone. The axial downward
movement is taken into account by assigning théngxdensities from a zone to the
entering ones of the following zone. The convergent the core flux — depletion
calculations is checked on the absolute differesfcthe RZ flux values between two
successive iterations. The mixing algorithm isWM&OP one used in almost all codes.

- The PANTHERMIX scheme uses a somewhat moraistgated model for shifting
batches of pebbles that accounts for the numediflsion in the shift calculation
arising from the variation in pebble speed in défa flow zones.

- The HELIOS/CAPP code systéthrecently developed by the Korea Atomic Energy
Research Institute adopts as flowing and mixingesus practically the same as VSOP,
using the flux computed over each spectrum zongdéyliffusion solver to perform the
micro-depletion calculation for each pebble-type.

Finally, other developed methodologies use theadlanentioned flowing and mixing
algorithms, but adopt Monte Carlo codes to complueflux values to be passed to the
depletion solvet***"While these methods could be useful for reactdtis particular
complex geometries, they are still not competitth deterministic methods due to the
long computing times of Monte Carlo and to the treédy basic, or null, existing
methodologies to propagate the flux uncertaintieshe nuclide densities obtained by
the depletion solver. Moreover, for pebble bed t@ac where the pebbles are
stochastically distributed in the reactor cavitye flux computed in the Monte Carlo
geometry using a given pebble disposition, oftenairattice arrangement, is not
representative of the stochastic variations philgipaesent in the flowing bed.

5.2 Developed Method in APOLLO2

The methodology implemented in APOLLO?Z2 is similarthe BATAN-MPASS one,
but, as for the method developed at Delft Univgrsit uses the VSOP concept of
considering an average flux value over the spectzane to deplete the pebbles during
their passage through the zone. In reality, asag heen explained in the previous
section, VSOP uses a flux vector subdividing thespge in the spectrum zone in
various substeps, but in the comparative study nweitte PEBBED it appeared that
there were only small differences if an averagespm over the zone is used.

The research of the flow velocity, giving a burmupfile distribution in the equilibrium
reactor corresponding to a prescrillgglvalue, is performed outline and it is not done in
an external loop as in other codes. This allowschurg several calculations with
different velocities in parallel on a cluster obpessors. Then, interpolating linearly the
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couples of correspondings and velocities, the velocity giving the desiledis found
with a few iterations.

The developed methodology aims to compute dirdbtyasymptotic equilibrium core.
The calculation of the running-in phase, nevertg®lés easily achievable as it is only a
succession of static reactor configurations, widuecessive downward shuffling of the
fuel kernels nuclide densities associated to thles contained in the spectrum zones.
The depletion and the mixing algorithm are expldine more details in the next
sections.

5.2.1 Depletion Algorithm

The RZ core model is subdivided in channels andtsp® zones, as usually done in
PBRs modeling. The pebbles are expected to flownsawrd inside the channel in
which they enter the core cavity. The bottom coegian could be described using a
stepwise approximation on the geometrical RZ mAshthe RZ model is Cartesian it is
not possible to describe curved lines, but if theedlux solver would allow it, it would
be straightforward to implement this method couphgtth such a model, provided that
the entering currents through the spectrum zonemdary surfaces are recoverable
from the core flux solver.

The iterative core calculation method developedAPOLLO2, based on iterations
between the jPcalculations of the multi-pebble geometries asged to the spectrum
zones and the RZ\Score calculation, is used to compute a given statate of the
reactor. For steady-state, we mean a core withvangnuclide atomic densities
distribution assigned to the fuel kernels of alé thebbles in all the multi-pebble
geometries associated to the core spectrum zones. nUmber of pebble types
contained in the core equals the maximum numbpas$es through the reactor which a
pebble can perform before being discarded. Themettic fractions of each pebble
type in the spectrum zones are determined by angiiigorithm; it is equal ta / N

pass
for all types with the implemented mixing algorithsimilar to the VSOP one and

described in the next section. These values (nubeifractions of types) are constant
in the zones belonging to the same channel but theydiffer between the different

channels. This allows simulating radial zoningtetgées.

In a steady-state calculation, the nuclide derssagsigned to the different pebble types
in a zone represent the average values of eachapalse half height of the zone. The

burnup of a pebble type is an average value, wheregeality the burnup values of the

pebbles with the same number of passes differ dipgron their exposure histories.

Considering this average value per pass, a spectoma contains pebbles of a given
type with the burnup increasing from the enteriadue at the top boundary surface to
the exiting value at the bottom boundary surfadece the multi-pebble geometry

accounts for a single burnup value per pebble tthee value at the half-height of the

zone is retained as the average one. The flow Nglot a zone being constant, the

value at the half-height corresponds to the valtetha half of the time period
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T,,employed by a pebble to flow through the zone. ustrbe noticed thaf,can vary

in the different spectrum zones belonging to a nbhand that the zones do not need to
be equi-volumetric. The time in which a pebble flalarough the full height of a
channel,T, , is the sum of thd, of the zones belonging to the channel.

When the iterative core-calculation scheme has @g®ed to a steady-state, the entering
currents per boundary surface in all the spectromeg are known. If the core is at
equilibrium, these entering currents are constaat the time. The fine-group fluxes in
each pebble, computed by thg €alculation of the multi-pebble geometry with the
converged entering currents and ckyg are used to deplete the corresponding pebble
type. This is done over the time stdp,, depleting the nuclide densities from the

entering values in the spectrum zone to the exibngs. The densities of each pebble
type at timeT,,/2 are stored and they will be assigned to the npelible geometry for
the next iteration flux. The macroscopic cross isest are updated at interval
T, substeps, but the fluxes in the pebbles remaintaotever allT.

A schematic illustrating how is performed the déple calculation for the pebbles
flowing through a zone is given in Figure 5.1.

(n)

entry
e N, F'1low Channel
1 SZ-1 !
E J9 E N® ™

in,8Z ~ "~ out,S7—1

1 1 (n) _ pym
] J? 1 ! N out,S7 — N, in,S7 +1
1 SZ+1 :
(n)
Nez'tmct,channel

Figure 5.1: Depletion calculation of the pebblesdlwing through a zone
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The entering nuclide densiti@$, o, of the different pebble types in the zone SZ hee t
exiting densities from the upper zor, o, .

If the spectrum zone is the top one of the charthel,entering nuclide densities are
determined by the mixing algorithm, which will bestribed in the next section.

For the bottom zones, the exiting nuclide densiéies the discharged ones from the
channel.

The depletion solver performs the micro-depletidrthe fuel kernels of each pebble
type using their own heterogeneous fine-group fuxes a consequence, the flux used
for depleting the kernels differs between the défe types comprised in a zone.

This can not be accounted for by other codes thattle single flux value computed in
the average composition pebble. Moreover, the pusvimplemented methodologies
use the broad-group flux obtained from the coréudibn solver to condense the broad-
group cross sections to the one-group value usttkidepletion equations.
Furthermore, in the developed method the flux ia thulti-pebble geometries are
renormalized to match the total core power usirgy fthe-group heterogeneous rates
computed for the different pebble types, as desdribh section 4.2.3. These rates were
closer to the Monte Carlo reference values compéwetthe rates computed with the
broad-group flux over the homogeneous spectrum szomevertheless, this last
approach is the one used by all existing codes.

Once the atomic densities of the different pebies$ have been successively depleted
through the spectrum zones of a channel, the atdemisities afl;,/2 in each spectrum

zone are used to define the steady-state at taidten+1.
It has to be noted that the depletion through ackhkis independent from the other
channels. Thus it is possible to parallel comphéedepletion sequences in the different
channels, with a consequent gain in computing tintee order ofN_

chan *

Then, the collision probabilities matrices are rapated for all the multi-pebble
geometries and the fine-group cross sections alfestselded with new isotopic
compositions (note that also this process can bellpbzed for the N, spectrum

zones), to perform a next spectrum zones — caraite calculation.

The iterations between the depletion calculatiomnd #he spectrum zones — core flux
calculations are repeated until convergence t@tudibrium core is reached.

The core is defined in equilibrium when a pebbléeeng the same channel with the
same burnup between two successive iterationshesathe same burnup levels at all
the exiting surfaces of the SZs belonging to thandel. Of course, the same burnup
level means that the relative difference betweerbilirnups at two successive iterations
is smaller than a prescribed convergence precision.

Convergence is checked on the following quantities:
- the equilibrium coréy,
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- the burnup values of the different pebble typeshat exit surfaces of the
spectrum zones,

- the concentrations of some user specified nuclielesities (for example &,
P, P in the different pebble types at the zones' sifaces,

- the zone-averaged core power distribution.

The flow scheme of the iterative calculation pragedfor computing the equilibrium
core is shown in Figure 5.2.
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Figure 5.2: Flow scheme of the iterative calculatio procedure for computing the equilibrium core.
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In this Flgure,NpJN indicates the average (over the core channels)iatdensity of

the passp —1 discharged pebbles at iteration which become the average reloaded
passp at iterationn +1. As it is explained in next section, the implengehtmixing
algorithm discards all the pebbles which have peréal the last pass.

In conclusion, the new APOLLOZ2 algorithm differsrin the previously developed ones
mainly for two features:

- the heterogeneous fine-group fluxes of the mulbbbe geometries are used to
compute the power distribution in the core,

- the depletion of the different pebble types congatisn a zone is computed with
the different fluxes for each type and not withwamque flux computed in an
average composition pebble.

5.2.2 Mixing Algorithm

The mixing algorithm combines the exiting nuclidendities at the bottom surfaces of
the last spectrum zones per channel at the iteratito build the entering nuclide
densities at the top of the channels at iteratioh.

In the projected pebble bed reactors, the Soutlica@ir PBMR-400 and the Chinese
HTR-PM, the pebbles inserted in the reactor caaiy dropped over the bed from fix
charging pipes, so the radial positions in whioh plebbles flow through the core may
be assumed randomly distributed. At the enteriagelthe atomic densities assigned to
each pass are the same for all channels and thiegatif the first pass are always fresh
pebbles. As the radial zoning is not accountednf@ctual designed reactor, the random
distribution will be adopted in the studies perfednn section 5.3. Nevertheless, with
the developed method in APOLLO2 any fuel managenseniategy can be simulated
simply modifying the mixing algorithm in the calation scheme.

In the case of a random radial distribution, ak thxisting codes use the mixing
algorithm of VSOP. In this algorithm, if the numbmrpasses through the core is equal

to N . each spectrum zone in each channel contains ifferedt pebble types,
corresponding to the different passes, in the fixactionJ/N

pass *

To initialize the first steady-state core, the frgebble composition can be assigned to
the pebbles of all passes or the user can assige paysically burnup values close to
the possible equilibrium ones. The latter can biobd depleting a single pebble with
a reflected boundary condition. This could reduu® number of required iterations to
reach the equilibrium state, but it will not infhee the convergence of the scheme.
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After the depletion calculation at iteratioris done, the nuclide densities at the bottom
surfaces of the last spectrum zones per chanrelsbaained.

Then the average atomic densmg our Of the discharged pebbles at ppss obtained

flow-weighting the corresponding densiti&éjlin each channel as

N our = a0 N, (5.2)
with
p=toeVe/Te c/T
zfpc ./ (5.2)
and

- 4 indicates an isotope in the fuel kernels of thietybes,
- ¢ denotes a channel,

- f,. the relative abundance of paspebbles in the channel,
- V. the volume of the channel,
- T, the flowing time period associated to the channel.

Note that, if the pebbles are randomly insertedtha core, f . - f, has to be
independent of the channel.
Once the average atomic densities of the dischapg®tbles from the corel,ﬁﬁ,”zm,

have been determined, the entering densities asbitm the pas® pebbles, Np”,f,),

starting fromp =2, for the successive iteration, are defined as

-

N = N o 5.3)
At the core entry plane the =1 pebbles are always fresh ones.

The discharged pebbles from the core for N are totally discarded and their

channel-averaged burnup exit value is defined eastierage discard burnup level of the
pebbles.

We have to point out here that the mixing algoritinmplemented in APOLLOZ2, during
this thesis, is similar to the one firstly usedMBOP, and then in all the other codes.
The limitations of this model are illustrated inceen 5.4.1.2 for the equilibrium core
calculation of a simplified PBMR-400 model with Loknriched Uranium. The main
weak point of the model is that the rejection polier the discharged pebbles is based
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on the number of passes, whereas in reality iaset on the discharge burnup value.
Nevertheless, it would be necessary to accourdlfahe depletion histories, during the
calculation of the equilibrium core, to properlyngoute the distribution of the atomic
densities of the discharged pebbles at each pasexplained in section 5.1, PEBBED
computed this distribution for the discarded pebbdemulating individually all the
possible histories, but using for depletion theildmium flux computed with a model
based on the average composition pebble approximaiihis required 2 weeks of
computing time.

In our analysis, we show how, in a channel, theisedated burnup per pass is linearly
proportional to the entering burnup value. Thiowh a fast calculation of all the
possible histories by interpolating the values coteg for the pebble types of the multi-
pebble geometries. An "improved mixing algorithrbgsed on this technique, is under
development.

5.3 HTGRs Fuel Cycles

High Temperature Gas-cooled Reactors, both thekkilgme and the pebble bed design,
are able to accommodate a wide variety of mixtwkdissile and fertile materials
without any significant modification of the core sign>*® They have several
fundamental features which distinguish them froimeottypes of reactors, and provide
significant operational advantages. It is possiblenodify the moderation ratio without
modifying the cooling geometry, by simply changittte diameter of the TRISO
particles fuel kernels and the number of them aoathin each fuel element. Using a
gaseous coolant instead of a liquid one, such 8ARs, avoids having a positive void
coefficient, which for example limits the MOX contan PWR MOX fuels. Moreover,
an HTR core has a better neutron economy than a bYMRbecause there are much less
parasitic captures in the moderator (capture csestion of graphite is 100 times less
than the one of water) and in internal structufg@sally, HTR fuels are able to reach
very high burnups, far beyond the possibilitiese#tl by other thermal reactors. The
burnup limitations come from two main constrairitee criticality of the core and the
resistance under irradiation of the TRISO fuel ipbe$. In previous experiment
performed in the DRAGON reactbt’ burnups as high as 750 MWd/t have been
achieved without degradation of the fuel particlesthe case of plutonium fuel cycles,
this deep burn capability allows burning efficigntihe plutonium without reprocessing
the fuel elements, minimizing proliferation riskS.

The main investigated fuel cycles for HTRs arestisbelow.

1) The LEU (Low Enriched Uranium) cycles, which areéuatly the prospected ones
for the commercial designs of the PBMR-400 and kHie&R-PM. They use U®
kernels with uranium enrichment of about 9% which a multipass scheme,
generally based on an average of six passes, atkaeching an average discharged
pebbles burnup of about 90000 MWd/t. The enrichmenhigher than the one
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2)

3)

commonly used in current light water reactors. Tikislue to a rather diluted and
homogeneous uranium distribution, on the form @f thicro-particles dispersed in
the graphite matrix, which favorstj resonance captures (self-shielding effect is
reduced). On the other hand, this apparent enriohpenalty is compensated by a
higher conversion ratio (typically 0.7 to 0.8 oreevmore) leading to a greater "in
situ” formation of fissile isotopes (plutonium).

The plutonium cycles exploits the unique flexibdatures of the HTRs to fully load
the core with Pu fuel. The idea to use plutoniunthes only fissile material (but
together with thorium, in the same core, as fentiaterial) was considered very
early in the 60's within the framework of the DRAS(roject. Recently, the
PUMA project, which is a Specific Targeted ReseaRethject of the European
Union EURATOM 6" Framework Program, aimed at providing key elemémtts
the utilization and transmutation of plutonium amé¢hor actinides (MA) in HTR
designs:*! Three different types of plutonium fuels are eagisd to be used:
weapons grade plutonium and civil plutonium repsseel from spent LWR
uranium fuel (first generation Pu) or LWR MOX fu@decond generation Pu).
Numerous studies have been done with the differedés described in section 5.1
to compute the equilibrium core of both the HTRPM*® and the PBMR-406*
148 |oaded with plutonium.

The thorium cycles, which are not specific to HTBgen though HTRs are better
adapted than other reactors to take advantage asfuth neutronic properties.
Thorium is the fertile material utilized in thisag and generates®® which is an
optimum fissile isotope for thermal spectrum reestoFurthermore, there are
probably more thorium resources than uranium oaed,its utilization as a fertile
isotope in reactors has been extensively studiadicplarly for HTRs. For these
reasons, the cycle using High Enriched Uranium (HE&a driver for thorium fuel
was considered as the reference cycle at the \eginhing of HTR development in
both the USA and Germany. As a result, four prgietgower reactors that operated
in the past (AVR, THTR, Peach Bottom and Fort Sa#nain) were initially
operated with fuel containing thorium in variousms, such as carbides and oxides
in single thorium particles or mixtures with uramiuln pebble bed reactors, thanks
to the continuous reloading of the pebbles, it assible to envisage fuel cycles
using simultaneously pebbles with two differentlftyges, one as driver and the
other as fertile. More complex cycles have alsmbstadied, for example a PBMR-
400 based on a 5 passes scheme, where half obdiged pebbles contain Pu
kernels and half a mixture of 93% enriched uranand thorium (8.4% + 91.6%j’

In addition to the different fuel types which mag bsed in the fuel kernels, burnable
poisons could be dispersed as micro-particlesengtlaphite matrix or directly inserted
in the fuel composition to shape the flux profil€his option has been studied
particularly for block-type reactors, but also iBRs and the use of boron, gadolinium
and erbium isotopes has also been considéf&d.
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5.4 Equilibrium Core Calculations for Different Fuel Cy cles

The method developed in APOLLOZ to search the dmjiwim core has been applied to
the reactor model used for the verification procdsscribed in Chapter 4, with pebbles
containing different fuel types. This model, whisthased on the PBMR-400 but with a
core height restricted to 9 m, is represented enRZ $ core model, illustrated in

Figure 4.2 with 5 flow channels subdivided in 1igglent-height spectrum zones for
channel A and E (the ones close to the reflectmnd)11 zones in channels B, C and D.
This has been adopted in Chapter 4 to represenV8@P zone partitioning of the

PBMR reactor. Hence, by using different numberspdctrum zones per channel it is
possible to assign the same transit tiffig, to all the zones, even though the flow

velocities are different per channel. It has tanb&ed that, with the developed model, it
would have been possible also to subdivide allctennels with the same number of
zones and to assign a differefit, to the zones of each channel. This would permit a

better tailoring of the flow velocity profile.

Because the PBMR-400 has a core of 11 m heighmaintain the same power density
in this lesser height core, a total power of 330 M¥¢ been imposed. Since the pebbles
flow without exiting the channels, the same pacKnagtion has been assigned to all the
multi-pebble geometries of the spectrum zones lgghgnto a given channel. The
packing fractions have been derived averaging theechannels the values assigned to
each SZ in the simplified PBMR-400 model simulaitedhe verification process. The
packing fractions per SZ are given irable 4.1ll. The resulting packing fraction per
channel, the number of pebbles contained in theredla' zones and the fraction of
pebbles discharged from each channel over the antakhown in Table 5.1. The full
core contains 369887 pebbles.

Table 5.1: pkf , pebbles per zone and channels flow-weighted fréans
in the PBMR-400 model used for equilibrium core calulations

Chan A | Chan B | Chan C | Chan D | Chan E

Pebbles packing
fraction (pkf)

0.53 0.60 0.61 0.60 0.48

n° of pebbles in a
SZ

1886 8550 6984 11518 2935

Fraction of
5.92% 26.83% 21.91% 36.14% 9.21%

discharged pebbles

In average six passes of the pebbles through the lkbave been assumed. As a
consequence in all multi-pebble geometried"d6the pebbles belong to the different
pass types.
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The temperature distribution is not the one of aiséc core, as no thermal-hydraulic
feedback has been taken into account in the caicaléno coupling between neutronic
and thermal calculation). The temperatures of D@oft the fuel kernels and 700 °C for
the other materials used in the High Temperaturdetsodescribed in section 4.2 have
been adopted.

In the depletion algorithm, the time step over ecsfum zone has been subdivided in 8
substeps. The precisions requested for the conveegef the iterations on the core flux
— depletion calculations have been set at 10 penthibabsolute difference in the core
keit and at 13 for the maximum relative difference for the zonewaged powers, the
burnup values and the concentrations 6fonly for the LEU cycle), Pi° and PG*

at the exit planes of the zones.

The time periodT,, has been adjusted in order to converge to a akitore (no

reactivity margin taken into account in the targatekes).

To evaluate the bias introduced by the use of @esiitux value, as explained in section
5.1, the calculations were also performed using dpproximation.
Keeping the same time periofi, computed for the critical equilibrium core, after

having determined the compositions EStZ/Q during the depletion calculations, a

volume-weighted average composition over the dffetypes is computed for the fuel
kernels and assigned at the kernels of all pa3éess, that all the six pebble types in the
multi-pebble geometry associated to a spectrum zbaee the same average
composition. In the next iteration, the self-shie¢dof the multi-pebble geometries, the
core flux calculation and the normalization throdgl heterogeneous reaction rates are
performed with these average composition pebblezgee. The resulting fine-group
flux is used to deplete all the different pebbleety, as it is done in the existing codes.

Thus, two methodologies are used to calculate doéilerium core with the samg&,

- the APOLLOZ2 one employing the different fluxes pebble type, and
- the other codes' one using the single flux congute the corresponding
average composition pebble.

The analysis of the results obtained with these mmathodologies is performed by
comparing the following quantities:

- thekes of the equilibrium core,

- the power shape factors over the spectrum zones,

- the average burnup of the re-circulated pebbléseatore entry plane,
- the channel flow-weighted burnup of the dischargebbles,

- the channel flow-weighted isotopic densities of diecharged pebbles.

As a second type of comparison, once the equilibigotopic composition distribution
is determined with the APOLLO2 method, the steadyesof the equilibrium core is re-
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computed averaging the composition of the pebleslithe multi-pebble geometries.
So the bias introduced by the average compositeble approximation is evaluated
also for a steady-state core.

The spectrum zones — core flux calculations werdopeed with the parameters
optimized in Chapter 4. The corq BZ calculations were performed with the 13-group
energy structure, a P1 scattering order of thesceestions and both thg 8nd S
angular quadratures. A complete presentation ofréisalts obtained with thegSs
given, whereas only a comparison on computing tooegkes and power distribution is
given for the & The R multi-pebble geometries calculations have beefopaed with
the 281-group SHEM structure.

A first calculation was performed with the Wiel, subdividing the pebbles fuel region
into three computational equal-volumetric shellsl dhe kernels in a single region.
Moreover, the self-shielding of the multi-pebbleogeetries was performed at the
beginning of all the depletion iterations, as iadéd in the flow scheme in Figure 5.2.

Successively, the same calculation was performeédvith a single fuel region in the
pebble. Moreover, the self-shielding of the mubkbple geometries was performed only
for the first 2*N__.. flux calculation — depletion iterations. This w@sne because the

pass

entering burnup per pass depends on the exitinguipsrof the previous pass, so after
(Npass— 1) iterations all the entering burnups have beenrdeted once with the levels

of the exiting burnups of previous pass. Af(@*Npass—l) iterations they all have

been determined at almost their converged value. bthnup values of the pebbles at
T, /2 being approximately constant, the self-shieldedrasicopic cross sections of

each pebble do not vary anymore. This is also adshy the high number of energy
groups used for thejRealculation of the multi-pebble geometries. Asaasequence,

after 2*N iterations only the nuclide atomic densitiesi%/Q are updated in

pass

between the iterations.
The results of this second calculation do not pressy observable differences

compared to the first one, but a reduction in tmpguting time by a factor 1.7 was
obtained. So these calculation parameters weretedéqr the analysis of all fuel types.
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5.4.1 Low Enriched Uranium Fuel Cycle

The standard 9.6% enriched W@ebbles of the PMBR-400 design used throughout the
precedent studies, with the characteristics suna@drnn table 1.II, were used as fresh
pebbles. To initiate the iterations, in the firgtagly-state, the same burnup levels of
0,15000,30000,50000, 75000 and 95000 MWd/t weriges to the different passes
pebbles in all the spectrum zones. The correspgndintopic compositions were
computed with a reflected boundary condition onireyle pebble surrounded by an
equivalent helium layer. The core could have begtiated also assigning the fresh
composition to all passes, but the iterations n@¢daeach the equilibrium core were
expected to be somewhat higher.

In the PBMR-400 design the average total resideimse (over the six passes) of the
pebbles in the core is 923 days, correspondingitoeperiod?,, of 13.266 days. The

average burnup of the discarded pebbles is 9080@MNMW

In the 9 m height 330 MW power simulated reactordetpthe time periodli, of

13.235 days gives an equilibrium core wkth equal 1.00015.

The corresponding pebbles discharged per day aomitaP408 and, due to the
implemented mixing algorithm, 2408/6 ~ 401 frestbles are loaded daily. The
average burnup of the discarded pebbles is 9404%NMW

The equilibrium core search converged in 22 iterstj taking 12h43m on a
AMD/Opteron 64 bit 2,8 GHz CPU.

While computing the RZ core\Scalculation with a $ angular quadrature, the
equilibrium core search converged always in 22attens, taking 11h57m. This is a

small time gain. Compared to the & reference, thies of the core obtained with this

simulation differed by aAp=24 pcm and aAZﬁ>1 Tifj = 0.07%. The saved

computing time is minimal, but the equilibrium cereomputed using the; ®r the
angular quadratures are practically the same.

The burnup distribution of the different pass pebkbflowing through the different
channels is illustrated in Figure 5.3. Note that ¢éimtering burnup value for a given pass
is the same for all channels, due to the radialydom distribution of the inserted
pebbles.
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Figure 5.3: Burnup distribution of the different pass pebbles flowing through the different channels
(LEU cycle equilibrium core)

The average flow-weighted discharge burnups and ctirveesponding accumulated
burnups per pass are shown in Table 5.11.

Table 5.11: Channel flow-weighted discharge burnupand
accumulated burnup values per pass (LEU cycle equlirium core)

Pass 1 | Pass 2 | Pass 3 | Pass 4 | Pass 5 | Pass 6
Av. disch. BU [MWd/t] 21192 | 39980 | 56243 | 70398 | 82876 | 94045
Av. ABU per pass [MWd/t] 21192 | 18789 | 16262 | 14155 | 12479 | 11168
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As it can be noticed, the accumulated burnup pss gacreases with the increase of the
entering pebbles burnup, as th&Wlepletes.

The power distribution (average power per spectmones), computed with the
heterogeneous reaction ratas, ', is shown in Table 5.IIl. It is to be noticed the
upward peak in the power profile, due to the fiedbaded from the top. The power
peaking factor will increase when taking into actiothe thermal-hydraulic feedback,
as the coolant flows downward through the pebbbk be that the upper part is colder
than the bottom one.

Table 5.11I: Power shape factors of LEU cycle equibrium core

CHAN A|CHAN B | CHAN C| CHAN D| CHAN E

1.61 1.50 1.34 1.32 111
1.86 1.31

1.75 1.56 1.55
3

1.96 1.82 1.63 1.61 1.40

182 1 168 | 152 | 149 | 131
1.61 117
144 | 130 | 127
1.38 1.01

1.16 1.17 1.06 1.03 0.85

0.96 0.70
0.91 0.83 0.81

0.78 0.58

0.63 0.69 0.63 0.61 0.46

0.50 0.51 0.47 0.45 0.37

0.39 0.29
0.36 0.33 0.32

0.29 0.21
021 | 025 | 023 | 022 | (15

The channel flow-weighted concentrations of the andjeavy nuclides and fission
products in the discharged pebbles per pass armatined in Table 5.1V.
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Table 5.1V: LEU cycle flow-weighted nuclide concentations in the discharged pebbles per pass

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
BU 21192 39980 56243 70398 82876 94045
Atomic densities [atoms barn™ cm™]
U* | 2.07E-02 | 2.06E-02 | 2.04E-02 | 2.02E-02 | 2.00E-02 | 1.98E-02
U* | 1.68E-03 | 1.25E-03 | 9.33E-04 | 6.93E-04 | 5.15E-04 | 3.83E-04
U 9.72E-05 | 1.67E-04 | 2.18E-04 | 2.53E-04 | 2.77E-04 | 2.93E-04
Pu® | 9.97E-05 | 1.25E-04 | 1.30E-04 | 1.31E-04 | 1.31E-04 | 1.31E-04
Pu® | 2.39E-05 | 5.45E-05 | 7.53E-05 | 8.78E-05 | 9.48E-05 | 9.86E-05
Pu®! | 4.98E-06 | 1.95E-05 | 3.42E-05 | 4.49E-05 | 5.18E-05 | 5.59E-05
Pu®? | 4.62E-07 | 3.96E-06 | 1.15E-05 | 2.22E-05 | 3.46E-05 | 4.76E-05
Am*" | 4.24E-08 | 2.45E-07 | 5.49E-07 | 8.46E-07 | 1.07E-06 | 1.24E-06
Cm®" | 2.74E-10 | 9.74E-09 | 6.95E-08 | 2.57E-07 | 6.65E-07 | 1.38E-06
Tc” | 3.17E-05 | 5.88E-05 | 8.11E-05 | 9.95E-05 | 1.14E-04 | 1.27E-04
Ag'™ | 3.64E-08 | 1.91E-07 | 4.66E-07 | 8.34E-07 | 1.26E-06 | 1.73E-06
Xe'® | 1.44E-08 | 1.25E-08 | 1.08E-08 | 9.47E-09 | 8.40E-09 | 7.57E-09
Cs' | 3.37E-05 | 6.26E-05 | 8.62E-05 | 1.05E-04 | 1.21E-04 | 1.34E-04
Cs"" | 3.21E-05 | 6.03E-05 | 8.43E-05 | 1.04E-04 | 1.22E-04 | 1.38E-04
Pr'"" | 2.50E-05 | 5.15E-05 | 7.40E-05 | 9.30E-05 | 1.09E-04 | 1.23E-04
Nd' | 7.91E-06 | 2.53E-05 | 4.80E-05 | 7.32E-05 | 9.91E-05 | 1.24E-04
Sm™ | 1.70E-07 | 1.65E-07 | 1.56E-07 | 1.46E-07 | 1.36E-07 | 1.28E-07

The Ant** and Cni** have been included as the most representativerrairtinides,
the Ag"°™ due to its particular trend to migrate through 8i€ barrier of the coated
particles, the XE° and the Si{° due to their strong absorption resonance in themhl
region, the CS’ as it has been proposed for measuring the disetigzgbbles burnup
by y-detection. The other fission products have beas&m among the ones with the
highest density in the last pass pebble.
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5.4.1.1 Average Composition Pebble Approximation

Keeping the samd’,, of 13.266 days, the equilibrium core was computsithg the

spectrum of the average composition pebble per momeplete all the corresponding
pebble types. Moreover, also the steady-state @reomputed with the average
composition pebble (both for the self-shieldingttod multi-pebble geometries than for
the SZ — core iterations).

The Ap of the resulting core from the previous refereoe is of -17 pcm.

The relative differences between the equilibriumreso obtained with the two

methodologies (the one with the average composgabble flux from the one with the

proper fluxes per pass) described in section $etshown in Table 5.V for the average
discharge burnups and for the average burnup valueslated per pass.

Table 5.V: LEU cycle rel. diff. between the two deletion methodologies on
discharge burnup and accumulated burnup values pepass

Pass1 | Pass2 | Pass3 |Pass4 | Passb | Pass 6
Rel. diff. on average
) 0.59% | 0.39% | 0.24% | 0.13% | 0.06% | 0.00%
discharge BU
Rel. diff. on average

0.59% | 0.17% | -0.15% | -0.28% | -0.35% | -0.47%
ABU per pass

The relative differences on the nuclide densitiethe discharged pebbles are presented
in Table 5.VI.

Table 5.VI: LEU cycle rel. diff. between the two dpletion methodologies on
flow-weighted nuclide concentrations in the dischaged pebbles per pass

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
U -0.01% -0.01% -0.01% -0.01% 0.00% 0.00%
U -0.19% -0.26% -0.21% -0.05% 0.21% 0.53%
[0 0.51% 0.32% 0.15% 0.00% -0.10% -0.17%
Pu®* 1.00% 0.62% 0.37% 0.14% -0.07% -0.29%
Pu?" 2.66% 2.36% 1.02% -0.54% -1.94% -3.09%
Pu?*! -4.55% -0.89% 1.21% 2.06% 2.12% 1.78%
Pu?? -4.68% -1.96% -0.24% 0.67% 1.04% 1.05%
Am* -5.36% -1.91% 0.31% 1.59% 2.16% 2.25%
Cm?* -6.09% -4.22% -2.56% -1.26% -0.28% 0.47%
Tc” 0.59% 0.40% 0.23% 0.12% 0.03% -0.05%
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Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
Aghiom 0.57% 0.54% 0.51% 0.54% 0.57% 0.56%
Xe!¥ 0.94% 0.79% 0.80% 0.90% 0.95% 0.91%
Cs'? 0.57% 0.39% 0.23% 0.12% 0.04% -0.03%
Csh7 0.59% 0.39% 0.24% 0.13% 0.05% -0.01%
Pr'# 0.45% 0.34% 0.21% 0.11% 0.04% -0.02%
Nd*#* 0.57% 0.47% 0.30% 0.14% 0.01% -0.10%
Sm'* -0.33% -0.15% 0.18% 0.51% 0.71% 0.79%

Finally, the relative differences on the power riisttion are shown in Table 5.VII.

Table 5.VII: LEU cycle rel. diff. between the two
depletion methodologies on power shape factors

CHAN A| CHAN B | CHAN C| CHAN D| CHAN E

-0.83% | _0.9205 | -0.96% | -0.929 | “0-85%
-0.75% 0.77%

-0.78% | -0.84% | -0.79%

-0.35% | -0.51% | -0.57% | -0.51% | -0.37%

- 0, - 0,

0.10% | 4 1794 | -0.23% | -0.189% | 0-13%

0.14% 0.12%
0.18% | 0.12% | 0.17%

0.38% 0.37%

0.61% | 0.51% | 0.46% | 0.51% | 0.60%

0.81% 0.81%
0.81% | 0.77% | 0.81%
0.99% 1.00%
0 0 0
1.16% 1.07% | 1.03% | 1.07% 1.17%

1.29% | 1.28% | 1.24% | 1.28% | 1.31%

1.41% 1.43%
1.45% | 1.41% | 1.45%

1.51% 1.53%
1.59% | 1.59% | 157% | 1.59% | 41 go04

It appears that computing the equilibrium core with average composition pebble in
each spectrum zone results in relatively smalleddifices, compared with the reference
calculation of section 5.4.1. It mostly influendég isotopic densities of the plutonium
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and of the minor actinides, and the difference cedurom the discharged pebbles at
the first pass to the one discarded at the last @ difference is higher for Afif and

on P#* where a noticeable difference is present alscthim discarded pebbles
composition. Nevertheless, these differences aite gmall.

To analyze the flux differences in between theedéht pebble types and with the flux
computed in the related average composition pelbbhée steady-state of the reference
equilibrium core, with the nuclide distribution pemted in Table 5.1V, was re-

computed with the average pebbles in each spectoms.

Thus, in this case, the equilibrium core with thens nuclide distribution is computed
both with the proper fluxes per pebble type botthwhe average flux methodology.

HET

POWER

The resultingkess has adAp of -74 pcm andAZi>1 T of 0.33% from the calculation

with proper fluxes per pass. Comparing the homagehbroad-group cross sections
per spectrum zone, the larger relative differerscefi0.06% on the total cross sections
and 1.37% on the fission cross sections.

The fluxes computed in the multi-pebble geometrsoamted to SZ 32, which is the
central one in the core and less influenced byéHectors, have also been compared.
Renormalizing the fluxes to the total power prodloethe spectrum zone, the flux in
the fuel kernels of the different pebble types hbaeen compared with the one of the
average composition pebble. The differences caledilan the total fluxes are shown in
Table 5.VIII, since the differences in the 281-grsdluxes of pass 1 and 6 from the one
in the average composition kernels, together whth flux spectrum in these average
composition kernels, are illustrated in Figure 5.4.

The same process is applied to the fluxes in thii4mebble geometries of SZ 3, where
the hot spot is located. The results are gathemedable 5.IX and Figure 5.5. The
differences calculated on the multi-group fluxes febbles of the pass 2 to 5 are
comprised in between the differences of pass l6dndthe intermediary passes.

Table 5.VIII: Rel. diff. of the proper total fluxes per type in the pebble kernels, comprised in SZ 32
from the average composition pebble flux (LEU cyclequilibrium core)

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6

Total flux

. 0.57% 0.24% 0.00% -0.17% -0.29% -0.38%
rel. diff.

Table 5.1X: Rel. diff. of the proper total fluxes per type in the pebble kernels, comprised in SZ 3,
from the average composition pebble flux (LEU cyclequilibrium core)

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6

Total flux

. 0.84% 0.43% 0.10% -0.14% -0.31% -0.43%
rel. diff.
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Figure 5.4: Rel. diff. of the proper 281-group fluxes per type in the pebble kernels, comprised in
SZ 32, from the average composition pebble flux (LB cycle equilibrium core)
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From these results it appears that in the regiooatéd both in the central channel or
close to the reflectors the total flux value in $ds pebbles, compared to average
composition pebbles, is higher whereas in pas éatal flux is lower. The differences
are symmetrically distributed around pass 3 andhi¢h are at half-way of the pebble
exposure history. In spite of the lower total flux the average pebble, the average
discharge burnup of pass 1 pebble in the equilibraore computed with the average
compositions atTSZ/Q, is higher than the respective burnup value coegpumith the

proper fluxes per pass, as shown in Table 5.V. frtgans that the spectral effects drive
the burnup differences over the total flux valudeTilux computed in the average
pebble is higher than the flux in pass 1 pebbléhenthermal energy range, where the
flux thermal Gaussian is situated. As the fissionsurs mostly in the thermal energy
range, this explains why the burnup, which is tissién power cumulated over the
time, of the discharged pass 1 pebbles is highenwdepletion is computed with the
average spectrum.

These spectral differences in the thermal rangehenwever, symmetrically distributed
around the average flux from pass 1 to pass 6. dinectly influences the relative
difference in the accumulated burnup per pass, showable 5.V, but finally results in
a"cancellation of errors'for the final burnup value of the discarded pagglbles.

The same trend is observed for the nuclide dessitianost of the fission products, as
shown in Table 5.VI. Nevertheless, the cancellatbrerrors does not occur for the
plutonium isotopes, other than the’®uand the minor actinides. This is due to the
large differences which can be identified in theorgance region, in particular around 1
ev.

These energies correspond to the capture crossisessonance of Pt (large
resonance at 1.06 eV), Bliand P4*, with a first resonance at 0.43 eV. The capture
cross section resonances of these Pu isotopedluateated Figure 5.6 (the JEFF-3.1
library data was taken from KAERH).

The effect is large for pass 1 pebbles in particwdoere the flux in the fuel kernels is
about 15% higher than the average pebble flux erggngroups corresponding to the
PU**° resonance, since in the first pass the plutoniuitdl lup has just began.

The fluxes relative differences are observable aisenergy groups corresponding to

higher energy resonances, which belong both toptb®nium and the other minor
actinides.
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Figure 5.6: Resonance region Pu cross sections frateRFF-3.1 at 293 K

Finally, it appears that the average compositidobfee approximation induces limited
discrepancies, for both static core calculatiors @guilibrium conditions search, in the
case of a U@fuel cycles. This is mainly due to the spectraparties of the uranium
based fuel. Nevertheless, the influence of the mveslespectral differences should be
evaluated also on the calculation of the dynamie quarameters, as the temperature
reactivity feedback coefficients.

5.4.1.2 Limitations of the Implemented Mixing Algorithm

The mixing algorithm implemented in APOLLO2 durittgs thesis considers that all
the pebbles perform the same number of passegtitbe core before being discarded.
In order to illustrate the limitation of such arsasiption, the accumulated burnup per
pass per each channel, in function of the entdsurgup, are plotted in Figure 5.7.

From this Figure it is possible to observe a neéngar trend. Moreover, it can be
observed that considering a limit for the maximutaveable burnup, the target burnup
limit for recirculation have to be determined oe tthannel having the highABU per
pass. In this annular reactor model, this charmgie internal channel A.
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Figure 5.7: Burnup accumulated in a pass through &ore channel varying with the entering burnup
(LEU cycle equilibrium core)

For example, in this equilibrium core, fixing theaximum allowable burnup to 105000
MWd/t and interpolating linearly the accumulatedrmups of pass 5 and pass 6 in
channel A, we obtain that a pebble entering chaAnelith a burnup value of about

88400 Mwd/t will reach the maximum allowable burrafpthe discharge of the core.
This is graphically shown in Figure 5.8.
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Figure 5.8: Extrapolation of the 88400 MW(d/t targetburnup limit for recirculation

From the data obtained in this equilibrium corecgkition, shown in Table 5.1, one
could deduce that all the pebbles would complgiagses through the core before being
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discarded, since the flow-weighted average burralpevof the discharged fifth pass
(corresponding with the reloaded sixth pass) islottan 88400 MWd/t.

Nevertheless, the pebble history giving the smialtesber of passes in the core is the
one associated to a pebble always re-circulateiannel A. Thus, the depletion history
of this pebble has to be determined, and this eaddme using the graph in Figure 5.7.
From this graph, it is actually possible to dedtice discharge burnup of a pebble
loaded in a given channel with a certain enteringhbp value. The discharge burnup

value BU,y;) is found summing the entering burnup valy8U,) and the

corresponding accumulated burnup in a padsl), for the given channel, recovered
from the graph.

This is shown graphically in Figure 5.9 and it &ésumed in Table 5.X for a pebble
always re-circulated in channel A.

This pebble reaches the target burnup limit foirceitation in only 4 passes.
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Figure 5.9: Exposure history of a pebble always reirculated in channel A

Table 5.X: Exposure history of a pebble always reizulated in channel A (tab.)
Channel A | Interpolation between | BUy ABU | BUgyr

pass 1 P1 & P2 - 34773 | 34773

pass 2 P2 & P3 34773 | 27156 | 61928
pass 3 P4 & P5 61928 | 21230 | 83158
pass 4 (P5 & P6) 83158 | 17496 | 100654

In the same way, we deduced that a pebble re-atedilalways in the channels C or D
would be discharged at the end of the sixth pats avburnup value of about 86000
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MWd/t, so performing an additional seventh passugh the core before being
discarded.

It is so possible to conclude that for the righttpdeling of such a configuration, the
multi-pebble geometries should contain seven tyfgsebbles, with a constant relative
abundance per type until pass 4 and then with pesgrely decreasing ones.

This trend can not be simulated with the impleménieixing algorithm, but an
improved mixing algorithm should be applied

5.4.2 Plutonium Based Fuel Cycle

In the simulated plutonium based fuel cycle, thdS®fuel kernels contain Py@first
generation plutonium (i.e. issued from recycled LWFRD, fuel). The isotopic
composition vector is given in Table 5.%P

Table 5.XI: First generation Pu isotopic vector

PP | P | P | PP | Pi”
2.59% | 53.84% | 23.66% | 13.13% | 6.78%

Each fresh fuel pebble contains 2 g of first geti@naPu loaded in coated fuel particles
with a kernel diameter of 2Q@m, resulting in a total of 48728 micro-particlespmkrsed
in the graphite matrix or the fuel region. The Kmess of the coating buffer, internal
PyC, Sic and outer PyC are respectively 90/40/3aM0since the densities of the fuel
and coatings, and all the other pebbles charatitstisare the same as for the YJO
pebbles.

In the simulated 9 m height 330 MW power reactordeipthe time periodl;, of

19.60 days gives an equilibrium core witl equal 1.00016.

The corresponding pebbles discharged per day amet 41626, with 271 fresh pebbles
loaded daily. The average burnup of the discarddxbles is 627482 MWd/t.

The equilibrium core search converged in 30 iterstj taking 30hl6m on a
AMD/Opteron 64 bit 2,8 GHz CPU.

While computing the RZ core\Scalculation with a $ angular quadrature, the
equilibrium core search converged always in 30attens, taking 18h08m. This is a
huge time gain of about a 1.7 factor. Compareth¢o3 as reference, thes of the core

obtained with this simulation differed by 80=5 pcm and aA” 71T = 0,13%.

sf>1 " prop
Also in this case, the equilibrium cores computeihg the $ or the § angular
quadratures are practically the same.

The average flow-weighted discharge burnups and ctiveesponding accumulated
burnups per pass are presented in Table 5.XII.
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Table 5.XII: Channel flow-weighted discharge burnupand
accumulated burnup values per pass (Pu cycle equilium core)

Pass1 |Pass2 |Pass3 |Pass4 | Passb |Pass6
Av. disch. BU [MWd/t] 196443 | 338066 | 441287 | 519027 | 579550 | 627482
Av. ABU per pass [MWd/t] 196443 | 141623 | 103221 | 77739 60523 47933

The burnup evolution of the different passes peblilewing through the different
channels is illustrated in Figure 5.10.
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Figure 5.10: Burnup distribution of the different pass pebbles flowing through the different
channels (Pu cycle equilibrium core)
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As it can be noticed, particularly for the firstsgathe distribution of the discharged
burnups per channel is much more dispersed ardwdverage discharge value than in
the UQ cycle. In this case, the APOLLO2 iterative cordcakation model, which
properly account for the currents entering the ¢aym the reflectors, is well suited to
treat the depletion of the pebbles flowing in tHeamnels close to the walls. The
entering currents from the reflectors, in fact,hygcontribute to the thermal flux in the
neighboring spectrum zones, as it can be seen [figore 5.13. This leads to a much
higher accumulated burnup per pass while pebbd®s tlhrough channels A and E. Due
to this spread distribution of burnup values pesspan the different channels, an
improved mixing algorithm could significantly impre the mixing modeling,
approaching the physical reactor fuel management.

As previously described in section 5.4.1.2 for ttfeU cycle, the variation of the

accumulated burnup in a pass per channel depemistlinearly on the entry burnup
value, as shown in Figure 5.11. Even if the vasiatis not properly linear over the
whole entering burnup range, the linear approxiomatn between of two entering

values still appears to be satisfactory. The saomsiderations on the target burnup
limit for recirculation made for the UQuel are valid here too.
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The power distribution over the spectrum zonesefaquilibrium core is shown in
Table 4.111

Table 5.XI11I: Power shape factors of Pu cycle equitbrium core

CHAN A CHAN B| CHAN C| CHAN D| CHAN E

1.91 1.55 1.69 1.87
1.91

1.85 1.46 1.66
2.60 1.89

234 | 179 1.42 161 | 173

201 157 1.26 1.41 1.50
1.67 1.27
1.29 1.04 1.16
1.35 1.04

1.09 1.02 0.83 0.92 0.85

0.87 0.68
0.78 0.64 0.70

0.69 0.54

054 0.59 0.48 0.53 0.43

0.42 0.43 0.36 0.39 0.34

0.33 0.26
0.31 0.25 0.28

0.25 0.20
019 | 024 | 020 | 021 | (46

In this equilibrium core, one can observe that plogver peaking occurs in the top
spectrum zones and this is probably connectedetditjh fission rate occurring in fresh
plutonium pebbles. Moreover, compared to the LEtleythe power shape factor at the
hot spot is 0.34% higher. Again, these values atehe one observable in a operating
reactor, as no thermal feedback is consideredsmeutronic calculations.
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The flow-weighted concentrations of the main adisi and fission products in the

discharged pebbles per pass are shown in Tabl&/5.XI

Table 5.X1V: Pu cycle flow-weighted nuclide concemations in the discharged pebbles per pass

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
BU 196443 338066 441287 519027 579550 627482
Atomic densities [atoms barn™ cm™]

Pu® | 557E-04 | 5.20E-04 | 5.01E-04 | 4.95E-04 | 4.93E-04 | 4.92E-04
Pu® | 6.98E-03 | 3.63E-03 | 1.82E-03 | 8.96E-04 | 4.50E-04 | 2.39E-04
Pu*’ | 5.85E-03 | 5.30E-03 | 4.33E-03 | 3.24E-03 | 2.24E-03 | 1.42E-03
Pu*' | 3.17E-03 | 3.13E-03 | 2.94E-03 | 2.63E-03 | 2.25E-03 | 1.84E-03
Pu*® | 1.84E-03 | 2.12E-03 | 2.39E-03 | 2.61E-03 | 2.77E-03 | 2.86E-03
Am*! | 7.99E-05 | 1.26E-04 | 1.46E-04 | 1.48E-04 | 1.38E-04 | 1.23E-04
Cm®* | 1.71E-05 | 6.41E-05 | 1.37E-04 | 2.31E-04 | 3.43E-04 | 4.68E-04
Tc” 2.83E-04 | 4.73E-04 | 5.97E-04 | 6.79E-04 | 7.33E-04 | 7.67E-04
Ag"™ | 2.61E-07 | 7.54E-07 | 1.24E-06 | 1.64E-06 | 1.93E-06 | 2.12E-06
Xe™ | 1.29E-07 | 9.05E-08 | 6.53E-08 | 4.90E-08 | 3.79E-08 | 2.96E-08
Cs™ | 3.09E-04 | 5.24E-04 | 6.74E-04 | 7.81E-04 | 8.59E-04 | 9.17E-04
Pr'*' | 2.24E-04 | 4.02E-04 | 5.27E-04 | 6.19E-04 | 6.88E-04 | 7.41E-04
Nd'"* | 6.64E-05 | 1.84E-04 | 3.16E-04 | 4.45E-04 | 5.64E-04 | 6.72E-04
Sm'? | 3.47E-06 | 2.66E-06 | 2.09E-06 | 1.68E-06 | 1.37E-06 | 1.13E-06

Even if this calculation is performed for a simygd isothermal reactor model, it is
possible to observe the outstanding capability elslge bed reactors, common to all
HGTRs, to incinerate reactor grade plutonium, whglgconsidered a waste in PWRs,
while still producing energy.

For example, the atomic densities of the®*Piand PG* in the fresh fuel are
respectively of 1.27E-02 and 5.54E-02 atoms bam™. Thus, in the average discarded
pebbles their content is reduced by a factor 533niskspectively.

One can observe that while incinerating the 239, &4d 241 Pu isotopes, the 238 reach
an asymptotic atomic density after 3 or 4 padsesigh the core, since the 242 is built
up during the pebble depletion.

Moreover, adopting this fuel cycle does not impigngficant reactor design changes.
The same simplified PBMR-400 core cavity which cbukach an equilibrium core
configuration accommodating LEU pebbles, as it besn shown is section 5.4.1, can
properly achieve the equilibrium conditions alséhvthis pure plutonium fuel.
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The inherent safety characteristics of the pebbtereactors are conserved also with the
pure plutonium fuel cycl&

5.4.2.1 Average Composition Pebble Approximation

In the following, we do the same comparisons asotine performed in section 5.4.1.1
for the LEU cycle. It consists in considering theei@ge composition pebble in all the
spectrum zones, both for the SZ — core calculatimth for the depletion ones, when
computing the equilibrium core of the plutonium éds$uel cycle.

The Ap of the resulting core compared to the refereneeisnf -109 pcm.

The relative differences on the average dischatgaups and on the average burnup
values cumulated per pass are shown in Table 5.XV.

Table 5.XV: Pu cycle rel. diff. between the two ddption methodologies
on discharge burnup and accumulated burnup valuesgr pass

Pass1 | Pass2 |Pass3 |Pass4 |Passb | Pass6
Rel. diff. on average
) 11.67% | 6.68% | 4.07% | 2.41% 1.11% | 0.01%
discharge BU
Rel. diff. on average -
11.67% | -0.23% | -4.49% | -7.02% | -10.07% 0
ABU per pass 13.29%

The relative differences on the nuclide densitiethe discharged pebbles obtained with
the average composition pebble approximation, coetpto the ones exposed in Table
5.XIV, are shown in Table 5.XVI.

Table 5.XVI: Pu cycle rel. diff. between the two dpletion methodologies
on flow-weighted nuclide concentrations in the didtarged pebbles per pass

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
Pu®® -0.63% -0.60% -0.24% 0.16% 0.47% 0.67%
Pu®’ -9.26% -12.24% -10.99% -6.81% -0.69% 6.18%
Pu?" -1.70% -7.09% -10.34% -9.86% -4.14% 9.59%
Pu?" 3.91% 5.28% 3.08% -1.09% -5.61% -9.06%
Pu**? 4.15% 5.67% 5.25% 3.62% 1.41% -0.88%
Am** 1.83% 3.11% 4.42% 4.95% 4.66% 4.09%
Cm?* -5.66% -3.39% -1.48% -0.04% 0.90% 1.35%
Tc” 11.58% 6.34% 3.62% 1.94% 0.65% -0.45%
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Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
Ag™ | 10.97% 7.76% 5.26% 3.18% 1.24% -0.67%
Xe!¥ -6.89% -12.40% -14.29% -16.25% -19.05% -21.67%
Cst7 11.52% 6.42% 3.79% 2.15% 0.87% -0.22%
Pr'! 12.65% 7.00% 4.15% 2.44% 1.16% 0.09%
Nd*#* 15.60% 10.35% 6.99% 4.63% 2.81% 1.31%
Sm'* 1.22% -1.20% -1.27% -2.10% -3.98% -5.83%

The relative differences on the power distributlmetween the reference case and the
equilibrium core computed with the average peblobests are shown in Table 5.XVII.

Table 5.XVII: Pu cycle rel. diff. between the two épletion
methodologies on power shape factors

CHAN A|CHAN B| CHAN C| CHAN D| CHAN E
10.25% | 10.13% | 10.33% | 11.19%
8.27%
7.14% | 6.99% | 7.26%
4.18% 5.06%
0.73% | 3.78% | 3.73% | 3.91% | 1.80%
- 0, - 0,
244% | 59506 | 0.320% | 0.400 | 1:28%
-5.25% -4.10%
-3.15% | -2.97% | -2.97%
-7.68% -6.59%
-9.78% | -6.22% | -5.96% | -6.03% | -8.78%
-11.59% -10.70%
-8.91% | -8.61% | -8.71%
-13.17% -12.37%
- 0, - 0, - 0,
14,5305 | 11:20% | -10.89% | -11.00% | ;5 o0
-15.69%(-13.10% | -12.78% | -12.90% | -15.07%
-16.65% -16.10%
-14.55% | -14.24% | -14.35%
-17.35% -16.85%
17.74% | -15.42% | -15.05% | -15.21% | _17 2g0s

One can observe that with the plutonium fuel cyitle average composition pebble
approximation gives very high discrepancies witle tieference calculation of the
equilibrium core, both on the main nuclides disgeaatomic densities both on the
power distribution.
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The relative differences on the atomic densities @&r the order of 10% for the
plutonium isotopes. On the other nuclides, theed#iices can be also higher, resulting,
for example, in an underestimation of about 22%tten X&>° atomic density in the
average discarded pebble.

The biases on the power shape factors are also, higth, for example, an
overestimation of the power peaking factor of alddi#.

To analyze in detail the flux differences in betweke different pebble types and with
the flux computed in the related average compasipiebble, the reference equilibrium
core, with the nuclide distribution presented irb[Ea5.X1V, was re-computed with the
average pebbles in each spectrum zone.

Thus, in this case, the equilibrium core with thens nuclide distribution is computed
both with the proper fluxes per pebble type botthwhe average flux methodology.

The resultings has adp of -147 pcm andA” 77 of 9.39% from the reference

sf>1 " power
calculation with the proper pebble compositions pess. Comparing the homogenized
broad-group cross sections per spectrum zoneatberlrelative difference is 0.51% on
the total cross sections and 11.94% on the fissioss sections.

One can observe that with plutonium fuel the disaneies between the proper spectra
and the average pebble spectrum calculations ofstbady-state reactor are much
larger.

Renormalizing the fluxes to the total power prodloethe spectrum zone, the flux in
the fuel kernels of the different pebble types hbaeen compared with the one of the
average composition pebble. One can notice fromeTalxXVIll and Table 5.XIX that
in this case, differently for what it was obsenfed the LEU cycle in section 5.4.1.1,
also with this renormalization the total flux vatuef the different pass pebbles are all
higher then the one in the average pebble.

The fluxes computed in the multi-pebble geometrsoamted to SZ 32, which is the
central one in the core and less influenced byéfectors, have been compared.

The differences calculated on the total fluxes sttewn in Table 5.XVIII, since the

differences in the 281-groups fluxes of pass 1 @nfitom the one in the average
composition kernels, together with the flux spectrin these average composition
kernels, are illustrated in Figure 5.12.

The same process is applied to the fluxes in thié4pebble geometries of SZ 2, where
the hot spot is located. The results are gatherefable 5.XIX and Figure 5.13. The
differences calculated on the multi-group fluxes pebbles of the pass 2 to 5 are
comprised in between the differences of pass 16and

The relative differences in correspondence of th@4P resonance spike is pass 1
pebbles are up to about 105%.
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Table 5.XVIII: Rel. diff. of the proper total fluxe s per type in the pebble kernels, comprised in

SZ 32, from the average composition pebble flux (Peycle equilibrium core)

Pass 1

Pass 2

Pass 3

Pass 4 Pass 5

Pass 6

Total flux
rel. diff.

3.16%

2.68%

2.54%

2.64% 2.90%

3.28%

Table 5.XIX: Rel. diff. of the proper total fluxes per type in the pebble kernels, comprised in

SZ 2, from the average composition pebble flux (Paycle equilibrium core)

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
Total flux
. 6.33% 5.27% 4.76% 4.61% 4.71% 4.96%
rel. diff.
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Figure 5.12: Rel. diff. of the proper 281-group flxes per type in the pebble kernels, comprised in

SZ 32, from the average composition pebble flux (Peycle equilibrium core)
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Figure 5.13: Rel. diff. of the proper 281-group flxes per type in the pebble kernels, comprised in
SZ 2, from the average composition pebble flux (Peycle equilibrium core)

As to conclude, the biases introduced by usingllitha zones the spectrum of the
average composition pebbles are much higher faopium cycles than for the LEU
ones. This is mainly due to the large spectraledsiices from the different passes
pebbles in the energy range of the plutonium rescegm The final burnup value of the
discarded pebbles does not differ greatly from ihkie computed when the proper
fluxes per type are used, but this is due to thetfeat the same fresh pebbles are loaded
in the core, and are irradiated for the same pabd in the same total power core.

On the other hand, the irradiation histories inflce greatly the depleted fuel
composition, and this can not be considered prggeyrithe existing codes which use
the average composition pebble approximation.

The low discrepancy on the core eigenvalue evidentte effect of "errors
cancellation'

However, the differences in the power distributi@ame quite large, with an
overestimation of the power peaking factor of alii2f. Moreover, the differences on
the average nuclide concentrations of the discligpgbbles per pass are large, both for
the minor actinides and for some important fispporducts.

As it has been evidenced in a recent work conduotedhe use of first generation
PuO, ;fuel for a deep burn PBMR-400 fuel cy&fethe role played by the absorptions in
the P&, P#*° and Pé&* resonances is crucial to determine the fuel depietiut also
to determine fuel and moderator temperature ragctigedback coefficients. Thus, it
would be crucial to use the proper spectrum in epebble to determine these
coefficients due to the large spectral differencgtly on these resonance energy
regions.
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5.4.3 Mixed Plutonium — Minor Actinides Based Fuel Cycle

In this last case, the TRISO fuel kernels contaimiature of plutonium and minor
actinides (MA), namely AR, Am?**™, Am?** and NB*’, hypothetically coming from
the reprocessing of a spent LWR fuel after five rgeaf cooling. The isotopic
composition vector is given in Table 5.X%

Table 5.XX: First generation Pu + Minor Actinides isotopic vector

PuZ38 PuZ39 PuZ40 PuZ41 PuZ42 Am241 Am242m Am243

Np237

2.9% | 49.38% | 23.0% 8.8% 4.9% 28% | 0.02% | 1.4% 6.8%

The reference plutonium oxide kernel with a diamete 200 um was used in this
analysis, with the same characteristic of the Put@sh pebbles used in the previous
section.

In the 9 m height 330 MW power simulated reactordetpthe time periodli, of

12.56 days provides an equilibrium core wWighequal to 1.00007.

The corresponding pebbles discharged per day anat 2538, with 423 fresh pebbles
loaded daily. The average burnup of the discarddxbles is of 402579 MWd/t.

The equilibrium core search converged in 26 iterstj taking 19h14m on a
AMD/Opteron 64 bit 2,8 GHz CPU.

While computing the RZ core\Scalculation with a $ angular quadrature, the
equilibrium core search converged always in 30attens, taking 16h49m. This is a
decent time gain of about a 1.15 factor, not agelas in the plutonium based fuel cycle
analyzed in the previous section. Compared to thasSeference, thies of the core

obtained with this simulation is exactly the sanmel @ AZ‘Z>1 7T = 0.18%. Thus,

PROD
also in this last case, the equilibrium cores camghwsing the $Sor the § angular
guadratures are practically the same.

The average flow-weighted discharge burnups and ctireesponding accumulated
burnups per pass are shown in Table 5.XXI.

Table 5.XXI: Channel flow-weighted discharge burnupand
accumulated burnup values per pass (Pu+MA cycle edibrium core)

Pass1 | Pass2 | Pass3 | Pass4 | Passb | Pass 6
Av. disch. BU [MWd/t] 92315 | 172535 | 242182 | 302806 | 355853 | 402579
Av. ABU per pass [MWd/t] 92315 | 80220 | 69647 | 60624 | 53047 | 46725
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The burnup evolution of the different pass pebHlt@sing through the different

channels is illustrated in Figure 5.14.
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Figure 5.14: Burnup distribution of the different pass pebbles flowing through the different

channels (Pu+MA cycle equilibrium core)
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The power distribution over the spectrum zonesefaquilibrium core is shown in
Table 5.XXII.

Table 5.XXII: Power shape factors of Pu+MA cycle eqilibrium core

CHAN A|CHAN B| CHAN C| CHAN D| CHAN E

2.04 1.34 1.08 1.19 1.43
2.17 1.53

1.35 1.04 1.21
3

2.29 1.42 1.10 1.28 1.63

219 | 939 | 107 | 124 | L5
2.03 1.47
128 | 099 | 114
1.84 1.34

1.64 1.13 0.87 1.01 1.20

1.44 1.06
0.97 0.75 0.87

1.25 0.92

1.07 0.81 0.63 0.73 0.79

0.90 0.66 0.51 0.59 0.67

0.74 0.56
0.51 0.40 0.46

0.60 0.45
050 | 044 | 035 | 039 [ (37

One can notice that in this Pu+MA fuel cycle theipon of the power peaking is again
in SZ 3, like it is shown for the LEU cycle in Tal®.11l, and not in the top SZ 1 and 2
as shown for the pure plutonium cycle in Table H.Moreover the peaking factor is
14% lower than in the plutonium cycle.
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The flow-weighted concentrations of the main adisi and fission products in the
discharged pebbles per pass are summarized in Saoxdll.

Table 5.XXIII: Pu+MA cycle flow-weighted nuclide concentrations in
the discharged pebbles per pass

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6
BU 92315 172535 242182 302806 355853 402579
Atomic densities [atoms barn™ cm™]
Pu® | 7.85E-04 | 9.13E-04 | 1.04E-03 | 1.15E-03 | 1.24E-03 | 1.32E-03
Pu® | 8.61E-03 | 6.41E-03 | 4.72E-03 | 3.45E-03 | 2.51E-03 | 1.83E-03
Pu*’ | 5.35E-03 | 5.19E-03 | 4.86E-03 | 4.42E-03 | 3.91E-03 | 3.37E-03
Pu®! | 2.42E-03 | 2.71E-03 | 2.89E-03 | 2.98E-03 | 2.98E-03 | 2.92E-03
Pu*” | 1.21E-03 | 1.32E-03 | 1.44E-03 | 1.57E-03 | 1.70E-03 | 1.82E-03
Am*' | 5.39E-04 | 4.61E-04 | 4.01E-04 | 3.54E-04 | 3.17E-04 | 2.88E-04
Am*® | 3.58E-04 | 3.98E-04 | 4.41E-04 | 4.85E-04 | 5.30E-04 | 5.76E-04
Am*™ | 1.29E-05 | 1.46E-05 | 1.40E-05 | 1.27E-05 | 1.15E-05 | 1.03E-05
Np*" | 1.47E-03 | 1.36E-03 | 1.25E-03 | 1.16E-03 | 1.07E-03 | 9.82E-04
Cm®" | 4.18E-05 | 8.61E-05 | 1.33E-04 | 1.83E-04 | 2.36E-04 | 2.91E-04
Tc” | 1.31E-04 | 2.41E-04 | 3.33E-04 | 4.09E-04 | 4.71E-04 | 5.23E-04
Ag'™ | 8.23E-08 | 2.69E-07 | 5.02E-07 | 7.45E-07 | 9.78E-07 | 1.19E-06
Xe'® | 1.71E-07 | 1.46E-07 | 1.25E-07 | 1.08E-07 | 9.32E-08 | 8.14E-08
Cs"™" | 1.43E-04 | 2.65E-04 | 3.68E-04 | 4.56E-04 | 5.32E-04 | 5.96E-04
Pr' | 8.89E-05 | 1.88E-04 | 2.74E-04 | 3.48E-04 | 4.11E-04 | 4.66E-04
Nd'"* | 1.84E-05 | 5.82E-05 | 1.10E-04 | 1.69E-04 | 2.31E-04 | 2.93E-04
Sm'’ | 3.85E-06 | 3.53E-06 | 3.21E-06 | 2.91E-06 | 2.64E-06 | 2.40E-06

One can observe that the PBR incineration cap@silior the minor actinides are not so
effective than for the Pu isotopes.

The Anf*and the Np*, whose atomic density in the fresh fuel is of &4® and
1.58E-03 atoms barncni® respectively, are reduced in the average discavdbtle by

a factor 2.2 and 1.6 respectively. NeverthelessAin?*® and the Am**™, whose atomic
density in the fresh fuel is of 3.18E-04 and 4.%/Eatoms barh cmi’ respectively, are
built up during the pebble depletion.
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5.4.3.1 Average Composition Pebble Approximation

In the following, we do the same comparisons asoties performed in section 5.4.1.1

for the LEU cycle and in section 5.4.2.1 for theutphium cycle. It consists in

considering the average composition pebble irhallspectrum zones, both for the SZ —

core calculations both for the depletion ones, wb@mputing the equilibrium core of
the Pu+MA based fuel cycle.

The Ap of the resulting core when comparing to the refeeeone is -77 pcm.

The relative differences on the average dischatgeups and on the average burnup

values cumulated per pass are shown in Table 5.XXIV

on discharge burnup and accumulated burnup valuesgr pass

Table 5.XXIV: Pu+MA cycle rel. diff. between the two depletion methodologies

Pass1 |Pass2 |Pass3 |Pass4 | Passb | Pass6
Rel. diff. on average
) 8.49% | 5.62% | 3.56% | 2.06% | 0.92% | 0.02%
discharge BU
Rel. diff. on average
8.49% | 2.33% | -1.54% | -3.95% | -5.57% | -6.85%
ABU per pass

The relative differences on the nuclide densitiethe discharged pebbles obtained with
the average composition pebble approximation, coetpto the ones exposed in Table

5.X1V, are shown in Table 5.XXV.

Table 5.XXV: Pu+MA cycle rel. diff. between the twodepletion methodologies

on flow-weighted nuclide concentrations in the didtarged pebbles per pass

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6

Pu®® 0.52% 0.78% 0.75% 0.59% 0.37% 0.18%

Pu®* -2.95% -4.40% -4.56% -3.62% -1.73% 0.92%

Pu?? 0.38% -0.57% -1.61% -2.07% -1.56% 0.27%

Pu?t 1.46% 2.25% 2.18% 1.44% 0.23% -1.23%

Pu?? 1.39% 2.13% 2.24% 1.81% 0.94% -0.20%

Am?*" -1.92% -2.53% -2.08% -0.93% 0.58% 2.16%
Am?**m -0.51% -0.49% -0.17% 0.31% 0.82% 1.30%
Am* 2.95% 0.26% -1.27% -1.68% -1.28% -0.41%
Np*7 -0.20% -0.30% -0.32% -0.26% -0.15% 0.03%

Cm?* -0.06% -0.20% -0.20% -0.11% 0.01% 0.15%
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Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6

Tc” 8.57% 5.59% 3.44% 1.88% 0.71% -0.21%

Aghm 7.95% 6.39% 4.95% 3.67% 2.52% 1.45%
Xe!¥ 3.43% -0.98% -3.60% -5.16% -6.20% -7.11%
Csh7 8.50% 5.58% 3.48% 1.96% 0.81% -0.08%

Pr'# 9.10% 6.12% 3.92% 2.31% 1.11% 0.19%

Nd*#* 10.07% 7.63% 5.64% 4.00% 2.64% 1.49%
Sm'* 2.92% 0.28% -0.81% -1.20% -1.37% -1.57%

The relative differences on the power distributi@tween the reference case and the
equilibrium core computed with the average peblobests are shown in Table 5.XXVI.

Table 5.XXVI: Pu+MA cycle rel. diff. between the two
depletion methodologies on power s.f.

CHAN A|CHAN B| CHAN C| CHAN D| CHAN E

2.53% | 2330 | 2.31% | 2.34% | 2:57%
2.09% 2.16%

1.80% | 1.76% | 1.82%

1.02% | 1.24% | 1.20% | 1.26% | 1.15%

0 0,
0.44% 0.62% | 0.57% | 0.63% 0.60%
-0.15% 0.04%

-0.04% | -0.09% | -0.02%
-0.72% -0.51%

-1.25% | -0.68% | -0.73% | -0.67% | -1.04%

-1.75% -1.53%
-1.29% | -1.34% | -1.28%

-2.21% -1.97%
- 0, - 0, - 0,

6106 | “1:84% | -1.89% | -1.82% [, o~

-2.95% | -2.30% | -2.35% | -2.28% | -2.72%

-3.23% -3.00%
-2.65% | -2.69% | -2.63%
-3.43% -3.20%

3549 | -2-84% | -2.85% | -2.82% | 33194

One can observe that in the Pu+MA cycle the disorejes, on the power distribution
and on the nuclide concentrations, with the refegeaquilibrium cycle, are on the same
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entity that for the LEU cycle described in secttod.1.1 and no so high as it is
observed for the plutonium cycle in section 5.4.2.1

Thus to understand this trend, as for the prevemayzed fuel cycles, the reference
equilibrium core, with the nuclide distribution pented in Table 5.XXV, was re-

computed with the average pebbles in each specoma.

As a result the equilibrium core with the same mécldistribution is computed both

with the proper fluxes per pebble type both with #verage flux methodology.

The resultingkes has aAp of 104 pcm andA” 77T of 0.95% from the reference

sf>1 " power
calculation with the proper pebble compositions pess. Comparing the homogenized
broad-group cross sections per spectrum zoneatberl relative difference is 0.24% on
the total cross sections and 3.96% on the fissiosscsections.

The relative differences of the total fluxes congoutin the multi-pebble geometry
associated to SZ 32, renormalized to match the pamemputed with the different

spectra calculation, are presented in Table 5.XXVHe differences in the 281-group
fluxes of pass 1 and 6 from the one in the avecageposition kernels, together with
the flux spectrum in these last, are illustrate&igure 5.15.

The same is done for the fluxes in the multi-pelddemetries of SZ 3, where the hot
spot is situated, in Table 5.XXVIII and Figure 5.16

Table 5.XXVII: Rel. diff. of the proper total fluxe s per type in the pebble kernels, comprised in
SZ 32, from the average composition pebble flux (PUMA cycle equilibrium core)

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6

Total flux

) 1.22% 1.06% 0.97% 0.95% 0.99% 1.07%
rel. diff.

Table 5.XXVIII: Rel. diff. of the proper total flux es per type in the pebble kernels, comprised in
SZ 3, from the average composition pebble flux (PU4A cycle equilibrium core)

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6

Total flux

. 2.19% 1.85% 1.61% 1.47% 1.41% 1.41%
rel. diff.
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Figure 5.15: Rel. diff. of the proper 281-group flxes per type in the pebble kernels, comprised in
SZ 32, from the average composition pebble flux (PFtMA cycle equilibrium core)
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Figure 5.16: Rel. diff. of the proper 281-group flxes per type in the pebble kernels, comprised in
SZ 3, from the average composition pebble flux (PU4A cycle equilibrium core)
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As to conclude, in this case the differences duthéouse of an average composition
pebble spectrum are much smaller than in the pusvicase with first generation
plutonium fuel and mostly in the order of the LiDel.

Though the isotopic vectors of the Pu+MA fuel i2 so different from the Pu fuel,
especially for the different plutonium isotopes twmm (except a lower weight
percentage of P! and P4*), the spectral differences between the differestibpes
comprised in a SZ and the average one are smalr with the pure plutonium
pebbles, especially in the resonance region oPtf&.

To understand this trend, let analyze thé*Pdensities for the different pass pebbles at
the exit plane of SZ 32 of the equilibrium coresaded with both Pu) and
(Pu+MA)O, 7 fuels. They are exposed in Table 5.XXIX togethethwihe relative
differences from the respective average composgebble density.

Table 5.XXIX: Pu?*®atomic densities in the pebbles exiting SZ 32 fdtu and
Pu+MA fuel cycles and rel. diff. with the average eamposition pebble

Pass 1 Pass 2 Pass 3 Pass 4 Pass 5 Pass 6

Pu*’ atomic densities [atoms barn” ¢cm™] in Pu fuel cycle

Density 5.56E-03 | 5.32E-03 | 4.50E-03 | 3.46E-03 | 2.44E-03 | 1.58E-03

Rel. diff. VS 1 46000 | 39.71% | 18.11% | -0.23% | -35.97% | -58.62%
average

Pu*’ atomic densities [atoms barn™ cm™] in Pu+MA fuel cycle

Density 5.18E-03 | 5.13E-03 | 4.88E-03 | 4.50E-03 | 4.03E-03 | 3.51E-03

Rel. dift. VS 114 2006 | 12.90% | 7.57% | -0.86% | -11.24% | -22.66%
average

It appears that the P consumption is significantly smaller in the Pu+Mdel cycle.
Thus, in the Pu+MA cycle the atomic densities @& thifferent pass pebbles are closer
to the average composition pebble density comparéae Pu fuel cycle.

That's why the spectral differences are smallethi region of the P resonance
absorption in the Pu+MA fuelled core.

This seems to be the main reason of the larger dnasmitted while computing the
equilibrium core of the plutonium fuel cycle witlhet average composition pebble
approximation.

5.5 Conclusions to the Chapter

A new methodology to compute the asymptotic equililn PBR core has been
implemented in APOLLO2. The method is inspired dre tprevious developed
methodologies included in the present codes usedPBRs analysis which treat the
physical quantities (core fluxes and nuclide deéesjtover the spectrum zones size
rather than over the computational mesh cells Jike. different zones belonging to a
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flow channel do not need to be equal-volumetricneatangular in the RZ model of the
core, allowing the potential proper modeling of ttefueling cone and the associated
flow velocity variations.

For the stochastic nature of the pebbles positiaside the core during their downward
flow, it was considered more correct to evaluatetia quantities averaged over
sufficiently large core sub-regions (the spectrwones) in order to have an acceptable
statistical description of the problem.

Nevertheless, the developed methodology exploigs gbssibility of computing the
heterogeneous flux over the multi-pebble geometiEsociated to the core spectrum
zones. This leads to calculate the power distrilouin the core, used to normalize the
multi-pebble geometries fluxes, by the heterogesemaction rates. Moreover, the
proper fluxes per pebble type are used to dephetelifferent types over the time period
T,, associated to the zone.

Simulations were conducted to compute the equilfricore composition in a
simplified PBMR-400 model for different types ofefucycles: uranium, plutonium and
plutonium + minor actinides. The code flexibilityloaved computing in a coherent
manner all the fuel cycles and the associdtgdto obtain a critical core.

The biases associated with the approximation ugeddl lexisting codes, of calculating a
single flux in an average composition pebble pectpm zone, were evaluated.

It appeared that the differences are mostly comaeict the spectral differences between
the different pass pebbles in the resonance regiesyzecially in the major capture
resonance of Pt’. In the UQ and Pu + minor actinides fuel cycles the biases ar
limited and mostly compensated by a "cancellatibaroors”. Nevertheless, in the pure
plutonium cycle the biases are quite large i.ethanaverage discarded pebbles, in the
order of 10% for the atomic densities of plutoniisotopes and of 22% for X& ones.
The biases on the power shape factors are also, higth, for example, an
overestimation of the power peaking factor of alddi#o.

For the advanced fuel cycles, using for example fua types simultaneously or

burnable poison particles dispersed in the pebla&ix) it is expected that the spectral
differences between the different pebble typesainat in a zone would be larger. It
will be necessary to consider the proper flux inhepebble type to correctly compute
the core power distribution and to perform the daph calculations needed to find the
equilibrium core composition. Further investigasoregarding these advanced fuel
cycles are needed.

By implementing in APOLLO2 an improved mixing alghm it will be possible to in-
line consider the burnup values distribution arotimel average values per pass used in
the core calculation. This would allow accounting the different depletion histories
and better simulating the physical rejection medrarbased on a target burnup limit
for recirculation.
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6 Conclusions and Perspectives

In this thesis an innovative neutronic model haanbgeveloped to compute Pebble Bed
Reactors. As it is universally done, the RZ modethe core is divided into a finite
number of (vertical) channels, each one of whictaxglly subdivided in spectrum
zones. The spectrum zones play the role of "assesfiphllowing for the traditional
two-step reactor calculation where the core catmrais carried out with few
macrogroups and "assembly"-homogenized cross ssctio

The main difference with the traditional two-stegactor calculation is that spectrum
zone homogenization has to account for surfaceatgaland this naturally leads to an
iterative homogenization and core calculation témpher At each iteration, every
spectrum zone is independently homogenized by rspleai fixedkess Source problem,
where thekes and the entering currents are obtained from theipus core calculation.
This technique is akin to the iterative advancetiméues investigated for LWRS.

The main innovative aspects of the APOLLO2 modeting

« the association of a multi-pebble geometry to espettrum zone to perform the
fine-flux heterogeneous calculations for crossisadiomogenization;

« the "macro-stochastic” collision probability tream of the multi-pebble
geometries, based on surface-to-surface geomeprichhbilities, which
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accounts for multiple pebble types in interactiomag themselves and with the
zone boundary surfaces;

« the representation of entering currents of the inpalibble geometry with fine-
group reconstructed currents per boundary surface;

« the calculation of the one-dimensional pebbles WithAPOLLO2 double-
heterogeneity treatment for the microparticles;

» the application of the APOLLO2 self-shielding teirfjue which evaluates the
"exact" reaction rates on the reflected multi-peld@ometry;

» the use of boundary-to boundary probabilities, potad by a Monte Carlo
simulation, to account for the increased neutrogashing through the bed of
pebbles close to the reflector walls;

» the use of the fine-group fluxes computed in eaffarént pebble type to
perform the depletion calculations;

« the representation of a cluster of pebbles of &meestype in a spectrum zone by
increasing, as compared to the uniform mix, theeble-to-pebble
probability;

* the calculation of the RZ core model with therBethod and cross sections
iteratively generated.

The verification of the new APOLLO2 PBR modeling smaerformed with reference
TRIPOLI4 Monte Carlo simulations of a simplified FIR-400 model. Different core
models were simulated to perform a verificationsogcessive steps, starting from the
capability of the RZ $solver to compute large size PBR cores.

The effects on the codes, production shape factors, core production oveogiion
ratio and computing time were analyzed varying ftiiwing computing parameters:
broad-group structure, spatial mesk,&hgular quadrature, converge precisions in flux
solvers and number of spectrum zones.

The sensitivity of the observed quantities to tlaiation of boundary-to-boundary
probabilities and zone packing fractions was alsaly@ed and it was found small.

A comparison between different ways of computingcsum zone reaction rates

showed that, the rates computed with the fine-grbagerogeneous fluxes over the
multi-pebble geometries matches better the MontéoCaference.
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The most important results issued from the vetiiica phase were obtained for a
TRIPOLI4 model where pebbles, of six randomly assdy burnup levels, are
individually positioned in the core with a realgstlistribution.

Both, a low temperaturdT) and a high temperaturélT) models, were analyzed with
the computing parameters optimized in the previeesification steps. The RZ
APOLLO2 core model was computed with 13 or 26 brgadups and Sangular
quadrature. This allowed calculating the flux i timplified PBMR-400 model in a
reasonable computing time (<1h), both for tAeand theHT model.

The discrepancies with the T4 reference resultge wer

e smaller than 100 pcm on the cdeg,

» within £4% on the production rate distribution tbee zones with a shape factor
larger than 1,

« smaller than 3% on the production shape factdneahbt spot.

Even when comparing the reaction rates at a mdealeie scale, that is, at the level of
the different pebble types comprised in a zone, deeeloped model computes the
production over absorption ratio per type withie 8 from the TRIPOLI4 results. This
shows that the neutron exchanges between the pebbldifferent type are properly
modeled with the APOLLO2 "macro-stochastic” method.

The observed discrepancies kg and production shape factors are in good agreement
with the common requested level of accuracy ofireaic modeling.

The developed APOLLO2 model was also validated withfirst criticality experiment
of the HTR-10. The critical number of pebbles to inoduced in the core was
evaluated. Compared to the experimental value @&Q@6mixed (graphite and fuel)
pebbles, the APOLLO2 model evaluates the criticahber only to 77 pebbles less.
This is a very good agreement, better then theobteined with several other codes.
This preliminary result shows the accuracy of thedel developed in APOLLOZ2.
Further analysis is needed in order to consider fiarameters calculation (reaction rate
distribution, control rod worth, flux distribution)

A new methodology to compute the asymptotic equililn PBR core has been
implemented in APOLLO2. The developed methodologpl@ts the possibility of
computing the heterogeneous fluxes of the multigpelgeometries and uses these fine-
group fluxes for depletion calculations.

Simulations were conducted to compute the equilioricore composition in a

simplified PBMR-400 model for different types ofelucycles: uranium, plutonium and
plutonium + minor actinides.
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The biases associated with the average compogigbble approximation, used by all
existing codes, were evaluated. In the lHDdd Pu + minor actinides fuel cycles the
biases are limited and mostly compensated by ac&tlmtion of errors". Nevertheless,
in the pure plutonium cycle the biases are quitgela.e., in the average discarded
pebbles, up to 10% for the atomic densities ofgulistm isotopes and of 22% for X
ones. The biases on the power shape factors avehadh, with, for example, an
overestimation of the power peaking factor of alidi#b.

Perspectives

The RZ & full-core calculation should be replaced by awdfbn calculation in
order to save computing time.

Based on the experience accumulated at CEA, a edupéutronic-thermal
hydraulic calculation of a PBR could be easily ierpented. This is necessary to
perform design and safety studies. For the modedihgrismatic block-type
HTRs the NEPHTIS scheme has been develdpedhere a coupling between
the diffusion code CRONOS2 and the thermal-hydcaobde CAST3M has
been realized®? Thermal-hydraulic analyzes of the HTR-10 in opiersl and
accidental conditions have also been performed GAIST3M* Thus, all the
bricks are there for building coupled PBR calcalatschemes.

The iterative homogenization method developed i©ORAPO?2 is transposable to
all full-core solvers via data exchange betweenesodJsing a 3D diffusion
solver, like the one available in the CEA diffusioade CRONOS2, a three-
dimensional core can be computed with the developethod by simply
recovering the entering currents from the spectmome surfaces and passing
them to the associated multi-pebble geometry in ABRQY, together with the
coreker.

In coupled neutronic-thermal hydraulic calculatidines iterative homogenization
scheme should be efficiently accelerated. An effectvay is the parallel
computing of the multi-pebble geometries: the zentering currents, together
with the corekey, are recovered from the full-core calculation ahdn the
homogenized cross sections per SZ are re-computrchwultiple processors.

In the calculation of the equilibrium core, the k#jon calculations for the
different channels can also be executed in parallel

An improved mixing algorithm is under developmeiithe algorithm will
properly account for all the possible depletiontdries of the pebbles. The
nuclide composition distributions, around the ageraalues assigned to the
pebble types, are considered while computing thalibgum core. This allows
simulating the rejection strategy actually usedailPBR operation, which is
based on a comparison of the burnup measured, d@charged pebble, with a
target limit burnup value.

A more extensive validation should be performechwtite critical experiments
for which data are available (HTR-10, ASTRXPROTEUS*).
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APPENDIX A: Notation

General notation:
dimensions

e N, =number of different pebble typ,
e N, =number of pebbles of typ,
e N, =number of boundary surfaces of a speutaone.

surfaces

o A =4rR’is the area of pebble of typ,
oa’ = NZ.AZ./Z N A =relative area of pebbles of typ,

° A,if =area of boundary surfag,

od) = A / zk: A’ =relative area of boundary surfac,
oA, => A'+> N A =total area of interactic,

k i
of, :ZNZ.AZ./AHG —fraction of pebbles are,

of :ZA,?/AHC — fraction of surface are.
k

surface-to-surface geometric probabilities

° pf;’f’ = probability for neutrons leaving a pebble of tyge enter a pebble of type thout
crossing any other pebble,

° pZ;p = probability for neutrons leaving a peblif typei to leave the spectrum zore
boundary surfack  without crossing any other pebble

° pfk”’ = probability for neutrons entering boumgaurfacek to enter a pebble of tyip
without crossing any other pebble,
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° pi’,”k = probability for neutrons entering boumgaurfacek to leave the spectrum zc

via boundary surfack  without crossing any pebble.

currents

.J:i:,z' =total current exiting (+) or entering) the pebbles of typk,

on’[‘fk =total current exiting (+) or entering) the spectrum zone via boundary surfla
helium coolant

oV, =total helium volume in the spectrum z(
o)\, :4VH6/AH6 =mean chord length in helium evaluated@auchy's formul,

e®, =fluxin helium regior,
3, =helium total cross secti,

e [, = region-averaged, angle-integrated enoissiensity in heliur.

Vector and matrix notation:
surfaces

e’ ={a’i=1N,},
b [ b
surface-to-surface geometric probabilities
o :{pij, i’jzl’Np}’
.pb’p :{pz;p,]{; - 17Nb 7i - 17Np}|
o p?’ :{pféb’i =LN, k= 1’Nb}’
oo ={pl K E=1N,}.
currents
4+,

o ={J. i=1LN,},
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de { Jbd

b ,k:l,N}.

b

unit vectors
.Ip:{l,z' - 1,Np},
1" ={1k=1nN,}.

CP notation:
pebble

oN(M =number of fluxes regions in pebble opéy ,

oi)i :{Ni(Dim’n =1 N(M}: region-averaged fluxe,

o@é :{N,L.Q,L.m, n=1,N (M}: region-averaged, angle-integrated sos,
° }77 :Eéﬁ)i + @L =region-averaged, angle-integrated enaissiensity,
oV. =diag {VW n=1 qu}: region volume,

o3, =diag {Esm, n=1, NM}: region total cross secti,

3 . =region scattering cross secti,

:{ ,n,m=1N .}:collision matrix,
i,mm %)

of :{ s }:incoming probabilitie,
oF :{ i }:escape probabilitie,
o I =transmission probablllt

multi-pebble geometry

'Nq>,sz :E N(M + 1=number of flux regions in the geometnycluding helium
Z as last one,

.N:dz’ag{z\g,z’ - 1,Np},

oA:dz’ag{AZ.,z' —1,N, }

oAb:diag{A]i’,k = 1,Nb} :
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o&):{(f)j,i =1, Np}: region-averaged fluxes in pebbles regi,
o&)':{é @He}: region-averaged fluxes in geometry, imdihg heliurr,

o}_f":{ﬁr, r=1N, SZ}:angIe-integrated emission densities @ometry region,

oV '=diag {V,,, r=1, NMZ}: region volume;,

oO:dz'ag{C.,z’ =1, Np}:collision matrix without considering hem,

']:{fw i=1, Np}:incoming matrix without considering hefn,
oE:{E., i=1, Np}:escape matrix without considering heli,

7

o '=diag {Tj, i=1, Np}:trasmission matrix without consideringlium.
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APPENDIX B: Model for Macro Stochasticity

Let begin considering a spectrum zone and negbpthie scattering and the absorption
in the interpebble helium coolant.

The currents entering the different pebble typEs(E) originate from the currents

exiting the pebble57+ (E) and from the currents entering the zone surfa_fcgéQE) ;
7 b 7bd 2T
J_(B) =p"" I (E) + p""J (E), (B-1)

where fi :{Jﬂ;i} and JiJ. is the total current exiting (+) or entering (retoverall

surface of the pebbles of typeJ" = {J** } and J% is the total current exchanged

+.k
through the zone surfage
The total current leaving the domain via its suefais:

2bd b,b 7hd bp 7
JU(E)=p" I (E)+ p"P T, (E), (B.2)

In these equation®”?, p”’, p"? and p™’ are pebble-to-pebble, surface-to-pebble,

pebble-to-surface and surface-to-surface geometpoababilities and their values

depend upon the modeling, described in AppendiXTBe geometrical probabilities

obey the conservation and reciprocity relationsgoasequence is the conservation
identity

J"N(E)+J, (B)=1" (E)+J_(E), (B.3)

T 7 s : bd 7 Tbd
whereJ_ =1,-J_ is the total current exiting or entering all trebples,/ " =1, - J

Is the total current exiting or entering the tatatface of the spectrum zonf;, and Tb
are the unit vectors with the dimension respectiélthe number of different pebble
types N, and of the number of zone surfacEs.

This equation specifies that neutrons enteringdthraain via its surfaces or leaving the
pebbles have to either leave the domain via itkaseas or enter the pebbles.

Let include now the contribution of the coolant.eTéffects of the presence of helium

are small and, to first order, can be incorporatedhe previous formulation by
introducing simple approximations.
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Consider, for instance, the pebble-to-pebble coution to J (E) in Eq. (B.1). The

total current of neutrons exiting the pebbles antkreng the external surfaces to enter
pebbles of typé can be written as

J_,(B)=[ds [ aQi-ny_, (r.E.Q), 84
s, @

i

where the integration of, is over the surfacéV A, of all the pebbles of typie being
N, the number of pebbles of that type contained énsfpectrum zone and, the area
of the pebble, and

l /
B Q)= y (r—1BQ)+ [ e g, r-I0BQ), @©5

Here [=1[(r,f2) is the length of the chord from the exiting sphier¢he entering point

(r,Q2) and ¥ (r —IQ,E,9) is the flux leaving another pebble or entering &ia

external surface. Let now replace the source irh#élem by its volume-averaged value
and assume further that it is isotropiche(r,E,Q)NFHE(E)/(M), where

Fy (B)=X%_,, (E)®,, +Qy, (E) is the emission density for the helium.

Next, it is assumed that the flux exiting the pelbblnd entering the surfaces is
piecewise uniform and isotropic,

0,b 7bd D1
N lzk pfk Jf,k (E>+Zj pi{)y'p g (E)
T

(B.6)
N A,

b, (E)

With these assumptions the incoming flux becomiesmetion of only the chord length
[:

Fy, (E)
_ Tyl He _ 2yl
v, (L E,Q)=c ! §_(E)+ N (1—end), (B.7)
and Eq. (B.4) can be written as
N AF, (F)
_ 7EH(=,Z 0 . 7EH(=,Z " He
J_(E)=(n') I (B)+(1—(e >)—42H6 . (8.8)

In this equation]fi (E) is the current given in Eq. (B.1) in the abseniceetium and
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<€7EH@Z> = 7‘ dip(l)e >, (B.9)
0

where
J.as f(m Q- |5l - (r, Q)

fsdsfm)+ Q1|

is the density of probability for a chord lendthetween pebbles.
It has been showWrt that a very good approximation fop(l) is the Markovian

distribution

p(l)= , (B.10)

7l/)\Hc
p()== , (B.11)

)\H e

where A, is the mean chord length between pebbles. It eacomputed through the
Cauchy’s formuIaAH€:4VH6/AH6 where V,, is the total helium volume in the

spectrum zone and,, is the total area of interactiod,, :ZkA,fd +Z7-N7;A¢ . Use
of this result gives

1
[Tl
by, = (e >_1+>\H 5 (8.12)
And the expression fof_, (E) of Eq. (B.8) becomes

J (BE)=t

- [jf (B)+a*f, v, F, (E)}, (B.13)

A similar treatment can be applied Iédk (E), leading to the expression

~bd,0

Tbd
" (B)=t, |7

” (B)+a'fV, F, (E)}, (B.14)
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where Jf,;o (E) is the current in Eq. (B.2);” and &’ are the relative areas of each

pebble type and surface, respectively, afydand f are the fraction of the overall
pebbles area and of the zone surfaces over tHeatetaof interactio,,
The conservation equation for the spectrum zoneaitoneads now

Vi Z (B)®, (B)=J" (B)+ 7, (B)—=[J}"(B)+J_(E)|+V,F, (E). (.15
On the other hand, proceeding as in the derivatfdeqg. (B.3) we obtain

T (B) + J_(B)=ty, |J" (B)+ ] (E)+V, F, (E). (B.16)

He™ He

By combining both equations we obtain

== (B.17)

where J (E):Jid (E)+J_(E) is the total current entering the helium volume.

This expression shows that, as a consequence @dibygted assumptions, the flux in
the helium assumes an infinite-medium equilibrium.
Finally, with the help of Eq. (B.16), we recast E8.17) as

Vi@ =Nt (1T 417 T4V By ). (B.18)

As a final comment, it has to be noted that ther&ge<e*EHJ> for chords between a

surface of the spectrum zone and the pebblesclmsa surface, has been approximated
by the interpebble chord length distribution.

REFERENCES
B.1. A. Mazzolo, B. Roesslinger, “Monte Carlo Simulatioithe Chord Length

Distribution Function Across Convex Bodies, Non-€ex Bodies and Random
Media”, IV IMACS Seminar on Monte Carlo Method, Be (2003).
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APPENDIX C: CP Treatment of the Multi-Pebble Geometies

To formulate a numerical approximation for Eq. Brésented in Chapter 3, let consider
each pebble type as a 1D spherical geometry andtltascorresponding transport
equations into a collision probability formulation:

i

Vb, =C, J

+f 777:;
(€.1)
T

’111

J..,=E,

77

where the group index is omitteiddenotes the pebble typé,, I., £, and T, are the
CP coefficients,V, contains the pebble region volume%l, is the vector of region-

averaged quxesF; :Em@)i + @7 and Q} accounts for fission and external transfers. To

take into account the multiplicity of the pebblestgpe i in the spectrum zone, a
factory,, which is the number of pebbles of typpeontained in the spectrum zone, has

been included in the volumes, in the maifixand in the vector, . Finally, J, . is the

total current exiting (+) or entering (-) the oMéraurface of the pebbles of type
We point out that the stochastic distribution af FRISO particles in the pebble is
treated with the double-heterogeneity method of ABQR, based on the Askew's
approximation and on the conservation of the @idlision rate in a homogenized
matrix — particles material, and it is thus incagied in the CP coefficients.

The CP coefficients obey the reciprocity and covest®wn relations:

¢ :Cz't7fz'_ Ei

L.V.=E+% - C,
+

The first equation in (C.1) allows the region flex® be computed within any pebble
type in terms of the total current entering the lppeb of that type. This current is
derived from the currents exiting the pebbles amuksé entering the surfaces of the
spectrum zone accounting for the absorption arfdsidn of the helium.

In the following a global vector will be introducétdat contains all the region fluxes for

all pebble typesfz{cf)i} and, with the obvious notation the CP equatiorsrewritten

as
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VO=CF+1J
. L L (C.2)
J, =BEF+TJ_

With the reciprocity and conservation relations

C=C" INA=4E" T=T",

I, V=1 -E+%.0,1,=1 -T+3% L

Let now proceed by eliminating the currents. Eq18} is written as/_ :fo + ﬁ,ﬁ,

where J, =t (pp’bjfd +a’f, VHeFHe) and 3=t, p"” is the albedo operator. Then,
with the help of the second equation in (C.2) liofes

J.=(-p1)"(J, + BEF)
and the CP equations are written as

Ve=C'F+1I'],

. R (C.3)
J, =E'F+T'],

with the modified CP matricesC'=C+I8(1-T8)", I'=1(1-8T)",

E'=1-TB3)'E and T'"=(1—T3)"'T. These matrices obey the reciprocity and

conservation equations

C'=C", I'NA=4(E') , T'NA=(T'NA)
I, V=1, 1-8)E+2.0,1,=1,-1-8)T"+2-I.
In order to introduce the coolant region inside ¢leations let redefiné’:[cﬁ,cf)}k} .
Then let addV,, and F, to the volumes diagonal matrix to obtaifi and to the

volumetric productions vector to obtaffy .
Substituting j+ in Eq. (B.18) with the expression given by theoset equation in
(C.3), an expression fo¥/, &, is found which depends on the entering currents
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through the spectrum zone surface. Combining ibwhie first equation in (C.3) the
system of equations far'd’ is determined. Finally, substitutinTgF in Eq. (B.14) with

the expression given by the second equation in){(@G® equation is found for the
exiting currents through the spectrum zone surfadgsending only on the fluxes in the
pebble regions and in the helium and on the ergenimrents through the surfaces. The
CP equations for all the regions in the spectrumezare so obtained, connected by the
currents exchanged through the zone boundaries:

V'®' =CF' +IJ"
. - - (C.4)
J' =EF' +TJ"

where (indicating within square-bracket the dimensiof vector and matrices, with the
first element being the number of rows and the secaf columns;N@p is the total

number of pebble flux regions)
Cl C//
C/// c

with C” |vg | =t, V,, f,1'-@", C"[iNg,| =X, t, 17 E' and

C:)\HetHPVHP (1 + tHef;f)lp ’ T/ ' ap)

) tHPI/ . pp,b [Nchvab}
= 4

A 10+ tHefp T pp’b)[l,Nb}

HelHe (

Bty B vey] Vi, (43 + 1 " -7 )]

T b,b b, b
Ty ml=t,, (p Tty pt T pP )

The matrice', I, E andT satisfy the reciprocity and conservation equatitinis is
demonstrated by using the reciprocity and consenvatelations of the surface-to-
surface geometrical probabilities):

t
)

(N

C=C", INA=4(E) , TA'=(TA")
- :

L-E+ +3 . T

\gll
~.

1@,-V

e I:i'b.

()
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If reflected boundary conditions are imposed foe tepectrum zone one obtains
(ﬁd:j_’:l). This is used for example when initializing theerdtive core

homogenization scheme by a critical-buckling inBriattice calculation, or if the
matrices are computed for the self-shielding pracedeq. (C.4) becomes

I1F A i/
Ve _CT‘ef F (C.5)
Tbd T i/
JU=E F

with ¢ =C+I(1-T) E and £ =(

1— T)_l E, being the computed matrices.
Thus, all the pebble flux regions, plus the helitegion, are spatially coupled while
computing the reflected multi-pebble geometry. Tikignportant especially for the self-
shielding of microscopic cross sections using tHeOALO2 method described in
section 2.4.
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APPENDIX D: Surface-to-Surface Geometrical Probabities

A neutron entering a surfageor leaving a pebble either leaves the domain tirdts
boundary or enters a pebble. Obviously the surfacmirface geometrical probabilities
depend on the packing fraction and on the shapkeoflomain, but, because of purely
geometrical reasons, they have to obey the redtgracd conservation relations:

ppNA pppNA

7y
pkle A=ph bAb
bb 4b boqb
/kAk pkk/Ak/’

(D.1)

1= Zm +ZP
1=ZP +ZP
k

These relations are based on the fact that theapiiitly for a neutron leaving uniformly
and isotropically surfacato attaint surfacé is:

f [ des’w 02)

a<b

Where the integral is carried out over every papantsr andr’ on surfaces andb
separated by a direct straight path of lerfgjthf2 is the angular direction fromandr’
andn andn’ the unit vectors normal to surfag@ndb, respectively.

Several possible models could be used to expressulace-to-surface geometrical
probabilities. Two different ones are introducedrehea uniform model and a

renormalizedone. They are both based on having the valueﬁmfpﬁ;z furnished

externally. These lasts can be obtained from M@atgo simulations (as we describe in
section 3.3) or from geometrical approximationsefhfrom the first conservation
equation in Eq. (D.1)

:pr’;bzl_;pk’k’ (D.3)
1

is obtained, and it is possible to write
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b
b l b k
pht=alp!, pi? =alp) —L—, (D.4)

s
where pz Is the probability for a neutron entering via siedk to enter a pebble in the
spectrum zone andf is the probability that the pebble in which theitnen enters is of

typei. Notice that the expression f@@p has been obtained from reciprocity. This gives

b Z pbAb

S D.5
p Zp ’L NIA7 ’ ( )

where p, is the probability for neutrons leaving a pebbiaypei to exit the spectrum

zone via its surfaces without crossing any othébjes.
Let define the average value pf as

b oAb
p, A
- . kYR
17 71
so that
b _ Py
a; = 7 a;- (D.7)

This relation shows that the conditign <1 entails af/ai < 1/;‘7. Because of the form

for p, this condition must be imposed independentlmefdonditionaf <l1.

Theuniformmodel id defined by takingf equal to the surface proportion in the entire
domain:

ai :ai:—A. (D.8)

This givesp, =p and

==tk (D.9)
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Thus the probabilitypZ;p Is the same for all pebbles types. Next, from ¢beond
conservation equation in (D.1) it is obtained

Sol=1-5
J

It remains to determine th@ﬁ.’p. A simple model, consistent with the adopted
stochastic approach, is to takq%p och.Aj and obtain the proportionality constant from
the above conservation relation. This gives

p;;’p =a, (1-"7). (D.10)

These equations define all the surface-to-surfamngtrical probabilities in terms of
the single parameted < p,’; < 1. Note that the constrairyb,’;;p <1 entails the extra-
condition p! A’ < EiNiAi , but this condition is surely satisfied.

The basic problem with the above formulation ist tthe value ofp"” for N. =1 is
unphysical:p”” (N, = 1)=a,(1— p) when the true value should be 0.

From Eg. (D.2) it can be written

LN A =(yr) S j;j; | deS,IS?-Ile\{#n’\ (D.11)

where S, =N_A. is the emission area for pebbles of typand Sj is the available

entering surface for pebbles of typerhe uniform model is based on the assumption
that the integral is proportional to the product aka of emission times that of
reception, where the latter is takenS}s: NJ.AJ.. Clearly, this assumption is not correct

when j=i. To have the correct physics it is proposed te thie integral proportional

to N A x (Nj — %)Aj. This yields the following expression

Py _ L0/,

However this formula does not account for boundsffgcts that effectively diminish
the emission areas and the receiving ones and, @msequence, does not respect
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symmetry. Arenormalized uniform modé$ then defined where symmetry is enforced
by the relation

1—p, _
——=q, (D.13)
l—al./NZ.

where the constarit can be calculated from Eq. (D.7) and the normatina

> b=l

1 —
2/N (D.14)

QI

The final expression for the pebble-to-pebble pbiliges is
N /N aa, (1-&/N,). ©15)

Because it is expected> Z “?/Nz- , it follows @ <1 and, thereforepff <1. Note
that this model carries over to thaniform model at the limit N, — oo

lim My o pj’L P=aq, (1 — ]_))(1 + rﬁ) . However as opposed to theiformmodel, here the

p, and therefore thef depend on.
Finally, from the asymptotic behavior it is deril@b

pip—a (1—p)(1+rﬂ), (D.16)
where
>.,a /N, =6, /N,
T-Z- — 7 ! 5 ]
’ 1= Ziai /Ni
5 symmetric,r.l. =r., lim r..=0 and satisfies the normalization

7 N,—o0 " ji

> am=(p—p,)/1-p).
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APPENDIX E: Clustering

The uniform model can be easily modified to represent clusgerAssume pebbles of
type m cluster. This ought to result in an increasepgf, and a variation ofp,,, or

equivalently ofaf;, with respect to the values predicted by dh&orm model. Let pose
Pym = (P ), Where theg( ) denotes values from thmiformmodel, and, fori = m ,

P, =8(p,,) With o user given. Reciprocity yieldp, . =3(p, ) for i =m, while
conservation gives
(1-p,)/1-D)-aa,
Zpimzl_pm_)ﬁ: / . (E.1)

I A,

Next, for j,i=m, we posep :fy(pﬂ) and from conservation it is obtained

(1_])) (1_]_))_ﬁam
D p;=l-p—y= /l—a : (E.2)
j -

It remains to define,, and p, or alternativelyaﬁj% and af for i = m . It shall be
written

=0 (pn), p,=8"(p,), i =m, (E3)

which gives

(E.4)

From the normalization condition

p?—ozbam (pm>
Z_Q_am (pm>

3= (E.5)

For the uniform mode(p,,)=(p,)=p and it derives

i
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(E.6)
a’ =ad'a,, af :ﬁbai,
Eq. (E.5) becomes
1—ala
/Bb — m (E?)
1-a,
Then, from Eg. (D.4) it is obtained
pi=e" (122). i =o (012
(E.8)

pb _ Qb (. pb b,p __ b bp
Py = B (pik )’ Py =p (pki )
Hence, the clustering model is completely defingdhie positive parameters’ and
a, with the constraint$ < a!,,a’, p,,,p, <1 and0 < Prms Dy Pris 35 < 1. The first
condition givesd < o’ < min(l/am,l/g_a) ,0< 3 < min(l/am(m,l/ﬁ) , with

a. —max. _a..This constraints the value of to
az 1=m 1

m

1 1

1
— max
a

y—

0,1— (1 — am)min[

< a’ < min [i,%] (E.9)
a p

m max p

The second condition gives< a < (l/pmm), 0<B< B and0 <~y <7, .., with

@nam‘ =1/max [(pim>’<pmi )}’

1=m
Ymaz = 1 max (pﬂ ) )
L, )=m

resulting in a limited domain for the value of

Q <a<a (E.10)

min — — “‘max

with
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1-0p . 1 1—-p
amm:Tmmax 0, 1_]_;” —(1—am)m1n ﬁmm,%—l_z_} ,
1 1 1- 1— 1—
Q) 0y =—in —, p_m — i max 0,—f — (1 — am)’ymaz .
a,, 1-p 1-p a,, 1-7p

Clearly, a solution isx’ =a=1. In practice, Eq. (E.9) is used to adjust the @peen
value of o’, then p and p,, are computed and Eq. (E.10) is used to adjustisee's
value fora.

For the renormalizedmodel, as for the clustering with the uniform mipdeser’'s

parametera’ shall be used in equations (E.3) to (E.7). From a},,a’,p,,,p, <1 it

derives 0<a’ <a’ and 0< @ < g, with o’ :1/ (pm)min(l, p?/am) and

3 =min {1 max <pl.),maxl.¢m 1/[(12. (pl. )}} . This gives the bounds:

1=m

D b b
maX O’ /8'”1/(1,7} + (1 - BT’L(LII]) S a S a’mal’ (E'll)

The technique to modify thﬁﬂ. is similar to the one used for themogeneoumodel,
with the exception that, for the renormalized modgimmetry requires to define
Py =0y, (pﬁ), with a symmetric (aﬁ:%). The following tensor shall be used:
Oy =ty ) =a =0, for i=m anda, =a, =~ for i,j=m. The normalization

conditions for thepﬂ. yield:

1- b=« (pmm) + Z ﬁj (pim )’

i=m

1—p,=8(p,.)+7> (pj'i)'

Jj=m

(E.12)

Becausey must be independent of the last equation determines the value of

5= ) DI 1)
Z (pmi>

(E.13)
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in terms of p. and v. Next, replacing this expression into the firstiatipn in (E.12)
gives the value of

_ 1 - ]_) + am [a (pmm) - 2 (1 B pm )]

Zi:ﬁm aizjim (pji) =

v

In terms ofp,, and .
Next, the constraints 0 < p,,,p,, P, p;<1 vyeld 0<a 51/ (P ) »

0<3, <pml.)§min(1, am/ai) and 0<y<+,,, . From the constraints on th& and on
7 itis obtained thaty <~ <~_, with

1_p7' _min(Lam/aj) ]_—p
~v_ = max |0, max ’ =1, =min|v,,,,,mn————~"|.  (E.15)

=m 2 tiem (pji) e (pﬁ)

And finally, the constraints for: as in Eq. (E.10) with

1
a  =———max (0,7 D — B),
e am (p mm) ( >

Aoz = min <am? ﬂy-s-D - B)’
A (p mm )

where D :Z#maizjim(pﬁ) andB=1-7p —2a, (1-p,,).
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APPENDIX F: Mixed Type Individual Pebbles Simulation Results

Table F.I: Prod. shape factors ands of T4 LT D1 Table F.II: Rel. diff. on prod. shape factors of 26-
simulation with MG-P1 XS (mixed pebble types) group P1-§ AP2 calculation from T4 LT D1
CHAN A|CHAN B| CHAN C| CHAN D| CHAN E CHAN A|CHAN B| CHAN C| CHAN D| CHAN E

0.66 0.48

on1g | 037 | 080 | 083 Ao 6.51% | _4.000% | -6.23% | -5.81% | “7-78%

085 1.020% | 019% | 0.18% [—g%>

0.19% | 0.77 | 0.68 | 0.72 | 017% -3.17% -4.26%

1.10 : : : 0.79 -2.96% | -5.70% | -4.58%

. 0.16% | 0.16% | 0.15% . 2.98% -4.13%

0.17% 0.15%
i56] 100 | 088 | 092 |[gos

0.13% 0.13% 0.13% 0.13% 0.12%

-0.96% | -1.47% | -3.57% | -2.53% | -2.43%

1.41 1.06 P o
01106 | 116 | 1.03 108 | (0% 0.45% | 1306 | -2.43% | -1.39% | 0-94%
1.58 0.10% 0.09% 0.09% 1.16 0.82% 0.59%
000% [ 129 | 1.14 | 1.19 | 0.09% o R
1.64 1 (o08% | 0.08% | oo7 | 121 10205 | 108 | LASY ) 047% oy,
0.08% bl b = | 0.01% e fevn

174 | 137 | 119 | 124 [ 126

0 0 9 9 9
0.07% | 007% | 0.07% | 0.06% | 0.07% 3.41% | 2.53% | 0.18% | 1.07% | 1.27%

S
2.429%
| 5| e i 2o | 021 | 163% |
. .07% .07% .07% .
0.08% [ 197 112 117 |._0.08% 2.98% 0.75%
- . . 0, 0, 0,
82 1 5o0% | 000% | oo | il Logys | 299 | 05T | 19 | 1549
145 | 110 | 007 | 102 [ 111 1.92% | 238% | 0.85% | 155% | 2.00%
01-152/0 0.12% | 0.12% | 0.12% %15?:"
: : 1.75% 1.63%
0.14% | 088 | 077 | 081 | 014% 1.31% | -0.87% | 0.77%
1.00 | 0.15% | 0.14% | 0.14% 0.76 0.70% 0.56%
0.15% 564 | 057 | 050 |-0:15% S 2070
0.80 057 La30s | 1.84% | -0.86% | 0.14% | 1 100

0.16% 0.15% 0.15% 0.15% 0.16%

Table F.III: Prod. shape factors ando of T4 LT D2 Table F.IV: Rel. diff. on prod. shape factors of 26-

simulation with MG-P1 XS (mixed pebble types) group P1-§ AP2 calculation from T4 LT D2
CHAN A|CHAN B | CHAN C| CHAN D| CHAN E CHAN A|CHAN B| CHAN C| CHAN D| CHAN E
0.69 0.49
oa10 | 027 | 051 053 1 2.25% | 0.67% | -1.72% | -1.18% | ~3:94%
0.20% | 0.20% | 0.19%
Oio | 078 | 070 | 073 | oish 1.96% -0.03%
111 ' ' ' 0.80 1.72% | -1.21% | -0.01%
- 0.17% | 0.18% | 0.18% - 2.80% 0.77%

0.17% 0.17%
iog | 102 | 090 | 094 (o5

0.14% 0.15% 0.15% 0.14% 0.14%
146 ["118 | 104 | 110 | 106 2.71% 1.18%

0.11% ) . ) 0.11% 2.27% | 0.23% | 0.89%
1.58 0.10% 0.11% 0.10% 1.15

288% | 2.47% | -0.10% | 0.75% | 1.17%

0, 0,
009% | 1.30 | 1.15 | 1.19 | 0.09% 2.72% 1.18%
1.66 | (080 | 0.08% | 0.08% | 1:23 Lasg, | -7 | 040% | 0.79% 1 oy
0.08% el s P 1 0.08% 70 Lern

1.68 1.35 1.19 1.24 1.26

9 0 - 0 9 9
0.08% | 007% | 0.07% | 0.07% | 0.07% 1.91% | 1.34% | -1.10% | 0.09% | 0.04%

1.28 P
164 01(';3 01(';07/ 01(';02/ 01-0301@ - 1.11% | -0.53% | 0.25% 0-59%
. . 0 . ( . 0 .
0.11% 0.10% 1.76% 0.36%
1.25 1.10 1.16
1.61 1.17 o | 1.54% | -0.97% | -0.40% )
0.12% | 0-11% 0.11% 0.11% 0.12% 0.61% -0.42%
01309/0 1.09 | 097 | 101 ol.lga) 0.07% | 0.24% | 2.08% | 0720 | 0.47%
: 0.13% | 0.13% | 0.13% :
1.22 0.94 0.76% 2.03%
-U. 0 L.
0.16% 0.88 0.77 0.80 0.15% 150% | -3.820 | -2.27%
099 | 016% | 0.16% | 015% | 0.75 -2.55% 3.50%
011% " 064 | 057 | 059 2% : :
0.80 0.56 5310 | 2.13% | -4.77% | -3.42% | _5 4794

0.20% 0.19% 0.19% 0.18% 0.19%
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Table F.V: Prod. shape factors ands of T4 LT D3 Table F.VI: Rel. diff. on prod. shape factors of 26-

simulation with MG-P1 XS (mixed pebble types) group P1-S§ AP2 calculation from T4 LT D3

CHAN A|CHAN B | CHAN C| CHAN D| CHAN E CHAN A|CHAN B | CHAN C| CHAN D| CHAN E
0.68 0.50
oae | 022 | 01 054 S -4.91% | 3499 | -4.94% | -4.74% | “7-27%

0.17% | 0.17% | 0.16%
c? i%ogx 079 | 070 | 0.73 c? '123 -3.11% -3.19%
111 oan | 0149 | o130 [ O o1 2.12% | -4.99% | -3.31%
- . . . . - 0, - 0,

0.14% > > " 0.12% 1.59% 1.93%

128 1.02 0.90 0.94 097

0.36% | -0.78% | -3.18% | -2.37% | _1.519
0.11% | 011% | 0.11% | 011% | 011% 0.36% 1.51%

1.50 1.06
o110 | 120 | 106 1 L1150 0w 0.04% | 0500 | -2.07% | -1.249% | 9-46%
164 | 0.10% | 009% | 009% ["7116 Py 200
010% | 1.33 | 1.17 | 1.22 | 0.08% e i
168 125 — 0.66% | -1.03% | 0.26% -
Oongs | 008% | 0.08% | 008% | ;oo 1.26% 0.98%
139 1 121 1 126 [ 1.27 2.42% | -0.26% | 1.20% | 1.27%
7 0.07% | 0.07% | 0.07% 01-0507@
: 136 | 119 | 1.23 : 1.59% 1.86%
0.07% 0.07%
0% | | oores | oume O 2,920 | 0.94% | 2.01%
008% [ 125 | 1.09 | 114 | Q07% 2-05% 2.29%
1.53 o o o 1.14 37505 | 2-33% | 1.09% | 2.00% | | .o,
0.10% 0.08% 0.08% 0.08% 0.09% . .
oligol/o 1.07 | 094 | 098 01.12;) 157% | 220 | 0.15% | 0.82% | 0.95%
- 0.11% 0.11% 0.11% -
1.19 0.91 1 37% 0.51%
. 0 -U. 0
014% | 085 | 0.74 1 0.78 | 0.14% 0.25% | -1.50% | -0.60%
0.95 0.15% 0.15% 0.15% 0.73 -0.22% 2.41%
0.17% 0.61 0.55 0.56 0.17% i )
0.76 0.55 2.079% | 1.10% | -2.04% | -0.86% | 4 2306

021% | 0.20% | 0.20% | 0.20% | 0.220

Table F.VII: Prod. shape factors ando of T4 HT D1 Table F.VIII: Rel. diff. on prod. shape factors of
simulation with MG-P1 XS (mixed pebble types) 13-group P1-§ AP2 calculation from T4 HT D1
CHAN A | CHAN B| CHAN C| CHAN D| CHAN E CHAN A[CHAN B| CHAN C| CHAN D| CHAN E

0.70 0.50

oo | 083 | 055 1 057 G 474% | 22196 | -3.99% | -3.75% | 5-60%

0.19% | 0.18% | 0.18%
c? igg 082 | 073 | 075 c? '167502/ -2.16% -3.23%
109 0.16% | 0.16% | 016% | O 78 o | 102% | 388% ) -3.08% 0
- . (1 . (] . (1 - - -
0.16% 0.15% 1.90% 2.96%

105 | 104 | 092 | 094 —po1

R % | -0.68% | -2.58% | -1.81% | - 0
0.13% 0.13% 0.13% 0.13% 0.13% 0.62% L1.87%

1.38 1.01
138 17119 | 106 | 109 | LOL 033% | 4o | 1 0006 | 10496 | “L11%
153 | 0.10% | 0.10% | 0.10% [~ 109 0.29% 0789
009% | 1.31 | 1.17 | 1.19 | 0.09% R e
158 115 1.14% | -1.28% | -0.60%

0.08% 0.08% 0.08% 0.86% -0.64%

166 | 137 | 1.20 | 1.23 [ 118
0.08% | 0.07% | 0.07% | 0.07% | 0.07%

1.19 -
0.75%
136 | 1.20 | 1.22 | 4479 2.38% | 0.04% | 1.07% i
161 | 008% | 007% | 0.07% [ 1.17

1.89% | 1.92% | -0.28% | 0.35% | 0.17%

000% | 126 | 1.12 | 1.14 | 008% Lo 0.01%
1.52 1.08 o | 266% | 0.28% | 1.20% .
000 | 009% | 0.00% | 0.09% | 4300 1.41% 0.86%
1.306 1.10 0.98 1.00 1.002 1.62% | 250% | 0.79% | 1.3206 | 1.08%
01-127/" 012% | 0.12% | 0.11% 0(-)1; éc’
0.14% | 089 | 0.78 | 081 | 013y L% | 60w | -0.22% | 09196 oo
0.97 | 013% | 013% | 013% | 0.72 DAt it Ehshinkle

. : . 0.59% 0.02%
014% 0= 059 | 061 |-%14%
0.79 0.56 -0.74% 2.04% | -0.22% | 0.51% -1.19%

017% | 0.16% | 0.16% | 0.16% | 0.16%
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Table F.IX: Prod. shape factors ando of T4 HT D2 Table F.X: Rel. diff. on prod. shape factors of 13-

simulation with MG-P1 XS (mixed pebble types) group P1-S§ AP2 calculation from T4 HT D2
CHAN A [CHAN B| CHAN C| CHAN D| CHAN E CHAN A[CHAN B| CHAN C| CHAN D| CHAN E
0.72 0.51
oaum | 083 | 05T 1 058 -2.89% | 0,150 | -2.35% | -2.01% | “4-46%

0.19% 0.19% 0.19%
c? i?a% 084 | 075 | 0.77 c? '1251 0.22% -1.15%
T11 | 017% | 0179 | 0179 | 0.79 0.81% | -1.58% | -0.89%
. _ _ . ) - —
0.16% > ‘ " 0.16% 1.35% 0.28%

126 ] 105 | 094 | 096 [505

0.14% | 0.15% | 0.15% | 0.14% | 0.14% 1.83% | 1.69% | -0.51% | 0.04% | -0.05%

142 101
oa3 | 121 | 107 LIl 5% L44% | 1 700 | -0.42% | 0.19% | %1%
152 ] 011% | 0.12% | 011% [~1.09 oo e
010% | 131 | 1.17 | 1.19 | _0.10% o7 7
159 116 1.50% | -0.51% | 0.33%

0.09% 0.09% 0.09% 0.96% -0.50%

0.09% 0.09%
1.62 1.34 1.20 1.23 1.18

0.09% | 0.08% | 0.08% | 0.08% | 0.08%

1.05% | 1.52% | -0.92% | -0.11% [ -0.35%

S
-0.43%
S 016?7’3 016207/ 01;8 0085 1.62% | -0.17% | 0.44% i
. 07% .08% .08% .
009% [ 124 | 1.10 | 113 |.009% 1.67% 0.10%
1.50 o . -~ 1.08 1019 | 1-98% | -0.16% | 0.18% [ o0
0120 | 0-10% | 0.10% | 0.10% | 51106 . :
1.3:;3 1.09 0.98 1.00 1.03. 0.66% | 130% | -095% | 0.00% | -0.31%
01-1117/0 0.14% | 0.14% | 0.15% 0(-)1:3‘ 60
; : -0.10% -1.56%
017% | 089 | 0.79 1 081 | 0180 ° 1 -0.07% | -2.46% | -1.30% °
0.97 | 019% | 019% | 0.19% | 0.72 153% > 80%
021% 567 | 060 | 061 |LC2l% : :
0.80 : : : 0.56 3.70% | -0-51% | -2.91% | -2.10% | _4 3104
0.25% 0.24% 0.24% 0.24% 0.24% ' :
Table F.XI: Prod. shape factors ando of T4 HT D3 Table F.XII: Rel. diff. on prod. shape factors of
simulation with MG-P1 XS (mixed pebble types) 13-group P1-3 AP2 calculation from T4 HT D3
CHAN A|CHAN B| CHAN C| CHAN D| CHAN E CHAN A|CHAN B | CHAN C| CHAN D| CHAN E
0.68 0.50
oz | 029 | OSL 0S4 357% | 1.78% | -3.54% | -3.13% | ~5-34%
0.19% | 0.19% | 0.19%
c? i%ogx 079 | 070 | 0.73 o0 '123 -2.01% -2.68%
111 o1 | 01796 | o179 [ O o1 -0.80% | -3.22% | -2.12%
- . . . . - 0, - 0,
0.16% > > " 0.16% 0.69% 1.57%

ios | 102 | 090 | 094 —5o7

N 0 0.15% | -1.98% | -1.35% | - 0
0.14% 0.15% 0.15% 0.14% 0.14% 0.06% 1.13%

1.50 1.06
02 | 120 | 106 | 111 | LIS 0.34% | 1 1a0e | 13006 | -0.5796 | -0-37%
164 | 011% | 012% | 011% [~ 116 L oa 0.05%
010% | 1.33 | 117 | 1.22 | 010% o It
1.68 | (09% | 0.09% | 0.09% | 125 1400 | 130% | 0A47% 1 0.46% T o
T 1 39 1 21 1 26 e : :
: : : 1.27 - 2.88% | 0.51% | 1.47% | 1.10%
1o 0.08% | 0.08% | 0.08% 01-0307@
oosv | 136 | 119 | 1.23 | 5oge L78% | ooe | 1109 | 2149 | 25%
1.66 | 007% | 0.08% | 008% [ 1.22
0.09% | 125 | 1.09 | 1.14 [ 0.09% 2.05% L7o%
153 . ; ) 1.14 5 oov | 284% | 1.39% | 2.06% [ oo
0.12% 0.10% 0.10% 0.10% 0.11% . .
oliif’l/o 1.07 | 094 | 0.8 01.1(31;) 1.68% | 257% | 0.73% | 1250 | 0.97%
- 0.14% 0.14% 0.15% -
1.19 0.91 1 06% 0.27%
. 0 -U. 0
017% | 085 | 0.74 | 0.78 | 0.18% 0.94% | -0.82% | 0.02%
0.95 | 019% | 0.19% | 0.19% | 0.73 0.18% 1.96%
e 061 | 055 | 056 (AL . . .
. . 211% | 1.38% | -1.28% | -0.59% | 3 5405

0.25% | 0.24% | 0.24% | 0.24% | 0.24%
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