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RESUME

Le but principal de cette recherche est B/eloppement et la validation de gthas
de calcul @dies aux codes deeseaux avargs. Le code deéseau avargfaisant I'objet
de cette recherche est “DRAGON Version4”. Ce code @dsgles caragtistiques uniques,
tels qu’'un moele d’autoprotection capable de répenter les effets de distribution en espace
et ceux de protection mutuelle, un nede de fuites 8pendant de I'espace avec effets de
Streamingsotrope ou anisotrope, la disponil#ite la néthode des caraatistiques (MOC),
une €solution degquations cdvolution iosotopique avec prise en compte éesrgies cor-

respondana chaqueé&action, etc.

Des codes de physique desacteurs qualiéis sont requis pourétude de tous les
reacteurs nuélaires existants ou en cours de design. Tout nouveau desigiert une
analyse étaillee des paragires de surétdu €acteur et de son comportement sous irra-
diation. Tout calcul de physique desacteurs @cessite le calcul du flux neutronique corre-
spondant diversesé&gions spatiales. Ce calcul eéali€ en plusieur&tapes, la derare
permettant d’obtenir la solution recheégh Chaque niveau du calcul deseau est essen-
tiel et tout compromis sur I'un d’eux est succeptible de nnénen €ésultat final de pitre
qualitt. Ces diferents niveaux sont: 1. choix de la biblietiue de donges nuaaires et
du decoupage multigroupe sur lequel ces desm sont condeéss; 2. autoprotection des
donrees nudaires en fonction des caradstiques gonetriques et des concentrations iso-
topiques; 3. tracage de l&gnetrie de facora conserver les erreurs surfaciques et volu-
miquesa un niveau acceptable; 4emgeration et normalisation des probat@itde collision, ou
de I'information requis par la éthode des caraatistiques, en espace et energie; 5. solu-
tion de I'equation de transport en utilisant I'information multigpe calcubée pecdemment
et obtention des flux et des taux deaction en divers endroits déseau; 6.evolution du
combustible et des autres ragiux avec normalisatiod puissance ou flux constant. Parmis

eux, nous allons principalement porter attention aux deweanix relatifsa I'autoprotection
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eta I'évolution isotopique.

Le comportement du sy&mne est affeé par la composition des isotopessonnants
et des isotopeshers participant au ralentissement neutronique. Lorkagencentration
d’'un isotope esonnant est faible, sagsence affecte peu la courbe de flux qui demeure non-
réesonnante. Lorsque sa concentration augmente, on obsseveepression locale dans la
courbe de flwa I'endroit de la esonance. Cet effet de creusement va affecter les taux de
réaction car ils sonégaux au produit de sections efficaces par le flux. Les taukaldion
seront donc plus faibles que si le fl@tait non-esonnant. Cet effet est appeatutopro-
tection des @sonances Le calcul de I'autoprotection de€sonances est donc uiépe
essentielle du calcul de&seau. Cet effet d’autoprotection déire correctement métise
afin d’obtenir une solution physiquement acceptable. Daatte aecherche, nous allons
analyser le comportement des nétes d’autoprotection avaés disponibles dans le code
DRAGON Version4. Les magles d’autoprotection existants sont principalementsds/en
deux caggories selons qu'ils sont Essur unequivalence en dilutioau sur laméthode des
sous-groupesDiff érents modles d’autoprotection seront téstsur une vagite de Eseaux,
tels ceux des@acteursCanada Deuterium Uraniu(CANDU-6), CANDU new-generation
(CANDU-NG), a eauécere (LWR) eta eau égere eta conversiorglevee(HCLWR). La com-
position du combustible va varier entre 'oxyde d’uraniuaturel, I'oxyde d’uranium enrichi
et 'oxyde mixte uranium-plutonium (MOX). Nous allogalement analyser lagsence de
forts absorbants netroniques tels le Dysprosium et le G@doi dans le @seau. Le calopor-
teur/modkrateur choisi dans ces analyses sera de l'egaré ou lourde, ou une combinaison
des deux. La gonetrie du Eseau va varier de cée, hexagonale ou circulaire. Un large
spectre de@seaux seront donc anadgs permettant de valider le comportement desatesd
d’autoprotection avargs. Les esultats obtenus par DRAGON seront vabdoar rapport au
code de Monte-Carlo MCNP5. Les solutions @&rence correspondaatchaque cas seront
calcukes par MCNP5.
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L’ évolution isotopique des isotope€pents dans l€&seau va épendre de la normal-
isationa puissance ou flux constant qui sera W&#is En @réral, le flux est obtena I'étape
5. pour un neutron abscelunique, puis est normadisulterieurement la puissanceéelle
du reseau. La normalisation de puissance est principalemgateiaégalant le produit de
I'énergie par fission par le taux de fissiarune valeur de puissance déen Dans cette
recherche, nous allons prendre en compte toutehagions neutron-noyau produisant de
I'énergie et incluant &nergie de écroissance radioactive. Ces dintes valeurs seront
recugerées de Bvaluation en format ENDF et seront ceps dans la bibliogque multi-
groupe en amont du calcul deseau. Nous alloresvaluer les contributions de chag@action
nucleaire appoées par chacun des isotopeggents dans le&eseau. Nous allons valider ce
mockle sur des benchmarks de cellules CANDU-6, cellule uniqgue RWER thorium et
cellule unique avec Gadolinium. Le comportementéenlution du benchmark PWR avec
thorium sera valié par rappora des calculs de reference obtealside du code MONTE-

BURNS qui relie MCNP5 et ORIGEN, un code&yolution isotopique.



ABSTRACT

The main aim of this research is the development and vatidati computational
schemes for advanced lattice codes. The advanced lattigevaoich forms the primary part
of this research is “DRAGON Version4”. The code has uniqueuies like self shielding
calculation with capabilities to represent distributed amutual resonance shielding effects,
leakage models with space-dependent isotropic or anotstreaming effect, availability of
the method of characteristics (MOC), burnup calculatiorhw&action-detailed energy pro-

duction etc.

Qualified reactor physics codes are essential for the stiidly existing and envisaged
designs of nuclear reactors. Any new design would requiteoeotigh analysis of all the
safety parameters and burnup dependent behaviour. Antorgawysics calculation requires
the estimation of neutron fluxes in various regions of thebfmm domain. The calculation
goes through several levels before the desired solutiobtamed. Each level of the lattice
calculation has its own significance and any compromise yastap will lead to poor final
result. The various levels include choice of nuclear déaty and energy group boundaries
into which the multigroup library is cast; self shieldingraiclear data depending on the het-
erogeneous geometry and composition; tracking of geomletgping error in volume and
surface to an acceptable minimum; generation of regionamskgroupwise collision proba-
bilities or MOC-related information and their subsequentmalization thereof; solution of
transport equation using the previously generated graagwiformation and obtaining the
fluxes and reaction rates in various regions of the lattiepjetion of fuel and of other ma-
terials based on normalization with constant power or @ridtux. Of the above mentioned
levels, the present research will mainly focus on two aspeamely self shielding and de-

pletion.

The behaviour of the system is determined by compositioresdmant and predomi-



nantly scattering isotopes. When the concentration of esasotopes is small, its presence
does not affect the flux shape which is smooth. But when theesdration becomes high,
there will be dips in the flux where resonances of the isotagesr. This will affect the re-
action rate, which is a product of cross section and flux. Blaetion rate will thus be lower
than that when one does not consider the flux dip. This is tea@menon of self shielding.
Self shielding treatment is thus a very important aspeceaétor lattice analysis code. This
needs to be correctly modelled to obtain a physically soumtaecceptable solution. In this
research we will be looking into behaviour of the advancdtisteelding models that have
been incorporated in the code DRAGON Version4. The self dimglmodels are primarily
classified into two broad groups, which are based on “egeme in dilution” and “subgroup
approach”. These self shielding models will be tested agairvariety of lattices which in-
clude Canada Deuterium Uranium (CANDU-6), CANDU-New Genera(CANDU-NG),
Light Water Reactor (LWR), and High Conversion Light Water Rea@tCLWR). The fuel
composition will vary from natural uranium oxide to enrich&ranium oxide and plutonium-
uranium mixed oxide (MOX). We will also consider the pressn€strong neutron absorbers
like gadolinium and dysprosium in the lattice. The coolemaiderator chosen for the anal-
ysis will be light water/heavy water or a combination. Thii¢® geometry will vary from
square, hexagonal and annular. Thus a broad spectrumioéattill be analysed to assess
the behaviour of advanced self shielding models. The esbitained using DRAGON will
be validated against that obtained using Monte Carlo code MBCNRe reference solutions

for all situations will be provided by MCNP5.

The depletion behaviour of any lattice will depend on the @owar flux normalization
that is considered. In general the flux in various regionstisrated with reference to a single
neutron absorbed and is normalized subsequently to thergmaguced by the lattice. Power
normalization is predominantly performed by equating tredpct of energy per fission and
fission reaction rate to constant power. But in this reseantk wve will be normalizing the

power using decay energy and energies from most neutroéadueactions. These energy
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values are obtained from the basic evaluated nuclear @etafid are built into the custom
cross section library. We will also be estimating the indnal contribution due to each
neutron induced reaction and also the contribution to eaattion type by each element. We
will be analysing CANDU-6, PWR thorium pincell and gadoliniygmmcell benchmarks for
validating depletion model. The burnup dependent behawbthe PWR thorium pincell
will be validated against the reference results obtainéngusode MONTEBURNS which
links codes MCNP and ORIGEN, an isotopic depletion code.
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CONDENSE EN FRANCAIS

Les codes de calcul en physique désateurs ont pour but premier deégdire la
distribution des neutrons et des photons gamma sur I'espaceoeur, erénergie et en
temps. Ces codegsolvent nurariquement la forme ligaire de léquation du transport,
originellement évelopgee par Boltzmann en #orie cirétique des gas. Les techniques de
résolution nurariques sont b&es sur quelques approximations, telles que legreiffces
finies applig@es aux oprateurs difrentiels, les formules de quadratures pour l&sajgurs
integraux, et les @hodes de &velopement. Les codes utés en physique degacteur se

classifient en codes déseau et codes de coeur.

Les codes deaseau permettent&tudier les valeurs cara@tstiques d’une cellule uni-
taire repesentative du coeur. Celle-ci pektre une simple cellule crayon de combustible
unique, une super-cellule ou un assemblage complet. Lessdpararatres pris en compte
sont I'enrichissement du combustible, la compositionérialle du combustible, de la gaine
et du moerateur, les temgratures, la concentration en poisons consommables, feifpur
etc. Ce calcul estéali® en plusieurgtapes, la dergre permettant d’obtenir la solution
recherciee. Chaque niveau du calcul dsseau est essentiel et tout compromis sur 'un d’eux
est succeptible de menarun gesultat final de gtre qualie. Ces diferents niveaux sont:
1. choix de la biblioteque de donees nudaires et du écoupage multigroupe sur lequel
ces donges sont condeass; 2. autoprotection des dé@as nudaires en fonction des car-
ackristiques gonetriques et des concentrations isotopiques; 3. tracadg gonetrie de
facona conserver les erreurs surfaciques et volumiguas niveau acceptable; 4emggration
et normalisation des probab#é# de collision, ou de l'information requise par l&tmode
des caradristiques, en espace et energie; 5. solution deéquation de transport en util-
isant I'information multigroupe calcae pécdemment et obtention des flux et des taux de
réaction en divers endroits déseau; 6.evolution du combustible et des autres amatux
avec normalisatiora puissance ou flux constant. Parmis eux, nous allons pailecigent

porter attention aux deux niveaux relat#f$autoprotection ea I'évolution isotopique.



Xiii

Le but principal de cette recherche est Eveloppement et la validation de §cthas
de calcul @diés aux codes deeseaux avargs. Le code deéseau avargcfaisant I'objet
de cette recherche est “DRAGON Version4”. Ce code @dsgles caragtistiques uniques,
tels qu’'un moele d’autoprotection capable de répenter les effets de distribution en espace
et ceux de protection mutuelle, un nade de fuites dpendant de I'espace avec effets de
streamingsotrope ou anisotrope, la disponit#ite la nethode des caraatistiques (MOC),
une Esolution degquations cevolution isotopique avec prise en compte desrgies corre-

spondant chaque&action, etc.

Linformation la plus importante, en amont de la @@ de calcul, sont les doaas
nuckaires. Un ensemble complet et valide donBes nu@aires est requis pour pouvoir
estimer les valeurs car&eistiques du &acteur de la facon la plugaliste possible. Les
donrées nucaires utili€es en physique deéacteurs sont traées par un code, tel NJOY
[MacFarlane 2000], qui utilise ufichier de donges nu@airesévalléescomme point de
déepart. On ésigne paévaluatiorle processus d’analyse des dées nud@aires acquises de
facon exg@rimentale, en combinant ces valeurs avec dédiptions de moéles nuckaires
théoriques, dans le but d’obtenir les vraies valeurs desosecéfficaces. La paratrisation
et la eduction des dorges nuaai-res en tableaux produisent un ensemble de @&ksn
nucleairesévallees. Le systme Evaluated Nuclear Data FikENDF) [MCSEWG 2001]
aéte developg pour permettre la stockage etéugeration des dorges nu@airesvallees
requises par les applications en amont en physiqueagaurs. Ces applicationsrgnt
plusieurs caraéristiques du systne, incluant le choix des n&taux €lectionres, les donees
utilisées, le format utilis, et les tests deévifications devanétre gali€s avant la mise en
disponibilitt d'une bibliotieque ENDF. Les bibliotaques ENDF sont disponibles dans divers
centres de dorées nud@airesa travers le monde. La bibliodigue argricaine ENDF/B est
gérée auNational Nuclear Data CentéNNDC) et contient lesvaluations recommagd
pour chaque matiel. D’autres centres sont seslauNuclear Energy AgencfNEA) en Eu-
rope, aulnternational Atomic Energy AgendyAEA), au Brookhaven National Laboratory

(BNL), au Japanese Atomic Energy Research Insti(0&ERI), auKorean Atomic Energy
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Research InstitutéKAERI), et dans des centres russes et chinois. Chaqueriglainclus
dans une bibliotaque est aussi complet que possible et procure desdsawvaliees pour
toutes les&actions nu@aires induites par neutrons et couvrant un domaieedu dénergies

du neutron incident. La bibliottque contienégalement des informations telles que les dis-
tributions angulaires eénergtiques des neutrons secondaires, les desnle dcroissance
radioactive, des rendements de produits de fission, etc. uehbidpliotrequeévallee est
periodiqguement revise ou remplaee, mais seulement & une priode suffisante de revue
et de tests. On obtient ainsi une nouvekdérence standardie pouvanetre utili€e lors
d’analyses ultrieures en physique desacteurs. Lorsqu’une nouvelle bibligthueévallee
est rendue disponible en format ENDF, elle petrie convertie sous une forme plus appro-
priee pour des applications de tests éelles, en utilisant un code de traitement de type
NJOY.

Le code NJOY contient plusieurs fonctions tels que la rettooBon des sections ef-
ficaces esonnantes, &largissement Doppler deésonances, le calcul de moyennes multi-
groupes, la traduction de I'information néelire en formats d’interfaceségfiques, et per-
met donc de grerer des sections efficaces, multi-groupes ou continuémergie, adapes
a un calcul neutronique. Les formats d’interfaces les ptilis@s sont le format WIMSLIB
adapé aux codes WIMSWinfrith Improved Multigroup Schemg¢Askew 1966] et WIMS-E,
le format ACE @A Compact ENDK [MacFarlane 2000] adaptau code MCNP [X-5 Monte
Carlo Team 2003] et certains formats multi-groupes stamsiEsgour des codes tels DTF-IV.
Le code MCNP &té cevelopge aux laboratoires de Los Alamos et estésisr la nethode de
Monte Carlo avec regsentation energie continue des sections efficaceécétnment un
nouveau module appeDRAGR [Hebert 1992] @&té introduit dans NJOY pour permettre la
géereration de don@es nudaires multi-groupes en format DRAGLIB @bert 2004] adapt
au code DRAGON. Pour la psente recherche, nous avons choisi d'utiliser des @sn
évallees pour chaque isotope selon la recommandatiolwadardinated research project
(CRP) de I'lAEA pour leWIMS library update projedqNLUP).

Le comportement du sy&ine est affeé par la composition des isotopessonnants
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et des isotopeshers participant au ralentissement neutronique. Lorkgeencentration
d’un isotope ésonnant est faible, sagsence affecte peu la courbe de flux qui demeure non-
réesonnante. Lorsque sa concentration augmente, on obssevéepression locale dans la
courbe de flwa I'endroit de la esonance. Cet effet de creusement va affecter les taux de
réaction car ils sonkgaux au produit de sections efficaces par le flux. Les tauraldion
seront donc plus faibles que si le fl@tait non-esonnant. Cet effet est appeatutopro-
tection des @sonances Le calcul de I'autoprotection de€sonances est donc uiepe
essentielle du calcul de&eseau. Cet effet d’autoprotection déire correctement métise
afin d’obtenir une solution physiquement acceptable. Daatte aecherche, nous allons
analyser le comportement des netes d’autoprotection avaes disponibles dans le code
DRAGON Version4. Les magles d’autoprotection existants sont principalementsds/en
deux cakgories selons qu'ils sont lEssur unequivalence en dilutioau sur laméthode des
sous-groupesDiff érents modles d’autoprotection seront téstsur une vagie de Eseaux,
tels ceux desé@acteursCanada Deuterium Uraniu@€CANDU-6), CANDU new-generation
(CANDU-NG), a eau égere (LWR) eta eau égere eta conversiorélevee (HCLWR). La
composition du combustible va varier entre 'oxyde d’utaminaturel, I'oxyde d’uranium
enrichi, 'oxyde mixte uranium-plutonium (MOX) et I'oxydmixte uranium-thorium. Nous
allons également analyser lagsence de poisons consommables tels le Dysprosium et le
Gadolinium dans leaseau. Le caloporteur/mechteur choisi dans ces analyses sera de I'eau
légere ou lourde, ou une combinaison des deux. éangtrie du Eseau va varier de cée,
hexagonale ou circulaire. Un large spectre @geaux seront donc anadgs permettant de
valider le comportement des melds d’autoprotection avaés. Les esultats obtenus par
DRAGON seront valiés par rapport au code de Monte-Carlo MCNP5. Les solutions de
reference correspondaatchaque cas seront caleak par MCNP5.

L’ évolution isotopique des isotope€pents dans l€seau va €pendre de la normal-
isationa puissance ou flux constant qui sera w#isEn @réral, le flux est obtena I'étape
5. pour un neutron abscelunique, puis est normatisulerieurement la puissanceeelle

du réseau. La normalisation de puissance est principalemiatefaégallant le produit de
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I'énergie par fission par le taux de fissiarune valeur de puissance déen Dans cette
recherche, nous allons prendre en compte toutehagions neutron-noyau produisant de
I'énergie et incluant &nergie de écroissance radioactive. Ces diffntes valeurs seront
recugerees de Evaluation en format ENDF et seront cees dans la bibliogque multi-
groupe en amont du calcul deseau. Nous alloressaluer les contributions de chagéaction
nuckaire appo#ées par chacun des isotopeégants dans leéeseau. Nous allons valider ce
mockle sur des benchmarks de cellules CANDU-6, cellule unique RWR thorium et cel-
lule unique avec Gadolinium. Le comportementssolution de ces benchmarks sera \valid
par rapporta des calculs de reference obteruBaide du code MONTEBURNS qui relie
MCNP5 et ORIGEN, un code éVolution isotopique.

La qualié des codesalelopges pour I'analyse des syshes de &acteurs nuélires
est cemontée par leur validation relativa des benchmarks standagdis Les benchmarks
sont ¢geréralement choisis en fonction de la nature des applicapfjiansapport auxquelles le
code est appliget Les benchmarks utiBs pour valider le code déseau doivent couvrir
un domaine d’applicatiotendu. Un benchmark est requis principalement pour idaler
contribution relative des erreurs sur les cagastiques inkgrales du&acteur provenant des
donrees nudaires de bases, des limitations dues au format des bidjods, des hypodises
de traitement des doges et des approximations relatives aux eles de calcul du code. Le
choix des benchmarks &é fait sur la base d’'une bonne répentation des types de com-
bustibles et desapnetriers les plusa@pendus dans legacteurs de recherche et de puissance
actuels. Ce choix inclut une combinaison de combustibf€Eh, 233U, 23°U, 238U, %9Pu,
ainsi que deséprretries de @seaux caés ou hexagonaux et des cellules unitaires de Wigner-
Seitz. Les acteurs: eau pressuiés (PWR) utili&s auxEtats-Unis utilisent un combustible
a l'uranium enrichi ert®>U avec de I'eauégere comme caloporteur et m@ehteur et une
disposition du combustible egseau caé. Les acteurs eau pressutes (WWER) utili€s
en Russie sont similaires mais utilisent une dispositionatulstible en&seau hexagonal.
Les eacteursa tube de force tels le CANDU-6 utilisent de I'uranium natuwremme com-

bustible et de I'eau lourde comme caloporteur et érateur. La §onétrie du combustible
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dans un CANDU-6 a la forme d’'une grappe circulaire de 37 craydBertaines proposi-
tions futuristes de@acteurs envisagent d'utiliser le thorium comme combles@bcertaines
activites de recherche sont en cours dans des pays tels I'lnde édoteur de recherche
KAMINI, d évelopge en Inde, utilise un combustibdebase #*3U. L'Inde poursuitegalement
le developpement dddvanced Heavy Water React@xHWR) [Kakodkar 1998] permettant
une utilisationetendue de ses ressources en thorium. D’autres propasdiotilisation du
thorium ontégalemenéte publies [Jagannathan 2001]. Certains benchmarks incluant des
poisons consommables oete propogs. Le choix d'utiliser le Gadolinium comme poison
consommable &te fait dans la plupart des PWR modernes. Ce poison perragmihier
I'exces initial de eactivié et permet d’atteindre des burnup de sortie @liesés. Des iso-
topes du Gadolinium, principalementGd et'>"Gd, sont nelanges au combustible en forme
oxyde. Ce type de poison consommableeatidf du bore qui estagéralement ralange au

mocerateur des PWRUbil agit comme nécanisme dedactivié chimique.

Un total de cinq types deeseaux onete analygés dans le @adre de cette recherche.
Ce choix aéte motive par les caraétistiques €écrites au tableau I. On peut observer que les
benchmarks choisis couvrent une gametendue energies du neutron incident, une exi-
gence écrite pecédemment. On voit que l&seau CANDU-6 reg@sente un systne bien
thermali€ alors que la cellule PWR avec Gadolinium pamies la fraction la pluglevee de
neutrons dont Energie est sugrieurea 100 keV. Un benchmark insgidu gacteura haut
taux de conversion (HCLWR)&ie <£lectionré car il repesente la plus grande fraction de fis-
sions dans laggion des@&sonancesioles mo@les d’autoprotection @pent. Une description

plus cetaillee de chaque benchmark est disponible dans les divers refsaghét la thse.
Validation des mockles d’autoprotection

CANDU-6 — Les pararatres relatives: la Sireg, tels le coefficient de tergpature du com-
bustible (FTC), le coefficient de vide caloporteur (CVR),lefioeent d’ingression du tube
de force (PTI) et le coefficient d’'ingression du tube de cdtar(CTI) ontéte évalles pour

une geonetrie repésentative d'une cellule CANDU-6. Cette cellule comporte grappe
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Table 1 Fractions de fissions dans chague domaieetjie

Réseau Thermal Résonnant Rapide
(< 0.625 eV) | (0.625 eV — 100 KeV) (> 100 keV)
CANDU-6 93% 2% 5%
CANDU-NG 89% 7% 4%
PWR Thorium 76% 20% 4%
PWR avec Gadolinium 20% 43% 37%
HCLWR 34% 46% 20%

circulaire de 37 crayons de combustible d’oxyde d’'uraniwaturel et utilise des gaines de
zircalloy. Les tubes de force et de calandre sont faits d=athiry. Le caloporteur et le
mockérateur sont de I'eau lourde. La froérté externe de la cellule unitaire, correspondant
un reseau caé de 28.575 cm, até annularige et une condition deflexion isotrope &t
utilisée. Une disd@tisation de quatre couronne par crayon de combustiblée atilise, en
suivant la recommandation de Ef@rence [Santamarina 2004], afin d'@lorer la pédiction
des effets d’autoprotection distries. Les crayons de combustible sont donc subebven
couronnes ref@sentant 50%, 30%, 15% et 5% du volume total du crayon. Delexirsade
burnup ontéte utilistes lors des analyses. La prénai valeur corresporna du combustible
frais alors que la seconde valeur correspanth burnup de sortie de 7993 MW-jour/tonne.
Dans cette analyse, nous avons analles isotopes suivants du combustibtéU, 22U,
B9py, 240py, 241pu, 242pPy, 1¥Xe, *9Sm et!'®O. Méme si un plus grand nombre de pro-
duits de fission et d’actinides sont produits avec le burmaps avons limé notre analyse
aux isotopes f@edents qui, selon notre connaissance, vont jouedlaimportant lors des
transitoires deé@activie. Le choix de ceglements est bassur leur valeur du rapport de
capture,egal au taux de capture dans un isotope unique&pé le taux de capture total,
dans le domaine @hergie sité entre 2.7679 eV et 677.29 eV, correspondant au domaine des
resonancesasolues. Le rapport de capture varie de 100% lorsque le csiiblauest fraisa
90% au burnup de sortie. Le choix de ces neléiments est donc suffisant pour valider la

précision du modle et les effets d’autoprotection sur les taux de captuns teadomaine
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des Esonancesasolues. Ce choix permet aussi de comprendre I'effet d’aotegtion sur

chaqueelément individuel.

Les valeurs de base de, de tous les paraatres de 8ree sont sougvallees par
chacun des mades d’autoprotection. La @thode de Stamm’lerégérali®e, impemenée
dans la Version 3 de Dragon,aatit mieuxk,, que les variantes de cettecthode avec les
mockles de Nordheim ou d’iegration de Riemann lorsque la normalisation de Livolant-
Jeanpierre estadactiee. Cette tendance est renardorsque la normalisation de Livolant-
Jeanpierre est acte. En fait, la methode de Stamm’lerayéralie avec les mades de
Nordheim et d’inégration de Riemann et avec la normalisation de Livolantydieare fonc-
tionne mieux que les meédes d’autoprotection avec sous-groupes, excdphs le cas de vi-
dange du caloporteur. Le melé d’autoprotection avec sous-groupes et tables de pitiveab
physigues fonctionne aussi bien que lathode avec tables de probal@lmatiematiques
pour la pediction dek,,. Nous avons obseevque toutes les athodes d’autoprotection
sous-estiment les paratnes de 8ree d'un CANDU-6. On devra se souvenir de cette ob-
servation lors de l'utilisation de cesathodes pour le design deacteur. La variation des
paranetres de @re€ avec le burnup est correctement prise en compte par testegthodes
d’autoprotection. La&activié du vide est nettement sous-edaniorsque la @®thode de
Stamm’ler gréralige est utiliee avec les mades de Nordheim et d’iegration de Rie-
mann et avec la normalisation de Livolant-Jeanpierre. Novosis obse® que les moeles
d’autoprotection avec sous-groupeégisent correctement tous les pagdras de @ree d’'un
CANDU-6. En gereral, le taux de capture dans le domaine @ssnancesisolues est mieux
estime par les modles d’autoprotection avec sous-groupes, en comparassmaoeles
d’équivalence en dilution. Par contre, I'effet de la vidang®porteur sur les taux de cap-
ture n'est pas correctementéait, quelque soit la gthode d’autoprotection. Enégeral,
parmi toutes les @thodes d’autoprotection, celles bas sur les sous-groupes et tables de
probabilies physiques performent bien dans toutes les situatiorestélgalement possible
d’utiliser une approche de sous-groupes et tables de pibéabmatiématiques, mais cette

dernire option est plus deuse et @cessite d’utiliser une bibliodlque de sections efficaces
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comportant des do@esAutolib.

CANDU-NG - Le réseau de typ&lew Generation CANDYCANDU-NG) a éte propog

lors d’'un stage @liminaire du @veloppement dddvanced CANDU ReactdACR) et est
maintenant utilié a des fins de benchmarking [Chan 2001]. Le crayon central dejfppga

43 crayons contient du dysprosium (4.6 %) dans de l'uraniatarel. Le crayon central et les
sept crayons de I'anneau 1 sont phyis (diaretres interne/externe — 0.627/0.675 cm) com-
pate aux 14 crayons de I'anneau 2 et aux 21 crayons de I'anneaar(ges interne/externe
—0.533/0.575 cm). La denside combustible des 8 crayons centraux est @lexgee (10.12
g/cc) compagea celle des autres crayons (9.825 g/cc). Les dimensionshéudiel force sont
les némes que celles du CANDU-6. Deux changements importan&t®@apporé au Eseau
CANDU-NG. Le pas de@seau &t réduita 22 cm. De plus, les dimensions du tube de ca-
landre (diangtres interne/externe —7.5/7.8 cm) étié augmerées en comparaison de celles
d’'un CANDU-6 (6.45/6.59 cm). En coaguence, I'espace annulaire esstaugmerie et le
volume de moérateur esté&duit d’autant plus. Le caloporteur est de I'eagere alors que

le mocerateur est de I'eau lourde. L'espace annulaire est rerdfiidium. Deux ensembles
d’études onéte merees dans leadre de la gesente recherche. Dans le premier ensemble, le
coefficient de vide caloporteur d’'une cellule CANDU-N@ta estingé en utilisant DRAGON.
Deux varetes de cellule unique oréte analyges, selon que le crayon central de la grappe
comporte du dysprosium ou non, en plus de l'uranium nat@es tests aidert comprendre
I'effet du dysprosium lors de la vidange du caloporteur ehpatent de valider les metes
d’autoprotection en @sence de forts absorbants de neutrons. Le second ense#gthided
est relatifa un motif de %2 cellules CANDU-NG. Nous avons vaBdDRAGON Version4
pour des cas de vidange corafd et pour des cas de vidanges en damier. Les cas de vidange
en damier supposent I'absence de caloporteur dans deudesetliagonales et la @sence

dans les deux autres cellules.
Nous avons obseéevque les moeles d’autoprotection bas sur la rethode des sous-
groupes avec tables de probakiitphysiques pdisent:., le coefficient de vide caloporteur

et les taux de&action mieux que tous les autres ralas. Cette approcheéde utilisee pour
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effertuer les calculs de motif22 et le coefficient de vide caloporteur a ainsigiteévalle.

Ces calculs avec DRAGON ogté rendu possible par l'introduction du nouveau module de
tracage NXT. En utilisant DRAGON, nous avons obgele/ pfenonene d’augmentation du
coefficient de vide caloporteur, engsence de dysprosium dans le crayon central, lorsque la

vidange est&alige en damier pldt que compste.

HCLWR - Un réseau de@acteua eau égere eta haut taux de conversiongge choisi pour
valider les modles d’autoprotection, compte tenu du fait que les priregpeontributions de
fission (46%) se produisent dans le domaine éssmances. Le combustible est enrichi en
oxyde de plutonium (7%) glange a de 'oxyde d’'uranium us Le ieseau est hexagonal, avec
un pas de 1.2204 cm, ce qui est petit en comparaison du pasalgsursa eau égere con-
ventionnels. Dans cette recherche, nous avons princigaittudé des eseaux hexagonaux

de burnup nul dont le rappovt,, /V; est de 1.1.

Nous avons obseévque les valeurs de,, obtenues avec diversestthodes d’auto-
protection pesentent un largecart par rapport aweféerences MCNP5. Le plus gragdart
correspondh la nethode de Stamm’lerégéralie avec moele de Nordheim et sans nor-
malisation de Livolant-Jeanpierre. L&wation la plus faible corresporilla néthode de
Ribon étendue avec made de correlation prenant en compte I'effet de protectionueslle.
En gereral, les nethodes de type sous-groupe fonctionnent mieux que cel@gd sur une
équivalence en dilution. La valeur caléeldek, est plustleee lorsque la normalisation de
Livolant-Jeanpierre est utike. L'importance du pdnonene de protection mutuelle provient
de deux causes: le rapport de concentratidtis/?*°Pu et I'indice de spectre. On doit pren-
dre en compte la protection mutuelle lorsque le rapport deeatration est irdfrieura 300 et
que le spectre est dur. Leffet de protection mutuelle efttiieu et**°Pu joueégalement un
role sur la pecision des taux de capture etidg. Les meilleurs @sultats sont obtenus avec
la prise en compte des correlations eRtfé), 23°Pu et?*°Pu. Lorsque le spectre devient plus
mou, I'effet de protection mutuelle devient moins impottadne autre observation impor-
tante est relativa la methode de Stamm’lerégérali€e. Dans ces cas, le taux de fission est

reduit d’avantage lorsque la normalisation de Livolantapéarre est utiliée avec la rathode
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de Nordheim, pluit qu’avec les deux autres variantes de Btmode de Stamm’ler.
Validation des mockles dévolution isotopique

CANDU-6 — Des analyses eavolution ontéte réali€es pour le &seau CANDU-6 @crit
plus haut. La normalisation de puissance est traditioamadht bage sur la connaissance des
taux de fission et deé&nergie correspondante. Dans les bibkafhes multigroupes WLUP,

il est mention@ que Ienergie de fission utilee pour la normalisation provient dé&tiergie
de fission, moins Energie des neutrinos, en prenant en compte implicitemenelgie de
capture radiative et celle des neutrons incidents. Danségseptettude, nous avons tent
d’effectuer une normalisation de puissance en prenantmpieode facon explicite &nergie
de cecroissance radioactive et celle de chadaetion nu@aire induite par neutron. Trois
ensembles @&tudes ontete effecties. Dans les deux preéres, nous avonsegere des
chaines cévolution isotopiques comglles et inclu chaquenergie de facon explicite. Dans
la premereétude, nous avons effe@udia normalisation de puissance en prenant en compte
uniguement Energie lilerée dans le combustible (optioNOG.’ ), alors que dans la seconde
étude, nous avons pris en compte la toéatle I'energie literee (option’ GLOB' ). Dans la
troisiemeétude, nous avons utifides valeurs @nergie de fission implicites recommaed
par le projet WLUP. Dans ce dernier cas, les valeurs recomaganonte multipliees par
les taux de fission des actinides pour calculer la puissamcesgau. Dans tous les cas, hous

avons utili€ une valeur de puissance @férenceegalea 31.9713 kW/kg.

Nous avons obseévque la valeur dé., est surestirae en fonction du burnup lorsque
les valeurs recommaseds par le projet WLUP sont utiées pour la normalisation de puis-
sance. La plus grandé&diation est de 1.6 mk au burnup de sortie pour 'optidiOG." et de
1.1 mka 7 GW-jour/tonne. Nous avons de plus e&ila contribution de chaquéaction au
calcul de puissance daseau. Au burnup de sortie, la fission compte pour 95.3%edelgie
produite, alors que 4.7% provient de la capture radiathauant la contribution de 0.8% en

provenance des produits de fission.

Cellule PWR avec thorium— Nous avong&tudi le comportement egvolution d’'une cellule
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de eseau PWR avec thorium, en extrayant un crayon d’'un asseenbfad.7 de type West-
inghouse. Ce calcul &t réali avec DRAGON Version4 et legsultats onéte validesa
I'aide du code MONTEBURNS, qui permet un couplage entre MCNRBRIGEN. La puis-
sance dué&seau &te normali€ea 38.1347 kW/kg(ratal lourd). Le calcul dvolution du
crayon de combustible&é réali€ de trois facons differentes. Pour le premier calcahak
par’ MODEL- 1’ , nous avons greré des chaines d@volution isotopiques comgles et inclu
chaqueenergie de facon explicite. Pour le second calaethak par MODEL- 2’ , nous avons
utilisé les valeurs @&nergie de fission implicites recomméaes par le projet WLUP. Pour le
troisieme calcul, @no€ par’ MODEL- 3’ , nous avons utilis une version modiie du code
MONTEBURNS de facora prendre en compte lé&nergies explicites de chagueaction,
comme dans MODEL- 1’ . Cette modification est psenéea I'annexe V. Les valeurs de,
et les densés isotopiques des actinides et produits de fission lesplpgriants obtenues par
DRAGON ontéte compagesa celles obtenues par MONTEBURNS.

Nous avons obseévque lek,, prédit par DRAGON est proche de celui obtenu avec
MONTEBURNS. Les dendis isotopiques sont @dites avec ugcart inerieura 5% pour la
plupart des actinides. Nous pouvons donc conclure quefies e burnup cont correctement
mocklises par DRAGON, en comparaison avec MONTEBURNS. Nous aegaement
obsene que la combustion du combustible est aug@enbrsque toutes lesnergies sont
mocklises de facon explicite. Finalement, les composantéseatyies provenant de la fis-
sion, de la capture radiative et desactions(n, 2n), obtenues par les deux codes, sont de

valeurs voisines.

Benchmark Sidorenko— Ce benchmark est urgude d’'un crayon de gadolinium érolu-
tion avec DRAGON Version4 et MONTEBURNS. Il est @messant dtudier la grération
d’éner-gie par la capture radiatiem plusde celle @rérée pas fission dans*t?U. Pour nos
calculs, le crayon &t divi$ en un, quatre, six ou dixegions de volumeggaux. Les pas
d’évolution £lectionres varient entre 50, 100, 200, 250, 500 et 1000 MW-jour/toiNtis
avons compadr le k., et les densés isotopiques d€°Gd, 1°"Gd, 25U, 23°Pu,?'°Pu,?*'Pu et

242py en diverses situations. Le crayon est camsidtre plaé dans un@seau hexagonal.



XXiV

Nous avons obseévque I'utilisation d’'un minimum de 1Cegions de volumeégaux
est requise pour obtenir un comportement correcéwriution. |l fautégalement utiliser
des pas dvolution fins, de I'ordre de 50 MW-jour/tonne, jusgu’élimination du gadolin-
ium. Deux moeles de normalisation de puissance @gtetudies et nous avons obsérque
la combustion du combustible est augn@&ntorsque toutes lemnergies sont madisés de
facon explicite, dua un flux pluseleve. Cependant, lorsque du gadolinium est introduit dans
le combustible, ce type de normalisation provoque une ditign de la combustion du com-
bustible, dua un flux moinslevé. Ce flux plus faible est dala composante @hergie pro-
duite par capture radiative dans le combustible qui peeiratte 21 % en &but dévolution.

Il est donc important d’inclure, dans la bibli@étue multigroupe, les dogéas dénergie pour
le gadolinium et d’utiliser ces valeurs pour effectuer eotement la normalisation de puis-

sance.
Conclusions

En geréral, nous avons obsérgque les mogles d’autoprotection bas sur une i@hode
de sous-groupes se comportent mieux, en toutes situatjoeseux bass sur un@quivalence
en dilution. Lesecarts dé:, et des taux deéaction par rappod MCNP5 sont plus faibles
lorsqu’une niéthode de sous-groupes est uéiis Dans certaines situations, l&timode de
Stamm’ler greralige avec moéles de Nordheim et d’ibgration de Riemann @dit mieux
le k.., mais moins bien les taux de capture. Les pataes de 8reg, tels le coefficient de
vide caloporteur, le coefficient de tegmature combustible et les coefficients d’ingression du
tube de force et de calandre sont mieu&gts avec une agthode de sous-groupes. Cepen-
dant, toutes les valeurs obtenues sont plus faibles quescefidites par MCNP5. |l est
donc important de noter que les paktnes de 8re€ sont @réralement sous-estés par
DRAGON Version4. On @&galement obseévque les rathodes déquivalence en dilution

fonctionnent mieux en gisence de normalisation de Livolant-Jeanpierre.

La méthode de sous-groupes bassur les tables de probat#kt matématiques est

aussi pecise que celle bas sur les tables physiques mais est plustexsse et acessite
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d’utiliser une bibliotieque de sections efficaces comportant des gestutolib. Cependant,
dans les castole combustible comporte une forte concentration des peEsto®U, 2>°Pu et
240py, il peut devenir @cessaire d'utiliser des tables de probabilimat@ématiques avec le
mockle de correlation. Seul ce melé d’autoprotection est capable de prendre en compte
I'effet de protection mutuelle. Nous avons obseiyue cet effet devient noregligeable
lorsque le rapport de concentratiofidU/**°Pu est de I'ordre de 300 ou plus faible. De plus,

I'effet de protection mutuelle diminue lorsque le rappidrt/V; augmente.

Afin d’effectuer la validation des mades @volution isotopique, nous avons ap@ort
une importante modification dans le code MONTEBURNS. En plusalcul dénergie de
fission deja disponible, nous avons ajéla possibilié de calculer les composanteéérgies
issues de lag&kcroissance radioactive, détiergie de capture radiative et de celle destions
(n,2n). Ces valeurs peuvent ensu@te utilies pour calculer les taux deaction corre-

spondants et pour effectuer la normalisation de puissance.

Les moales @volution isotopique onéte validesa I'aide d’une biblioteque multi-
groupe alternative qui contient seulement des composambetifiees dénergie de fission
pour les actinides psents dans la cfree dévolution. La valeur modiéie de chaquénergie
de fission prend en compte, de facon implicite, é®rgies provenant des autres sources
d’énergie en utilisant les valeurs propes par le projet WLUP. Lors dé&tudes de valida-
tion, nous avons obsegwque la combustion du combustible est augmemrsque toutes les
énergies sont madisés de facon explicite. Cet effet est inelsrsque lorsqu’un isotope,
autre qu’un actinide, contribue de facon importaate production 8nergie. Lors de nos
tests, nous avonstudi le gadolinium qui est utilss dans les&acteursa eau égere pour
compenser I'exes initial de eactivie. |l est ineressant de constater que la gg@ntation
explicite de€nergies provoque une diminution de la combustion du gaidafi de telle sorte
que le combustible demeure sur-critique avadih point @ les autres magles pedisent la
disparition du gadolinium.

Le comportement eavolution d’'une cellulé eau égere et combustible thoriuméte

étudie avec DRAGON et compa@& un calcul MONTEBURNS. Nous avons obseryue le
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k. prédit par DRAGON est dans un voisinage de 0.5% de la valeur estpar MONTE-
BURNS. Les dens#ts isotopiques des actinides sont semblables dans unageésde 10%.
Quelques produits de fission ont cependant@&tests plus importants. Césarts sont dus
principalement aux diéfrences de rendements de fission entre ceux fournis avec DREGE

ceux ¢eréres par nous I'aide du module DRAGR.

Des tendances iatessantes sont obsées lorsque du gadolinium est ajewtu com-
bustible. Il est important d’utiliser au moins 10 courondé&sgal volume dans le crayon afin
de calculer correctement la combustionpiure d’oignon Les pas de calcul en evolution
doiventétre aussi petits que possible, de I'ordre de 50 MW-jounérjusqua ce que le
gadolinium soit comgtement bri#. Lorsque du gadolinium estatang a de I'uranium, il a
pour effet de favoriser la production d’isotopes du plutomi Cet effet est du au durcissement
du spectre qui provoque une augmentation des capture®niutes dans le€sonances de
|1 238U.

Nous avons calcél les contributions de chaqueactiona la normalisation de puis-
sance. Lorsque seulement des actinides s@sgmts dans le combustible, la contribution de
la fissiona I'énergie produite est de I'ordre de 95-96%, le restant paovathe la capture ra-
diative. Lorsque du gadolinium est ajéwu combustible, ps de 25% de &nergie provient
de la capture radiative dan®Gd et!'>’Gd. Une petite contribution@gative provient des
réactiongn, 2n). En congquence, il apparaimportant pour les codes dégeau de prendre
en compte la contribution degactions de fission, capture radiativéet2n) a la normalisa-

tion de puissance.
Perspectives futures

Les valeurs dé:., calcukes pour le @seau CANDU-NG demeurent diffentes des
valeurs obtenues avec MCNP5gme lorsque des metks d’autoprotection avaes sont
utilisés. Il serait souhaitable de proposer un benchmark etidiirdes collaborations avec

d’autres laboratoires sur cecime.

Presque tous les benchmaétadis dans cette recherche ont uélis partitionnement
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du combustible en quatre anneaux de volumes 50%, 30%, 15%,etebon la recommanda-
tion de Santamarina. Il serait aressant @&tudier I'effet du choix du nombre de volumes et

de leurs valeurs sur le spectre.

Nous avons utilié un decoupageenergtiquea 172 groupes pour tous nos calculs
DRAGON. |l serait inéressant d'im@menter le maillag&antamarina-Hfaiedh energy mesh
(SHEM) [Hfaiedh 2005] dans NJOY et@tudier son comportement en autoprotection. Lorsque
172 groupes sont utiles, la limite inerieure des dorées Autolib &te fixéea 2.76 eV, cor-
respondant. une ésonance dé*?Pu. Comme aucun de nos benchmarks ne contient de
concentration importante dé’Pu, aucun effet ingsirable n’aéte obsere. Si un benchmark
comportant une concentrati@eee de**?Pu était eali®, nous pourrions justifier le choix

d’une limite inferieurea 2.76 eV.

Les moales d’autoprotection de DRAGON Version4 n'ont &8 tesés pour des
reseaux deéacteurs rapides. |l serait @aressant de érifier I'effet du choix des groupes
d’énergie dans le domaine dessonances norésolues. Les calculs &volution ontéte
reali€s en supposant queetiergie des rayons gamma egpd®e a I'endroit ai elle est
émise. Cependant, dans &alite, cetteénergie est transp@e plus loin. Il serait irgressant
d’étudier le transport gamma et son effet sudpartition de puissance. Le mald dévolu-
tion de DRAGON Version4 devragtre valice pour un eéseau d’assemblages BWR/PWR
comportant plusieurs crayons avec gadolinium. On deggdtement valider ce metk pour
un reseau CANDU-NG comportant du dysprosium dans le crayonalerite dysprosium,
tout comme le gadolinium, posde une section efficace de capture radiadike€e et la
fraction dénergie produite par cettéaction est aus&levee que celle du gadolinium. On
pourraitégalemenétudier la combustion du gadolinium lorsque celui-ci njeest nélange au
combustible. Nous avons uti@sl50 produits de fission dans notre ktead'@volution, sans
inclure de pseudo-produits de fission. Nous avons obsgue la contributiom I'absorption
totale de plusieurs produits de fissiétait regligeable. Il serait ifressant deéectionner
les produits de fission selon un énié de eactivié et selon celui de la radio-toxiéit Les

rendements de fission utiéis avec ORIGEN devraieatre remis en question. Certaiesarts
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de validations avec MONTEBURNS pourraiétteéliminés si on utilisait les rendements de
fission de DRAGON dans ORIGEN.

Il serait inéressant @tudier l'eénergie produite dans le combustible ir@dvec
DRAGON Version4, lorsque le combustible est sorti @aateur. Cet effet agalemenéte
mocklise dans MONTEBURNS. Une telle validation pour du combustibleslzoeur est donc

possible.
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INTRODUCTION

The fundamental aim in development of codes in reactor arglg to estimate the
neutron and gamma distributions in space, energy and timedghout the core. The codes
numerically solve the linearized version of the particensport equation originally devel-
oped by Boltzmann for the kinetic theory of gases. These nigalenethods are based on a
few approximation techniques, such as finite differencediféerential operators, quadrature
formulas for integral operators, or expansion methods. chues for reactor analysis can be
broadly classified as lattice level codes, and core leve¢sodlattice level codes primarily
involve the generation of characteristics of represergatell in the core. It could be a sim-
ple pincell, or a supercell or a complete assembly. Variarsupeters that are taken into
consideration are the fuel enrichment, material compwsitf the fuel, clad, moderator, tem-
perature, burnable poison concentration, burnup etc. €healculation is followed by both
a spatial homogenization and an energy condensation ofawuctoss sections and diffusion
coefficients. The spatial homogenization gets rid of thengetacal description of the cell
for subsequent diffusion theory calculations. The cellfisaively replaced by a homoge-
neous material whose cross sections and diffusion coeft@e constant on the complete
cell volume. The energy condensation will generate theseogeneous properties in fewer
groups as a function of all the above mentioned parametésslaktice level code thus plays

a very important role in the reactor analysis.

The core level code uses the cell homogenized cross secd@wedoped by the lattice
code and analyses the overall behaviour of the core as adaraftburnup. The analysis also
includes the presence/absence of control absorbers,togfleaterial in estimating the flux

and power distribution.

The most important starting point for reactor analysis enhbclear data. A complete

and validated set of nuclear data is required for estimatampus reactor parameters as



close to the actual situation as possible. The nuclear dsdd for reactor analysis is pro-
cessed by codes such as NJOY [MacFarlane 2000], which usesvéttuated nuclear data
files as the starting point. An evaluation is the process afy@mg experimentally measured
cross-section data, combining them with the predictionsumiear model calculations, and
attempting to extract the true value of a cross section. rRetierization and reduction of
the data to tabular form produces an evaluated data set. VéledEed Nuclear Data File
(ENDF) system [MCSEWG 2001] was developed for the storage emmigbval of evaluated
nuclear data to be used for applications of nuclear teclgyold@hese applications control
many features of the system including the choice of matet@be included, the data used,
the formats used, and the testing required before a libsargleased. Nuclear data libraries
are made available at various nuclear data centers. The EBN[fary is maintained at
the National Nuclear Data Center (NNDC) and it contains themenended evaluation for
each material. Other centers include Nuclear Energy Ag&NEWA) data bank, International
Atomic Energy Agency (IAEA), Brookhaven National Laborat¢BNL), Japanese Atomic
Energy Research Institute (JAERI), Korean Atomic Energy Rebdastitute (KAERI), Rus-
sian NDC, Chinese NDC etc. Each material included in the libsas as complete as pos-
sible providing evaluated data for all neutron-inducedctieas, covering the full range of
incident neutron energies. The file also contains inforomasuch as the angular and energy
distributions for secondary neutrons, radioactive decatg,dfission product yield data etc.
The datasets are periodically revised or replaced only ekiensive review and testing, thus
making them a standard reference data for subsequent asafyace the evaluated data sets
have been prepared in ENDF format, they can be convertednusfappropriate for testing

and actual applications using processing codes such as.NJOY

NJOY includes functions such as resonance reconstru@igopler broadening, multi-
group averaging, and/or rearrangement into specifiedfaterformats, and thus generates
group-averaged cross sections for use in neutronics edicns. Of these most prevalently
used are data libraries in Winfrith Improved Multigroup 8oie (WIMS) [Askew 1966] for-



mat for codes like WIMS-D and WIMS-E, "A Compact ENDF” (ACE) fortrfdacFarlane
2000] for the Los Alamos continuous-energy Monte Carlo codeN® [X-5 Monte Carlo
Team 2003], multigroup data for transport codes that acimeptats based in the DTF-IV
code etc. Recently a new module called DRAGRefidrt 1992] has been introduced in
NJOY which generates cross section in DRAGLIB formaéfdrt 2004] suitable for codes
like DRAGON.

Neutron energies can be broadly classified into three grolipsy are the fast region
with energies above 100 keV, resonance region for energtsgelen 4 eV to 100 keV and
thermal region below 4 eV. The resonance region displaygpgbeaks in cross sections for
various elements that are of interest in reactor analysie dlements mainly include tho-
rium and its chain of nuclides, uranium isotopes, plutonisatopes, burnable absorbers like
gadolinium, dysprosium, and control materials like sijvedium, cadmium etc. The cross
sections of these elements are represented in the libiare@stain energy group structures
like that of 69 group, or 172 group. The resonance regionpgeesented by 13 groups in 69

group formalism, while there are 47 groups in 172 group fdisma

Neutron spectrum is dependent upon the type of reactorgtadrisidered. In case of
fast reactors, the neutron spectrum is predominantly irkéhé range and above, and de-
pends upon the loss in energy due to scattering by heavydesclirhe thermal reactors have
neutrons mainly in the eV region and generally has a Maxarlfipectrum corresponding
to the temperature of the moderator/coolant. In thermaitoes, the moderator material is
used to slow down high energy neutrons to thermal energidbas they could be effectively
utilised in fission reactions. The fission cross section afidas like?*3U, 235U, 23Pu etc are
very high at thermal energies. But the main problem while sigwdown the neutrons is the
neutron captures in the resonances of fertile nuclidesataral uranium reactors, for e.g. in
Canada Deuterium Uranium (CANDU), it is found that the reseeagscape probability is
of the order of 0.9 despite having a large concentratiof¥f which has large resonances.

This is mainly due to the self shielding effects with regardboth energy and space, i.e. the



greater the cross section means smaller the neutron flux@mskquently a relatively con-

stant capture rate. It is very difficult to calculate the remmce escape probability accurately
due to the complicated structure of the absorption crodosea the resonance range. It has
always been a challenge to estimate the reaction rates iretomance energy range while
doing multigroup calculations. A large number of methodgehbeen developed over the
years in order to estimate the resonance absorption ra@scasately as possible, without

consuming too much computing time.

Bibliographical review

Various self shielding models have been considered forutatiog the microscopic
cross section in the resonance region. Of them, the Stammi#&hod was used for the
self shielding calculations for arbitrary two and three ditaional geometries gbert 1991].
Stamm’ler method is based on a simple two term rational apmpration for the fuel to fuel
collision probability and leads to the computation of anraged macroscopic dilution cross
section that can be used to interpolate pretabulated pffa@sonance integrals [Stamm’ler
1983]. Rational approximations for regular lattices of slab pincells have been obtained
and the method was found to accurately simulate the selfdshgephenomenon. The au-
thors [Hebert 1991] have generalized the Stamm’ler method, and $waygested that it will
enable the treatment of any geometry for which standardsamtl probabilities (CP) can be
obtained. They have considered three-term rational appation for fuel to fuel CPs and
have obtained microscopic dilution cross section, cagyiat complex algebra, and thence
obtaining the absorption cross section after interpatatb effective resonance integrals.
This paper is limited to the study of a lattice that incorpeseaa single spatial resonant region.
This spatial region is a collection of one or more volumestammng the same mixture of
light isotopes with a single resonant isotope. Three beacksnwere analysed. The first
benchmark was a pure homogeneous case of a mixtur&dfwith hydrogen and oxygen.

Second benchmark was a pure two region cylindrical geonvégttyfuel, moderator and no



clad and the third one was a simplified 5X5 PWR assembly, feafarwater hole surrounded

by square and rectangular fuel cells that include claddelréds of different diameters.

The paper compared the absorption rate$ib) calculated using two methods. One
using code CESCOL, which finds the solution of fixed source sigwiown equation, using
an elastic slowing down operator for heavy resonant isstapéhe resolved energy domain.
The second method was using a self shielding model baseceddtéimm’ler method in the
code DRAGON. The resonant behaviour was adequately repeesley thousands of energy
groups for code CESCOL, while the self shielded cross sectiene wbtained for a coarse
energy grid in DRAGON. The same collision probability modide calculation of flux was

used in both the modules.

It was observed that the maximum error in the absorptiorsraies 4.6% and 5.4%
in group 40 for all the benchmarks. It increased to 7.4% aiiéo/respectively in absence
of Livolant Jeanpierre normalization. All the calculattowere made for a single resonant
isotope. It was proposed to perform calculations taking sxtcount many heavy isotopes
mixed together and distributed over many resonant regibngs also proposed to perform

a study of a CANDU cluster and the influence of cylinderizatproximation.

It was found that the generalized Stamm’ler method which beesed on narrow reso-
nance approximation and on the assumption that the eféetisonance integrals are linear
functions of the square root of the dilution, was resposibt a large part of the error. Thus
a new technique was proposed [Saygin 1996], where the ahlutioss section was chosen
such that the absorption rate in the narrow resonance aippaitgn for closely spaced res-
onances in each energy group is preserved. This formalisRieshann integration led to
the improvement of the accuracy of the self shielding mdul#l yequires non-standard cross
section library called “autolib data”. It consists of pelBNDF (PENDF) data averaged over
a very fine mesh using the DRAGR interface module develop&daie Polytechnique. The

same set of benchmarks (except the homogeneous case) vedyseahlike that in the pa-



per [Hebert 1991]. It was observed that average error between CES@Olgeneralized
Stamm’ler method for absorption rates3iU got reduced from 4.6% to 1.6%, and 5.4%
to 3.3% in benchmarks considered before, due to introduaifdRiemann integration for-
malism. But this method is limited to resolved energy domaid & was proposed that the
Riemann integration could be replaced by a Lebesgue integrit the unresolved energy
domain. This method also was tested for single resonartpsand a proposal for testing it

for a mixture of resonant isotopes was made.

The generalized Stamm’ler method was found to be unableptesent the distributed
self shielding effects in a fuel rod or across the fuel bundieorder to improve the reso-
nance treatment based on the generalized Stamm’ler matheds proposed to introduce
the Nordheim approximation, to gain distributed self stiied) capabilities [Hbert 2004a].
The Nordheim approximation is used to uncouple the variessmant regions present in the
domain and to represent distributed self shielding effeétset of four benchmarks were
analysed. Three were the same as those previously anakfgbdit 1991]. In order to study
the distributed self shielding effects within the fuel radpurth benchmark was analysed by
dividing the fuel rod into six annular volumes and absomptiate was computed in each sub-
volume. It was observed that by introduction of Nordheimragpnation, some distributed
self shielding capabilities were brought to the Stamm’letimod. It was observed that the
equivalent dilution calculated, played a role in limitirfgetestimation of absorption rate in
the outer fuel ring. By using both the Nordheim approximatown Riemann integration, a
better representation of the distributed effects was olesei.e. -66.3% reduced to -8.1%.
Numerical tests presented in this paper were limited torfaetd with a single resonant isotope
of (338U).

In the paper [Hbert 2005], the lattice calculations were performed usirtgvelop-
ment version of DRAGON, activating different self-shielgimodels, i.e. the Universal Self
Shielding (USS) model, the Sanchez-Coste modébjgit 2002], and the Ribon extended
model (RIB). The Sanchez-Coste model is based on the mathahatibability tables and



is used in APOLLO2 [Loulire 1999]. The main difference between the Sanchez-Coste and
Ribon extended methods, is that the latter is a pure subgretipat and that the former re-
lies on computing averaged dilutions to interpolate NJOXéds. In a pure subgroup method,

an averaged dilution is not computed. The results were coadpaith those obtained using
code CESCOL. In the paper fihert 2005], the author has chosen a set of eight benchmarks.
The benchmarks analysed were similar to those chosen irr¢h@ops work [Hebert 20044a],
except that one more isotop€Pu was considered along witffU and cases were repeated.
This was done especially to bring out the effect of mutudis®klding effects between reso-
nant isotopes. Other than the eight benchmarks, the Rowjandsll benchmark [Rowlands
1999] was also analysed. This benchmark has a combinatidfOgffuelled (UOX) and
UPuG, fueled with two different isotopic compositions of the milkexide. It was observed
that with first four set of benchmarks, which had off§U in the fuel, the absorption rates,
calculated with models described, matched well with thaBSCOL and of them, the most
accurate one was the RIB model, with a maximum integrated efr0.6%. The next four
benchmarks were analysed for mutual self shielding effetts new correlation model to
that with no correlation. A small improvement on integratédJ rate errors (from 2% to
0.6%) and a more substantial improvement8#u rates errors (from 15.7% to 4.5%) was

observed using the RIB model with correlation.

A study to investigate the accuracy of the new probabilityyeéa on the Rowlands
pincell benchmark [Rowlands 1999] was carried out by the auiiébert 2005]. The re-
sults were compared with the Monte Carlo code TRIPOLI [Both 199%he generalized
Stamm’ler approach, currently programmed in DRAGON 3.05btu 2006], was also
tested along with the other models described above. Thenedea that was compared was
the infinite multiplication factor. It was observed that themerical results obtained using
RIB model were close to those obtained using code TRIPOLIy afta@sidering the dis-
tributed self shielding effects and the correlation efdottween pair of resonant isotopes

(338U and?**°Pu). It was noted that the results obtained using genedaitamm’ler model



were off by many hundreds of pcm, and was attributed to theecapproximations used in the
Stamm’ler method, and the inability of the model to représiee distributed self shielding

effects within a rod.

A summary of development on computational models used indéréor neutron res-
onance absorption in light water lattices was provided [R&@03]. The authors have con-
centrated on the methods developed especially in Franchamgiven a brief description of
each of the methods. In the paper [Reuss 2003], two sets ohbeks have been chosen.
The benchmarks have been analysed using various methatisatiye from, no self shield-
ing, to performing self shielding calculation with six resmt regions, a homogenization with
the all resonances (“AR”) model in each resonant group ancact elirect method (“DM”)
diagonalization which is the recommended model for APOL2.Che reaction rates 612U
was compared using each of the models with that of the retere@roup histograms of the
resonant capture rates was also presented. The idea ofsiaiigiics on macrogroup reac-
tion rates as proposed in [Reuss 2003] would be used, so aalttears to perform extensive

validation of the methods selected for this research.

In an earlier related work [Hajjami 2001] of generating &rgsction libraries inhouse
at the Institute of Nuclear Engineering (IGN), 69 group sresction library in WIMS-D4
format was generated using the evaluated datafiles obt&ioed\NNDC, Brookhaven. This
work was primarily taken up to generate cross section libsain house and test it against
standard benchmarks. The benchmarks chosen were that tflildoBViosteller 1991], Row-
lands [Rowlands 1999] and feedback effects in CANDU-6. Thellbeek effects included
void and fuel temperature. The main conclusion of this wodshat the diffusion cross

section of'®O was primarily responsible for eigenvalue discrepancies.

In most of the reactor codes, burnup calculations are pagdrconsidering energy per
fission and fission rate to normalize power and obtain fluxetefdete the fuel. Under the
auspices of the WIMS Library Update Project (WLUP) [Leszcky2003], information on



energy released from fission of important actinides has pearided. The energy released
per fission includes the contributions from the kinetic gyesf incident neutrons and from
the decay of the capture products. The energy released fitoen weutron induced reactions
or energies released due to neutron induced reactions thi¢n elements are not provided in

the library.

In the code MONTEBURNS [Poston 1999], there is a discussiarthofce of energy
used for power normalization. It is mentioned that the user grovide the average energy
deposited per fission or allow the code to calculate the Jadised on production of actinides
as a function of burnup. The amount of energy per fission ol @atinide is provided as
a fraction with respect to energy released due to fissioti’ef atom. The value of energy
provided by user must include all modes of energy deposifieiuding fission gammas,
capture gammas, and neutron kinetic energy. This energg valused along with the fission
rate to obtain the flux for depletion calculations using ORNGE was however concluded
that MONTEBURNS may be modified to include necessary tallesother reactions like

capture, (n, 2n) etc. so that energies from all reactionkldmiused for power normalization.

It can thus be seen from the bibliographical review that #ieshielding models incor-
porated in DRAGON has been tried against limited sets oflkedti In this work we propose
to do a more exhaustive studies analysing lattices in vogdéaving a variety of fuel, lattice
pitch, coolant/moderator to bring out the performance efrtitodels and provide an opportu-

nity for the user to chose a self shielding model for a paldictype of analysis.

We will be generating cross section libraries inhouse uaiRgthon script which auto-

matically creates the inputs for NJOY to produce librarreBRAGLIB and ACE formats.

It will also be seen in the present research, the need to pegower normalization
using energy from all neutron induced reactions in the ocdraéfuel having actinides and

fuel having actinides and burnable absorbers like gadotiniwhich contributes to heat by
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neutron capture. The code MONTEBURNS will be appropriatebdified to include tal-
lies for capture andn, 2n) reactions and utilize energy of these reactions to perfaywmep

normalization and will be used for validation studies.

Benchmarks analysed

The quality assurance of the codes developed for analysesacfor systems is mainly
achieved by validating them against experimental datasrdh data is not available, against
some standard numerical benchmarks. These benchmarksraatly chosen as a function
of the nature of application to which the code is to be applidte benchmarks against which
the lattice code is to be validated has to have a broad spectAubenchmark is required
mainly to decouple the relative contribution to the errothia calculated integral parameters
originating from the basic nuclear data and those arisiognfthe library format limitations,
data processing assumptions and approximations in thelaatmal models in the code.
The choices of the benchmarks have been done on the basihéyainclude fuel types,
geometries in vogue in the current power and research msadtbey include a combination
of 232Th, 233U, 23°U,28U, 23°Pu, as fuel, and the geometries include square, hexagodal an
Wigner-Seitz unit cells. The pressurized water reactothérlJSA use enrichet#’U as fuel
with light water as coolant and moderator and are havingreqgeometry, while the Russian
PWRs, i.e WWERs have hexagonal geometry. The pressure tubersgacen CANDU-6,
use natural uranium as fuel and use heavy water as modenakopalant. The fuel geometry
is annular and the presently used fuel bundles in CANDU-6se37 rod type cluster. The
futuristic reactors envisage the use of thorium as fuel @veldpment activities are underway
in countries like India. KAMINI, a research reactor in Indis based oA*3*U as fuel. India
is also pursuing Advanced Heavy Water Reactor (AHWR) [Kakodle&8] for large scale
utilisation of its thorium resources. Other parallel ideasffective utilisation of thorium has
been published [Jagannathan 2001]. Certain benchmarkdkaveconsidered with burnable

poison. The choice is made as in most of the modern PWRs burpaisien like gadolinium
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is used along with fuel. This helps in suppressing the ingi@ess reactivity and allows to
go for higher discharge burnup. Isotopes of gadolinium hgait*Gd and'®*’Gd are mixed
with the fuel in the oxide form. They differ from other burnalpoison like boron which are

generally mixed with moderator, as in PWRs where it acts as miciaéshim.

A total of five types of lattices have been analysed as parisfresearch. Very in-
teresting information regarding these lattices is pradiosleTable 2. It can be seen from the
table that the benchmarks chosen cover a wide range of lmehtavi neutron energies as
mentioned earlier for choice of benchmarks. It can be sesn@ANDU-6 lattice represents
a well thermalised system, while PWR pin with gadolinium, amparison to other lattices,
has the largest fraction of fissions happening in energye@ngater than 100 keV. A high
conversion light water reactor (HCLWR) benchmark has beeneshowinly because it rep-
resents the highest amount of fissions in the resonanceyeragrge where we are testing our
self shielding models. A more detailed description on eddh@benchmark is provided in

the respective chapters.

Table 2 Percentage fissions in each of the energy groups

Lattice Thermal Resonance Fast

(< 0.625 eV)| (0.625 ev - 100 keV) (> 100 keV)
CANDU-6 93% 2% 5%
CANDU-NG 89% 7% 4%
PWR Thorium 76% 20% 4%
PWR pin with Gd 20% 43% 37%
HCLWR 34% 46% 20%

Chapter 1 gives a brief introduction to the self shielding bachup models that have
been incorporated in DRAGON Version4. A brief descriptiontlod codes that will pro-
vide reference solutions for this research is mentionechapter 2. Chapters 3 to 8 give
the description and analysis of chosen benchmarks. It wifidtiowed by conclusions and

appendices.
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CHAPTER 1

DRAGON VERSION4

The computer code DRAGON solves the integral transport eguaising collision
probability method, interface current method or the methba@haracteristics. The code
has been built as a modular structure with ease of additiameaf models in the existing
framework. The code has all the functions that charactexieeactor lattice physics code.
It includes the interpolation of microscopic cross sedi@rhich are supplied by means of
standard libraries like MATXS [MacFarlane 1992], WIMS-D4dkew 1966], WIMS-AECL
[Donnelly 1986], APOLLO [Loubgre 1999] and DRAGLIB. Several advanced resonance
self-shielding models (that are being validated as pattisfresearch) are incorporated in the
code. The self shielding models are broadly classified utwdecategories, i.e models based
on “equivalence in dilution” or “subgroup approach”. A makaborate discussion will be
provided in the following sections. The collision probdisk are obtained using interface
current method for 2-D cartesian or hexagonal assemblie®lbsion probability method
for simple one dimensional (1-D) or two dimensional (2-Dy-gell cartesian or hexagonal
geometries or for more general 2-D geometries and for thireertsional (3-D) assemblies.
The power iteration method is used to obtain effective mlidtation factork, and fluxes in
various regions. Depletion calculations are also perforimenormalizing for constant flux
or power. Power normalization using decay energy and esefgim most neutron induced
reactions forms an important part of the modeling in DRAGON &rbeing validated as part

of this research.
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1.1 Self shielding models based on equivalence in dilutiorripciple

1.1.1 Generalized Stamm'’ler Model

Self shielding models for simple geometries were based aivalignce principle pro-
posed by Stamm’ler. This approach is based on a two-teron@tapproximation for fuel to
fuel collision probability (CP) and leads to the computatidran averaged macroscopic di-
lution cross section that can be used to interpolate prigttdulieffective resonance integrals.
In order to apply the method for complex geometries, a génsthod was introduced in the
DRAGON lattice code [lbert 1991]. A brief description of the model is mentionebblve

The ultimate goal of self shielding calculation is to evadua,(g), the self shielded

microscopic cross section for any nuclear reactiosi, (g) is defined as

[ duoy,(u)p(u)
5,(9) = 1y~ (1.1)
J dug(u)
where
u = lethargy
g = coarse energy group that may include many resonances aindithbe used
after completion of the self shielding calculation

ugs—1,u4 = lethargy limits of this group
o(u) = neutron flux
oy(u) = microscopic cross section for nuclear reacton

g = Super Homogenisation (SPH) equivalence factatjett 1993]
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The collision probability form of the transport equatiomdze used to describe an het-

erogeneous case. In the one resonant isotope case, we obtain

1

oiw) =Y i) {Rf {65 ()} + Ri{¢y(w)}} 5 i=1,1 (1.2)
j=1
where
oi(u) = neutron flux in region
pij(u) = reduced CP for neutrons born in region
i to collide in regionj; the corresponding
CP matrix should be computed in a closed
domain, i.e., with an albedo set to 1
RS {¢;(u)} = Slowing down operator in regioh
for nuclear reactions with light isotopes, as defined in E§. 1
R;{¢;(u)} = Slowing down operator in resonant regipn

for nuclear reactions with a single heavy isotope, as defméd). 1.3 .

Slowing down operator is generally defined as

1 r a— / ’
R{p(u)} = m/du e tos(u)o(u) . (1.3)
The reduced collision probability is defined as
P (u)
Dij{u) = (1.4)
i) 2j(u)

whereP;; is the element of the complete CP matrix andu) is the total macroscopic cross

section of the resonant region and is given as
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¥;(u) = Ej(u) + X5 (u) (1.5)

whereX’ (u) is the macroscopic total cross section of the heavy isotoptamed in region

andX; (u) is the macroscopic total cross section of light isotopesainad in regiory.

Three assumptions due to Livolant-Jeanpierre were useithidify neutron slowing
down equation. First one factorizes the neutron flux intoaalpct of resonant fine structure
function p;(u) with a regular distribution);(«). Second one assumes that the slowing down
operator for the heavy isotope acts over a short letharggeraand third one assumes a
spatially flat value of distribution);(u) across the domain. The simplified form of slowing

down equation thus was

%(U):Zpij(U){E?(U)+R§{%(U)}} ;oa=11 (1.6)

The problem domain is divided into regular and resonanoregiwhere a regular re-
gion contains heavy isotope mixed with light isotopes. Tésonant regions are merged into
a single resonant region denoted as indeerven if they are unconnected. The fuel to fuel

resonant collision probability for the resonant region rgten as

Z Vi Z pij(u)2;(u)

1€EGy JE€EG:

> Vi¥i(u)

1€Gy

Prz(U) = 1.7)

whereG, is the set of indice$i, j) belonging to the resonant regiorandV; is the volume

of the resonant region
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Subsequently an expression for fine structure function iaioed for the resonant re-

gion as,

Paw(u) {355 () — Rp{pa(u)}} =1 — @u(u) (1.8)

A three-term rational approximation is considered for #m@uced collision probability
against the two term rational approximation considered tayn®’ler in the original theory.

It is represented as

. N 1 N ’ . (9)
DPzz [Zx(u)] - E;(U) + E[E;(U)] - ; E;(U) + Een(g) (19)
with 3
S an(g) — 1 (1.10)

whereE[¥:(u)] is the escape function andl,, (¢g) is the background scattering cross section.

The typical behaviour of escape function is representetgusiquadratic rational ap-

proximation as
gy — WP OB ()] + e
FE = ISP T diss () + e -

with
lim  EXi(u)]=a . (1.12)

(23 (w)]—o00 *

The narrow resonance model for slowing down oper&tpfe. (u)} is assumed. Hence

Ry {oa(u)} = Epe, (1.13)

whereX,, is macroscopic potential cross section of the resonardpsot
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On substitution of equations 1.9 and 1.13 in 1.8, we get treediructure function for

the heterogeneous case as

3

§:pgc + Zen
_— 1.14
EE: +‘§]en ( )

where the dilutiong.,,, which is used as NJOY input in GROUPR moduleis/N*, where

N* is the number density of the resonant isotope.

The fine structure function is used in the definition of effectesonance integrd) (g)

for nuclear reactiory, which is written as

Ug

I,(9) = /duay(u)gom(u) : (1.15)

Ug—1

In order to evaluate the averaged (equivalent) microsatipiion cross sectios.(g),

a mathematical recipe is followed that is mentioned ilprt 1991]. It is given as

1
a'e = N+ {@1(2@1)1/2 + 052(232)1/2 + a3(283)1/2}2 . (116)

The dilutiona.(g) thus obtained can be used to interpolate all the effectisenance
integrals in the cross section library. Using these effeatesonance integrals, the averaged
fine structure functionp,(¢g) can be calculated based on a procedure known as Livolant-

Jeanpierre normalization (LJ) as

@(g)-l—ﬁ{ _y o th} (117)

SI
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where E[3%(g)] is the value of the escape function interpolated at thessetfided macro-

scopic cross section” (g)

The new self shielded microscopic cross section is then ctedpusing

~

5i(g) = g(g) . (1.18)

It can be noted that the SPH equivalence factor defined in Hdgs hot seen explicitly
in Eq.1.18. The value of the SPH factors are taken as unityheime does not consider LJ
normalization. But when one considers LJ normalization, SRél equivalence factor is the
ratio of fine flux obtained using LJ normalization to that ata without using LJ normal-
ization. The Generalized Stamm’ler method is used for rasoa treatment in DRAGON
3.05 [Marleau 2006].

1.1.2 Improved Generalized Stamm’ler Method

The generalized Stamm’ler method is based on narrow resemaadel (equation 1.13)
and on the assumption that the effective resonance integiralinear functions of the square
root of dilution (equation 1.16). A detailed error analysimwed that the two assumptions
made were responsible for a large part of error [Saygin 199®provements were made
to the generalized Stamm’ler method to achieve better acgyusing Riemann integration
method) and to represent distributed self shielding effecca fuel rod or across a fuel bundle

(using Nordheim Model) [[@bert 2004a, Nordheim 1961].

1.1.2.1 Nordheim Model

Starting from equation 1.2 and using equations 1.4 and 1lé&have
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_ Pij(u) d +
plu) = > ST Vo) Nirj{¢;(u g +N* = )zj . (1.19)

JEG,

It is assumed that
ri{oi(w)} =ri{¢;(w)} (1.20)

fori € G, andj € G, whereG, is the set of indices pointing to a resonant region.

The Nordheim equation is obtained as

di(u) = 1;*—](2()u)n {pi(u)} + Pi(u) ; i€ G, (1.21)

where P;(u) is the probability that a neutron born in the fuel regiomas the next collision

on a non-resonant isotope.

P(u) = Py(u >2++§V* ol (1.22)

J=1

A three term rational approximation similar to generaliZ&dmm’ler model is consid-

ered, where
1 — Pi(u) 3 i
— T —’ 1.2
where
3
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With the above approximation, the Nordheim equation istemias

3
an 7 ) .
; 0 (1) 4 Oeni {ri{oi(w)} + oeni} 3 1€ G, (1.25)
so that
3
= Z U, iPn,i (W) (1.26)
n=1

where the partial flux,, ; is assumed to be the solution of the following equation:

T {gbZ(U)} + Oen,i = {U*(u) + Uenﬂ'} 907”(“) . (1.27)

Using a mathematical recipe similar to the one mentionedyéoreralized Stamm’ler
model, we obtain a set of valuds, ;, ., ;,n = 1,3} for each index € G,. The differ-
ence from the generalized Stamm’ler model is that microscditution factor is found for
each region instead of a single value found in the earlierehatl ; is thus obtained using
{ani, Xeni;n = 1,3} in equation 1.16, and self shielded cross section is evaduatr each

resonant region.

1.1.2.2 Riemann Integration Method

The recipe to calculate an average dilution based on Stamaplproximation is known
to be accurate only for high values @f, and for energy domains where the distributed self
shielding effects can be neglected. The method involvesoti§atistical (ST) and Wide

Resonance (WR) slowing down models, different from equatiat3)1 It is represented as

i {pni(u)} = Ag <0':90n,i>g + (1 - /\g)@%,z'(u) (1.28)
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where), is the Goldstein-Cohen parameter [Goldstein 1962] of theast isotope in group

g.
Substituting equation (1.28) in equation (1.27) we have
3
$i(1) = anitpni(u) (1.29)
n=1
with

)‘9 <U:S0n,i>g + Oen,i

. 1.30
¥ (u) + A\got(u) + Oeni ( )

Pni (u) =

Using the value of flux obtained, one estimates the valuefefeace absorption rate

T, as following.

*
O+ XgOF + Ocni ;

3
Ta,g = E O iO0en,i = .
=1 _
- | /\g< >
g

(1.31)

S
04+ Ag0s + Oengi

The reference absorption réifg , is computed as a function of detailed cross section
datac’(u) ando’(u) in groupg of the resolved energy domain. This information, called
“autolib data”, is available in cross section librarieslbwith NJOY and post processed with
the DRAGR module. If “autolib data” is not available in an emegroup, equation 1.16 is

used to compute, ;.

The Riemann integration method consists in computing thévalgumt dilutions, ; as
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the root of the following non-linear equation:

or or
Toos1l—2MX 5 — O 5 - =0 . 1.32
{ g<o;:+Ago:+ae,i>g} 7 <a:;+Ago:+oe,i>g (192

After obtaining the equivalent dilutiog. ;, using Newton-Raphson iteration, the pro-
cedure similar to generalized Stamm’ler method is used laad¢lf shielded cross sections

are found.

The improved Generalized Stamm’ler Method with NordheimdeldGSM1) and Gen-
eralized Stamm’ler Method with Nordheim model and Riemanegration (GSM2) has been

incorporated in DRAGON Version4 [Marleau 2006].

1.2 Models based on subgroup approach

1.2.1 The Statistical Subgroup Model

The statistical subgroup model (SUBG) is similar to the shitlding model used in
codes WIMS-7 [Halsall 1996] and Helios [Casal 1991]. It is lsbse a subgroup equation
with physical probability tablesobtained by fitting tables of dilution-dependent cross sec
tions. Itis currently considered as the state-of-theqapreach for computing self-shielded
cross sections. The probability table corresponding totoled cross section is computed
so as to match the numerical integration results with theléabd values for specific values

of the microscopic dilution cross section to a given accuracy using the following fitting



23

function: p
o WEOk
B o+ Oe >g ; Ok + Oe¢
0(06) = < 1 > - K (1.33)
Wi
o+ 0e g ; Ok + O¢

7(o0) = Alu /dua(u) :Zwkak . (1.34)

Determination of probability table coefficients in equatib33 is a curve fitting prob-
lem and is carried out using Fadegression method pthert 1998]. The creation of physical
probability tables is mentioned in Bbert 2005]. It is subsequently used to solve for the
fluxes, starting from equation 1.2. The slowing down operatmsidered is as per ST-WR
model as shown in equation 1.28, as proposed by Cullen [CuB&T]1 The Goldstein-
Cohen paramete, is recovered as input data to the self shielding operatdnex® tare no
capabilities in DRAGON for computing the,. This approach is limited in its incapability
to represent mutual resonance shielding effects. The fleaah regioni and subgroug is

calculated using probability tables as follows.

I K
i = Zpich {Z:j + N7 {)\gz wWios ;@50 + (1= AQ)U:,j,k¢j,k}} (1.35)
=1

j=1

whereos? ;; is the microscopid? scattering cross section of the resonant isotope in supgrou
[ and regionj. p;; is a component of the collision probability matrix computesing the
cross sections of thieth subgroup. Equation 1.35 is written in terms of collisppobabilities

but its use with other solution techniques of the transpguiegon is straightforward.

Subsequently integrated flyx;), and reaction rate§r, ;¢;), are computed as follows. The
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detailed procedure is mentioned ingbkert 2005].

K K
<¢1>g = Zwk¢i,k and <O-p,i¢i>g = Zwkqﬁi,kap,i,k . (136)
k=1 k=1

As before, the flux-volume averaged cross sections thusnglstaannot be used directly in
a coarse group calculation as the reaction rates are notic@us A multigroup equivalence
procedure is subsequently performed and an SPH correetoterfis introduced for each
region and coarse energy group and equivalent cross sge@rerdetermined, as mentioned
in [Hébert 2005].

1.2.2 Ribon Extended Self Shielding Model

The Ribon extended self-shielding model (RIB) is a new-germm@raapproach with
improved accuracy and capabilities for representing buelwlistributed self-shielding effect
and themutual resonance shielding effe€he RIB model is based on subgroup flux equation
with mathematical probability tables taking into accouagative and positive moments of
the resonant cross sections, as proposed in the CALENDF agp[&ibon 1989]. A new
type of correlated 2D probability table is used for the reprgation of the slowing down
effect in the resolved energy domain. The resulting forsmalgives a better representation of
distributed self shielding effect. Also, a numerical scledmrepresent mutual shielding effect
of overlapping resonances between different isotopesegaresented by a correlated weight
matrix also computed using a CALENDF approach. Detailedscsestion information for
the total andP, scattering reactions, known as “autolib data”, allows theputation of these
probability tables in the resolved energy domain. The RIB ehegdused in all energy groups
where “autolib data” is available. The RIB model usesthematical probability tableshich
are introduced in [Ribon 1989] and used irglbert 2005].
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Probability tables corresponding to the microscopic tetalss sectiorv(u) can be
defined from the probability densitii(c). II(o)do is the probability for the microscopic
total cross section of the resonant isotope, to have a valvegens ando + do. Using this
definition, any Riemann integral in lethargy, withradependent integrand, can be replaced

by an equivalent Lebesgue integral:

max (o)

Aiug / duflo(u)] = / doT1(0) f (o) (1.37)

[e=]

whereAu, = ug — ug—1

The probability densityl (o) is represented by a series of K Dirac distributions centered
at discrete values;, of the microscopic total cross section for the resonanojs®t Each
discrete level is called a subgroup and is also charactebyea discrete weight,. The

probability density is written

K
=> 6(0c - op)w (1.38)
k=1

which leads to discretization of Riemann integral in letlyaag

Ug

Alug duf[o Zwk flow) . (1.39)

Ug—1

The sets of valueguy, ox; k = 1, K'} corresponding to energy groyps called a prob-
ability table, for the variabler. The mathematical probability table is generated using the
CALENDF approach, where the position of the base paintand the values of the weights
wy are simultaneously determinedgbert 2005, l@bert 2002]. Similarly probability tables

for other reactions like elastic scattering are generatetlused in the solution for slow-
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ing down equation and subsequent calculation of self shiktaloss sections for a particular

reaction. The subgroup flux equation is thus written usiregatobability tables as follows.
I K W
x kil
Bk =D Dij {z;tj +NFY w—kow,j,l@,z} (1.40)

whereo;, ;, is the microscopic secondary scattering cross sectioneofebonant isotope in
subgroup and region;j. Wy, is the slowing down correlated weight matrix. Subsequently
the integrated flux and reaction rates are calculated asionedtbefore. SPH correction is

applied before calculating the self shielded cross segtion

Mutual resonance shielding model has been developed im twrdepresent the corre-
lation effect between pairs of different resonant isotopesh that it is compatible with RIB
model. The generation of probability tables for resonaotoiges, correlated weight matri-
ces, and their subsequent use in determining the self shialtbss sections is mentioned

in [Hébert 2005]. The salient points of the model is described farthe sake of continuity.

The collision probability form of transport equation caresiing two resonant isotopes

can be written as

I
bi(u) = Zpij(u){EIj + NP (w)} + Nl {o;(u)}} , i=1,1 (1.41)
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where
I = number of regions
pij(u) = lethargy dependent reduced collision probability
Z; ; = macroscopic fPscattering cross section of the non resonant isotopes iorrgg
N, ij = number density of the two resonant isotopes in region
r?,r? = slowing down operators defined in Equation 1.3

The mutual resonance shielding model consists of computiaglux componenty; in
region: and subgroug for elements, taking into account the correlation effect. If ST heavy

slowing down model is chosen, thef), is obtained as

I K
We
a —a + *b=b *a kil _xa a _
L= Bk {ESJ + Nl + Ny e T N} , k=1K (1.42)
j=1 =1

Where62,j is the self shielded scattering Eross section of isotogerecovered from the pre-
vious self shielding iteration. This approximation assartmat the slowing down correlation
and two isotope correlation effects are independent. Thesilution is obtained after an
iterative procedure [Ebert 2005]. After convergence of the subgroup fluxgs and gzsfk
the self shielded cross sections are obtained using Equat86. This model is generally
considered only when isotopes having correlation are gelaoncentration. For example,
RIB method with correlation will be effective when one coresglmixed oxide (MOX) fuel

of uranium oxide and plutonium oxide with a large concedraof 2*°Pu.
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1.3 Burnup models

1.3.1 Power normalization in DRAGON Version4

The fluxes obtained as a solution for the eigen value trahgpoiolem is of arbitrary normal-
ization and cannot be directly used for depletion calcaratiln order to obtain the flux for
depletion calculations, a normalization for constant pogveconstant flux is performed. We
will focus mainly on flux obtained for constant power normaation. Power normalization is
done in DRAGON Version4 as

Ap=B—D (1.43)

where A¢ is the contribution due to neutron induced reactiadngs the contribution due to
decay, and3 is the reference power to which fluxes are normalized. By cemsig energy
released due to decay as part of normalization, one canzmiddg behavior of fuel assembly

and heat generated thereof when it is cooled away from tlotaredn general,

MIX L NREAC

AQZS = Z Z Z Qxlm <Ux,lm¢> Nlm (144)

m=1 [=1 =1

whereQ...,, is energy associated with reactiorfor element! of mixture m, while o, is

the microscopic cross section of elemeéfdr reactionz of mixturem andN,,, is the number
density of element of mixturem. (o ,,¢) represents summation of reaction rates over all
energy groups. 'NREAC'’ represents the eleven types of reactiaken into consideration,
including (n,v), (n, f), (n,2n), (n,3n), (n,4n), (n,a), (n,p), (n,2a), (n,np), (n,d), and
(n,t). L represents all the fission products and actinides considersurnup chainM 71X

represents the different mixtures in the study.
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1.3.2 Depletion calculation in DRAGON Version4

A very important parameter in reactor calculations is theat@mn of number density
of isotopes as a function of time. The elements that are mamhsidered include the ac-
tinides, like?*2Th and its chain, of*®*U and its chain and fission products along with burnable
absorbers if any. The depletion calculations are carrigdusung the flux calculated using
Equation 1.43 for constant power. In general the set of égusthat need to be solved as a

function of burnup are as follows:

dNy,

S N(t) M) = Su() 3 k=1, K (1.45)
with
Ap(t) = A + (Tar(t)B(1)) (1.46)
Sk(t) =Y Yia (oru(D)6(0) Ni(t) + > mu(t) Nu(t) , (1.47)
=1 =1
(0a(06() = [ oua(wolt, wiu (1.48)
and

Ux,k<tf7 u)¢(tf7 U) - Ux,k<t07 U)¢(t07 U)

t—t
ty —to (t =)

(1.49)

Ox,k (ta U)¢(t, U) - Ux,k(t07 u)¢(t07 U) +
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or
O-X,k<t7 U)¢<t, U’) = Ux,k(t07 U)¢(t0, u) (150)
where
K = number of depleting isotopes
L = number of fissile isotopes producing fission products

Ni(t) = time dependent number density fdf isotope
A\, = radioactive decay constant fbf" isotope ins—!
oxk(t,u) = time and lethargy dependent microscopic cross section
for nuclear reaction on k" isotope.
r =a,r = f andx = v respectively stands for absorption, fission and

radiative capture cross sections

¢(t,u) = time and lethargy dependent neutron flux
Y, = fission yield for production of fission produktby fissile isotope
my(t) = radioactive decay constant gr, ;(t)¢(t)) term

for production of isotopé& by isotope!.

Equation 1.49 is used when one considers 'EXTR’ option, wihech linear extrapolation
of the microscopic reaction rates, using the informatiorthi@ preceding time step while

Equation 1.50 is used when one considers '"NOEX’ option.
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1.4 The Saturation models in Dragon

Depleting isotopes with\,(to) [ty — to] > valexp andA(ty) [ty —to] > valexp are
considered to be at saturation, where valexp is a user irghue vwhose default value is 80.0
and to remove the saturation approximation, it is set to g kigh value such as 1.0 x 10

They are described by makiﬁ@;ﬁ = 01in Eq. 1.45 to obtain

; if k is at saturation. (1.51)

If the saturation option is to be considered, then beginoifagtage and end-of-stage Dirac

contributions are added to the previous equation (optidRAin DRAGON Version4):

Ni(t) = A:(t) [ad(t —to) + Sk(t) +bd(t —tf)] ; if kis at saturation (1.52)

wherea andb are chosen in order to satisfy the time integral of Eqg. 1.45:

tt

Nu(t]) — Nelty) + / M) M0y dt = [ sute) at (1.53)

0

It is numerically convenient to chose the following valués @ndb:

(1.54)

and
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CSlty)  Se(ty)
"= M) T M (1.5)

Very short period isotopes are taken at saturation and aredsapart from non-saturating
isotopes. The lumped depletion matrix system containirgyrtbn-saturating isotopes is
solved using either a fifth order Cash-Karp algorithm or a towrder Kaps-Rentrop al-
gorithm [Press 1994], taking care to perform all matrix @pens in sparse matrix algebra.
Matrices [my,(to)] and [my,(t;)] are therefore represented in diagonal banded storage and
kept apart from the yield matri®’,]. Every matrix multiplication or linear system solution

is obtained via the LU algorithm.



33

CHAPTER 2

REFERENCE CODES

The codes that will be used for validating the advanced s&ding and burnup mod-
els, mentioned in the previous chapter, are MCNP5 [X-5 Montéodaam 2003] and MON-
TEBURNS [Poston 1999], which links codes MCNP5 and ORIGEN [Ct880]. The code
NJOY [MacFarlane 2000] will be used for generation of crasstisn libraries needed for

validation. A brief description of each of the codes will beyaded in this chapter.

2.1 NJOY99

The NJOY nuclear data processing system is a modular compade used for con-
verting evaluated nuclear data in the Evaluated Nucleaa Bde (ENDF) format into li-
braries useful for nuclear reactor calculations. Theresaveral laboratories around the world
which provide evaluated nuclear data, of which the most ti@mb ones are National Nuclear
Data Center, Brookhaven National Laboratory (for ENDF/B-Wil}he US; Nuclear Energy
Agency data bank, (for JEF-2.2 and JEFF-3.1) in Europe; &uadlata center, Japan Atomic
Energy Agency (for JENDL-3.2) in Japan; and Obninsk dataerefior BROND-2.2) in
Russia. The evaluated data are processed and are madelavailedxtain formats specific
for codes like continuous-energy Monte Carlo code (MCNPRjugh deterministic transport
codes (DANT [Alcouffe 1995], ANISN [Engle 1967], DORT [Rhoasl 1988]), to reactor
lattice codes (WIMS [Askew 1966]). The modular nature of NJQ#kes it easier to add
output for other kinds of application libraries or to add reamputational features. This fea-
ture has been used for development of modR@GR for generation of libraries compatible

with code DRAGON.
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NJOY has been used to generate the cross sections for seédetaents relevant for
the benchmarks analysed as part of this research. The &@lnaclear data files for the
elements have been chosen on the basis of recommendatidthe WiMS Library Update
Project (WLUP) [Leszczynski 2003] and JEF-2.2. The datahies that were generated us-
ing NJOY, were written in DRAGLIB format, compatible with ce®RAGON Version4, and
in “A Compact ENDF” (ACE) format compatible with MCNP5. The mdesi of the NJOY
code system that were invoked for library generationMed®ER, RECONR BROADR, UN-
RESRPURR THERMR, GROUPR DRAGR andAcCER. The flow chart to generate libraries

using NJOY is depicted in Figure 2.1.

A gist of the main function of the modules are mentioned as\s:

MODER: A file format conversion utility, to convert ascii to binargcvice versa.
RECONR: Reconstructs pointwise (energy-dependent) cross seétmnENDF resonance
parameters and interpolation schemes.

BROADR: Doppler broadens and thins pointwise cross sections gmnesng to tempera-
ture of interest. The same temperature input list is alsoired by UNRESR, THERMR and
GROUPR.

UNRESR: Computes effective self-shielded pointwise cross secfioiise unresolved en-
ergy range.

PURR: Generates unresolved resonance probability tables andaBamkb moments.
THERMR: Produces cross sections and energy-to-energy matricéeéoor bound scatter-
ers in the thermal energy range.

GROUPR: Generates self-shielded multigroup cross sections, gi@gpoup scattering ma-
trices, photon-production matrices, and charged-particdss sections from pointwise input.
For resonant isotopes, the flux calculator is activated émndgeneous mixtures of the reso-
nant isotope with hydrogen from 0.1 eV up to the upper limihafresolved resonance range;
the narrow resonance approximation is used above thisynerg

DRAGR: Designed to produce nuclear data in the DRAGLIB format.
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ENDF/B

RECONR
BROADR

PURR
THERMR

DRAGLIB

Figure 2.1 Flowchart for DRAGLIB/ACELIB Production

ACER: Prepares libraries in ACE format for the Los Alamos contirsienergy Monte Carlo
code MCNP.

The evaluated datafiles, temperatures and dilution valsed for generation of cross
section libraries in DRAGLIB and ACE format are given in Append The group structure
parameter in GROUPR is setto 22 (x-mas scheme) for 172 gitgpies. Appendix Il gives
the energy values corresponding to the group boundariggird-2.2 shows the weighting

spectrum used iIGROUPR: module for collapsing pointwise evaluated nuclear data file
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into groupwise evaluated nuclear data files. The paramasad to generate the weighting
spectrum were a thermal temperature of 0.0253 eV joinedEoal/0.1 eV, and a fission
temperature of 1.40 MeV joined to 1/E at 820.3 ke V.
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Figure 2.2 Spectrum used for collapsing cross sectionsmutitigroup

Appendix Il provides the Python script that was used to gateethe cross section
libraries in DRAGLIB and ACE formats. It also has a section vilhirovides the examples
for generation of libraries for certain specific elemenfgesentative of moderator, clad, fuel
and reactor poison. An important addition in Appendix lllaischeme provided by IAEA
for verification of the generated ACE files using the codesuiahetl in the PREPRO code
system [Cullen 2002].
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2.2 MCNP5

The results obtained using lattice code DRAGON needs to bg@awed with the results
of code that has closest representation of the actual isituat terms of accurateness in
geometry and data. This is made possible with codes like MCIXPbMonte Carlo Team
2003]. MCNP is a well known and widely used Monte Carlo code fautron, photon, and
electron transport simulations. MCNP Version 5 is the oute@mhan effort to modernize
MCNP. MCNP5 has been tested against a suite of 42 regresstendesiite of 26 criticality
benchmark problems, a suite of 10 analytic benchmarks fticality, and a suite of 19
radiation shielding validation problems. It was observedt tin nearly all problems, the
MCNPS5 results exactly match those of MCNP4C2 and the few thigrdifyreed well within
statistics [X-5 Monte Carlo Team 2003]. The conclusion wad MCNP5 is verified to be
as reliable and accurate as previous versions and thaealbpisly-existing capabilities have

been preserved.

We have thus used MCNP5 to provide the benchmark resultssigelich the results
obtained using DRAGON will be validated.

2.3 ORIGEN2

The ORIGENZ2.1 isotope generation and depletion code udes #ite matrix exponen-
tial method or the Bateman equations to solve a set of couptbdary differential equations
that describe the transmutation and decay of radionuc[@esff 1980]. An isotope and
photon decay library and a large number of one-group cresses libraries are provided for
different reactor systems. Use of the code requires spaidicof the initial material invento-
ries, continuous material feed and removal rates whenegip®, and the irradiation history

(power or total flux and duration). The output at each time steludes detailed material
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inventories for actinides, fission and activation produatsl various other parameters.

In order to analyse burnup benchmarks, a coupled utilityecafdMCNP5 and ORI-
GEN2 would be used. The details will be mentioned in secttM®ONTEBURNS.

2.4 MONTEBURNS

MONTEBURNS is a fully automated tool that links MCNP with ORIGHERoston
1999]. The code consists of a Perl script, which manipuladriputs and outputs of MCNP
and ORIGEN in an automated burnup sequence. MCNP providegromg- microscopic
cross-sections and fluxes halfway through each step to ORIf6EdEepletion calculations,
and ORIGEN is used to calculate isotopic inventories bothaagl through and at the end
of each step. MCNP calculates the effective one-group gessens for the system mod-
eled, for user-specified isotopes and/or isotopes thatibate significantly to the absorption,
fission, mass, or atom fraction of materials in the system.aBse MCNP cross-section li-
braries do not exist for all isotopes tracked in ORIGEN, difenoss-sections are used for

the missing isotopes.

MONTEBURNS that links MCNP/MCNPX and ORIGEN has been used inysmmabf
assembly available as a part of the ARIANE project [Leben?@®3]. It was concluded in the
paper that the results obtained using MONTEBURNS compardidnita the experimental
results. An excessive depletiondfU and hence production éf’Pu was observed and was
attributed to statistical variations in the cross sectiacwalations and spectrum effects. It was
also concluded that it is the modern technique that can kifosaccurate three dimensional

depletion analyses of high burnup MOX fuel.

MONTEBURNS has thus been chosen for the analysis of burnughipesrks.



39

2.4.1 Calculation methodology in MONTEBURNS

Power normalization in MONTEBURNS is done in the followingywal he user has
the option to provide the Q-value, i.e. amount of energy d#ed per fission for a system.
MONTEBURNS internally calculates the average energy degdger fission of each ma-
terial. The Q-value essentially includes all modes of epelgposition, including fission
gammas, capture gammas, and neutron kinetic energy. Treu®@-thus calculated is used
to estimate the Q. considering the fission reaction rate. Thg Qobtained using Equations
2.11t0 2.4, is subsequently used to calculate the normalizé&tctor for the flux. The normal-
ization factor obtained using Equation 2.5 is multipliedhe flux calculated using MCNP
and provided to ORIGEN for burning the mixture (see Equatidsand 2.7). In this re-
search, we have modified the code MONTEBURNS in order to parfoower normalization
using energies from mainly three reactions Mz, f), (n,v) and(n,2n). The energies for
these reactions are provided by an external file which wag@tdeusingoRAGR module. The
file also includes the decay energy and decay constant dieadictinides and fission products
included in the analysis. In order to calculate thg Qor all reactions, we have added the
product of reaction rate of each of the reactions with itsesponding energy (see Equation
2.8). The sum is subsequently used for power normalizatea Equations 2.9 to 2.10). We
have also considered decay energy in the calculations. tkwegh its contribution is quite
low when the reactor is in operation, it will be interestigstudy the effect for cooling of

fuel, which can be considered as future work.

In MONTEBURNS, the total amount of recoverable energy peidisfQy;) is calcu-

lated as

ins :| QU—235 | XQrat (21)

where
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Qu_235 =recoverable energy per fission foru

Q..+ =wWeighting factor to include recoverable fission energy fbaetinides present

In order to obtain Q,;, MONTEBURNS uses Equation 2.2, which is

Qrat - Z QTat X frat (22)
where
n =number of isotopes being considered
qrat(?) =ratio of recoverable energy per fission for isotopivided by
the recoverable energy per fission f&tU
frat() =ratio of fissions resulting from isotopéeo total number of fissions
where

o o) xnld)
o) = S @ ot @3
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with

o¢(i) =one group microscopic fission cross section of isotope and

n(i) =number density of isotopein the system (in units of gram-atoms)

The average recoverable energy per fission of all mate€gls, is calculated in MON-

TEBURNS as

P (@ X 6 x X x V)

S (@h x T4 x Vi) (2.4)

Qave =

where

i}is =average energy per fission for materigMeV)

¢! =value of flux of materialj obtained from MCNP output file
ch =macroscopic fission cross section of matejiédmn ')

V7 =total volume of all cells containing materiacm?)

m =number of materials being analysed

The constant for normalizing to the desired power is catedlin MONTEBURNS as,

o v x Px105W/ MW

= 2.
FAC x Keff X Qave ( 5)
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¢=¢pxC (2.6)
where
¢ =flux normalized to system power
FAC =1.602x 10 ** J/MeV
v = average number of neutrons produced per fisgien
v =K. x src/floss (2.7)
where

src =weight of source neutrons and
floss =weight of neutrons lost to fission
P =power defined by user for each material (in MW) and

K. ;s =effective multiplication factor obtained by MCNP

2.4.1.1 Modification in MONTEBURNS

We have modified the code MONTEBURNS to include energies friémerareactions

like capture andn, 2n). The Q,,. in Equation 2.4 will now be calculated using Equation 2.8,
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which is

m

Qave = Z(( drfis x ¢j X Z] + ercap X (b] X Ziap + Qérn?n * ¢j X Ezz 2n) X VJ) (28)

j=1
where

Qflrﬁs =average energy per fission for materigMeV) provided by DRAGLIB

=average energy per capture for matejiéMeV) provided by DRAGLIB

drczzp

=average energy pén, 2n) reaction for materiaj (MeV) provided by DRAGLIB

drnQn

¥’ —=macroscopic capture cross section of materiain *)

cap

>, =macroscopidn, 2n) cross section of materigl(cm )

n,2n

The constant for normalizing to the desired power in modifietsion of MONTE-

BURNS is calculated as,

(P — totdecay) x 10°W /MW

C pu—
(1602 X 10713J/M€V) X Qave

(2.9)

where

totdecay = power from decay, contributed by all the elememtsidered in the mixture during

the time interval. It is calculated as
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totdecay = FAC x Z( I x M x NI x V) (2.10)

decay
j=1
The value ofC determined using Equation 2.9 is used to obtain the noredhliltix
using Equation 2.6. In the modification, we have introdudedlénergy contribution due to
decay, which is calculated using Equation 2.10. This maatifie will help in determining

the heat released from an irradiated fuel after shutdowhefeactor.
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CHAPTER 3

PERFORMANCE OF ADVANCED SELF SHIELDING MODELS IN DRAGON FOR
THE ESTIMATION OF CANDU-6 SAFETY PARAMETERS

Nuclear reactors are being built all around the world for entihran half a century.
Whenever a reactor of new design is to be built, it is a mangatayuirement for designers
to study the safety related scenarios as accurately asdpmsSieveral safety improvements
have been incorporated in the design of modern nucleaostakeading to safe and reliable
operation of these plants. Several reactor types have hekrabd are in operation in dif-
ferent regions in the world. The most common designs areighéWwater reactors (LWRS),
mainly built by United States and France and Canada Deutddranium (CANDU) reac-
tors, which was first introduced by Canada and subsequeriltbyvied up in countries like
India, China, and South Korea. The CANDU reactor is based oprbgsure tube concept
as opposed to pressure vessel concept used for LWRs. Heawyisvated as coolant and
moderator in a CANDU reactor while light water is used in LWRsthis chapter we will be
focusing on the CANDU-6 lattice. CANDU-6 is the 700 MWe CANDU stareactor. The
fuel bundle of CANDU-6 has 37 fuel pins that are made of naturahium. It differs from
the direct use of spent pressurized water reactor fuel in CAKgEactors [Lee 1993](DUPIC)
fuel, which is a 43 element cluster with 1% enriched uraniunt @.45%*3°Pu, with central

pin having 4.3% natural dysprosium [Choi 1999].

There have been several reports and publications which &lagady presented the
studies on safety related scenarios of CANDU-6 reactor iaidetn this chapter we are
revisiting most of the safety related parameters (SRP) ticduide the fuel temperature coef-
ficient (FTC), coolant void reactivity (CVR), pressure tubergggion (PTI), which is essen-

tially the filling of air gap between pressure tube and calanmibe by heavy water coolant,



46

and calandria tube ingression (CTI), which is essentiakyfiling of air gap between pres-
sure tube and calandria tube by heavy water moderator, fgpieal CANDU-6 lattice. In
an earlier work [Roh 2000], lattice benchmark calculatiorsenperformed for the standard
CANDU and DUPIC CANDU fuel lattices and the results were coregavith the MCNP-4B
code. A full fledged burnup calculation was performed usheglattice cell codes, WIMS-
AECL [Donnelly 1986] and HELIOS [Casal 1991], and at specifiiog points comparison
was made with MCNP-4B code. MCNP libraries were generated EODF/B-VI release
3. Major physics parameters such as burnup reactivity, CVI &., were compared. The
calculations showed that the physics parameters estinbgtéuk lattice codes were consis-
tent with those obtained using MCNP. The authors noted a texyder the error to increase
slightly when the fuel burnup is high. They also concludeat the WIMS-AECL produces
reliable results for CANDU fuel analysis. In another eani@rk [Lone 2001], a comprehen-
sive discussion on the physics aspects related to estimaftieTC has been presented. The
author has compared FTC results obtained using the coadeWiliS-AECL and MCNP4B.

It was concluded that WIMS-AECL over-predicts FTC in the ranfabout 0.2 pcm/K when
compared to that obtained using MCNP4B. The present studylasviag the same lines as
those of Ref. [Roh 2000], with the difference that we have asrsid two more hypothetical
safety related parameters and have focused on the effeadvahced self shielding mod-
els, that have been incorporated in DRAGON Version4 [Marl2d@6], on the estimation
of safety related parameters. Another important aspebiisve have not done continuous
burnup calculations, but have chosen two specific burnuptgoand a reduced number of

nuclides in the fuel.

3.1 Description of Problem

The safety related parameters FTC, CVR, PTI and CTI were esthmat@ geometry
representing a CANDU-6 unit cell, as depicted in Figure 3 is & 37-rod cluster of natural
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uranium pins, with zircalloy as clad. The pressure tube idenaf zirconium-niobium and

the calandria tube is made of zircalloy. The coolant and maide are heavy water. Table
3.1 gives the isotopic composition of materials and desonpof cell geometry. The outer-

most boundary corresponding to a square pitch of 28.575 @s,annularized and isotropic
boundary condition was applied. We have considered fowertager fuel pin. This choice

is based on the recommendations made in Santamarina 20@4lento improve prediction

of the distributed self shielding effects. The fuel pin wilus be divided in such a way that
they have 50%, 30%, 15% and 5% volume in each layer, as ddpickégure 3.2. Figure 3.3

shows the typical spectrum in a fuel pin in the CANDU-6 lattittecan be observed that the
peak of the Maxwellian spectrum is about 0.04 eV. This is duschttering by coolant which

is at higher temperature of 573.6 K.

Two burnup points were chosen as part of the analyses. Thddinsup point corre-
sponds to fresh fuel and the second point corresponds tcety@ANDU-6 discharge burnup
of 7993 MW(d/T. The two points chosen are seen in the Figurevdhith is the typical infi-
nite multiplication factor £..) curve of CANDU-6 as a function of burnup. The two burnup

points will henceforth be referred to as ‘B0’ and ‘B1’ respeely.

In the present analysis, we have considered only nine elsnsnpart of the fuel.
They are?®>U,2%U, 239Pu, 40Py, 241Pu, 22Pu, ¥ Xe, *°Sm along with!O. Eventhough
a large number of fission products and actinides are prodasedfunction of burnup, we
have considered only those elements, that in our view playn@ortant role in reactivity
transients. The choice of these elements is based on thereapte ratio given in Equation
3.1. Itis the ratio of capture rate in the selected elementapture rate in all the elements, in

the energy range ‘677.29 eV to 2.7679 eV’, which correspdodssolved resonance energy



48

group.

9 677.29¢V

> D N
i g=2.7679eV

M 677.29eV

> D N

i g=2.7679eV

Capture rate ratio = (3.2)

where)M corresponds to all the actinides and fission products-grdrresponds to the cross
section for(n, ) reaction. Figure 3.5 shows the capture rate ratio as aibmof burnup. It
can be seen that the ratio changes from 100%, when the fuashk,fto 90% at discharge
burnup. So itis a good enough assumption to choose theselements in order to study the
effect of self shielding models on estimation of capture ratthe resolved resonance energy
group. The choice would also help in understanding moreceffay the influence of the
resonances of individual elements. A further exhaustiudystncluding all fission products

and actinides may be performed as part of future studies.

We will now briefly describe the procedure followed to estienthe safety parameters.
The FTC is essentially the change in reactivity per degréerkentroduced due to variation
in fuel temperature alone. The, is estimated at two different temperatures of fuel (841.3 K

and 1041.3 K) and the FTC is estimated using the Equation 3.2

FTC = [1/koo(T1) — 1/koo(T5)] /AT (3.2)

whereT; andT; are temperatures corresponding to 841.3 K and 1041.3 Kcteply. The
CVR is the reactivity introduced into the system when the aobis not available to remove
the heat produced in the fuel. Thg is estimated at two different coolant densities (0.8 g/cc

and 0.08 g/cc) and the CVR is estimated using the Equation 3.3

SRP (CVR/PTIR/CTIR) = [1/ka(S1) — 1/kuu(Ss)] (3.3)

whereS; andS; corresponds to presence and absence of coolant respgctivel
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PTI happens when there is a pressure tube breach. The hant¢s¥3.6K) has been
considered to fill the gap between PT and CT. In reality it magob& steam with very low
density. We have however considered the coolant to maititaeisame density. 'PTIR’ stands
for the reactivity associated with pressure tube ingresaia is estimated using the Equation

3.3, whereS; andS; corresponds to absence and presence of coolant in air gagrteely.

CTI happens when there is a calandria tube breach. Duringadr@datube ingression
transient, the warm moderator (32§ will fill the air gap and come in contact with PT,
which is at a higher temperature. The heavy water will ingfaraporize and subsequently
will also affect the temperature of the coolant. But in ourdgts, we have hypothetically
considered that the moderator and coolant states do nogelard they maintain the same
density. 'CTIR’ stands for the reactivity associated withacalria tube ingression and is
estimated using the Equation 3.3, whéteand S, corresponds to absence and presence of

moderator in air gap respectively.

3.2 Nuclear Data

3.2.1 MCNP Library Generation

A total of 29 elements were considered in this problem. Tintduides two moderator
elements, 18 structural elements and 9 elements in fuelditaj oxygen. Table 3.2 gives
the list of elements and evaluated datafiles that were ceresidfor generation of library in
ACE format, and the temperatures at which the cross sectiens generated. The thermal
scattering law data were generated for the two moderatotuneg, light water and heavy

water, at two desired temperatures. The code NJOY99.90Fktéme 2000] was used for
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the library generation. The cross sections were generabed the evaluated datasets that
were chosen on the basis of recommendations from IAEA coxated research project,
the WIMS Library Update Project (WLUP) [Leszczynski 2003]teafseveral benchmark

analyses.

3.2.2 Library in DRAGLIB Format

A multigroup microscopic cross section library in DRAGLIB gHert 2004] format
has been generated for the nuclides pertinent to the prpsasiem using available PENDF
and GENDF files and processing them with theAGR [Hébert 1992] module. The 172
group library structure is in the European XMAS format. Theighting spectrum that was
chosen to collapse the cross sections to 172 group corrdsporanalytic thermal + 1/E +
fission spectrum. The cross-section processing withbtheGr [Heébert 1992] module is
similar to the approach used in modweTxsRrR [MacFarlane 1992]. Isotopic depletion data,
including burnup chains and radioactive decay constarmtsalao recovered byRAGR and
made available in the DRAGLIB.

3.3 Calculational methodology using MCNP5

The reference calculations were performed with MCNP5. Thecentration of the
nuclides were chosen differently for each ring in CANDU-6stér, considering distributed
self shielding across all the pins in the bundle. The difie@ncentrations were obtained
by performing a DRAGON calculation for CANDU-6 cluster as adtion of burnup. The
number densities were thus obtained, at the two chosen jpyroints for fuel pin in each
ring. We however considered the concentration of nuclidebe four layers of a fuel pin to
be identical, eventhough it will be different as a functidribornup. The number densities of

the two fuel mixtures are provided in Table 3.3. We genertgetperature dependent cross
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sections for all the elements in the fuel, i.e. at 841.3, 34hd 1041.3K. We considered a
total of 5000 batches of neutrons and each batch had 2008onsutFifty neutron batches

were rejected before calculation of effective multiplioatfactor of the system. Therefore, a
total of about 10 million neutron histories were used to obtfae final results. We performed

separate Monte Carlo runs for each temperature and burnigp Jtae FTC was calculated

using MCNPS5 using Equation 3.2. The deviation for the FTC vedsutated using Equation

3.4 [Roh 2000].

Deviation (MCNP5) = 1/AT\/[63 /K (T) + 62/k4(T))] (3.4)

whered, is the standard deviation fér,(77) obtained using MCNP5, whilg is the standard
deviation fork. (7). The other parameters, i.e. CVR, PTI, and CTI were calculated by
MCNP5 using Equation 3.3, and the deviation for CVR, PTIR and CWRs calculated
using Equation 3.5.

Deviation (MCNP5) = \/[53/k4,(S1) + 62/kL(S2)] (3.5)

In the subsequent discussions, we will be using the follgmiotations to represent the
various self shielding models. The generalized Stamm’ledeh (GSM) without Livolant-
Jeanpierre (LJ) normalization gert 1991] will henceforth be referred to as 'GSMO-NOLJ-
X’ and that with LJ normalization will be referred to as '"GSMQJ-X’, where "X’ represents
one of the burnup states, i.e. ‘B0’ or 'B1’ as described earlidre generalized Stamm’ler
model with Nordheim model (GSM1) and no LJ normalizationl wénceforth be referred
to as 'GSM1-NOLJ-X' and that with LJ normalization will befegred to as 'GSM1-LJ-X'.
The generalized Stamm’ler model with Nordheim model and Rmemintegration (GSM2)
and no LJ normalization will henceforth be referred to as M2SNOLJ-X' and that with
LJ normalization will be referred to as 'GSM2-LJ-X'. The tiséical self shielding model
and the Ribon extended self-shielding model will be hentki@ferred to as 'SUBG-X’ and
'RIB-X’ respectively.
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3.4 Computational scheme used for DRAGON analysis

A custom cross-section library in DRAGLIB format @ert 2004] (172 group) was
used by the.| B: module. APOLLO type transport correction based on the figeanisotropic
scattering cross sections was used for the total and isotsgpttering cross sections. This
correction assumes that the micro-reversibility prireiig valid for all energy groups. The
geometry was tracked using tBXCELT: module, using angular quadrature parameter of 11
and track density of 50 lines per cm for both self shieldind #inx calculations. One-twelfth
symmetry was considered. The fuel was divided into fourdayB0%, 30%, 15% and 5%
by volume) based on the recommendations made in the Refef@antamarina 2004]. Six
meshes were considered in the coolant and ten meshes wesieeraal in the moderator.
Single mesh was considered in all the other regions. Outgrswface was annularized and
isotropic reflection was considered. We used the defaulboptfor theASM module to
generate collision probabilities. In tHe.U: module, we used the option of criticality cal-
culationswithoutleakage effects. The reaction rates were obtained using@he module
in four broad groups, with energy limits being - 'fast’ - 20 Méo 4.076220E+05 eV; 'unre-
solved resonance’ - 4.076220E+05 eV to 677.287 eV, 'resblesonance’ - 677.287 eV to
2.7679 eV; and 'thermal’ - less than 2.7679 eV.

3.4.1 Calculational methodology in DRAGON

The FTC has been calculated along the same lines as Equafiparl other SRPs
were calculated according to Equation 3.3. In order to emaartain phenomena, we pro-

pose to define the following parameters,

AK = ky(ref) — ks (model) (3.6)

ASRP = SRP(ref) — SRP(model) . (3.7)
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3.5 Numerical Results

Table 3.4 gives the comparison kf, and FTC calculated using MCNP5 and all the
self shielding models, for the two burnup points. We havetegiaghe combined collision/
absorption/ track-length estimatéd with 68% confidence as reference. In Smith 2004, it is
mentioned that the reference MCNP solution with 98% confidentervals would be used
to determine whether the deterministic calculations ar@agjreement” with the Monte Carlo
reference solution. It can be seen in Table 3.4 that the ligsipredicted by all models is
not within the 98% confidence interval, except for 'GSM2-XJfor burnup state BO. It can
be seen in Table 3.4 that GSM1 and GSM2 results are poorerGIM0 for both burnup
points when NOLJ option is used. But when LJ option is usedat wbserved that the re-
sults not only improves for GSM1 and GSM2, but in fact it beesrbetter than GSMO. It
was also observed that the results for GSM2 with LJ normiadimdbecomes even better than
SUBG. Eventhough the basic, seems to be predicted better by 'GSM2’ compared to all
the models, the FTC seems to be predicted better by 'SUBG’ Fllit2 estimated by all the
models is within 98% confidence interval for both the fuetesta It can also be observed in
Table 3.4 that the deviation obtained for FTC using MCNP5fdiet state corresponding to
7993 MWA/T, is almost half of that of the FTC itself. This is bese the FTC estimated at
this burnup step is quite small and the standard deviationldrbe lower than 0.014% that
has been obtained for the bagi¢ using 10 million histories. This can be improved when
one follows larger number of histories, so that the standaxaation is reduced even further,
which will be taken up in future studies. It can also be obsérthat the FTC is generally
predicted to be more negative or less positive by all the soseh respect to MCNP5. In
Lone 2001, it was observed that WIMS-AECL over-predicts FTC€amparison to Monte

Carlo reference calculation.

Table 3.5 gives the comparison kf, for the various perturbation properties required
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for CVR, PTIl and CTI calculation. It is observed that the is generally under-predicted by
DRAGON. It can be seen again like in the case of FTC, that fohalldases GSMO is better
that GSM1 and GSM2 when NOLJ option is used. As seen befomeg Ud option, GSM1
and GSM2 results become better than that of GSMO. It is isterg to note that 'GSM2-LJ-
X’ results are better than SUBG with coolant present. But winenet is complete voiding,
SUBG and RIB seems to predict, better than the GSM models.

Table 3.6 gives the values of reactivity associated with enatbr/coolant ingression
and coolant voiding. It is a well known fact that the CVR is piwsifor the present CANDU-
6 lattice and can also be seen in Table 3.6. However the mafgndaf CVR changes as a
function of burnup, maximum being at fresh fuel stage andeabesing at higher burnups.
The trend and the value of CVR is predicted well by all the daiélsling models. The CVR
is predicted well by the subgroup models, but the GSM1 and &8Mdels with LJ option
seem to highly under-predict. Interestingly, the GSM2 whicedicted the basit,, better
than SUBG at cold state, seem to deviate when voiding of cotdées place. It was noted
that all the self shielding models seem to under-predictehetivity associated with coolant

voiding.

It was interesting to study the behavior of the PTI transesna function of burnup.
PTIR values estimated using all the models is provided in€Tal6. It was observed that for
fresh fuel, the PTIR is negative and it increases as a fumctidournup. At high burnups, it
was observed that PTIR in fact becomes positive. It will benéeresting study to actually
consider the kinetics of the situation with appropriatertie hydraulics feedbacks to assess
the safety of the reactor during such a transient. The PTHRredicted well by all the models
when the fuel is fresh, but curiously deviates at high burniipvas noted that all the self
shielding models under-predict the reactivity associatgld PTI transient when the fuel is

fresh and overpredict at higher burnup.
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The next safety parameter that was studied was that of thiardotmbe ingression.
CTIR values estimated using all the models is provided in@&06. It was observed that
the CTIR is negative throughout, as a function of burnup. Hawéhe values continuously
decrease. The estimation of reactivity in CTI transient setnbe predicted well by all the
models. Like for the other safety parameters, all the se#ldimg models seem to under-

predict the reactivity values associated with calandiie tingression.

We will now focus on the effect of self shielding models ontcap rate in the resolved
resonance energy group. Tables 3.7 and 3.8 give comparismapture rate in the resolved
resonance energy group for CVR at two burnup states BO and Béatsgly. It can be ob-
served that the capture rate is not predicted well by GSMOehbdth with LJ and NOLJ
options. It is an intrinsic deficiency in the model, whichatdhtes a single value of dilution
for the whole fuel pin and cannot represent distributedsda#lding well. GSM1 and GSM2
can represent distributed self shielding better than GSiMDisireflected in the reduction in
deviation with respect to MCNP5. In comparison to the GSM nigdewer deviations are
observed when one uses RIB and SUBG. It can however be obserattles 3.7 and 3.8,
that RIB and SUBG also shows a large deviation, especiallyarotitermost layers of the
inner fuel pins. It is surprising to note that GSM1 and GSM2lele seem to predict it better
in the inner pins. But when one compares the capture ratesioutermost layer of the
outermost fuel pin, the GSM models seem to grossly undetigrevith respect to MCNP5.
Figure 3.6 gives the comparison of capture rate with re3peddlCNP5. One can clearly see
from Figure 3.6, the effect of distributed self shieldingiedo consideration of four layers
within the fuel pin. It was however noted that there is a laag@unt of deviation in reaction
rates when one considers four layers per fuel pin, whichesrétommendation made for
LWR pins [Santamarina 2004]. It will be interesting to find the effect of splitting the fuel

pin into two, three layers, and also four layers with volurdigferent from those we used, to
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estimate the distributed self shielding within a fuel pinemtthe coolant and moderator are

heavy water.

We next performed a study to estimate the capture rates midiodl elements in the
resolved resonance energy group in the outermost layeeajutermost ring. It can be seen
in Table 3.9 that in both BO and B1 cases, the main contributioedction rate is fron*$U
and deviation is also maximum for this element. The reladie@ation essentially filters out
effect of number density and focuses mainly on the resonetfieets. Next highest deviation
can be observed to be of that dfPu eventhough its contribution to actual reaction rate is
low. But when the Pu vector becomes stronger, like in degra@l@X fuel, its role will be-

come significant.

With the above studies, we next focused?dtU to understand the contribution that
comes from individual groups in resolved energy region.rélaee a total of thirty six groups
in the 172 group structure between 677.29 eV and 2.7679 eritbe seen in Table3.10
the contribution towards capture rate by individual groapsd relative error of all the self
shielding models with respect to MCNP5. It can be observedthenergy ranges, 136.7 eV
- 91.66 eV (group 67), 67.9 eV - 55.6 eV (group 70), 37.3 eV 738/ (group 76), 22.6 eV
-19.4 eV (group 81) and 7.5 eV - 6.2 eV (group 89), the dewetiare maximum. These
are the groups that correspond to the major resonanééd.bfFigure 3.7 shows the capture
cross section of*®U in continuous and 172 energy group structure. It can berobdehat
for all the major resonances the deviations in capture rstienated by 'GSM’ models is
quite high (76.6%) and is negative. A maximum deviation off% using 'SUBG’ can be
observed for group 70. In case of 'SUBG’ we have used the 'Siedil’ model for energy
groups less than 81 and 'Wide Resonance’ model for groupseaibvOne could try to find
the effect of tuning this parameter for better estimatiomeaiction rates, which is the scope

of future study. The results obtained using 'RIB’ was closehtat bbtained using 'SUBG’.
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However this model needs “autolib data”. It is thus evidéat among all the self shielding

models, 'SUBG’ predicts results close to that of MCNP5.

3.6 Conclusions

We have attempted to calculate the safety related parasnedigrg advanced self shield-
ing models incorporated in DRAGON Version4. We have comp#nednfinite multiplica-
tion factor, reactivity values for safety related paramsetend capture rates in the resonance
energy group between 677.29 eV and 2.7679 eV using DRAGONoretsand Monte Carlo
code MCNP5.

The basid:., values for all the safety related parameters are undeiigbegiby all the
self shielding models. The Generalized Stamm’ler modebriporated in the official ver-
sion of DRAGON predicts:,, better than the Generalized Stamm’ler model with Nordheim
model and Riemann integration model, when no Livolant-Jiesrgonormalization is con-
sidered. But the trend is reversed when one considers Li#dkzampierre normalization. In
fact Generalized Stamm’ler model with Nordheim model andnRien integration model
with Livolant-Jeanpierre normalization performs betteart subgroup models for all cases
except when there is coolant voiding. The self shielding ehddsed on subgroup approach
using physical probability tables and mathematical prdigltables performed on par in

prediction of basié,, value.

It was observed that, in general for CANDU-6 analyses, alls#ié shielding models
seem to under-predict safety related parameters. Thissrtedake kept in mind while using
the code for design purposes. The trend in safety relateshpaters as a function of burnup is
correctly predicted by all the models. The coolant void tiedg was grossly under-predicted
when Livolant Jeanpierre normalization was used with Galimd Stamm’ler model with

Nordheim model and Riemann integration model. It was obsktivat all the safety related
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parameters were estimated well by the models based on sybgpproach.

In general, the capture rate in resolved resonance growgtinsaed better by subgroup
models in comparison to models based on equivalence inatilutt was however observed
that in the case of coolant voiding the capture rates arelypestimated by all the models.
The fuel pin was split into four layers based on recommendatior LWR, where the flux
is expected to change quite rapidly between pins. As a futauese of work, it would be
interesting to evaluate the optimum number of layers regufor a fuel pin in CANDU
context. Overall, of all the self shielding models, the reswme self shielding model based
on subgroup approach using physical probability tablesmseto perform well for all the
situations. One could alternately use self shielding mbdskd on subgroup approach using

mathematical probability tables, but this model needsdigutiata”.



Figure 3.1 Cross section of 37 element fuel assembly

Figure 3.2 Single pin with 4 layers in fuel
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Table 3.1 CANDU benchmark specifications

Pitch (cm)

28.575 (square)

Number of rods

37 (1/6/12/18)

Radius of rod centers (cm)

0.0/1.4885/2.8755/4.3305

Fuel (OR)(cm)

0.6122

Clad (OR) (cm)

0.6540

IR/OR of pressure tube (cm

5.1688/5.6032

IR/OR of calandria tube (cm

6.4478/6.5874

Structure Elements| Number density
atoms per barn-cm

Clad (T=560.7 K) Zr-nat 4.2373E-02

Calandria Tube (CT)(345.7K) B 2.2109E-07

B 8.8992E-07

"Fe 6.5497E-06

SFe 1.0182E-04

""Fe 2.3312E-06

Fe 3.1083E-07

OCr 3.5615E-06

2Cr 6.8681E-05

»3Cr 7.7869E-06

YCr 1.9385E-06

BN 2.7043E-05

SONi 1.0339E-05

SINi 4.4761E-07

62Nj 1.4221E-06

6INj 3.6047E-07

Pressure Tube (PT) Zr-nat 4.2287E-02

(T=560.7 K) Nb 1.0641E-03

g 1.5286E-07

B 6.1526E-07

Coolant (T=573.6 K) 'H 3.8016E-04

’D 4.8508E-02

50 2.4444E-02

Coolant H 3.8016E-06

Voided state ’D 4.8508E-04

150 2.4444E-04

Moderator (T=323.6 K) 'H 5.7933E-05

’D 6.5084E-02

150 3.2571E-02

Gap between PT ‘He 2.1064E-04
and CT(T=353 K)
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Table 3.2 Information on the elements used in the analysis

Nuclide Source Temperatures (in K)
'H JEF-2 323.6,573.6
’H JEF-2 323.6,573.6
‘He JENDL-3.2 353.0
1o ENDF/B-VI R1 353.0,560.7
1 ENDF/B-VI R1 353.0,560.7
160 ENDF/B-VI R8 | 323.6, 573.6, 841.3,941.3,1041.
Cr | ENDF/B-VIR8 345.7, 560.7
2Cr | ENDF/B-VI R8 345.7,560.7
»Cr | ENDF/B-VIR8 345.7,560.7
®1Cr | ENDF/B-VIR8 345.7, 560.7
"Fe | ENDF/B-VIR8 345.7, 560.7
Fe | ENDF/B-VI R8 345.7, 560.7
"Fe | ENDF/B-VI R8 345.7,560.7
Fe | ENDF/B-VI R8 345.7,560.7
8N ENDF/B-VI R8 345.7, 560.7
S\ ENDF/B-VI R8 345.7, 560.7
6INi ENDF/B-VI R8 345.7, 560.7
®2Ni | ENDF/B-VI R8 345.7,560.7
%INi | ENDF/B-VI R8 345.7,560.7
Zr-nat JENDL-3.2 345.7, 560.7
%Nb | ENDF/B-VI R6 560.7
135X e JENDL-3.2 841.3,941.3,1041.3
1495m | ENDF/B-VIRO 841.3,941.3,1041.3
235U | ENDF/B-VIR5 841.3,941.3,1041.3
28U CENDL-2 R1 841.3,941.3,1041.3
239py FOND-2.2 841.3,941.3,1041.3
240py FOND-2.2 841.3,941.3,1041.3
24lpy FOND-2.2 841.3,941.3,1041.3
22py FOND-2.2 841.3,941.3,1041.3
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Table 3.3 Concentration of nuclides (in atoms per barn-cngpgich ring in fuel assembly of
CANDU-6

Fuel Burnup | Element| Ring-1 Ring-2 Ring-3 Ring-4

(MWD/T)

Fresh Fuel 10 | 4.6530E-02 4.6530E-02| 4.6530E-02| 4.6530E-02
235U | 1.6770E-04 1.6770E-04| 1.6770E-04| 1.6770E-04
233y | 2.3110E-02 2.3110E-02 2.3110E-02| 2.3110E-02
150 | 4.6530E-02 4.6530E-02 4.6530E-02| 4.6530E-02
235y 6.8573E-05 6.5023E-05 5.5666E-05| 4.0274E-05
238U | 2.2948E-02 2.2943E-02 2.2927E-02| 2.2893E-02
239pu | 5.5693E-05| 5.5953E-05| 5.7003E-05 5.8992E-05

7993 MWD/T | 2®Pu | 1.9359E-05 2.0321E-05| 2.3007E-05| 2.7743E-05
Hlpy | 3.7112E-06| 3.9167E-06| 4.6547E-06) 6.3369E-06
22py | 7.3871E-07| 8.2943E-07| 1.1558E-06| 2.0701E-06
135Xe | 2.1687E-09 2.1317E-09 2.0493E-09 1.9307E-09
149Sm | 1.4396E-08 1.4215E-08 1.3880E-08) 1.3601E-08




Table 3.4 FTC estimation for CANDU-6 using various self stiied) models

Model | k. (T7) koo(T) | FTC (pcm/K)

M-1 | 1.12306: | 1.1203@: | -1.0968t

0.00013 | 0.00013 0.073%
M-2 | 1.03105: | 1.03145- | 0.188%k

0.00014 | 0.00014 0.0931
A-1 279 309 -0.1273
A-2 313 331 -0.0854
B-1 318 349 -0.1289
B-2 349 371 -0.1020
C-1 289 329 -0.1655
C-2 329 349 -0.0948
D-1 204 234 -0.1220
D-2 244 261 -0.0809
E-1 56 89 -0.1315
E-2 113 133 -0.0971
F-1 26 49 -0.0946
F-2 90 102 -0.0566
G-1 108 126 -0.0748
G-2 159 166 -0.0325
H-1 91 101 -0.0405
H-2 144 143 0.0047

* - Standard deviation

*t - AK (in pcm) =k..(MCNP5) -k..(model)
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'- AFTC(in pcm/K) = FTC(model) - FTC(MCNP5)

M - MCNPS5; A - GSMO-NOLJ; B - GSM1-NOLJ; C - GSM2-NOLJ; D - GSMQ3.
E - GSM1-LJ; F - GSM2-LJ; G - RIB; H - SUBG

-1’ - for fresh fuel; -2’ - for fuel at discharge burnup
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Table 3.5 Comparison df,, for various safety related parameters of CANDU-6

Model | k. (Ref) | ko(CTI) | ko(PTD) | ku(CVR)
M-1 | 1.12149 | 1.1203% | 1.11882 | 1.14312¢
0.00013 | 0.00012 | 0.00012 | 0.00012
M-2 | 1.03111 | 1.03078 | 1.03417 | 1.04568
+0.00014| +0.00014| +0.00014| +0.00014
Al | 2797 235 265 312
A-2 313 284 197 337
B-1 317 270 301 376
B-2 351 319 233 394
C-1 202 252 276 358
C-2 330 299 213 378
D-1 204 162 191 257
D-2 244 216 129 286
E-1 57 17 47 211
E-2 114 89 0 246
F-1 24 16 14 174
F-2 88 64 -25 209
G-1 101 55 84 147
G-2 153 114 25 186
H-1 81 44 73 110
H-2 135 113 24 152

+ - AK (in pcm)=k,(MCNP5) - k.. (model)

M - MCNP5; A - GSMO-NOLJ; B - GSM1-NOLJ; C - GSM2-NOLJ; D - GSMO3L
E - GSM1-LJ; F - GSM2-LJ; G - RIB; H - SUBG

'-1" - for fresh fuel; -2’ - for fuel at discharge burnup
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Table 3.6 Comparison of CTIR, PTIR and CVR of CANDU-6 using varieal shielding

models
Model | CTIR (pcm) | PTIR(pcm)| CVR(pcm)

M-1 -94+-14 -213+14 | 168H14
M-2 -31+19 287+19 1351+18
A-1 35’ 11 -17
A-2 27 111 -13
B-1 37 12 -36
B-2 30 113 -30
C-1 31 12 -42
C-2 29 112 -36
D-1 34 9 -35
D-2 26 109 -32
E-1 32 8 -116
E-2 24 107 -118
F-1 32 8 -114
F-2 23 106 -109
G-1 37 14 -32
G-2 36 120 -26
H-1 29 6 -20
H-2 20 105 -13

* - Standard deviation

'- ASRP(in pcm) = SRP(model) - SRP(MCNP5)

M - MCNPS5; A - GSMO-NOLJ; B - GSM1-NOLJ; C - GSM2-NOLJ;

D - GSMO-LJ; E - GSM1-LJ; F - GSM2-LJ; G - RIB; H - SUBG

-1’ - for fresh fuel; ’-2’ - for fuel at discharge burnup



Table 3.7 Comparison of capture rate (cisr') in resolved resonance group for CVR at BO

Fuel Pin | Radius| Capture rate(BO) Relative error with respect to MCNPS5 (in %)

(cm) (MCNP5) A B C D E F G H
1 0.4329| 1.1376E-030.0072 | 13.0| 41 | 3.7 | 12.7| 43 | 48 | 04 | -04
(Central | 0.5476| 1.1272E-03-0.0073| 14.3| 6.3 | 6.0 | 140| 56 | 71 | 3.3 | 2.6
pin) 0.5967| 1.1783E-030.0091| 10.2| 57 | 60 | 99 | 96 | 22 | 5.2 | 46
0.6122| 1.3912E-030.0167 | -6.2 | -2.7 | -03 | -6.4 | -1.0 | 3.6 | 125|121

2 0.4329| 1.1252E-030.0070| 151 | 55 | 51 | 148 | 48 | 48 | 19| 11
(PCRat | 0.5476| 1.1490E-030.0075| 146 | 6.1 | 5.7 | 144 | 6.2 | 6.3 | 2.7 | 2.0
1.4885 cm)| 0.5967| 1.1873E-03-0.0088 | 124 | 69 | 7.0 | 122 | 42 | 43 | 55| 4.7
0.6122| 1.3089E-03-0.0132| 28 | 53 | 75| 25 | 79 | 11.9|18.7| 18.0

3 0.4329| 1.2351E-030.0070| 15.2| 56 | 49 | 148 | 45 | 40 | 0.7 | 0.0
(PCRat | 0.5476| 1.2882E-030.0075| 12.9| 49 | 42 | 125| 49 | 44 | 0.7 | -0.1
2.8755 cm)| 0.5967| 1.3734E-030.0090| 7.6 | 40 | 41 | 73 | 1.2 | 09 | 3.0 | 21
0.6122| 1.7287E-0%0.0152 | -13.6| -7.3 | -4.8 | -13.9| -5.0 | -0.7 | 10.8| 9.4
4 0.4329| 1.5317E-03-0.0068 | 14.6 | 10.1| 85 | 140 | 56 | 2.7 | -0.2| -0.7
(PCRat | 0.5476| 1.7369E-03-0.0069| 53 | 83 | 68 | 47 | 47 | 31 | -04|-04
4.3305 cm)| 0.5967| 2.3620E-030.0094 | -20.1| -1.4 | 0.1 |-20.6| 20 | 34 | -24|-1.9
0.6122| 5.2099E-03-0.0135 | -63.1| -34.1| -29.5| -63.3| -32.7| -27.5| -3.6 | -3.4

* - Relative error

A - GSMO-NOLJ B-GSM1-NOLJ C-GSM2-NOLJ D - GSMO-LJ
E-GSM1-LJ F-GSM2-LJ G-RIB H-SUBG
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Table 3.8 Comparison of capture rate (cisr ') in resolved resonance group for CVR at B1

Fuel Pin | Radius| Capture rate(B0) Relative error with respect to MCNP5 (in %)

(cm) (MCNP5) A B C D E F G H

1 0.4329| 1.1257E-030.007% | 15.3| 6.3 | 58 | 15.0| 65 | 69 | 24 | 1.7
(Central | 0.5476| 1.1374E-030.0075| 144 | 6.4 | 6.1 | 141 | 56 | 71 | 34 | 2.7
pin) 0.5967| 1.2041E-030.0094| 89 | 44 | 48 | 86 | 83 | 09 | 39| 34
0.6122| 1.4096E-030.0148 | -65 | -3.1 | -06 | -6.7 | -1.2 | 3.8 | 119|116

2 0.4329| 1.1369E-030.0071| 15.0| 54 | 50 | 147| 46 | 46 | 1.8 | 1.0
(PCRat | 0.5476| 1.1614E-030.0074 | 144 | 59 | 55 | 142| 60 | 6.0 | 25| 1.8
1.4885 cm)| 0.5967| 1.1916E-03-0.0085| 13.0| 75 | 7.6 | 128| 46 | 47 | 6.0 | 5.3
0.6122| 1.3800E-0%0.0157| -16 | 08 | 29 | -19| 33 | 7.6 | 134|128

3 0.4329| 1.2143E-030.0068 | 179| 81 | 73 | 176 | 70 | 6.4 | 3.1 | 2.3
(PCRat | 0.5476| 1.2754E-030.0072 | 14.7| 6.6 | 59 | 144| 66 | 6.0 | 23 | 15
2.8755 cm)| 0.5967| 1.3501E-030.0090| 10.1| 65 | 65 | 98 | 34 | 31 | 54 | 45
0.6122| 1.7000E-030.0154 | -11.6| -5.2 | -25 | -119| -29 | 2.0 | 13.2|11.8

4 0.4329| 1.5179E-030.0067 | 15.8| 11.3| 95 | 151 | 66 | 3.5 | 0.8 | 0.3
(PCRat | 0.5476| 1.7307E-030.00712| 5.7 | 88 | 7.3 | 50 | 54 | 32 | 0.1 | 0.1
4.3305 cm)| 0.5967| 2.3577E-030.0092 | -20.0| -1.1 | 05 |-20.6| 25 | 41 | -2.2|-1.6
0.6122| 5.3863E-03-0.0133 | -64.3| -36.5| -31.8| -64.6| -35.2| -29.3| -6.8 | -6.6

* - Relative error

A - GSMO-NOLJ B -GSM1-NOLJ C-GSM2-NOLJ D - GSMO-LJ
E-GSM1-LJ F-GSM2-LJ G-RIB H-SUBG

T,



Table 3.9 Elementwise contribution to capture rate(¢sn') for CVR estimation of CANDU-6

Element| Capture rate (BO) Relative error with respect to MCNP5 (in %)

(MCNP5) A B C D E F G H
150 8.9834E-020.002% | -14 | -19 | -19| -1.2 | -13 | -1.3 |-1.2|-1.1
235 1.0275E-04-0.0047 | -0.3 | 0.6 | -1.2 | -02 | 1.3 | -0.7 | 0.2 | 04
2381 5.1072E-030.0138 | -64.3| -34.8| -30.0| -64.6| -33.4| -28.0| -3.6 | -3.4
Element| Capture rate (B1) D E F A B C G H
160 8.9991E-09-0.0029 | -1.0 | -15| -15| -08 | -1.0 | -0.9 | -0.8|-0.7
235U 2.5214E-05-0.0047 | 04 | 00 | -04 | 05 | 06 | 04 | 0.4 | 0.6
238U 5.2830E-030.0136 | -65.6| -37.2| -32.5| -65.9| -35.9| -29.9| -7.0| -6.7
39py | 5.1452E-0%:0.0064 | -19 | -0.2 | -1.7 | -19| 0.2 | -1.4 |-1.1|-1.0
20py | 1.9130E-0%-0.0131| 79 | 94 | 79 | 81 | 10.3| 8.6 | 83| 8.4
2lpy | 6.1915E-06-0.0068 | -0.8 | -1.0 | -1.1 | -0.6 | -0.4 | -0.5 | -0.5| -0.3
242py | 1.2908E-06-0.0133| -1.8 | -19 | -1.8 | -1.7 | -16 | -1.5 | -1.5|-1.6
135Xe | 9.9561E-1@-0.0061 | -1.1 | -14 | -15| -1.0 | -1.0 | -0.9 | -0.9| -0.8
49Sm | 7.6763E-08:0.0068 | -1.2 | -16 | -16 | -1.1 | -1.2 | -1.1 | -1.0| -0.9

* - Relative error
A - GSMO-NOLJ; B - GSM1-NOLJ; C - GSM2-NOLJ; D - GSMO0-LJ;
E - GSM1-LJ; F - GSM2-LJ; G - RIB; H - SUBG
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Table 3.10 Groupwise breakdown of capture rate{tsn') for 22U for CVR case at B1 for outermost layer of outermost pin

Energy Limits (eV) Capture rate(B1) Relative error with respect to MCNP5 (in %)
(MCNP5) A B C D E F G H
1.3674E+02 - 9.1661E+0013.5172E-04+ 0.0332 | -63.6| -21.6| -8.5 | -63.8| -21.4| -8.1 | -5.8 | -8.3
6.7904E+01 - 5.5595E+01 3.4707E-04+ 0.0445 | -73.4| -34.0| -20.0| -73.7| -33.5| -19.5| -14.8 | -16.7
3.7267E+01 - 3.3720E+0[L 7.2074E-04+ 0.0366 | -76.0| -49.5| -40.7 | -76.3| -48.4| -37.9| -13.4| -10.3
2.2603E+01 - 1.9455E+01 1.0358E-03+ 0.0348 | -75.3| -48.7| -40.5| -75.6| -47.3| -37.7| -48 | -45
7.5240E+00 - 6.1601E+00 1.8844E-03+- 0.0276 | -76.4| -54.1| -48.9| -76.6| -52.1| -44.7| -8.2 | -7.6

* - Relative error
A - GSMO-NOLJ; B - GSM1-NOLJ; C - GSM2-NOLJ; D - GSMO0-LJ;
E - GSM1-LJ; F - GSM2-LJ;: G - RIB; H - SUBG

€L
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CHAPTER 4

ESTIMATION OF COOLANT VOID REACTIVITY FOR CANDU-NG LATTICE

USING DRAGON AND VALIDATION USING MCNP5

The CANDU New Generation (CANDU-NG) lattice was proposed agarty stage of
the Advanced CANDU Reactor (ACR) development and is now useddademic bench-
marking [Chan 2001]. It does not comprise the detailed ermging features of the ACR that
guarantee a negative CVR under all conditions. The CANDU-Ngblfundle is a 43 element
CANFLEX design which is one of the several proposals consuiéor the futuristic reactor
to be built by Canada. The CANDU-NG lattice has some saliengddsatures like central
dysprosium pin, light water as coolant, square latticehpdt 22 cm and a large calandria
tube diameter, in order to reduce the heavy water modermatentory. There was also a
requirement that the design caters to higher burnup in casgato the present CANDU-6
fuel, and hence there was a consideration for enriched wrafuiel. Several studies have

been performed earlier to estimate the CVR for the evolving AlEBign [Cotton 2005].

The central pin of the 43 rod cluster has dysprosium (4.6 %)dtural uranium.
The central pin and seven pins in ring 1 are thicker (inneéefodiameter-0.627/0.675 cm)
compared to fourteen pins in ring 2 and twenty-one pins ig Bn(inner/outer diameter-
0.533/0.575 cm). The fuel density of the inner eight pingghér (10.12 g/cc) in comparison
to the outer 35 pins (9.825 g/cc). The pressure tube dimeistbe same as that of CANDU-
6. An important geometrical change for ACR type lattice isitteeease in the calandria tube
inner/outer diameter (7.5/7.8 cm) in comparison to CANDW615/6.59 cm). As a result
the air gap is much larger and the moderator volume is furdg@uced. The coolant is light

water and the moderator is heavy water, and we have conditezair gap to be filled with
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helium gas. Table 4.1 gives the geometric and material paitons of CANDU-NG lattice
analysed. Figure 4.1 gives the cross section of a 43 elernehagsembly and a single pin
with 4 layers (50%, 30%, 15% and 5% volume) considered in &aelhpin, which is based
on the recommendations in Santamarina 2004. The subdisioade in order to effectively

predict the distributed self-shielding effects within @ffpin.

4.1 Scope of study

In the present work, we will be focusing mainly on the perfanoe of advanced self-
shielding models based on “equivalence in dilution” or ‘gtdup approach” on estimation of
CVR for CANDU-NG lattice in the presence of strong neutron absolike dysprosium. Un-
der equivalence in dilution models, we used the Generafisechm’ler model [Hbert 1991]
with or without Riemann integration and Nordheim modeéfért 2004a]. Among the sub-
group approaches, we have used the Ribon extended and thecstbdelf-shielding models,
which are both compatible with a characteristics solutibthe subgroup equations fhert
2005].

Two sets of studies have been carried out as part of the gresek. In the first set,
CVR will be estimated for a single CANDU-NG unit cell using DRAGIOThis study will
include two varieties, where we will be considering, natwranium/dysprosium in natural
uranium, in the central pin. It will help in understanding teffect of dysprosium during
coolant voiding, and performance of self-shielding modelshe presence of strong neu-
tron absorbers. In this study we also demonstrate the dépaifiDRAGON Version4 for
estimation of CVR for an assembly ihx 2 pattern, which includes complete voiding and

checkerboard voiding. Checkerboard voiding calculatiopedormed by considering void
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in the diagonal cells and coolant in the other two cells.

In an earlier study [Cotton 2005] it has been mentioned thatQWR estimated for a
checkerboard lattice for ACR is higher than that obtainecctonplete voiding. In a recent
study, checkerboard voiding estimation has been carriedssng DRAGON 3.04 [Marleau
2000] fora CANDU-6 and ACR type lattice, but with modificatidnghe basic lattice, where

square pins were considered instead of annular pins [TAG0S6].

In the present study the results obtained using DRAGON has eledated against
that obtained using Monte Carlo code MCNP5. ACE libraries neédde analyses using
MCNP5 [X-5 Monte Carlo Team 2003] were generated using NJOX®9A total of 10
million neutron histories were tracked using MCNP5. Thigdation process will help in
identifying the appropriate self-shielding model that ¢cenrecommended for analysis of
CANDU-NG type lattices using DRAGON. Apart from comparing ¥R values, we have
also compared the capture rate in the resolved resonanmgyegreup ‘677.29 eV to 2.7679
eVv'.

4.2 Computational scheme used for DRAGON analysis

A custom cross-section library in DRAGLIB format @ert 2004] (172 group) was
used by the_l B: module. The evaluated files for the elements chosen in tharjilwere
from JEF-2.2 evaluation. APOLLO type transport correctased on the linearly anisotropic
scattering cross sections was used for the total and isotsspttering cross sections. This
correction assumes that the micro-reversibility prineifg valid for all energy groups. The

geometry was tracked using thXT: [Marleau 2005] module, using angular quadrature pa-
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rameter of 12 in [07/2] and track density of 50 lines per cm for both self shigydamd flux
calculations. The fuel was divided into four layers (50%%30.5% and 5% by volume)
based on the recommendations made in the Reference [Samar@@04]. The fuel pins
were split into two in an inward/outward fashion. This dpig was done not only in terms
of regions for the flux calculations but also in terms of clated resonant mixtures for the
space-dependent self-shielding treatment. This refineai¢he self-shielding treatment has
a noticeable effect (40 pcm) on tlhe, when the cell is voided. It also improved the resonant
capture in the outer ring of fuel (about 2%) and has an oveftdtt of about 25 pcm on the
CVR. This splitting in terms of regions for the flux calculatioas also a noticeable effect on
the thermal fission rate (about 1.5%). Thirty six meshes weresidered in the light water
coolant. Five annular meshes were considered in the maderatl seven cartesian meshes
were chosen near the boundary. The mesh-splitting of Figur@roduces 389 regions and
60 outer surfaces, each of them corresponding to an unknbwreanain flux calculation.
No mesh-splitting of the moderator was done for the sellgling calculation, leading to
44 regions and 4 outer surfaces. The method of charactsrisidule KCCGT: ) [Le Tel-

lier 2006] was used for the multigroup flux integration. Hoe 2 x 2 assembly calculation,
isotropic translation boundary condition has been appiethe external surfaces of the lat-
tice. Note that there is no approximation on the internalas@s that couple the cells. The
cross section of & x 2 CANDU-NG assembly is shown in Figure 4.2. The reaction rates
were obtained using tHeDI : module in four broad groups, with energy limits being - 'fast
- 20 MeV to 4.076220E+05 eV, 'unresolved resonance’ - 4.@D&E205 eV to 677.287 eV,
'resolved resonance’ - 677.287 eV to 2.7679 eV; and 'theraiaks than 2.7679 eV.
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4.3 Results and Discussions

Figure 4.3 gives the typical spectrum seen by a fuel pin in CANYIG lattice. It can
be seen that the peak of the Maxwellian spectrum is at ab08t)/. Eventhough the coolant
temperature is close to CANDU-6 lattice, the peak is shiftathiy due to reduction in lattice

pitch that is making the spectrum more hard in comparison tBlOW-6.

As a first step, the CANDU-NG cell was analyzed using Monte Ceolde MCNP5.
The reference values obtained using MCNP5 is presented ie #ah Four sets of calcula-
tions were performed. The sets included two varieties dfdnd two coolant states. The two
varieties of fuel include natural uranium/ dysprosium itunal uranium in the central pin at
two coolant densities of 0.714 g/cc and 0.001 g/cc each. kThwvas estimated for each of

the states and the CVR for each variety was estimated usirtgghation 4.1

CVR = [1/koo(S1) — 1/koo(S2)] 4.1)

whereS; and.S, corresponds to presence (0.714 g/cc) and absence (0.091o§ioolant

respectively. The deviation for CVR was obtained using Equat.2,

Deviation (MCNP5) = \/[53/K4(S1) + 62/K4,(S2) (4.2)

whereJ; is the standard deviation far,.(7}) obtained using MCNP5, whil&, is the stan-
dard deviation fok .. (7%).

In the following discussions, we will be using the followingtations to represent the

two varieties of assemblies analysed for the estimation dRCWhe first variety with central
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pin having natural uranium will henceforth be referred té\&s and that with dysprosium

in natural uranium in central pin will be referred to as 'V2'.

Table 4.2 gives thé&,, values and CVR obtained using MCNP5 and DRAGON Ver-
sion4, for a single CANDU-NG lattice for 'V1' and 'V2’, with ashwithout coolant. It can
be seen from Table 4.2 that the results obtained using thslselding models in DRAGON
systematically under-predict basic, values with respect to that obtained using MCNP5.
The results obtained using 'GSM1-NOLJ’ show the maximumiatemn, for both 'V1’ and
'V2’ for both cooled and voided states.,, values predicted by GSMO are better than GSM1
and GSM2 when NOLJ option is considered. This trend is redevghen LJ option is con-
sidered. However, the under prediction by all the GSM moalsduced when LJ option is
considered. It is interesting to note that GSM2-LJ predieisick.,, close to that of MCNP5
in the presence of coolant. Another interesting trend wheretis voiding is that the GSM
models without LJ predict,, close to that of MCNP5 when compared to GSM models with
LJ. When LJ is used, the trend is reversed for GSM2 for 'V1’ aorchbll the GSM models for
'V2'. However, the subgroup models have a uniform trend oféased under-prediction dur-
ing voiding for both 'V1’ and 'V2'. The CVR is estimated to be qitve for 'V1’' and 'V2',
but the magnitude is lower in case of 'V2'. It can be seen fraguFe 4.4 that the capture
rate is almost doubled when one considers dysprosium inghtat pin. The capture rate
gets further enhanced during voiding and thus Dy plays ai@ruale in lowering the CVR.
The CVR predicted using the various self-shielding modedsiiporated in DRAGON, are in

close agreement with that estimated using MCNP5.

Tables 4.3 and 4.4 compare the capture rate for 'V1' and "\&pectively, in re-
solved resonance energy group obtained using MCNP5 andeadidifi-shielding models in
DRAGON. It can be seen that the models based on a subgroupeagoeedicts the capture

rate better than the models based on equivalence in diluBwan though thé., predicted
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by GSM2LJ is better during voiding, it can be noted that thetaee rate is over predicted. It
was noted that the subgroup approach (SUBG’) based on @iymicbability tables seems
to predict the basié.,, CVR and reaction rates better than all other models. Thiglthas
been observed before on simpler validation testsjétt 2004a]. The Stamm’ler method is
based on very crude approximations related to the calounlatf the equivalent dilution in
each resonant region and each resonant energy group. Thespkmethod with physical
probability tables is now considered as the recommendddnstate-of-the-art lattice codes
and is compatible with the characteristics method. Finalg Ribon extended method is
more expensive and is required only in situations where theeiah shielding phenomenon is

important. We have thus used 'SUBG’ model for assembly catmns in2 x 2 pattern.

Table 4.5 gives thé,, values for assembly calculation 2nx 2 pattern, obtained using
MCNP5 and DRAGON Version4 for fully cooled, fully voided andedkerboard voiding
states. Translation boundary condition is applied on a&llgarallel surfaces in order to truly
reflect the physical phenomena when there is a possibilithetkerboard voiding. It can
be seen that the,, and CVR values fo2 x 2 pattern matches quite well with that obtained
for a single cell in Table 4.2. When all the four cells are cdol¢ can be noticed that the
difference from single cell calculation, using DRAGON, ioab15 pcm while it is about
40 pcm when all cells are voided. It is interesting to notd thase differences are about
half those obtained when one compares calculations witinoisic and specular boundary
conditions for cooled and voided states using MCNP5 (aboyt30 and 80 pcm). This
is totally coherent as each cell in2ax 2 assembly has two outer surfaces out of four for
which the isotropic/uniform boundary conditions are agqli One can expect that with an
exact treatment of the boundary condition (i.e. a spectdaking obtained using translation
boundary condition), DRAGON results will be closer to MCNP®stimation of CVR. This
capability is currently under development in NXT: [Marle2005]. It is interesting to note

from Table 4.5 that the CVR value during checkerboard voidorgV1’ is lower than that
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obtained for total coolant voiding. But for 'V2’, the CVR obt&d for checkerboard voiding
is higher than that observed when there is total voidingaiitioe seen from Table 4.5 that this
trend is also observed using the code DRAGON. Tables 4.6 toofrpare the capture rate in
resolved resonance energy group obtained using MCNP5 and DRA@r the three states

- all 4 cells cooled, voided and checkerboard voiding. Itlbammbserved that the capture rate
estimated using “SUBG” model in DRAGON is predicted within svfpercents of values
obtained using MCNP5. The maximum discrepancy of 15% is faaride outermost layer
of pins in second ring. It can also be noted in Tables 4.6aindhat the capture rates are
slightly unsymmetric. This may be due to statistical pheananto obtain fluxes in various
regions of problem domain and can possibly be improved loking more than ten million

neutron histories.

4.4 Conclusions

Coolant void reactivity has been estimated for CANDU-NG ¢a&ttusing various self
shielding models incorporated in DRAGON Version4. The ai®diresults have been vali-
dated using Monte Carlo code MCNP5. It was observed that thelsielding model based
on subgroup approach using physical probability tablediptethe basié.,, CVR and reac-
tion rates better than all the other models. This model wed & performing the assembly
calculation in2 x 2 pattern and the CVR for checkerboard voiding state was etwttndhis
calculation using DRAGON was made possible by the introdnatif a new tracking module
NXT: developed aEcole Polytechnique de Moéal. Using DRAGON, we have obtained
the trend of a higher CVR for checkerboard voiding state whengared to complete voiding
state for CANDU-NG lattice with dysprosium in the central .pin



Figure 4.1 Cross section of CANDU-NG unit cell and single pin
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Table 4.1 CANDU-NG benchmark Specifications

Pitch (cm) 22 (square)
Number of rods 43 (1/7/14/21)
Radius of rod centers (cm) 0.0/1.73/3.075/4.384
Fuel material 1.65 % enr UQ
Density of fuel material(g/cr) 10.12 (inner 8 pins)
9.825 (outer 35 pins)
Radius of fuel rods (cm) 0.627 (inner 8 pins)
0.533 (outer 35 pins)
Clad Composition (%) Zr-98.1813, Fe-0.21,
Cr-0.1, Ni-0.007°B-5.962E-5
Density of Clad (g/cr) 7.55
Outer radius of Clad (cm) 0.675 (inner 8 pins)
0.575 (outer 35 pins)
Coolant Composition 'H-0.047720,°0-0.023803D-4.7720E-7
Moderator Composition 'H-6.4950E-5'°0-0.032398'D-0.064886
Material Composition - PT(% Zr-97.3126, Nb-2.58,
Fe-0.04678, Cr-0.008088, Ni-0.0038B-2.431E-5
Density of PT (g/cm) 6.57
Inner radius of PT (cm) 5.1689
Outer Radius of PT(cm) 5.7689
Material Composition - CT(% Zr-98.2083, Fe-0.135,
Cr-0.1, Ni-0.055/°B-5.962E-5
Density of CT (g/cm) 6.44
Inner radius of CT (cm) 7.5
Outer Radius of CT(cm) 7.8
Fuel Temperature (K) 960.16
Clad Temperature (K) 573.16
Coolant Temperature (K) 573.16
Moderator Temperature (K) 353.16

* Artificial density to accommodate clad material of the eng @ad spacers so as to account
to 2.32 Kg/ bundle of the clad material.



Table 4.2 Comparison df,, for single CANDU-NG lattice

Model

Central pin - Natural Uranium Central pin - Dysprosium in Natural Uranium
k+(Cooled)| k.. (Voided) | CVR(pcm) | k. (Cooled)| k.. (Voided) CVR(pcm)
M 1.3044% | 1.3286& 1395+ 1.25556- | 1.26374t 516+
0.00016 0.00017 13 0.00017 0.00018 16
A 885" 689 -131 842 649 -129
B 1096 945 -111 1043 883 -111
C 953 885 -60 918 842 -56
D 609 556 -43 567 507 -43
E 540 576 9 507 518 3
F 134 426 163 146 395 156
G 312 379 32 305 361 33
H 286 423 72 280 404 76

* - AK(in pcm) = o(MCNP5) -k (model))
*- ACV R(in pcm) = (CVR(MCNP5) - CVR(model))

M-MCNP5; A-GSMO0-NOLJ; B-GSM1-NOLJ; C-GSM2-NOLJ;
D-GSMO-LJ; E-GSM1-LJ; F-GSM2-LJ; G-SUBG; H-RIB

.8



Table 4.3 Comparison of the capture rate in the resolved aem@nenergy group for single CANDU-NG lattice with natural

uranium in the central pin

Central Pin| Ring | Layer Capture rate Relative error with respect to MCNP5 (in %)
(cm3s1) A B C D E F G H
(MCNP5)
1 1 | 4.6127E-030.037 | 18.66 | 9.74 | 11.17| 18.30| 6.59 | 9.25 | 5.18 | 5.40
2 5.5395E-03-0.037 | 10.14| 6.20 | 6.96 | 8.88 | 2.79 | 542 | 3.05| 2.99
3 7.2948E-030.046 | -8.67 | -2.48 | -0.55 | -10.41| -2.11 | 251 | 1.37 | 1.04
4 1.2344E-020.070 | -42.72| -4.54 | -4.59 | -44.13| -1.93 | -1.23 | 0.00 | 0.02
2 5 2.0176E-030.054 | 29.71 | 12.48| 11.06| 28.95| 798 | 490 | 191 | 2.34
6 2.3350E-03-0.057 | 19.97 | 9.81 | 7.98 | 18.73| 559 | 2.32 | 1.22 | 1.15
Natural 7 3.1801E-030.075 | -6.93 | -1.33 | -1.42 | -8.25 | 0.20 | -0.87 | 0.58 | 0.04
Uranium 8 7.2628E-030.111 | -57.80| -25.06| -21.07| -58.51| -22.89| -17.16| -2.62 | -2.57
3 9 2.1742E-030.061 | 30.89 | 14.44| 12.81 | 29.85| 9.53 | 6.10 | 2.15| 2.50
10 | 2.5368E-030.063 | 19.01 | 11.09| 9.18 | 17.60| 7.66 | 3.80 | 1.25| 1.10
11 | 3.5682E-03-0.084 | -11.34| -1.18 | -0.51 | -12.69| 1.50 | 1.91 | 0.09 | -0.58
12 | 8.0317E-030.121 | -59.38| -21.80| -17.67 | -60.09| -19.67| -13.73| -3.49| -3.25
4 13 | 2.5182E-03-0.059 | 30.74 | 16.06 | 13.96 | 29.16 | 9.64 | 5.06 | 1.29 | 1.47
14 | 3.0229E-03x0.061 | 16.06 | 12.71 | 10.06 | 14.13 | 8.37 | 3.12 | 0.94 | 041
15 | 4.5187E-030.082 | -18.47| -0.11 | 0.32 | -20.13| 2.01 | 1.87 | 0.44 | -0.65
16 | 1.0857E-02-0.109 | -65.01| -16.92| -13.87| -65.80| -15.37| -11.01| -0.83| -0.70

* - Relative error A-GSMO0-NOLJ B-GSM1-NOLJ C-GSM2-NOLJ D-GSMO0-
E-GSM1-LJ F-GSM2-LJ G-SUBG H-RIB
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Table 4.4 Comparison of the capture rate in the resolved eem@energy group for single CANDU-NG lattice with dysprosiu

in natural uranium in the central pin

Central Pin| Ring | Layer Capture rate Relative error with respect to MCNP5 (in %)
(cm3s71) A B C D E F G H
(MCNP5)
1 1 | 6.2208E-030.030 | 9.35 | 439 | 6.34 | 9.19 | 249 | 593 | 3.61 | 3.79
2 7.0400E-030.030| 3.90 | 1.21 | 2.75 | 3.16 | -0.32 | 3.94 | 1.26 | 1.37
3 8.2389E-03-0.036 | -5.69 | -4.26 | -2.56 | -6.87 | -3.25 | 0.44 | -0.76 | -0.73
4 9.7927E-030.049 | -17.36| 4.50 | 0.60 |-18.72| 7.17 | 3.76 | 0.05 | 0.22
2 5 2.4022E-030.045 | 15.27 | 5.74 | 5.27 | 15.14| 523 | 423 | 1.66 | 2.24
6 2.4713E-030.047 | 1428 | 594 | 542 | 14.12| 2.60 | 158 | 2.23 | 2.74
Dysprosium 7 2.5813E-030.055 | 10.99 | 5.85 | 5.75 | 10.81| 10.01| 10.86 | 4.52 | 4.94
in 8 2.9633E-030.095 | -250 | 1.91 | 3.75 | -2.68 | 5.09 | 8.45 | 15.36| 15.62
Natural 3 9 2.5898E-030.050 | 17.45| 8.02 | 7.43 | 17.19| 6.82 | 7.16 | 1.63 | 2.17
Uranium 10 | 2.6958E-0x0.052 | 15.11 | 7.64 | 7.07 | 1480| 3.62 | 2.72 | 1.89 | 2.33
11 | 2.9404E-03-0.070 | 7.08 | 479 | 512 | 6.75 | 9.88 | 8.82 | 245 | 2.74
12 | 3.6744E-030.117 | -13.46| -4.60 | -1.86 | -13.74| -1.88 | 2.58 | 9.35 | 9.83
4 13 | 3.2472E-03-0.049 | 15.88 | 10.59 | 9.09 | 15.16 | 7.23 | 4.62 | 0.54 | 0.84
14 | 3.7094E-0x0.052 | 5.13 | 8.19 | 6.55 | 437 | 524 | 143 | 040 | 0.19
15 | 5.1698E-030.071 | -22.55| -1.78 | -0.65 | -23.18| -0.44 | 1.85 | -2.06 | -2.77
16 1.1074E-020.100 | -63.27| -27.79| -24.16| -63.58| -26.58 | -22.39| -5.27 | -5.07

* - Relative error A-GSMONOLJ B-GSM1INOLJ C-GSM2NOLJ D-GSMOLJ;
E-GSM1LJ F-GSM2LJ G-SUBG H-RIB
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Table 4.5 Comparison df,, for assembly calculation inx22 pattern for CANDU-NG

Central pin

Code

kiso(A)

koo (B)

CVR(A-B)

kso(C)

CVR(A-C)

Natural Uranium

MCNP5

1.3048@:0.00016

1.3296'40.00017

1433+13

1.32494-0.00016

116413

SUBG

330"

435

53

349

5

Dysprosium in
Natural Uranium

MCNP5

1.25609:0.00017

1.26494:0.00018

557+16

1.26774:0.00018

732+16

SUBG

344

443

59

379

18

A - All 4 cells cooled ; B - All 4 cells voided; C - Checkerboardigimg
* - AK(in pcm) = (ks (MCNP5) - k.. (model))
*- ACV R(in pcm) = (CVR(MCNP5) - CVR(model))

06
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Table 4.6 Comparison of capture rate in resolved resonaragyegroup for assembly calcu-
lation in 2x2 pattern (all cells cooled) for CANDU-NG with deal pin having Dy in natural
uranium

Ring | Layer Capture rate A Layer Capture rate B

(cm—3s71) (cm3s71)
(MCNP5) (MCNP5)

1 1 2.3100E-030.053 | 4.93" | 17 | 2.3220E-03-0.053 | 4.39"

2 2.7796E-030.053 | 2.46 18 | 2.7597E-030.053 | 3.20

3 3.6598E-030.065 | 1.04 | 19 | 3.6552E-0%0.065| 1.17

4 6.3148E-030.103 | -1.87 | 20 | 6.1635E-030.099 | 0.54

2 5 1.0230E-030.078 | 0.55 | 21 1.0063E-030.076 | 2.22

6 1.1577E-030.078 | 2.11 | 22 1.1503E-03-0.080 | 2.76

7 1.5995E-030.105 | 0.00 | 23 | 1.5609E-030.108 | 2.47

8 3.6078E-030.160 | -2.21 | 24 | 3.5303E-030.158 | -0.06

3 9 1.1015E-030.086 | 0.81 | 25 | 1.0989E-030.086 | 1.05
10 | 1.2674E-0x0.089 | 1.34 | 26 | 1.2788E-030.091 | 0.44
11 | 1.8146E-0x0.124 | -1.87 | 27 | 1.8265E-030.121 | -2.51
12 | 3.9253E-030.169 | -1.18 | 28 | 4.0613E-030.171 | -4.49
4 13 | 1.2682E-0x0.084 | 0.50 | 29 | 1.2548E-03-0.082 | 1.57
14 | 1.5113E-030.086 | 0.87 | 30 | 1.5094E-030.088 | 1.00
15 | 2.2366E-0x0.112 | 1.44 | 31 | 2.2730E-030.118 | -0.18
16 | 5.3172E-0x0.153 | 1.21 | 32 | 5.5005E-030.155 | -2.16

* - Relative error A,D - Cooled; B,C - Cooled
* - Deviation (in %) w.r.t MCNP5

(13,14,15,16) (29,30,31,32)
(9,10,11,12) (25,26,27,28)
(5,6,7,8) (21,22,23,24)
(1,2,3,4) (17,18,19,20)
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Table 4.7 Comparison of capture rate in resolved resonaragyegroup for assembly calcu-
lation in 2x2 pattern (all cells voided) for CANDU-NG with ceal pin having Dy in natural
uranium

Ring | Layer Capture rate A Layer Capture rate B
(cm—3s71) (cm3s71)
(MCNP5) (MCNP5)
1 1 3.0968E-030.043 | 3.89" | 17 | 3.0908E-03-0.043 | 4.09"
2 3.5029E-030.043 | 1.52 18 | 3.4948E-030.043 | 1.76
3 4.0835E-03-0.051 | -0.04| 19 | 4.0968E-030.050 | -0.36
4 4.7857E-030.066 | 2.67 | 20 | 4.8308E-030.066 | 1.71
2 5 1.2098E-030.065 | 0.84 | 21 1.2044E-03-0.065 | 1.30
6 1.2273E-030.065 | 2.82 | 22 1.2275E-030.067 | 2.80
7 1.2929E-03-0.081 | 4.23 | 23 | 1.3011E-030.084 | 3.57
8 1.4852E-030.141 | 14.60| 24 | 1.4937E-030.139 | 13.95

3 9 1.2811E-030.070 | 2.61 | 25 | 1.2937E-030.071| 1.61
10 | 1.3359E-0x0.073 | 2.67 | 26 | 1.3385E-030.073 | 2.47
11 | 1.4337E-0x0.093 | 4.76 | 27 | 1.4522E-03-0.094 | 3.42
12 | 1.8258E-030.158 | 9.86 | 28 | 1.8451E-030.172 | 8.71
4 13 | 1.6186E-0x0.069 | 0.69 | 29 | 1.6069E-03-0.070 | 1.42
14 | 1.8801E-030.076 | -1.15| 30 | 1.8426E-030.073 | 0.86
15 | 2.5785E-0x%0.101 | -2.02 | 31 | 2.5824E-030.102 | -2.17
16 | 5.4176E-0x0.141 | -3.34 | 32 | 5.5332E-030.144 | -5.35

* - Relative error A,D - Voided; B,C - Voided
* - Deviation (in %) w.r.t MCNP5

(13,14,15,16) (29,30,31,32)
(9,10,11,12) (25,26,27,28)
(5,6,7,8) (21,22,23,24)
(1,2,3,4) (17,18,19,20)
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Table 4.8 Comparison of capture rate in resolved resonarergyegroup for assembly cal-
culation in 2x2 pattern (checkerboard) for CANDU-NG with tr@hpin having Dy in natural
uranium

Ring | Layer Capture rate A Layer Capture rate B
(cm—3s71) (cm3s71)
(MCNP5) (MCNP5)
1 1 2.6629E-03-0.048 | 540" | 17 | 2.5172E-03-0.048 | 4.32"
2 3.2168E-030.049 | 2.50 18 | 2.8504E-030.048 | 1.89
3 4.2173E-030.060 | 1.52 19 | 3.3522E-030.058 | -0.48
4 7.1955E-030.094 | -0.29 | 20 | 3.9895E-030.076 | 0.71
2 5 1.1746E-030.071 | 1.57 | 21 | 9.7692E-04-0.071| 1.73
6 1.3503E-030.074 | 148 | 22 1.0018E-030.072 | 2.63
7 1.8415E-030.099 | 0.67 | 23 | 1.0454E-030.087 | 5.04
8 4.1642E-030.147 | -1.69 | 24 | 1.2059E-030.146 | 15.06

3 9 1.2763E-03:0.080 | 1.58 | 25 | 1.0575E-030.081 | 1.30
10 | 1.5021E-0x0.084 | -0.19| 26 | 1.1032E-03-0.086 | 1.33
11 | 2.0892E-0x0.112 | -0.51| 27 | 1.1838E-030.106 | 3.44
12 | 4.6210E-030.159 | -1.91 | 28 | 1.4893E-030.188 | 9.88
4 13 | 1.4867E-0x0.077| 1.04 | 29 | 1.3371E-030.079 | -0.61
14 | 1.7644E-030.080 | 1.82 | 30 | 1.5206E-030.083 | -0.30
15 | 2.6624E-0x0.106 | 0.44 | 31 | 2.0770E-030.112 | -0.71
16 | 6.4597E-0x%0.139 | -1.74 | 32 | 4.4611E-030.158 | -4.03

* - Relative error A,D - Cooled; B,C - Voided
* - Deviation (in %) w.r.t MCNP5

(13,14,15,16) (29,30,31,32)
(9,10,11,12) (25,26,27,28)
(5,6,7,8) (21,22,23,24)
(1,2,3,4) (17,18,19,20)
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CHAPTER 5

HIGH CONVERSION LIGHT WATER REACTOR BENCHMARK

In this chapter we present the results of analysis of a higlvarsion light water reac-
tor (HCLWR) benchmark [Hiroshi 1988]. This benchmark is of sakinterest as the main
contribution to fission (46%) is from the resonance regidmis Tattice will be a good testing
ground for the performance of all the self shielding modélgure 5.1 shows the HCLWR
lattice that has been analysed. Table 5.1 gives the ge@aledescription and material com-

position of the lattice.

It can be seen from the Table 5.1 that the fuel is enrichedpiuim oxide (7%) in
depleted uranium oxide. The hexagonal cell pitch is 1.22@84nhich is quite tight when
compared to regular PWR pin pitch. The benchmark analysedngisally suggested as a
burnup benchmark, which was performed for infinite hexayoels with V,,,/V; of 0.6 and
1.1. These calculations were performed for three voidagditions at several burnup stages.
Fifteen organizations from eight countries participatethis benchmark. One of the major
conclusions were that one has to consider self-shieldi@gaf eV resonance éf2Pu, which
was found to build to a high concentration as a function ohbpr It was also observed by
various teams that self shielding effect kg decreases with increasing void fraction due to

hardening of spectrum [Hiroshi 1988].

In the present work we have focused mainly on the analysigxddponal lattice with a

Vi /Vy of 1.1 at zero burnup.
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5.1 Reference solution

The reference solution was obtained using the code MCNP5ratenup. A total
of 10 million histories were tracked to obtain thkeg, and reaction rates. White boundary
condition was applied on the six surfaces of the hexagon. fliéleregion was divided into
four layers, each of volume 50%, 30%, 15% and 5% respectively inside to outside,
based on recommendations from Santamarina [Santamar@#d. Zthe capture rate of each
element in the fuel region was obtained for all the energypgsobetween 2.7679 eV and
677.287 eV.

5.2 Computational scheme used for DRAGON analysis

In theLl B: module we used library based on DRAGLIB format which included-
tal of nine elements. The evaluated nuclear data files fathallelements were chosen on
the basis of recommendations from WLUP [Leszczynski 2008d&y theGEQ: module we
considered the hexagonal pincell with isotropic reflechisandary condition on all surfaces.
The geometry was tracked with an angular quadrature paearakil and track density of
100 lines per cm. In the following section we discuss theat$fef choice of angular quadra-
ture and track density on thie,. Only one region was considered in the coolant for shielding
and flux calculation, as there was minimal effect in estiorabf k... The tracking of the ge-
ometry was performed using tlEXCELT: module. The APOLLO type transport correction
based on the linearly anisotropic scattering cross sexcti@s used for the total and isotropic
scattering cross sections. We used the default optiodsSM module for generation of
collision probabilities. In thd=LU. module, we used the option of criticality calculations
without leakage effects. The reaction rates were obtained using@he module in four
broad groups, with energy limits being - 'fast’ - 20 MeV to 48220E+05 eV, 'unresolved
resonance’ - 4.076220E+05 eV to 677.287 eV; 'resolved ra@sos - 677.287 eV to 2.7679
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eV; and 'thermal’ - less than 2.7679 eV.

5.3 Optimization studies

The optimization studies were carried out for the latticeséagying the angular quadra-
ture parameter and track density. The variation was observed until a saturated value was
obtained. In the studies it was seen to that the error in velwas kept as minimum as pos-
sible. We chose the self shielding model 'SUBG’ based on exaglkperience for arriving
at optimum angular quadrature parameter and track dedsible 5.2 gives the variation in
k~ and volume error for various angular quadrature parametetdrack densities. It can be
observed that an angular quadrature parameter of 11 anddesmsity of 100 was optimum

for analysis of this lattice. The error in volume was foundbéoabout 2%.

5.4 Results obtained using various self shielding models

Figure 5.2 gives the typical spectrum in a HCLWR lattice. It d@nseen that the
Maxwellian peak is at 0.08 eV. One can observe sharp dipsisglctrum at energies corre-
sponding to resonances of plutonium isotopes (0.3 eV resenaf**°Pu, 1.06 eV resonance

of 2°Pu and 2.67 eV resonance’tPu).

Table 5.3 gives the comparison/of, obtained using the various self shielding models.
It can be seen from the Table 5.3 that there is a broad rangduwdsthat have been obtained
using each of the self shielding model. It can be seen thadbthestk., is predicted using
'GSM1’ with 'NOLJ’ option. Thek,, obtained using 'GSMO’ is higher than 'GSM1’ and
slightly lower than 'GSM2’ when 'NOLJ’ option is used. But wé&_J’ option is used the



97

trend gets reversed and 'GSM2’ with 'LJ’ option being thettegt. There is a substantial gain
in k., to the tune of 837 pcm when 'LJ’ option is used as against seeafi 'NOLJ’ option
with 'GSM2’. Such a gain is not seen with the other 'GSM’ madeVenthough the change
is quite significant (371 pcm for 'GSM1’ and 211 pcm for 'GSNIO’It can be observed
that, when compared to the reference MCNP5 value kthas highly under-predicted by
all models based on “equivalence in dilution”. It was nothdttwhen models based on
“subgroup approach”, i. e. 'SUBG’ and 'RIB’ was used, the was also under-predicted.
But interestingly, when 'RIB’ was used along with correlatiooael, henceforth referred
to as 'RIB-CORR’, there was a substantial gairkig, to the tune of 508 pcm via-vis the
'RIB’ model. This is mainly due to the better treatment of muitself shielding [Hebert
2005] between isotope8tU, 23°Pu and?*°Pu. It can be observed in Table 5.3 that when
one considers pairs of nuclides, the gradually improves, i.e. when correlation is applied
betweer?*¥U and?*Pu, there is no major changed observed with respect to seshthined
using 'RIB’ model. But when correlation is applied betwe€tPu and?‘°Pu, there is an
improvement of 123 pcm and 362 pcm when correlation is agietweer?*3U and?°Pu.
But when correlation is considered f6#U, 2Pu and?‘’Pu, the results improves such that
it is within 45 pcm of the results obtained using MCNP5. Whenaation is considered for
all isotopes, then thé,, slightly reduces by 85 pcm. No other self shielding modetegxt
'RIB’ has the capability to treat mutual self shielding eff@idebert 2005] and hence when
there is a substantial amount®@fPu and**°Pu in the system, one must consider the use of
'RIB-CORR’ model for estimation of.,. A sensitivity study was carried out to assess the
behaviour of 'RIB-CORR’ model with ratio of*®U and?‘°Pu. This was done because the
major contribution of correlation effects was due to these isotopes. It can be seen from
Figure 5.3 that when the ratio 6®U to 2*°Pu decreases, the difference between correlation
and non-correlation model increases. For this exercisthehumber densities in Table 5.1
were kept constant except thatdfPu, which was artificially increased. Another exercise
was carried out by maintaining the same composition in faehantioned in Table 5.1 and

increasing the lattice pitch. It was observed that the efiémnutual self shielding becomes
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less prominent when the spectrum gets softer. It was theglribat the mutual self shielding

effect decreases with increase ip,N ;.

We next compared the reaction rates obtained using MCNP5thathobtained using
all the self shielding models. Figures 5.4 to 5.6 show theuwaprate in***U, ?*Pu and
240py, in each layer of the fuel pin in the resolved energy grofiphigh capture rate can
be seen at all the major resonances of the respective isotdpean also be seen that the
capture rate is highest for the outermost layer and redogex dls the inside. Table 5.4 gives
a comparison of capture rate in resolved energy group arfssion rate in thermal energy
group, obtained using all the self shielding models in DRAG®@MMh respect to MCNP5.
It can be seen that the models based on subgroup approact5WBG’ and 'RIB’ gives
results close to that of MCNP5. The models based on “equigalandilution” shows a large
deviation in capture rates w.r.t MCNP5. It can be seen thdhalinodels under-predict the
capture rate in outermost layer and the layer next to it, evinilthe inner two layers it is
over-predicting the capture rate. Of all the models, RIB-CORRIehseems to predict the
capture rate close to that of MCNP5. It is interesting to nloé €venthough thie,, predicted
by GSM2-LJ was closer to MCNP5, the capture rate shows a |ldegeation in all the layers
when compared to 'SUBG’ and 'RIB’ models. The nu-fission rate wader-predicted by
all the self shielding models in all the layers. It can be seefable 5.4, that of all the self
shielding models, the nu-fission rate obtained using RIB-CORBeiredicted close to that
obtained using MCNP5.

Table 5.5 gives the contribution due to each element tow@agture rate in each layer
and in each of the four broad energy groups mentioned eafliee values correspond to
those obtained using 'RIB-CORR’ model. It can be seen from Tal@dHat the major el-
ements that contribute towards capture rates’&te, 22Pu and?*°Pu. It is logical mainly
taking into consideration the fact that the fuel is highlyielmed plutonium in depleted ura-
nium. The spectrum is also hard taking into account the tagtite pitch of 1.2204 cm. All

this makes the resonances of these individual isotopesapltag role in affecting the lattice
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characteristics. It was noted that almost 42% of absormmh 35% of fissions happen in

resolved resonance group.

Tables 5.6 to 5.8 gives the comparison of capture ratéfs, 23°Pu, and**°Pu in
certain energy groups where a large deviation with MCNP5 viseved. It can be seen in
general that among all the models the 'RIB-CORR’ model predidteccaipture rate for all
the elements close to MCNPS5. It can be seen in Figure 5.7 thia gre overlap of resonances
of 22U and?!°Pu at 20.9 eV/20.45 eV, and 66 eV/66.2 eV respectively, astiorad in
Hébert 2005. Figure 5.8 shows the cross section variatii*Bfi and**°Pu. It can be seen
that there are overlap of resonance$*®Pu anc?*’Pu at 41.66 eV/41.64 eV, 65.71 eV/66.65
eV respectively. It can be seen in Tables 5.6, 5.7 and 5.8 aththese energy groups the
deviation in capture rate with respect to MCNP5 gets dradgticeduced when 'RIB-CORR’

model is used.

In order to get an insight into the effect of self shieldingdats the following was done.
In the code DRAGON, the absorption rate is normalized to uanitg the corresponding flux
is used to obtain the fission rate and hencekthe This procedure masks the effect of self
shielding models, because the major contribution to change due to self shielding models
is brought about by change in absorption rate. To substarth& statement, we performed
a calculation without self shielding. It was observed tlmatthis lattice the nu-fission rate
change was about 3% and change in absorption rate was at¥uti3another exercise, we
artficially normalised the flux obtained from all the modelstat of a reference value, which
was chosen as 'RIB-CORR’. This was done with the basis that ondyrttudel predicted
the k., close to that of MCNP5. Using the normalization factors thgoaption rate and nu-
fission rate was calculated for all the groups and for all tbel@s. These values are provided
in Table 5.9. It can be observed that only in groups 2 and 3etisea change in absorption
rate and in group 4 for nu-fission rate. It can be noted thatm@®&M models are used
with 'LJ’ normalization, the maximum reduction in absorticate is observed for 'GSM1’,

followed by 'GSM2’ and 'GSMQO'. It was also noted that the fmsirate undergoes a change,
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i.e there is a large reduction in fission rate when GSML1 is waddLJ option, followed by
'GSMO’. But when 'LJ’ option is used with 'GSM2’, the fissionteincreases. This is the
reason, for increase i, when 'GSM2’ is used with 'LJ’ option. Thé,, also increases for
'GSMO’ and 'GSM1’, but the change is not appreciable, mauhlye to reduction in fission
rate being almost matched with reduction in absorption, rabeen 'LJ’ option is used with
'GSMOQ’ and 'GSM1’ models.

5.5 Conclusions

The high conversion light water reactor benchmark has bealysed at zero burnup
with all the self shielding models incorporated in DRAGON &fen4. It was noted that the
k~, obtained using various models showed a large deviation wheipared to MCNP5. The
largest deviation was observed for generalized Stamm’ttehwith Nordheim approxima-
tion and no Livolant Jeanpierre normalization. The leastat®n was observed when Ribon
extended self shielding model with mutual self shieldingr(elation) between individual
isotopes was used. In general, the models based on “subgppupach” perform better than
the models based on “equivalence in dilution”. Thgwas found to increase when the gen-
eralized Stamm’ler models are used with the use of Livoleanpierre normalization. The
correlation effects depends upon two factors - the rati¥ad and?*°Pu number densities
and the spectrum. For a hard spectrum, when the ratio of nud@nsities is of the order of
300, one has to consider mutual self shielding®t) and?*°Pu. The mutual shielding of
9Py and?‘°Pu also plays a role in improving the capture rate agd Correlation effects
are to be considered U, 23°Pu and?*°Pu together to obtain good results. When the spec-
trum gets softer, the correlation effects become less premi An important observation is
that the nu-fission rate reduces by a larger extent when gkeredt Stamm’ler model with
Nordheim model is used with Livolant-Jeanpierre normaiarain comparison to the other

two generalized Stamm’ler models.
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Figure 5.1 High conversion light water reactor lattice
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Table 5.1 Modified high conversion light water reactor benalk specifications

Region

Element

Fuel Rod

Fuel

U-235

6.194 E-05

U-238

2.058 E-02

Pu-239

1.367 E-03

Pu-240

6.009 E-04

Pu-241

2.418 E-04

Pu-242

1.844 E-04

O

4.608 E-02

Clad

Zr

3.702 E-02

Water

H

4.744 E-02

O

2.372 E-02

All nuclear densities are given in atoms per barn-cm

Parameter Hot Full Power
Fuel Temperature(K) 900
Cladding Temperature(K) 621
Coolant Temperature(K) 573.6
Fuel Pellet Radius (cm) 0.41
Cladding Outer Radius (cm) 0.475
Pin Pitch (cm) 1.2204
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Table 5.2 Optimization of quadrature parameter and tradkite

107

Quadrature Track density| koo Error in surface(%) Error in Volume(%)
(lines/cm)
11 10 1.107863 6.08 188
11 50 1.109851 1.26 25.4
11 100 1.111531 0.60 2.08
11 200 1.110766 0.20 1.6
21 10 1.107553 4.70 188
21 50 1.109835 0.40 25.4
21 100 1.111512 0.08 2.08
21 200 1.110831 0.26 1.6
31 10 1.107756 4.96 188
31 50 1.109794 0.32 25.4
31 100 1.111485 0.12 2.08
31 200 1.110733 0.08 1.6
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Table 5.3k, obtained using various self shielding models for HCLWR lattic

Model koo o K (pcm)
MCNP5 1.11763:0.00021 —
GSMO-NOLJ 1.104315 -1332
GSM1-NOLJ 1.103078 -1455
GSM2-NOLJ 1.104541 -1309

GSMO0-LJ 1.106426 -1120
GSM1-LJ 1.106784 -1085
GSM2-LJ 1.112906 -472
SUBG 1.111531 -610
RIB 1.112150 -548
RIB-CORR(A) 1.112107 -556
RIB-CORR(B) 1.113380 -425
RIB-CORR(C) 1.115766 -186
RIB-CORR(D) 1.117178 -45
RIB-CORR(E) 1.116325 -130

0 K = ko (MCNP5)+,,(model)

A - 238U and*’Pu
B - 2Pu and**°Pu
C - 28U and?**°Pu
D - 238U, 2%°Pu and?*°Pu
E - All elements



Table 5.4 Capture rate in resolved resonance group and morfisge in thermal group obtained using various self singld
models

Layer Capture rate Relative error with respect to MCNP5 (in %)
(cm3s71) A B C D E F G H I
(MCNP5)
1 | 4.1997E-0%#0.0500 | 21.33| 8.98 | 9.97 | 20.69| 539 | 6.16 | 3.18 | 3.08 | 1.65
2 4.8558E-0%+0.0500 | 10.06 | 584 | 6.02 | 9.27 | 3.83 | 3.31 | 1.70 | 1.41 | 0.28
3 6.4598E-0%0.0700 | -14.19| -3.27 | -3.40 | -1493| -141 | -1.78 | -0.21| -0.61| -1.17
4 1.1725E+06:-0.1100| -51.84| -13.51| -15.35| -52.30| -11.86| -13.45| -3.60| -3.19| -2.98

Layer Nu-fission rate Relative error with respect to MCNPS5 (in %)
(cm=3s71) A B C D E F G H [
(MCNP5)

1 6.7018E-0%0.0900 | -1.20| -0.99| -1.47 | -0.62| 0.53 | -0.26 | -0.45| -0.39| 0.15

2 9.1462E-0%0.0700 | -1.71| -1.51| -1.98| -1.13| 0.01 | -0.78| -0.97| -0.90| -0.37

3 1.1656E+06-0.0700| -1.82| -1.61| -2.08 | -1.24| -0.10| -0.89| -1.07| -1.01| -0.47

4 1.3662E+06-0.0800| -3.57 | -3.36 | -3.83| -3.00| -1.88| -2.66| -2.84| -2.77 | -2.25

* - Relative error
A - GSMO-NOLJ B -GSM1-NOLJ C-GSM2-NOLJ D - GSMO0-LJ E - GSM1-LJ
F-GSM2-LJ G-SUBG H-RIB I|-RIB-CORR

60T
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Table 5.5 Contribution (in %) to capture rate due to each ef¢mesach layer of fuel pin and
in each broad energy group obtained using 'RIB-CORR’ model

Layer [ Group| 2°U | 28U | 29pu| 20pu| 2Tpu | 22py
1 0.3 | 90.8| 3.8 3.2 1.0 0.9

1 2 05 |789| 125 | 5.2 1.6 1.3
3 1.2 | 521| 279 | 99 6.0 2.8

4 02| 34| 324 | 500| 35 | 104

1 0.3 |1 90.8| 3.8 3.2 1.0 0.9

2 2 05 |793| 122 | 51 1.6 1.2
3 1.1 | 55.8| 25.8| 94 5.4 2.5

4 02| 29| 341|496 | 35 9.7

1 0.3 |190.8| 3.8 3.2 1.0 0.9

3 2 05 |798| 120 | 5.0 1.5 1.2
3 09 | 64.7| 205 | 7.7 4.2 19

4 02| 22| 306 | 5.0 30 7.9

1 0.3 1908 3.8 3.2 1.0 0.9

4 2 05801 118 | 4.9 1.5 1.2
3 05 |79.7| 118 | 45 24 11

4 01| 16 | 234 | 670 | 2.2 5.7




Table 5.6 Capture rate #i®U in resolved resonance group obtained using various sielidihg models

Fine Group Capture rate Relative error with respect to MCNP5 (in %)
in resolved in»U(cm3s!) (L] A B C D E F G H I
resonance group (MCNP5)

1 1.13E-02+ 0.0037 | 1 | 66.91 | 36.92 | 23.79 | 66.17 | 33.79 | 18.64 | 11.71| 10.45| -1.64
2 2.66E-024+ 0.0028 67.46 | 41.57 | 35.46 | 64.91| 30.67| 194 | 296 | 3.78 | 4.6
1 1.60E-024+ 0.0037 | 2 | 23.01 | 15.5 8.9 2243 | 14.26 | 6.48 6.1 | 2.82 | -6.88
2 3.50E-02+ 0.0028 39.85| 30.33| 22.29| 37.3 | 24.23| 11.19| 3.01 | 2.38 | 3.32
1 3.00E-02+0.0039 | 3 | -32.9 | -15.9 | -11.02| -33.23| -14.71| -10.68| -3.11 | -3.37 | -8.02
2 6.69E-024+ 0.0032 -21.45| -5.94 | -6.48 | -23.06| -2.44 | -3.62 | 0.88 | -1.06 | 0.41
1 6.07E-02+ 0.0041 | 4 | -66.39| -9.71 | -8.52 | -66.56| -9.04 | -8.07 | -7.42 | -4.56 | -5.44
2 2.05E-01+ 0.0032 -73.5 | -32.85| -24.58| -74.07| -31.39| -22.09| -4.96 | -3.86 | -2.02

* - Relative error L - Layer in pin
1-6.7904E+01 eV - 5.5595E+01 eV;
2 - 2.2603E+01 eV - 1.9455E+01 eV
A - GSMO-NOLJ B -GSM1-NOLJ C - GSM2-NOLJ D - GSMO0-LJ
E-GSM1-LJ F-GSM2-LJ G-SUBG H-RIB |-RIB-CORR

11T



Table 5.7 Capture rate #i°Pu in resolved resonance group obtained using varioustseltling models

Fine Group Capture rate Relative error with respect to MCNP5 (in %)
in resolved in®Pu(cm3s™) [L| A B C D E F G H I
resonance group (MCNP5)

1 3.84E-03+0.0023 | 1 | 36.96| 30.08| 37.14| 36.37| 25.6 | 37.49| 36.43| 36.59| 14.37
2 1.10E-02+ 0.0031 12.48| 3.44 | 11.12| 11.92| 0.25 | 11.05| 10.28| 10.37| 2.08
1 4.17E-03+ 0.0021 | 2 | 30.77| 28.78| 32.32| 30.18| 26.76| 32.69| 32.51| 32.66| 10.43
2 1.20E-02+ 0.0028 556 | 358 | 759 | 502 | 199 | 7.66 | 7.58 | 7.66 | 0.47
1 4.62E-03+ 0.0021 | 3 | 20.95| 26.97| 22.46| 20.37| 27.95| 22.16| 24.48| 24.59| 4.13
2 1.29E-02+ 0.0029 039 | 984 | 45 | -0.14|10.64| 4.73 | 563 | 5.72 | -0.51
1 5.16E-03+0.0022 | 4 | 9.67 | 26.47| 15.63| 9.14 | 27.41| 16.07| 14.18| 14.27| -3.42
2 1.35E-02+ 0.0031 -3.22| 22.15| 4.86 | -3.74| 23.03| 5.86 | 3.66 | 3.76 | -1.87

E - GSM1-LJ F-GSM2-LJ G-SUBG H-RIB

* - Relative error L Layerin pin

1-6.7904E+01 eV - 5.5595E+01 eV,
2-4.5517E+01 eV - 4.0169E+01 eV
A - GSMO-NOLJ B -GSM1-NOLJ C - GSM2-NOLJ D - GSMO-LJ

3

| - RIB-CORR

AN’



Table 5.8 Capture rate ii°Pu in resolved resonance group obtained using varioustseltisng models

Fine Group Capture rate Relative error with respect to MCNPS5 (in %)
in resolved in2Pu(cm3s™) [L| A B C D E F G H I
resonance group (MCNP5)

1 2.37E-03+ 0.0054 | 1 | 83.95| 60.33| 74.14| 84.1 | 60.13| 74.16| 72.15| 70.94| -5.71
2 5.59E-03+ 0.0044 26.31| 12.57| 23.07| 26.18| 11.50| 23.05| 21.64| 21.48| 6.86
3 3.15E-03+ 0.0051 61.98| 54.03| 62.54| 64.18| 56.71| 70.01| 70.84| 70.95| 17.62
1 2.96E-03+ 0.0047 | 2 | 52.63| 46.21| 58.06| 52.71| 46.52| 58.33| 57.12| 57.08| -5.35
2 6.41E-03+ 0.0040 13.26| 10.02| 16.26| 13.12| 9.67 | 16.41| 16.38| 16.43| 4.31
3 3.95E-03+ 0.0044 42.11| 37.57| 42.64| 43.61| 40.17| 47.02| 47.72| 47.94| 8.05
1 3.74E-03+ 0.0046 | 3 | 24.16| 41.28| 38.65| 24.21| 42.42| 38.87| 38.74| 39.44| -8.18
2 7.16E-03+ 0.0041 3.50 | 16.86| 9.05 | 3.36 | 18.09| 9.00 | 12.29| 12.48| 2.45
3 4.91E-03+ 0.0042 22.63| 24.7 | 22.86| 23.64| 28.08| 26.56| 26.64| 26.82| -1.98
1 4.47E-03+0.0050 | 4 | 5.01 | 62.84| 20.12| 5.04 | 64.00| 21.19| 23.55| 24.64| -12.76
2 7.68E-03+ 0.0045 -2.57 | 37.34| 12.48| -2.71| 38.3 | 12.85| 9.03 | 9.32 | 0.56
3 5.86E-03+ 0.0043 6.50 | 21.74| 7.66 | 7.26 | 24.71| 11.73| 11.80| 11.93]| -10.03

E - GSM1-LJ F-GSM2-LJ G-SUBG H-RIB

* - Relative error L - Layerin pin

1-6.7904E+01 eV - 5.5595E+01 eV;
2-45517E+01 eV - 4.0169E+01 eV,
3-2.2603E+01 eV - 1.9455E+01 eV
A - GSMO-NOLJ B-GSM1-NOLJ C - GSM2-NOLJ D - GSMO0-LJ

| - RIB-CORR

€Tt



Table 5.9 Capture rate and nu-fission rate in four groups médaising various self shielding models

Model Capture rate Nu-fission rate
(cm—3s71) (cm3s71)
1 2 3 4 1 2 3 4

GSMO-NOLJ| 0.0803| 0.1167| 0.4217| 0.3905| 0.1911| 0.0823| 0.3917| 0.4489
GSM1-NOLJ| 0.0803| 0.1161| 0.4200| 0.3904| 0.1911| 0.0823| 0.3881| 0.4488
GSM2-NOLJ| 0.0803| 0.1161| 0.4234| 0.3905| 0.1911| 0.0823| 0.3931| 0.4489
GSMO0-LJ | 0.0803| 0.1164| 0.4183| 0.3905| 0.1911| 0.0823| 0.3899| 0.4489
GSM1-LJ | 0.0803| 0.1152| 0.4112| 0.3904| 0.1911| 0.0822| 0.3817| 0.4488
GSM2-LJ | 0.0803| 0.1152| 0.4166| 0.3905| 0.1911| 0.0822| 0.3935| 0.4489

SUBG 0.0803| 0.1169| 0.4164| 0.3905| 0.1911| 0.0823| 0.3935| 0.4489

RIB 0.0803| 0.1169| 0.4160| 0.3905| 0.1911| 0.0823| 0.3937| 0.4489
RIB-CORR | 0.0803| 0.1169| 0.4123| 0.3905| 0.1911| 0.0823| 0.3941| 0.4488

14
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CHAPTER 6

DEPLETING A CANDU-6 FUEL ASSEMBLY USING DETAILED BURNUP DATA

AND REACTIONWISE ENERGY RELEASE

Temporal behavior of reactor fuel assembly due to neutrgpogxre is an integral part
of lattice analysis. It is important to estimate the prodarcof actinides and fission products
as a function of burnup so as to decide the quality of fuel fiothier energy production. Itis
also important from the point of view of post irradiation bglor of fuel. The information
on heat production during and after irradiation helps iredatning the amount of time a fuel
assembly needs to be cooled before taking it up for storageposocessing. In the present
study we have considered the CANDU-6 fuel assembly as referaich is depicted in
Figure 3.1. Table 3.1 gives the isotopic composition of mal® and description of cell
geometry. For this analysis we used the number densitidgedfésh fuel provided in Table
3.3.

6.1 Computational scheme used for DRAGON analysis

A custom cross-section library in DRAGLIB format fidert 2004] (172 group) was
used by theLl B: module. The evaluated files for the elements chosen in tharjikare
based on recommendations from the WLUP. APOLLO type trangporection based on the
linearly anisotropic scattering cross sections was usethftotal and isotropic scattering
cross sections. This correction assumes that the micersiility principle is valid for
all energy groups. The geometry was tracked usingBK€ELT: module, using angular

guadrature parameter of 11 and track density of 50 linesmpdocboth self shielding and flux



116

calculations. One-twelfth symmetry was considered. Tkégin was divided into four layers
(50%, 30%, 15% and 5% by volume) based on the recommendatiads in Santamarina
2004. Six meshes were considered in the coolant and ten mestre considered in the
moderator. Single mesh was considered in all the other megi®utermost surface was
annularized and isotropic reflection was considerel$S: module i. e. Ribon extended
self shielding model (RIB) was used for performing self shigdcalculations. We used
the default options for th&dSM module to generate collision probabilities. In theU:
module, we used the option of criticality calculationghout leakage effects. Under the
EVQO module, we have considered the model where none of the fipstmlucts or actinides
saturate. We obtained the solution of the Bateman equatging tourth order Kaps-Rentrop
algorithm [Press 1994] without extrapolation of reactiates at the beginning and end of
burnup step. The Bateman equations are solved individuaidlgdch of four layers in each

fuel ring. We have considered a value of 31.9713 kW/kg for paveemalization.

6.2 Scope of study

In libraries generated under the auspices of WLUP, it is mestl that the energy for
normalization is calculated as a sum of fission energy mimugrimo energy, energy due to
capture and incident neutron energy. Power normalizai@erformed in most of the codes
using fission rate and associated energy (like that provid&f_UP). In the present study we
have attempted to perform power normalization more expfliconsidering decay energy and
with most of neutron induced reactions and their associatesigies. Three sets of studies
were carried out. In the first and second study we prepareddimplete burnup chain and
included energies from all reactions. In the first study pome@malization was done using
energy from fuel alone, henceforth referred to as 'MODEL¥thile we considered energy
from all mixtures in the lattice for the second study, heod#f referred to as 'GLOB'. In

the third study we considered the recommended energy véduesctinides from WLUP,
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henceforth referred to as 'MODEL-2'. The recommended enegjues were multiplied

with the fission rate and used for power normalization.

For sake of continuity, we will now briefly present certaimrfaulae that have been used
for the analysis. These formulae were already mentiondttictapter explaining the various

self shielding and burnup models in DRAGON Version 4. Powemadization is done as
Ap+D =D (6.1)

whereA¢ is the contribution due to neutron induced reactidnss the energy due to decay
process and is the power for normalization of fluxes. By considering deeagrgy as part
of normalization, one can analyze the behavior of fuel abbgand heat generated thereof

when it is cooled away from the reactor. In general,

MIX L NREAC

A¢ = Z Z Z Qxlm <0-x,lm¢> Nlm (62)

m=1 [=1 r=1

whereQ..., is energy associated with reactiorfor element/ of mixture m, while oy, iS

the microscopic cross section of eleméfar reactionr of mixturem and N, is the number
density of element of mixturem. (oy,;,,¢) represents summation of reaction rates over all
energy groups. 'NREAC’ represents the eleven types of reatiaken into consideration,
as mentioned beford. represents all the fission products and actinides considefgurnup
chain. MI1X represents the different mixtures in the study, which idekifuel, coolant,
clad, moderator, pressure tube, calandria tube and heliwer gas. In 'MODEL-1’ M1 X
includes only the fuel mixture, but in 'GLOB’ option it incled all the mixtures. In the
'MODEL-2’,

MIX L

A¢p = Z Z Q fim (Ot 1m®) Nim (6.3)

m=1 [=1

whereqQ) s, is energy recommended by WLUP, whilg,,,, is the microscopic fission cross
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section of actinides andy;,,, is the number density of actinides considered in burnupnchai

M1X represents only the fuel mixtures. The differencéjnis calculated as

Skioo = kios(MODEL — 2) — koo (MODEL — 1orGLOB) . (6.4)

The difference in relative contribution of pin in each risgdiefined as

AE, = (E,(MODEL —2) — E,(MODEL — 1)) x 100/E,(MODEL —1)  (6.5)

whereE,(MODEL — 2) andE,(MODEL — 1) is the contribution to power normalization
(in %) using 'MODEL-2" and '"MODEL-1’ respectively.

6.3 Numerical results

Figure 6.1 gives the variation i, as a function of burnup for the three sets of calcu-
lations. Figure 6.2 gives the variation ik, as a function of burnup for ' MODEL-2’ with
respect to 'MODEL-1" and 'GLOB’ option. It can be observed iig#re 6.2 thatAk,, with
respect to '’MODEL-1’ is positive throughout as a functionbofrnup, the maximum being
1.66 mk at 8 GWA/T, which is typically the discharge burnup@&NDU-6 fuel. When we
used the 'GLOB’ option thé\k, is still positive but lower compared to that using 'MODEL-
1’ with a maximum of 1.1 mk at 7 GWd/T. Figure 6.3 shows the \@rain normalized
flux as a function of burnup. Since the energy considered $srdin reaction rate is higher
(MODEL-2), the flux to produce the normalized power is lawés a result, the depletion
happens at a slower rate compared to the '"MODEL-1'. As a fanadf burnup the differ-
ence reduces and there is a crossover close to 20 GWd/T withhdlaX MODEL-1". Similar
such observation is made for 'GLOB’ option, but the cross avigh normalized flux from

'"MODEL-2’ occurs much earlier at 13 GWd/T. This seems to iatiicfor CANDU analysis,
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the 'MODEL-2’ data somewhat over estimates the energy predult may be due to consid-
eration of PWR spectrum to quantify the energy, while in trespnt case it is a heavy water
reactor spectrum. It will be interesting to see the effe¢hefdifferent approaches on a PWR

lattice.

In most of the reactor codes, power normalization is mainlysdusing energy from fuel
alone. Hence in subsequent discussions, we have attengpéglain the effect of explicit
treatment of energy channels on burnup behavior takingdotsideration the '"MODEL-1'.
Figures 6.4, 6.5 and 6.6 gives the variation with burnup @frgy contribution from(n, f),
(n,7), (n,2n). It can be observed from Figure 6.4 that the contributioriroff) towards
power normalization varies from 97.1% at zero burnup to %ba& 8 GWd/T, while the
contribution by energy fronin, ) reaction varies from 2.92% at zero burnup to 4.72%, as
seen in Figure 6.5. A small contribution oy, 2n) reaction was observed in Figure 6.6 and
it varies from —0.006% to —0.008%. Contributions from other reactions were observed
to be very low, as most of them have a high threshold, and tihebeu of such neutrons
available in a thermal reactor is low. It would neverthelessnteresting to apply this model
for intermediate or fast spectrum lattices and evaluatetmribution from these threshold
reactions. Figures 6.7 and 6.8 shows the variation in dauttdn to power normalization
due to(n, f) and(n,~) respectively from actinides lik&°U, 238U, °Pu, and**'Pu. The
contribution from?**U varies from 92.6% at zero burnup to 25% at 8 GWd/T, while itagr
from 4.5% to 5.8% for33U. The contribution front*’Pu increases as a function of burnup
and is close to 57% at 8 GWd/T while it is close to 7.2% fréPu. It can be observed in
Figure 6.8 that maximum contribution due (te, v) reaction towards power normalizations
is from 238U, which is around 2.4%. Figure 6.9 shows the contributiomaials power nor-
malization from a representative pin from each fuel ring @ANDU-6 cluster. It is close to
2.1% for the central pin, 2.2% for pin in second ring, 2.5%gr in the third ring and 3.1%
for pin in the outermost ring. Figure 6.10 shows the relatioatribution of pin in each ring

towards power normalization between 'MODEL-1’ and 'MODEL-It can be seen in Figure
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6.10 that energy contribution from outermost ring is unpiedicted when one considers no

explicit break up in energy contribution, while it is overegicted in the other three rings.

6.4 Conclusions

A burnup analysis of CANDU-6 has been performed using DRAGOKga4. We
have for the first time attempted to use detailed energyibligion from individual reactions
towards power normalization. We observe that theis over-predicted as a function of
burnup when one considers energy recommended by WLUP forrpoovenalization. The
maximum deviation with respect to '’MODEL-1’" being 1.6 mk g#pical discharge burnup
for CANDU-6, 8 GWA/T, and 1.1 mk with respect to 'GLOB’ option aGWd/T. We have
estimated the contribution due to individual reactionsamg power normalization. We ob-
serve at discharge burnup that 95.3% of energy contributtomes due to fission reaction,
while 4.7% is due to capture, of which 0.8% is from fission prtd. There are no pseudo

fission products in the burnup chain.
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CHAPTER 7

DEPLETION OF A PWR THORIUM PINCELL USING DETAILED BURNUP
DATA AND REACTIONWISE ENERGY RELEASE USING DRAGON AND

VALIDATION WITH MONTEBURNS

Nuclear energy is being seriously considered as one of ttestsaptions for future
large scale energy production, owing to its minimal conifitn to greenhouse emissions.
Present nuclear reactors are fueled mainly by uranium angitous compounds, which in-
clude uranium oxide like for PWRs, CANDU and uranium carbidehi@ torm of TRISO
particles for high temperature reactors. Lots of studiedbaing performed with MOX fuels,
which include utilization of reactor grade and weapon graldéonium along with uranium
fuels. There is always a constant fear of proliferation @&sthnuclear materials and there
is a focus for fuel that can be proliferation resistant. Tinorfuel is thus gaining popular-
ity and will become a necessary part of nuclear energy ptoziycowing to the dwindling
uranium resources. Research on thorium fuel and its ultinsgeas reactor fuel is gaining
grounds in countries like India, where new reactor conceased on thorium are being stud-
ied/constructed. We have thus chosen the PWR pincell for oalysis, in order to study
the effect of detailed burnup data and reactionwise enaigyase incorporated in DRAGON

Version4 for fuels based on thorium.

In this chapter we will present the burnup dependent bebawba typical PWR tho-
rium pincell. 1t is a pincell excised from a standard 17x1id pssembly typical of large
Westinghouse PWRs. This pincell benchmark was analyse@egthao 2000] using codes

MOCUP (MCNP4B+ORIGEN2) and CASMO-4. Eigenvalue and isotope eotrations
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were compared up to a very high burnup.

7.1 Computational scheme used for DRAGON analysis

In the LI B. module, we used library based on DRAGLIB format which incldide
total of 178 nuclides (25 actinides, 150 fission products&stiuctural elements). The eval-
uated nuclear data files for all the elements were chosenebdahis of recommendations
from WLUP [Leszczynski 2003]. Under tteEQO module we considered the square pincell
with mirror reflective boundary condition on all surfacefielgeometry was tracked with an
angular quadrature parameter of 11 and track density ofr&3 Iper cm, which was found
adequate. For the self shielding calculation, the coola# mot split into fine regions, while
we considered ten regions in the coolant for flux calculatidfe considered only one ring
in the fuel. The tracking of the geometry was performed usite=EXCELT: module. The
APOLLO type transport correction based on the linearly@tnigic scattering cross sections
was used for the total and isotropic scattering cross setidd/e have used the 'SUBG’ key-
word to generate physical probability tables using tempeeanterpolated cross section as
input. The intermediate resonance treatment of usingsttati model up to 81 groups and
wide resonance model beyond was used. We used3$8e module to perform self shield-
ing calculations, which is the subgroup approach using iphl/probability tables. We used
the default options iMSM module for generation of collision probabilities. In tReU:
module, we used the option of criticality calculatiom@houtleakage effects. In thEVO
module we obtained the solution using thé drder Kaps-Rentrop algorithm. We didn’t
consider linear extrapolation of the microscopic reactates in the solution of the burnup
equations. Saturated number densities were calculateduticonsidering Dirac distribution
model. Power was normalized to 38.1347 KW/KgHM and fluxes vestenated to deplete

the fuel.
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7.2 Scope of study

Table 7.1 gives the isotopic composition of materials aratdption of cell geometry.
Figure 7.1 gives the pincell model used for the analysis. dépetion of PWR thorium pin-
cell was carried out in three different ways. The first way veadeplete the pincell using the
complete burnup chain and energies from all neutron indueactions, henceforth referred
to as 'MODEL-1'. In the second way we modified the library talurde energy per fission as
recommended by the WLUP. The energies of all other reactindg$a all elements was set
to zero. This energy together with fission rate will be usedfmver normalization and will
henceforth be referred to as 'MODEL-2’. The third way wasse the code MONTEBURNS
with modifications mentioned earlier and presented in Aplpew. The k.., number density
of important actinides and fission products obtained usiRpPBGON have been compared
with that obtained using the code MONTEBURNS.

7.3 Validation using MONTEBURNS

Four files are important for execution of MONTEBURNS. One s MCNP input file,
followed by MONTEBURNS input file which describes number ofter&ls to burn, power
for normalization, outer burn steps, inner burn steps betveach outer burn step and number
of predictor steps. The third file is the feed file which is usedescribe the burn steps and
also the material that is removed or fed into the system. ®heti file is the cross section
file that is used by MCNP for analyses. For our analyses we geateACE files using NJOY

99.90 for all the nuclides and have made a custom cross sdittiary.

One million neutron histories were used to obtainkhen MCNP5. For ORIGEN cal-
culations, we considered ten outer burnup steps and fonigr iburnup steps for each outer
burnup step. We used the option in MONTEBURNS to determinekthet intermediate
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steps too. We also considered the option of tracking all e&din products and actinides
which form part of the DRAGLIB library. An external library wgrovided with information
related to half lives of all nuclides, decay energy and eesrgorresponding to most neutron
induced reactions for each element. This file was used in thdifred MONTEBURNS rou-
tine to calculate the normalization factor to obtain fluxedeplete the fuel in code ORIGEN.
We have provided the value of 0.0001692 MW for power nornadilan, which was obtained
in the following way. The power density is 38.1347 KW/KgHM ati radius of the fuel
pellet is 0.41274 cm. The oxide density of fuel is 9.424 g/deerefore the power (in MW)
supplied to MONTEBURNS is evaluated as

Power =m x 0.41274x 0.41274x 9.424x 38.1347x le-6x 0.87974

=0.0001692 MW

where 0.87974 is the heavy metal fraction.

7.4 Numerical results

Figure 7.2 gives the typical spectrum seen by PWR thoriumgliinit can be seen that
the peak of the Maxwellian spectrum is at about 0.067 eV. THlaps beyond the Maxwellian
is a typical 1/E shape with dips at major resonance’$’dh and?**U. Figure 7.3 shows the
variation ofk., as a function of burnup obtained using MODEL-1 and MONTEBURNS

can be seen that there is almost a linear faltinas a function of burnup. For the sake of



130

discussion we define a quantifyx” as

0K = [ky(state) — koo (ref)] . (7.1)

Equation 7.1 is used to calculate the deviatiotinwith respect to a reference. The
maximum difference ik, when MONTEBURNS is taken as reference, is of the order of 6
mk but reduces close to end of burnup, as seen in Figure 7elstéhdard deviation obtained
using MCNP5 is of the order of 50 pcm for all burnups. The zig mature of curve could
possibly be smoothened when one considers larger numbestofias. As each burnup step
takes a lot of time due to tracking of many fission productsactthides, we have restricted

the results to that obtained using one million histories.

Figure 7.4 also shows the variation & as a function of burnup, obtained using
'"MODEL-2’ as reference. It can be observed that &€ continuously decreases when one
considers explicit division of energies and respectivetiea rates as against combined en-
ergy and fission rate. Figure 7.5 shows the comparison of alaration flux obtained using
the two modes of power normalization and that obtained uSI@NTEBURNS. It can be
seen that the normalization flux obtained using 'MODEL-858lin between that of' MODEL-
1' and MONTEBURNS. Since the flux is higher when one consid®t®DEL-1’, there is

quicker depletion of fuel and hence lowey..

We next compared the number densities obtained using 'MODHI DRAGON and
MONTEBURNS. In order to justify the choice of nuclides thaede to be compared, we per-
formed a study to determine the contribution towards alismrpate due to fission products
and actinides, as a function of burnup. It can be observad ffgure 7.6 that the contri-

bution to absorption rate due to actinides reduces from 1@D%bout 79% at the end of
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burnup while the contribution to absorption rate due todisgroducts increases from zero
to about 21%. The major contributor to absorption rate ddes$ion products is fron®Xe
(94.81%),'*°Sm (2.48%) and”>Rh (1%), when fuel is relatively fresh. But as a function of
burnup, other fission products begin to contribute and thia wantributors at about 60,000
MWd/T are given in Table 7.2. The contribution to absorptiaterdue to the listed fission
products is about 91% of the total contribution due to alidisproducts. Similarly Table 7.3
gives the contribution due to the actinides at 60,000 MWdHe Tisted actinides contribute
almost 98% to the total absorption rate of actinides alonean be noted in general that the
number densities of fission products estimated by both thes<omatch quite well. Large
deviations are observed in prediction f6?Cs. For certain other elements lik# Sm and
150Sm, the deviation in prediction is about 10-15%. The reasorihfe large deviation can
be attributed to the fission product yields with respect #® ¢bnsidered isotopes and their
respective parents between ORIGEN and DRAGON. We didn’'t gdtié yields provided
in ORIGEN libraries, as we were considering it as referendetisn. It can be noted that
in general, the relative difference in estimation of majctirades by DRAGON with respect
to MONTEBURNS is within 5%. For certain minor actinides likENp the deviation in
estimation is slightly higher. The plutonium isotopesrstied by DRAGON is within 10%
with respect to MONTEBURNS. Figures 7.7 to 7.13 give the bprhahaviour of selected
nuclides obtained using DRAGON and MONTEBURNS. It can be oleskthat the burnup

dependent behaviour of important nuclides compares wellden the two codes.

Figures 7.14 to 7.19 give the power normalization contrdsutiue to different reactions
and nuclides, that are part of the burnup chain, obtainetyU3RAGON Version4. It can be
observed in Figure 7.14 that the contribution to power ndizagon is predominantly due
to (n, f) reaction and it varies from 97.5% to about 95% at about 60\@J/T. Figure
7.15 shows the contribution to power normalization duéitoy) reaction. The contribution
increases from 2.5% to about 5% at 60,000 MWd/T. The contdhub (n, ) reaction by
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fission products is about 1.3% at about 60,000 MWd/T. It isedtng to note that the energy
released pefn, ) reaction by fission products is about 6%, while for the ad#siit is about
4.7% at 60,000 MWA/T. Figure 7.16 shows that there is a smagltne contribution due
to (n,2n) reaction. It varies from -0.01% to -0.014%. Figure 7.17 gitlee contribution
to (n, f) reaction due to individual actinides. It can be noted thakimam contribution
is from 2¥U. However it reduces as a function of burnup as expecteds ititeresting to
note the contribution fror®**U, which increases to about 40% at 60,000 MWd/T. In fact the
contribution due t**U becomes more thai°U close to 47,000 MWd/T. The contribution
due to the fissile plutonium nuclidé¥Pu and*!Pu is close to about 26% at 60,000 MWd/T.
However it can be seen in Figure 7.18 that they) contribution from?*°Pu is higher than
that of 223U as a function of burnup. This is mainly due to more radiati@ptures ir¥*°Pu
when compared t&3U. Figure 7.19 compares the contribution(tg v) reaction due to the
two fertile element$*2Th and?38U. It is interesting to note that the ratio of number densitie
betweer?*>Th and®**U is almost four, but the ratio of contribution fe, v) reaction is only
two times. Table 7.4 compares the energy contribution tdgspower normalization obtained
from the two codes MONTEBURNS and DRAGON. It can be observettiigy match quite

well as a function of burnup.

7.5 Conclusions

Burnup behaviour of a typical PWR thorium pincell was carriatiusing code DRAGON
Version4. The power normalization was performed usinggasifrom all neutron induced
reactions. The results were validated with that obtain@dguslONTEBURNS. It was no-
ticed that thek., predicted by DRAGON was close to that obtained using MONTEBIGRN
The number densities was predicted within 5% for most of ttn@es. It can thus be
concluded that the burnup dependent behaviour of a PWR tharincell is modelled cor-

rectly by DRAGON visa-vis MONTEBURNS. It was also noted that when energies from
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all neutron induced reactions are considered, the deplefithe fuel was increased. Also,
the energies for power normalization corresponding todissiapture andn, 2n), obtained
using the two different codes DRAGON and MONTEBURNS matchegquiell.

Figure 7.1 PWR thorium pincell
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Table 7.1 Modified PWR thorium pincell benchmark specifiaaio

Parameter Hot Full Power
Fuel Temperature(K) 900
Power Density (KW/KgHM) 38.1347
Fuel Density (g/cr?) 9.424
Cladding Temperature(K) 621
Coolant Temperature(K) 573.6
Fuel Pellet Radius (cm) 0.41274
Cladding Inner Radius (mm 0.41896
Cladding Outer Radius (mnm])  0.47609
Pin Pitch (mm) 1.2626

Initial Compositions (at Hot Full Power Conditions)

Region | Nuclide | Weight Percent (%) Number Density
(atoms per barn-cm

Fuel Th-232 65.909 1.61215E-02
U-234 0.034 8.24518E-06
U-235 4.291 1.03615E-03
U-238 17.74 4.22957E-03
0-16 12.026 4.26835E-02
Cladding| Zirconium 100 4.31438E-02
Coolant H-1 11.19 4.71053E-02
0O-16 88.81 2.35662E-02

143
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Table 7.2 Comparison of number densities of fission produdi®,00 MWd/T

Element| ID No. | MONTEBURNS| C D
(in %) | (in %)
Kr83 | 360830| 6.7633E-06 | 1.01 | -0.9
Zr93 | 400930| 8.0984E-05 | 1.02 | -1.5
Mo95 | 420950 6.7942E-05 | 3.52 | 0.5
Tc99 |430990| 6.5316E-05 | 5.16 | -0.4
Rul0l | 441010/ 5.9176E-05 | 2.27 | -0.9
Rh103 | 451030| 2.2856E-05 | 7.25 | -1.9
Agl09 | 471090 3.2796E-06 | 1.18 | -9.0
Xel3l | 541310 2.5285E-05 | 7.21 | -4.7
Xel35 | 541350| 8.0444E-09 | 12.28| 5.3
Cs133 | 551330/ 6.8161E-05 | 7.3 | 3.0
Cs134 | 551340 1.0621E-05 | 1.16 | -5.7
Cs135 | 551350 2.8494E-05 | 1.43 | 93.2
Pri4l | 591410/ 7.6088E-05 | 1.09 | -1.5
Nd143 | 601430| 4.8694E-05 | 10.68| 4.0
Nd145 | 601450 4.1037E-05 | 3.71 | 1.7
Pm147 | 611470| 7.6699E-06 | 3.56 | -5.4
Sm147 | 621470| 4.3772E-06 | 1.19 | -3.9
Sm149 | 621490 7.6754E-08 | 3.17 | -10.7
Sm150 | 621500/ 1.3943E-05 | 1.61 | -15.3
Smi51 | 621510/ 4.8380E-07 | 2.83 | 5.0
Sm152 | 621520/ 3.9115E-06 | 3.4 | -0.2
Eul53 | 631530| 5.3098E-06 | 2.83 | 2.0
Eul54 | 631540 1.3427E-06 | 2.94 | 2.1
Eul55 | 631550 2.7624E-07 | 3.04 | 0.4

C - Conribution to absorption due to fission products (in %)
D - Relative deviation (in %) of DRAGON w.r.t MONTEBURNS
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Table 7.3 Comparison of number densities of actinides al0BOMWI/T

Element| ID No. | MONTEBURNS C D
(in %) | (in %)
Th232 | 902320 1.5363E-02 | 44.96| 0.0
Pa233 | 912330 1.9547E-05 1.24 15
U233 | 922330, 2.7622E-04 467 | 04
U234 | 922340| 5.2584E-05 278 | 14
U235 | 922350, 1.6577E-04 2.82 | 3.3
U236 | 922360, 1.4518E-04 2.80 | -34
U238 | 922380| 3.8988E-03 | 19.20| -0.3
Np237 | 932370| 1.7989E-05 2.03 | 16.3
Pu239 | 942390| 5.0168E-05 732 | 6.3
Pu240 | 942400 1.7782E-05 7.10 2.5
Pu241 | 942410 1.8277E-05 1.79 5.8
Pu242 | 942420, 1.0145E-05 1.03 | 35

C - Conribution to absorption due to actinides (in %)
D - Relative deviation (in %) of DRAGON w.r.t MONTEBURNS

Table 7.4 Comparison of energies for power normalizatiomiokd from MONTEBURNS
and DRAGON

Burnup MONTEBURNS DRAGON

(MWAIT) | (n, /)(%) | (1n,7)(%) | (, 2r)(%) | (1, F)(%) | (n,7)(%) | (1, 2n)(%)
114.40 97.29 2.72 -0.0091 97.47 2.54 -0.0089
3031.71 97.07 2.94 -0.0093 97.23 2.78 -0.0092
8122.69 96.84 3.17 -0.0097 96.89 3.12 -0.0098
14986.94| 96.56 3.45 -0.0105 96.69 3.32 -0.0102
25283.31| 96.17 3.84 -0.0110 96.32 3.69 -0.0109
35579.68| 95.80 4,22 -0.0117 95.89 412 -0.0117
44732.00, 95.46 455 -0.0123 95.56 4.45 -0.0123
55028.38| 95.12 4.90 -0.0127 95.24 4.77 -0.0129
66468.78| 94.75 5.26 -0.0134 94.87 5.15 -0.0135
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CHAPTER 8

GADOLINIUM PINCELL BURNUP BENCHMARK

This chapter will deal with the study of burnup behaviouradiglinium pincell. Gadolin-
ium is used in present day pressurized water reactors (PWRR)ipression of initial excess
reactivity. Gadolinium is composed of six naturally ocingrisotopes *%4Gd (2.1%),!°Gd
(14.8%)1°°Gd (20.6%)°"Gd (15.7%)!°5Gd (24.8%),°°Gd (21.8%) [Friedlander 1981]. Of
the six isotopes'®>Gd and'*"Gd play a very important role in suppression of reactivitg du
to very high thermal absorption cross sectiéi*Gd has a thermal absorption cross section
(0.0253 eV) of 61,000 barns whilé"Gd has 2,55,000 barns. Gadolinium is generally mixed
in a form compatible with that of the fuel. For eg. it is mixesl @d,O3;, when the fuel is
in oxide form. Since gadolinium has a very large absorpti@s€ section, the neutron mean
free path is extremely small. As a result, the gadoliniumpims like onion skin. It has
been recommended by Santamarina [Santamarina 2004] that FWR assembly contains
gadolinium pin, one has to consider eleven evolving comtenbnes with discrete steps. In
this chapter we discuss the various aspects of burnup kmirayi gadolinium pincell due to

choice of number of concentric rings in fuel and size of bprateps.

The benchmark analysed in this chapter is a hexagonal pwicd/WER type having
gadolinium oxide in uranium oxide [IAEA 1996]. The dimenssoof the pincell and compo-
sition are given in Table 8.1. The lattice analysed in thecherark is shown in Figure 8.1.
This benchmark is slightly modified from the original. Theteraemperature has been mod-
ified (575 K— 573.6 K) and clad temperature has been modified (668 K21 K). These
modifications were chosen to be consistent with the nuclata generated for analysis of
burnup benchmarks. Also theg() data for light water in the chosen evaluated datafile was

available at 573.6 K. It will be interesting to study the effef heat generated in the pincell,
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not only due to fission of**U but also due to heat generated due to capture of neutrons by
gadolinium isotopes. In this study, the gadolinium pintals been divided into single, four,
six and ten equal volume regions. Burnup steps varying fromlB0, 200, 250, 500 and
1000 MWd/T each has been considered. We have comparefd, thaumber densities of

155Gd, 157Gd, 2%°U, 239Pu,?*°Pu,?*'Pu, and*?Pu under the various situations.

The pincell that has been considered has an hexagonal alterFégure 8.2 gives
the typical spectrum in a gadolinium pin. It can be observed the peak of Maxwellian
spectrum is at 0.4 eV when compared to 0.06 eV when there iadaligium. This is mainly
due to high preferential absorption of thermal neutrons &gyoginium isotopes. As a result
the spectrum is hard and this will aid in increased productib®*’Pu and higher isotopes,

when?#U is part of fuel.

8.1 Computational scheme used for DRAGON analysis

IntheLl B: module we used library based on DRAGLIB format which includedtal
of 178 nuclides (25 actinides, 150 fission products and Z&tral elements). The evaluated
nuclear data files for all the elements were chosen on the lbhsecommendations from
WLUP [Leszczynski 2003]. Under théEQ: module we considered the hexagonal pincell
with isotropic reflective boundary condition on all surfac&he geometry was tracked with
an angular quadrature parameter of 11 and track density laié&®per cm, which was found
adequate. Only one region was considered in the coolanhfelding and flux calculation,
as there was minimal effect in estimation /of. The tracking of the geometry was per-
formed using th&EXCELT: module. The APOLLO type transport correction based on the
linearly anisotropic scattering cross sections was usethfototal and isotropic scattering
cross sections. We have used the 'SUBG’ keyword to generateiqath probability tables

using temperature interpolated cross section as input.intéemediate resonance treatment
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of using statistical model up to 81 groups and wide resonammdel beyond was used. We
used theUSS: module to perform self shielding calculations, which is gdbgroup ap-
proach using physical probability tables. We used the defgiions inASM module for
generation of collision probabilities. In tHe.U. module, we used the option of criticality
calculationswithout leakage effects. In thEVO module we obtained the solution using
the 4" order Kaps-Rentrop algorithm. We didn’t consider linearapolation of the micro-
scopic reaction rates in the solution of the burnup equatiSaturated number densities were
calculated without considering Dirac distribution modebwer was normalized to 15.04312

KW/KgHM and fluxes were estimated to deplete the fuel.

8.2 Effect of burnup step

In an earlier work [Yamamoto 1985], burnup behaviour of a BW#da containing
Gd rods was studied for various burnup steps. The latticysedwas & x 8 BWR lattice
with one Gd pin. It was mentioned in the paper that a burnypatt@00 MWdA/T initially and
with coarse burnup steps of 500 MWd/T beyond 1000 MWd/T wasidensd as reference.
The burnup behaviour of the BWR lattice will be primarily dietd by the uranium pins and
hence coarse irradiation steps has given good results. Bart witre considers a pincell having
fuel with Gd, it will be interesting to identify the burnupegts that needs to be considered.
In the present work, we have studied the effect of coarsdiatian steps on the burnup of
the gadolinium pincell at six irradiation steps of 50, 10002250, 500 and 1000 MWd/T
each. The flux calculations are performed at these stepstandar densities are updated. In
general, it is assumed that the one group cross sections @ddtopes in fuel do not change
much during the interval. Thé,, obtained due the choice of coarse irradiation steps are
shown in Figure 8.3. It can be observed that theincreases as a function of burnup up to

10,000 MWA/T. Beyond that it begins to fall. This is generalig property when gadolinium
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is present. Gadolinium suppresses initial excess regctind subsequently releases it when
it gets burnt. Itis interesting to note that eventhoughted in behaviour of, as a function

of burnup is similar for all the coarse irradiation stepgréhis a difference in values. It can

also be noted that when the irradiation steps become sralljifference reduces. For the

sake of discussion we define quantiti®®&” as

AK = [1/ks(state) — 1/ks(ref)] (8.1)

andé K

0K = [ko(state) — koo(ref)] . (8.2)

We have compared thA K (obtained using Equation 8.1) for various coarse burnup
steps and is shown in Figure 8.4. We have chosert thealues obtained using 50 MWd/T
step as our reference. It can be noticed from Figure 8.4 Heat\tK is maximum when
an irradiation step of 1000 MWd/T is choseA K goes on reducing when one considers
smaller coarse steps of irradiation. This is mainly due tlifa of assumption that the one
group reaction rates remain unchanged within the burnyp sées mentioned earlier, the
gadolinium cross sections are quite large and has to be eghdatrery short time intervals.

It can thus be concluded that when gadolinium is preseneafisembly, one has to consider

fine steps of irradiation and observe the burnup of the gaidoti pin.
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8.3 Effect of number of rings per pin

In a recent work [Matsumoto 2006], a study on depletion of PVE&emblies having
Gd has been carried out using lattice code PARAGON [Ouislou2@03]. The authors
have concluded that eight equal volume splitting model fds@; is acceptable in terms of
accuracy and computation time. This again was performetifarl 7 PWR assembly having
16 gadolinium rods and the recommendations are made forsenaly. As mentioned
before, in the present work we have focused on single gadoilipincell and studied the
effect of number of rings chosen within a pin on irradiaticghlviour. For this study we
considered a coarse irradiation step of 250 MWd/T. Figureg8&s the deviation of., as
a function of burnup when one, four, six and ten rings are ehagithin a pin. It can be
observed that thé., obtained for single ring per pin is higher than that when nrangs
are chosen. Figure 8.6 shows the variation\dt for the various rings chosen within fuel
pin, with the reference being 10 rings per pin. It can be oleskthat when single ring is
considered, thé&,, is higher up to 5000 MWd/T and becomes lower up to 12000 MWd/T.

This trend is observed for 4 rings and 6 rings per pin but theatien is lower.

Figure 8.7 shows the thermal absorption rate {¢sn!) as a function of number of
rings per pin at zero burnup. It can be observed that the #leabsorption increases as a
function of radius and is maximum towards the peripherysTtearly demonstrates the rim
effect and can be observed only when the pin is subdividedmmitltiple rings. The thermal
absorption rate at the periphery is more than three timeswée rings are considered as
against a single ring per pin. This also explains the eanleserved phenomenon of lower
k~, as a function of burnup when lesser number of rings are ceraidper pin. The lower

thermal absorption leads to slower depletion of gadolinium

Figure 8.8 shows the thermal absorption rate(¢sn') as a function of burnup up to

10,000 MWA/T, when ten rings per pin are considered. It canotieed that as a function of
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burnup, the peak absorption rate moves towards the ceiititee gadolinium gets completely
burnt. The thermal absorption rate peaks in the outermogtat zero burnup and in the
central ring at 6750 MWd/T. Figure 8.9 shows the thermal giigmr rate (cm?s!) as a
function of burnup beyond 10,000 MWd/T. It can be observedt dftar 10,000 MWd/T, the
absorption rate increases as a function of burnup, in thermatst ring and decreases in the

innermost ring.

Figure 8.10 shows the resonance absorption rate{gm) as a function of number of
rings per pin at zero burnup. It can be observed that in thiplpeny, the ratio of absorption
rate when ten rings are considered instead of a single riaasit 2.3. The resonance ab-
sorption rate clearly shows the rim effect when one consitiar rings instead of single ring
within fuel pin with gadolinium. But unlike thermal absormmti rate, resonance absorption
rate doesn’t show moving boundary phenomenon with the teplef gadolinium, as shown
in Figure 8.11. Figure 8.12 shows the resonance absormiencnt3s~!) as a function of
burnup beyond 10,000 MWd/T. It can be observed that after0GDONOW/T, the absorption

rate increases as a function of burnup, in the outermost ring

8.4 Effect of gadolinium

A study was performed to assess the effect of gadolinium onupucharacteristics
of fuel pin. In the study we artificially set the concentratiof gadolinium isotopes to zero
and performed the burnup study with the same power nornti@lizas used for the pin with
gadolinium. It can be observed from Figure 8.13 thatithas about 1.18 at zero burnup and
reduces as a function of burnup. It can be seen that the baihggdolinium pin reaches a

maximum of 1.006 and then falls almost parallel to curve efftkel pin.
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8.5 Burnup of important actinides

Figures 8.14 to 8.18 show the change in concentration of itapbactinides as a func-
tion of burnup. It was calculated as the difference in nundesrsities at the end and begin-
ning of a burnup step. It can be seen that in the presence ofigiann, 23°U burnt slowly
when compared to burnup in the absence of Gd. It is integgstimote that the plutonium
isotopes form more rapidly in presence of Gd than its abseéltus is mainly due to the spec-
trum that gets harder in the presence of Gd, as seen in Figdrar@l it aids in conversion of

238U to 2%Pu and all the subsequent isotopes of plutonium.

8.6 Contribution due to different neutron induced reactions

Power normalization is performed usually with the fissiote r@nd the energy associ-
ated with it. In this analysis, we have considered power adimation due to eleven neu-
tron induced reactions and their corresponding energidgsey Bre(n,v), (n, f), (n,2n),
(n,3n), (n,4n), (n, ), (n,p), (n,2a), (n,np), (n,d), (n,t). A power normalization value
of 15.04132 W/g has been considered. Figure 8.19 shows #habtitribution to power nor-
malization due to energy from fission is almost 73% initialyd increases to 95% close to
9500 MWd/T. Almost 27% contribution towards power normdiiza comes due to energy
from (n, ) reaction, as shown in Figure 8.20. Itis interesting to nbé&t this value continu-
ously decreases and reaches a saturation value of aboutyaf#cb@500 MWd/T. It can also
be noted from Figure 8.20 that an initial contribution of ab®1% due to energy frormn, )

reaction, is from elements other than the actinides.

The actinide contribution to power normalization due torggdrom (n,~y) reaction,
is about 5.6%. The contribution to power normalization duerergy from(n, ) reaction

from elements other than actinides reduces to about 1% ble9660 MWd/T, whereas it
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is about 4% from actinides. It can be seen from Figure 8.2t.ttleamajor contribution to
(n,~) reaction from elements other than the actinides, is fféf®d and'>"Gd. Almost
15% contribution is from®’Gd while about 6% contribution is from>Gd. This contribtion
decreases as a function of burnup and becomes less than BaavaVd/T for*’Gd and
9500 MWd/T for1%°Gd. Other isotopes of gadolinium, i.€3*Gd,!*°Gd and!'*®*Gd also
contibutes towards power normalization dugt9~y) reaction. It can be seen from Figure
8.22 that the contribution due to even isotopes of gadatiniowards power normalization

due to(n, ) reaction is about 0.5% initially and reduces to 0.25% beyaseD MWd/t.

Figure 8.23 shows the contribution to power normalizatioe tb energy from fission
of major actinides. It can be seen that the major contributiomes from?3*U initially,
as expected. But the contribution frofffPu increases as a function of burnup and in fact
exceeds the contribution frof’U at about 4500 MWd/T and remains higher beyond. It is
interesting to observe that*U contributes about 25% to fission energy, which suggests tha
the lattice is highly undermoderated with large number aftrans still at higher energy. It
can also be noted that the value reaches a saturation of 8%ebeyond 10,000 MWd/T.
The contribution from fission of*'Pu increases upto 10% almost linearly as a function of
burnup. One important thing that is to be noted is that théofissnergy contribution from
235U shows points of inflexion at 6000 MWd/T (minimum) and 9500 MWdfmaximum).

Coincidentally, these two points correspond to the burnbtit’Gd and*>>Gd respectively.

Figure 8.24 shows the contribution from important actiside power normalization
due to energy fronin, ) reaction . It can be observed that the major contributiomamf
238U, as expected. It is about 5% in the beginning and reducesdostant value of about 2%
beyond 10,000 MWdA/T. This is again due to the presence of gadwi, which pumps the
neutrons into the resonances&UJ. Other thar(n, v) and(n, f), there is a small contribution
to power normalization fronfn, 2n) reaction. Figure 8.25 shows the contribution to power
normalization due tdn, 2n) reaction by all nuclides. The contribution is small, negatind

it increases as a function of burnup, as it is a thresholdtiacThe contribution changes
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from -0.04% to -0.012% as a function of burnup.

8.7 Effect of power normalization

In this section we will study the effect of performing powermalization using en-
ergies from all neutron induced reactions and their respectaction rates (MODEL-1")
vis-a-vis energy per fission and fission rate (MODEL-2’). As menéd in the earlier chap-
ter, for calculation using 'MODEL-2’, the library was modhtl to include energy per fission
as recommended by the WLUP. The energies of all other reactiod for all elements was

set to zero.

Figure 8.26 compares tlie, obtained for fuel pin with and without gadolinium, using
the two above mentioned models. Figure 8.27 shows the \ariaf 0 K (see Equation 8.2)
obtained with '"MODEL-2’ as reference. It can be seen thafdiet pin without gadolinium,
the § K decreases as a function of burnup. This indicates that wheruses '"MODEL-1’,
the depletion of fuel is faster and hence a lowgr. But when gadolinium becomes part
of the fuel pin, thed K" decreases drastically as a function of burnup. This phenarnan
be understood by having a look at the flux obtained for depiedifter power normalization
procedure. Figure 8.28 shows the normalization flux obthimken one considers the two
models of power normalization. It can be seen that the fluxishmhigher when one uses
'MODEL-2’. This is not the case for situations where therengs gadolinium in the fuel.
It was earlier noted in the context of depletion of PWR thorifural, that the flux obtained
during power normalization was lower when one considers DHD-2’ vis-a-vis 'MODEL-
1’ (see Figure 7.5). Butin the present case, the higher fluxinét when one uses 'MODEL-
2', leads to quicker and higher depletion of gadolinium apats, increased production of

9Py and hence a highét,. This can be seen in Figures 8.29 to 8.32. This result thus
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substantiates the need for use of energies from all neutdurced reactions for all elements

that are part of the fuel for power normalization.

8.8 Reference solution using MCNP5 at zero burnup

A reference solution with MCNP5 was obtained at zero burnupe filexagonal pin-
cell was studied using MCNP5 by tracking two million neutrastdries. Isotropic boundary
condition was applied on the six surfaces. Table 8.2 givextimparison of reference so-
lution obtained using MCNP5 and all the self shielding model®RAGON Version4. It
can be seen that/K with respect to MCNP5, obtained by all the models, is more 20&
pcm. Models based on subgroup approach and GSM2 with LJroptiow lower deviations
compared to other models. In Table 8.3, we have comparecg#ution rates corresponding
to fission and capture between MCNP5 and 'SUBG’ option in DRAG@Ban be seen that
the capture rate and fission rates are predicted well by DRAGESIon4. We plan to per-
form full burnup calculation using MONTEBURNS and providexg reference solution for

burnup calculations using 'SUBG’ model in DRAGON Version4.

8.9 Conclusions

Burnup dependent behaviour of gadolinium pincell has beedied using the code
DRAGON Version4. It was noted that one has to consider at teastings of equal volume
to obtain consistent behaviour as a function of burnup. Alse has to consider fine burnup
steps of the order of 50 MWA/T, till gadolinium gets complgtelirnt. Two different models
of power normalization was studied. It was noted that whesrgnfrom all neutron induced
reactions was considered for power normalization, thedepletes faster due to higher flux.

But when gadolinium is part of the fuel, this type of power nalization leads to slower
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burning of gadolinium due to lower flux. This lower flux was diweenergy contribution
towards power normalization by capture of neutrons by gadwh isotopes. This can be as
high as 21% at the start of burnup. It is therfore importamiétude in the library, the energy

released due to capture of neutrons by all the elements afapgpower normalization.

Figure 8.1 Sidorenko lattice
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Figure 8.17A%*!'Pu variation as a function of burnup for pin with and withoatiglinium
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Figure 8.29 Comparison 8f°Gd number density using two different models of power nor-
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Table 8.1 Modified Sidorenko benchmark specifications

Region| Element| Fuel Rod| BA Rod
Fuel | U-235 | 0.0004 | 0.0004
U-238 | 0.0208 | 0.0208

Gd-154 | - 0.0000279
Gd-155 | - 0.000192
Gd-156 | - 0.000266
Gd-157 | - 0.000203
Gd-158 0.000323

@) 0.0424 | 0.0424
Clad Zr 0.0423 | 0.0423
Water H 0.0482
@) 0.0241

All nuclear densities are given in atoms per barn-cm

Parameter Hot Full Power
Fuel Temperature(K) 900
Power Density (W/gHM) 15.04312
Power Density (W/cc) 126
Cladding Temperature(K) 621.1
Coolant Temperature(K) 573.6
Fuel Pellet Radius (cm) 0.386
Cladding Outer Radius (cm) 0.455
Pin Pitch (cm) 1.275

Table 8.2k, obtained using MCNP5 andlK (in pcm) with respect to MCNP5 obtained
using various self shielding models

koo 0K with respect to MCNP5
A B C D E F G H
0.2313@:0.00012| -350| -368 | -333 | -317 | -318 | -219 | -226 | -222

A - GSMO-NOLJ B -GSM1-NOLJ C - GSM2-NOLJ D - GSMO0-LJ
E - GSM1-LJ F-GSM2-LJ G-SUBG H-RIB




Table 8.3 Comparison of capture rate and fission rate (infsm) in resolved resonance and

thermal groups
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Group | Radius(cm) Capture rate Devn. Fission rate Devn.
(cm™s™) (%) (cm™s™) (%)

(MCNP5) (MCNP5)
1.2210E-01] 4.2013E-0%0.0020| 2.4 | 5.5260E-02-0.0015| -0.5
1.7260E-01] 4.2611E-0%#0.0018| 2.6 | 5.5462E-02-0.0013| -0.6
2.1140E-01] 4.3530E-0%0.0017| 2.2 | 5.5616E-020.0012| -0.6
2.4410E-01] 4.4588E-010.0016| 2.0 | 5.5924E-020.0012| -0.9
3 2.7290E-01] 4.5783E-0%0.0016| 2.0 | 5.6105E-020.0012| -1.0
2.9900E-01] 4.7379E-010.0015| 2.0 | 5.6320E-020.0011| -0.9
3.2300E-01] 4.9718E-0%0.0015| 2.0 | 5.6545E-020.0011| -1.0
3.4520E-01 5.3743E-0%0.0016| 1.5 | 5.6809E-02-0.0011| -1.1
3.6620E-01 6.2996E-0%#0.0018| 0.1 | 5.7166E-02-0.0011| -1.1
3.8600E-01 1.0725E+08-0.0022| -1.8 | 5.7706E-02-0.0010| -1.7
1.2210E-01] 5.4909E-0%#0.0024| -0.8 | 4.7119E-020.0017| -1.1
1.7260E-01] 5.8422E-0%#0.0020| -0.9 | 4.7974E-02-0.0015| -0.9
2.1140E-01] 6.2806E-010.0019| -1.2 | 4.9059E-020.0014| -1.1
2.4410E-01] 6.8291E-0%#0.0018| -1.3 | 5.0219E-020.0013| -1.2
4 2.7290E-01] 7.5484E-010.0017| -0.3 | 5.1579E-020.0012| -1.2
2.9900E-01] 8.5589E-01#0.0016| -1.4 | 5.3253E-020.0012| -0.9
3.2300E-01) 1.0097E+06-0.0016| -0.6 | 5.5341E-02-0.0011| -0.8
3.4520E-01] 1.2745E+06-0.0015| 0.1 | 5.8261E-020.0011| -1.1
3.6620E-01] 1.8517E+06-0.0015| -2.5 | 6.2972E-020.0010| -0.7
3.8600E-01 3.8726E+06:-0.0012| 1.2 | 7.4740E-02-0.0009| -1.2
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CONCLUSION

This research is primarily aimed at validating the advarsmfishielding and burnup
models incorporated in the advanced lattice code “DRAGONIed”. The advanced self
shielding models are based on two different approachesy dteemodels based on “equiv-
alence in dilution” and “subgroup approach”. Under the ‘igglence in dilution” approach,
we have studied Generalised Stamm’ler model, with and withtwrdheim model and Rie-
mann integration model. Under the “subgroup approach”, avelstudied two varieties based
on physical probability tables and mathematical probghitibles. Under the advanced bur-
nup model we have studied the power normalization usinggegefrom decay and from
most of the neutron induced reactions. The models have les&dtagainst a variety of lat-

tices which covers a broad spectrum of fuel, clad, coolasdénator and geometry.

NJOY99.90 was used for generation of cross section lilsdoethe elements included
in the benchmarks. Multigroup cross section library in 178up DRAGLIB format for
analysis using DRAGON and in ACE (aka “A Compact ENDF”) librarier analysis us-
ing MCNP5 were generated in house. A Python script was prdpargenerate the cross
section libraries. This script also includes the posgibiid verify the correctness of ACE
libraries generated based on a procedure recommended byté¢neational Atomic Energy
Agency (IAEA). The evaluated datafiles for the elements mlthrary were chosen based
on the recommendations of the IAEA co-ordinated researofegr on the WIMS Library
Update Project (WLUP). Detailed cross section informationthe total andP, scattering
reactions, i.e. “autolib data” is essential for certairf shielding models and was obtained

usingDRAGR module.

Five infinite lattice benchmarks were chosen for the analydihe lattices included
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CANDU-6, CANDU-New generation (CANDU-NG), PWR thorium pingajadolinium pin-
cell and high conversion light water reactor. The benchnsatldtions were provided using
Monte Carlo code MCNP5. We compared the infinite multiplicatiactor ¢..), capture
rate and nu-fission rate in four groups for validation of stlfelding models. In the case
of benchmarks to validate the burnup model, we comparedthewumber densities of im-
portant fission products and actinides. The validation ehbp model was performed us-
ing code MONTEBURNS, which link the codes MCNP5 and ORIGEN. Geiitateresting

trends have been observed during the analyses of thesesatti

In general it was observed that the self shielding modeledan “subgroup approach”
performed better in all situations in comparison to modatssal on “equivalence in dilution”.
The k., and reaction rates were predicted closer to MCNP5 by modskscban “subgroup
approach”. In some situations the generalized Stamm’letah@long with Nordheim model
and Riemann integration model predicted better than the models based on “subgroup ap-
proach”, but the capture rates were not predicted as web. sHfiety related parameters like
coolant void reactivity, fuel temperature coefficient, atdaty due to coolant tube ingres-
sion, pressure tube ingression were predicted well by nsdzbded on “subgroup approach”.
However all these values were lower than that predictedguBI€@NP5. It is thus impor-
tant to make note of the fact that safety related parametergenerally underpredicted by
DRAGON Version4. It was also noted that all the models base@quivalence in dilution”

uniformly performed better when one considered Livolagdnpierre normalization.

The subgroup approach based on mathematical probabbigstalso performs as good
as the subgroup approach based on physical probabilitggabut requires “autolib data”.
However in situations where the fuel comprises a high canaton of?34U, 22Pu and*‘’Pu,
one has to consider subgroup approach based on mathenpatibability tables along with

correlation model. Only this model is capable of considgmnmutual self shielding effects.
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It was observed that when the ratio of concentratiof*tl to 2*°Pu is of the order of 300
or below, the correlation effects begin to dominate. Theetation effect however begins to

fade with increase i, /V}.

For validation of burnup model, an important change was niadee code MONTE-
BURNS. This code was made capable of utilizing other thanggneer fission, energies also
from capture reaction ang, 2n) reaction, along with their respective reaction rates ireord
to perform power normalization. Earlier this code only hlag tapability to perform power

normalization using energy per fission and the fission rate.

The burnup model was tested by creating an alternate libvhigh included only mod-
ified fission energy for all the actinides which were part @& Burnup chain. This modified
fission energy for each actinide was including decay, fissiogrgy and capture energy, as
recommended by the WLUP. It was found during the benchmadieguhat when one con-
siders explicit treatment of reaction rates and their gpoading energies, the fuel depletion
was faster. This effect is reversed when one considers @eyother than actinide) that can
contribute to power normalization with energy releasedficapture of neutron. In our case
we have studied gadolinium, which is considered in burnabkorber rods for suppression
of initial excess reactivity in light water reactors. Irgstingly, when one considers explicit
treatment of energies and their corresponding reacti@sr#gte gadolinium burnt slowly and
fuel was found to be reactive beyond the burnup stage wherettier model predicted total

burnout of gadolinium.

The depletion behaviour of PWR thorium pincell using DRAGONswampared with
the model incorporated in MONTEBURNS. It was found thatthepredicted by DRAGON
was within 0.5% of the value estimated by MONTEBURNS. The nentdensities of the
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actinides matched well and was within 10%. Some of the fispraducts showed a large
deviation. This was mainly due to the different yields pd®d in the cross section libraries

that was supplied with ORIGEN code and that which was geng:rateouse.

Interesting trends were observed when gadolinium formsgdahe fuel pin. It is im-
portant to consider at least ten layers of equal volume withé fuel pin in order to simulate
onion peel like burnup behaviour. The burnup steps shoulastemall as possible (say) 50
MWd/T till the gadolinium gets completely burnt. When gadalm was used along with
uranium, it enhanced the production of plutonium isotogdéss is due to hardening of spec-

trum, which leads to increased supply of neutrons to thenasces of*3U.

We also obtained the contribution of each reaction towaosigep normalization. In sit-
uations where only actinides are present in the fuel, théribotion to power normalization
due to energy from fission is of the order of 95-96%, while thmaining is from capture.
In cases where gadolinium forms part of fuel, almost 25% @frgy contribution is due to
capture of neutrons by?>Gd and!'*"Gd. There is a small negative contribution to power
normalization due tdn, 2n) reaction. It is therefore important to introduce into thetide
codes, power normalization capability taking into consatien energy from fission, capture

and(n, 2n) reactions.
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SCOPE FOR FUTURE STUDIES

It was observed in CANDU-NG lattice that the bagic obtained even after using
advanced self shielding models was different from thatiobthusing MCNP5. It will be in-

teresting to propose a benchmark and obtain solutions i®ltatiice from other laboratories.

Almost all the benchmarks have been studied with the recardateons by Santama-
rina for use of four rings having volumes of 50%, 30%, 15% aa\v@thin fuel pin. It will
be interesting to study the dependence of choice of numbemgs and their respective vol-

umes within the fuel pin on the spectrum of lattice.

We have used a 172 group mesh throughout our calculationill Ib&vinteresting to
implement 281 SHEM (Santamarina-Hfaiedh Energy Mesh) igdila 2005] into GROUPR
and study the effects of self shielding models. If the 172igrmesh is used, the lower limit
of autolib data was fixed at 2.67 eV. It is exactly on the endrgyndary of resonance of
242py, As none of our benchmarks had a high concentratigf?Bii, the effect due to this
resonance was not observed. A benchmark with high condemtraf 242Pu, if studied, can

bring out the importance of choice of energy group struchalew 2.67 eV.

The self shielding models have not been tested for fastaedenchmarks. It will be

interesting to study the effect of choice of group structaréhe unresolved resonance group.

The depletion calculations have been performed under thergstion that the gamma
energy is deposited at its emission location. But in actuaésait may be transported at

another location in the lattice. It will be interesting tody the gamma transport ant its ef-



180

fect on power distribution. Also the depletion model neexlbd tested on an infinite lattice
of PWR/BWR fuel with many gadolinium rods. It will be interestitgstudy the depletion
behaviour of CANDU-NG lattice which has dysprosium in theteemvith the new burnup
model. Dysprosium, like gadolinium has a high absorptiassrsection and magnitude of
energy released by capture is as high as gadolinium. It Vgitl be interesting to study the

depletion behaviour of gadolinium when it is not mixed witieF.

We have used 150 fission products in the depletion chain.eTérer no pseudo fission
products. It was found during the studies, that the contiobuby many fission products
towards absorption was very negligible. It will be intenegtto provide a unique choice of
fission products that needs to be included as part of the titmplehain from reactivity con-
siderations. It will still be important to include as manysfan products and actinides from

the radio toxicity study point of view.

The fission yields provided in libraries supplied with cod@IGEN needs to be looked
into. In order to resolve the differences between DRAGON ar@NMEBURNS, a study
can be undertaken to artificially modify the fission yieldORIGEN to that which is used
in DRAGON.

It will be interesting to study the energy released from aadiated fuel, when it is kept
away from neutron field. It has also been modelled in MONTEBI$RSo a validation study

on the out of core cooling behaviour of fuel assemblies castiodied and compared.
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APPENDIX |

NUCLEAR DATA USED IN RESEARCH

Table 1.1 Temperature (in K) at which cross sections weregsad

ID Temperature (in K)

T1| 293.6, 323.6, 573.6

T2 | 345.7, 353.0, 560.7, 573.0

T3 | 293.6, 323.6, 573.6, 600.0, 841.3
900.0, 941.3, 960.0, 1041.3, 1100.0
T4 | 293.0, 300.0, 560.0, 600.0, 841.3
900.0, 941.3, 960.0, 1041.3, 1100.0
T5 | 353.0

T6 | 293.0, 300.0, 345.7, 353.0, 560.7
573.0, 600.0, 610.0, 621.1

Table 1.2 Dilutions (in barns) chosen for cross section getien

ID

Dilution (in barns)

D1

D2

D3

D4

D5

1.e10, 10000.0, 3549.18335, 1259.67004, 447.079956,
158.676849, 56.3173141, 19.9880447, 7.09412289, 2.3PB33
1.e10, 10000.0, 5957.50244, 3549.18335, 2114.42676,
1259.67004, 750.448669, 447.079956, 266.347961, 15849/6
94.5317612, 56.3173141, 33.5510521, 19.9880447, 1184078
7.09412289, 4.22632504, 2.51783395, 1.5

1.e10, 10000.0, 5957.50244, 3549.18335, 2114.42676,
1259.67004, 750.448669, 447.079956, 266.347961, 15848/6
94.5317612, 56.3173141, 33.5510521, 19.9880447, 118a078
7.09412289, 4.22632504

1.e10, 10000.0, 5957.50244, 3549.18335, 2114.42676,
1259.67004, 750.448669, 447.079956, 266.347961, 15849/6
94.5317612, 56.3173141, 33.5510521, 19.9880447, 118a078
7.09412289, 4.22632504, 2.51783395
1.e10, 10000.0, 3549.18335, 1259.67004,
447.079956, 158.676849, 56.3173141
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Table 1.3 Elements in the library without dilution

Element| ID Evaluation Temps.| Element ID Evaluation Temps.
H1 125 JEF2 T1 H1inH20 | 1 JEF2
H2 128 JEF2 T1 H2inD20 | 11 JEF2
He4 228 JENDL-3.2 T5 B10 525 | ENDF/B-VIR1 T2
B11 528 | ENDF/B-VI R8 T2 016 825 | ENDF/B-VI R8 T3
Cr50 | 2425| ENDF/B-VI R8 T2 Cr52 2431 | ENDF/B-VI R8 T2
Cr53 | 2434 | ENDF/B-VI R8 T2 Cr54 2437 | ENDF/B-VI R8 T2
Fe54 | 2625| ENDF/B-VI R8 T2 Fe56 2631 | ENDF/B-VI R8 T2
Fe57 | 2634 | ENDF/B-VI R8 T2 Fe58 2637 | ENDF/B-VI R8 T2
Ni58 | 2825| ENDF/B-VI R8 T2 Ni60 2831 | ENDF/B-VI R8 T2
Ni61 | 2834 | ENDF/B-VI R8 T2 Ni62 2837 | ENDF/B-VI R8 T2
Ni64 | 2843 | ENDF/B-VI R8 T2 Nb93 4125 | ENDF/B-VI R6 T2
Ge72 | 3231 | ENDF/B-VI RO T4 Ge73 3234 | ENDF/B-VI R2 T4
Ge74 | 3237 | ENDF/B-VI RO T4 Ge76 3243 | ENDF/B-VI RO T4
As75 | 3325| ENDF/B-VI RO T4 Se76 3431 | ENDF/B-VI RO T4
Se77 | 3434 | ENDF/B-VI RO T4 Se78 3437 | ENDF/B-VI RO T4
Se79 | 3440 JEFF-3.0 T4 Se80 3443 | ENDF/B-VI RO T4
Se82 | 3449 | ENDF/B-VI RO T4 Br79 3525 | ENDF/B-VI RO T4
Br81 | 3531 | ENDF/B-VI RO T4 Kr80 3631 | ENDF/B-VI RO T4
Kr82 | 3637 | ENDF/B-VI RO T4 Kr83 3640| JENDL-3.2 T4
Kr84 | 3643 | ENDF/B-VI RO T4 Kr85 3646 | ENDF/B-VI RO T4
Kr86 | 3649 | ENDF/B-VI RO T4 Rb85 3725 JEF2 T4
Rb87 | 3731 | ENDF/B-VI R8 T4 Sr86 3831 | ENDF/B-VI RO T4
Sr87 | 3834 | ENDF/B-VI RO T4 Sr88 3837 | ENDF/B-VI RO T4
Sr89 | 3840 JEFF-3.0 T4 Sr90 3843 JEFF-3.0 T4
Y89 3925 | ENDF/B-VI R4 T4 Y91l 3931 JEFF-3.0 T4
Zr90 | 4025| ENDF/B-VI R8 T4 Zr9l 4028 | ENDF/B-VI R8 T4
Zr92 | 4031 | ENDF/B-VI R8 T4 Zr93 4034 | ENDF/B-VI RO T4
Zr94 | 4037 | ENDF/B-VI R8 T4 Zr95 4040 | ENDF/B-VI RO T4
Zr96 | 4043 | ENDF/B-VI R8 T4 Nb94 4128 | ENDF/B-VI RO T4
Nb95 | 4131 JEF2 T4 Mo95 4234 | JENDL-3.2 T4
Mo96 | 4237 | ENDF/B-VI RO T4 Mo97 4240 | ENDF/B-VI RO T4
Tc99 | 4331 JENDL-3.2 T4 Ru99 4434 | ENDF/B-VI RO T4
Rul100 | 4437 | ENDF/B-VI RO T4 Rul0l1 | 4440| JENDL-3.2 T4
Rul02 | 4443 | ENDF/B-VI R2 T4 Rul03 | 4446| JENDL-3.2 T4
Rul04 | 4449 | ENDF/B-VI RO T4 Rul06 | 4455| JENDL-3.2 T4
Rh103 | 4525| JENDL-3.2 T4 Rh105 | 4531| JENDL-3.2 T4
Pd104 | 4631 | ENDF/B-VI R5 T4 Pd105 | 4634 | ENDF/B-VI R8 T4
continued, on next page
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Element| ID Evaluation Temps.| Element| ID Evaluation Temps.
Pd106 | 4637 | ENDF/B-VI R5 T4 Pd107 | 4640 | ENDF/B-VI RO T4
Pd108 | 4643 | ENDF/B-VI R5 T4 Pd110 | 4649 | ENDF/B-VI R5 T4
Agl109 | 4731| JENDL-3.2 T4 Cd111 | 4840 | ENDF/B-VI RO T4
Cdl112 | 4843 | ENDF/B-VIR4 | T4 Cd113 | 4846 | ENDF/B-VI RO T4
Cd114 | 4849 | ENDF/B-VIR4 | T4 Cd115m| 4852 JEF2 T4
Cd116 | 4855| ENDF/B-VIR4 | T4 In113 | 4925 | ENDF/B-VI RO T4
In115 | 4931| JENDL-3.2 T4 Sn115 | 5034 | ENDF/B-VI RO T4
Snl117 | 5040 | ENDF/B-VI RO T4 Sn118 | 5043 | ENDF/B-VI RO T4
Snl119 | 5046 | ENDF/B-VI RO T4 Snl121m| 5053 | ENDF/B-VI RO T4
Sn123 | 5058 JEFF-3.0 T4 Sn126 | 5067 | ENDF/B-VI RO T4
Sh121 | 5125| ENDF/B-VI R8 T4 Sb123 | 5131 | ENDF/B-VI R8 T4
Sb124 | 5134 JEFF-3.0 T4 Sb125 | 5137| JENDL-3.2 T4
Tel22 | 5231 JEF2 T4 Tel23 | 5234 JEF2 T4
Tel24 | 5237 JEF2 T4 Tel25 | 5240 JEF2 T4
Tel26 | 5243 JEF2 T4 Tel27m | 5247 | JENDL-3.2 T4
Tel28 | 5249 JEF2 T4 Tel29m | 5253 JEFF-3.0 T4
Tel30 | 5255 JEF2 T4 1127 5325 | ENDF/B-VI R2 T4

129 | 5331 | ENDF/B-VI RO T4 1135 5349 JEF2 T4

Xel28 | 5437 | ENDF/B-VI RO T4 Xel30 | 5443 | ENDF/B-VI RO T4
Xel3l | 5446| JENDL-3.2 T4 Xel32 | 5449 | ENDF/B-VI RO T4
Xel34 | 5455| JENDL-3.2 T4 Xel35 | 5458 | JENDL-3.2 T4
Xel36 | 5461| JENDL-3.2 T4 Cs133 | 5525 | ENDF/B-VI RO T4
Cs134 | 5528 | ENDF/B-VI RO T4 Cs135 | 5531 | ENDF/B-VI RO T4
Cs137 | 5537| JENDL-3.2 T4 Bal34 | 5637 | ENDF/B-VI RO T4
Bal35 | 5640 | ENDF/B-VI RO T4 Bal36 | 5643 | ENDF/B-VI RO T4
Bal37 | 5646 | ENDF/B-VI RO T4 Bal38 | 5649 | ENDF/B-VI R1 T4
Lal138 | 5725 JEFF-3.0 T4 Cel40 | 5837 | ENDF/B-VI RO T4
Cel41 | 5840 JEFF-3.0 T4 Cel42 | 5843 | ENDF/B-VI RO T4
Cel44 | 5849 JEFF-3.0 T4 Pri41 | 5925| ENDF/B-VI RO T4
Nd142 | 6025 | ENDF/B-VI RO T4 Nd143 | 6028 | JENDL-3.2 T4
Nd144 | 6031 | ENDF/B-VI RO T4 Nd145 | 6034| JENDL-3.2 T4
Nd146 | 6037 | ENDF/B-VI RO T4 Nd148 | 6043 | ENDF/B-VI RO T4
Nd150 | 6049 | ENDF/B-VI RO T4 Pmi147 | 6149 JENDL-3.2 T4
Pm148 | 6152| JENDL-3.2 T4 Pm148m| 6153 | ENDF/B-VI RO T4
Pm149 | 6155| JENDL-3.2 T4 Sm147 | 6234| JENDL-3.2 T4
Sm148 | 6237 JENDL-3.2 T4 Sm149 | 6240 | ENDF/B-VI RO T4
Sm150 | 6243| JENDL-3.2 T4 Sm151 | 6246| JENDL-3.2 T4
Sm152 | 6249 | JENDL-3.2 T4 Sm154 | 6255 | ENDF/B-VI RO T4
Eul51 | 6325| ENDF/B-VI RO T4 Eul52 | 6328| JENDL-3.2 T4

continued, on next page
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Element| ID Evaluation Temps.| Element| ID Evaluation Temps.
Eul53 | 6331 | ENDF/B-VI RO T4 Eul54 | 6334 | ENDF/B-VI RO T4
Eul55 | 6337 | ENDF/B-VI R1 T4 Th159 | 6525 | ENDF/B-VI RO T4
Tb160 | 6528 | ENDF/B-VI RO T4 Ho165 | 6725 | ENDF/B-VI R5 T4
Erl66 | 6837 | ENDF/B-VI RO T4 Erl67 | 6840 | ENDF/B-VI RO T4




Table 1.4 Elements in the library with dilution

Element| ID Evaluation | Temps.| Pot sctg| Dilutions
Zr0 4000 JENDL-3.2 T6 6.5144 D1
Gd152 | 6425| ENDF/B-VI R8 T4 5.8107 D1
Gd154 | 6431 JENDL-3.2 T4 7.6744 D1
Gd155 | 6434 JENDL-3.2 T4 5.7493 D1
Gd156 | 6437| JENDL-3.2 T4 7.9722 D1
Gd157 | 6440 JENDL-3.2 T4 4.1863 D1
Gd158 | 6443| JENDL-3.2 T4 5.3521 D1
Gd160 | 6449 JENDL-3.2 T4 5.8107 D1
Dyl160 | 6637 JEF2 T4 5.3896 D1
Dyl61 | 6640 JEF2 T4 5.4120 D1
Dyl162 | 6643 JEF2 T4 5.4347 D1
Dyl163 | 6646 JEF2 T4 5.4570 D1
Dyl64 | 6649 JEF2 T4 7.2936 D1
Th230 | 9034| JENDL-3.2 T4 8.7040 D1
Th232 | 9040| JENDL-3.2 T4 | 11.8699 D2
Pa231 | 9131| JENDL-3.2 T4 8.7266 D1
Pa233 | 9137| JENDL-3.2 T4 9.9950 D1
U232 | 9219, JENDL-3.2 T4 | 12.0687 D1
U233 | 9222 ENDF/B-VIRO| T4 | 12.2989 D1
U234 | 9225| JENDL-3.2 T4 12.0113 D1
U235 | 9228 | ENDF/B-VI R5 T4 11.6070 D2
U236 | 9231| JENDL-3.2 T4 11.2615 D1
U237 |9234| JENDL-3.2 T4 11.3949 D1
U238 | 2922 CENDL-2.6 T4 | 11.8237 D2
Np237 | 9346| ENDF/B-VIR1| T4 | 11.4369 D1
Np239 | 9352 | ENDF/B-VI RO T4 10.4979 D1
Pu238 | 9438| FOND-2.294 T4 | 10.9999 D2
Pu239 | 9439| FOND-2.294 T4 10.7600 D3
Pu240 | 9440 FOND-2.294 T4 9.2474 D2
Pu241 | 9441| FOND-2.294 T4 | 12.0000 D4
Pu242 | 9442| FOND-2.294 T4 | 10.5000 D2
Am241 | 9541| FOND-2.295 T4 11.0329 D2
Am242 | 9542 FOND-2.295 T4 11.4369 D1
Am242m| 9512| FOND-2.2 T4 | 11.7694 D5
Am243 | 9543| FOND-2.2 T4 | 10.6144 D1
Cm242 | 9631| JENDL-3.2 T4 10.7518 D5
Cm243 | 9634| JENDL-3.2 T4 | 12.2668 D5
Cm244 | 9637| JENDL-3.2 T4 14.2109 D5
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APPENDIX I

GROUP STRUCTURE FOR DRAGLIB

Table 1.1 French XMAS neutron energy group structure (i) eV

Group

Energy range (eV)

Group

Energy range (eV)

0O~NO O b~ WN

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

1.96403E+07 - 1.73325E+0
1.73325E+07 - 1.49182E+0
1.49182E+07 - 1.38403E+0Q
1.38403E+07 - 1.16183E+0
1.16183E+07 - 1.00000E+0
1.00000E+07 - 8.18731E+0
8.18731E+06 - 6.70320E+0
6.70320E+06 - 6.06531E+0
6.06531E+06 - 5.48812E+0
5.48812E+06 - 4.49329E+0
4.49329E+06 - 3.67879E+0
3.67879E+06 - 3.01194E+0
3.01194E+06 - 2.46597E+0
2.46597E+06 - 2.23130E+0
2.23130E+06 - 2.01896E+0
2.01896E+06 - 1.65299E+0
1.65299E+06 - 1.35335E+0
1.35335E+06 - 1.22456E+0
1.22456E+06 - 1.10803E+0
1.10803E+06 - 1.00259E+0
1.00259E+06 - 9.07180E+0Q
9.07180E+05 - 8.20850E+0
8.20850E+05 - 6.08101E+0
6.08101E+05 - 5.50232E+0
5.50232E+05 - 4.97871E+0
4.97871E+05 - 4.50492E+0
4.50492E+05 - 4.07622E+0
4.07622E+05 - 3.01974E+0
3.01974E+05 - 2.73237E+0
2.73237E+05 - 2.47235E+0
2.47235E+05 - 1.83156E+0

GQoOoTOoT O oOoTOoT T OoTOT 0T T OO0 OO OO OO O OO O NN

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62

1.83156E+05 - 1.22773E+0
1.22773E+05 - 1.11090E+0
1.11090E+05 - 8.22975E+0
8.22975E+04 - 6.73795E+0
6.73795E+04 - 5.51656E+0
5.51656E+04 - 4.08677E+0
4.08677E+04 - 3.69786E+0
3.69786E+04 - 2.92830E+0
2.92830E+04 - 2.73944E+0
2.73944E+04 - 2.47875E+0
2.47875E+04 - 1.66156E+0
1.66156E+04 - 1.50344E+0
1.50344E+04 - 1.11378E+0
1.11378E+04 - 9.11882E+0
9.11882E+03 - 7.46586E+0
7.46586E+03 - 5.53084E+0
5.53084E+03 - 5.00451E+0
5.00451E+03 - 3.52662E+0
3.52662E+03 - 3.35463E+0
3.35463E+03 - 2.24867E+0
2.24867E+03 - 2.03468E+0
2.03468E+03 - 1.50733E+0
1.50733E+03 - 1.43382E+0
1.43382E+03 - 1.23410E+0
1.23410E+03 - 1.01039E+0
1.01039E+03 - 9.14242E+0
9.14242E+02 - 7.48518E+0
7.48518E+02 - 6.77287E+0
6.77287E+02 - 4.53999E+0
4.53999E+02 - 3.71703E+0
3.71703E+02 - 3.04325E+0

continued, on next pag|
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continued, from previous pade

Group Energy range (eV) Group Energy range (eV)

63 | 3.04325E+02 - 2.03995E+02 102 | 2.13000E+00 - 2.10000E+0
64 | 2.03995E+02 - 1.48625E+02 103 | 2.10000E+00 - 2.02000E+0
65 | 1.48625E+02 - 1.36742E+02 104 | 2.02000E+00 - 1.93000E+0
66 | 1.36742E+02 - 9.16609E+01 105 | 1.93000E+00 - 1.84000E+0
67 | 9.16609E+01 - 7.56736E+01 106 | 1.84000E+00 - 1.75500E+0
68 | 7.56736E+01 - 6.79041E+01 107 | 1.75500E+00 - 1.67000E+0
69 | 6.79041E+01 - 5.55951E+01 108 | 1.67000E+00 - 1.59000E+0
70 | 5.55951E+01 - 5.15780E+01 109 | 1.59000E+00 - 1.50000E+0
71 | 5.15780E+01 - 4.82516E+01 110 | 1.50000E+00 - 1.47500E+0
72 | 4.82516E+01 - 4.55174E+01 111 | 1.47500E+00 - 1.44000E+0
73 | 4.55174E+01 - 4.01690E+01 112 | 1.44000E+00 - 1.37000E+0
74 | 4.01690E+01 - 3.72665E+01 113 | 1.37000E+00 - 1.33750E+0
75 | 3.72665E+01 - 3.37201E+01 114 | 1.33750E+00 - 1.30000E+0
76 | 3.37201E+01 - 3.05113E+01 115 | 1.30000E+00 - 1.23500E+0
77 | 3.05113E+01 - 2.76077E+01 116 | 1.23500E+00 - 1.17000E+0
78 | 2.76077E+01 - 2.49805E+01 117 | 1.17000E+00 - 1.15000E+0

80 | 2.26033E+01 - 1.94548E+01 119 | 1.12300E+00 - 1.11000E+0
81 | 1.94548E+01 - 1.59283E+01 120 | 1.11000E+00 - 1.09700E+0Q
82 | 1.59283E+01 - 1.37096E+01 121 | 1.09700E+00 - 1.07100E+0
83 | 1.37096E+01 - 1.12245E+01 122 | 1.07100E+00 - 1.04500E+0
84 | 1.12245E+01 - 9.90555E+00 123 | 1.04500E+00 - 1.03500E+0
85 | 9.90555E+00 - 9.18981E+00 124 | 1.03500E+00 - 1.02000E+0
86 | 9.18981E+00 - 8.31529E+00 125 | 1.02000E+00 - 9.96000E-0
87 | 8.31529E+00 - 7.52398E+00 126 | 9.96000E-01 - 9.86000E-0]
88 | 7.52398E+00 - 6.16012E+00 127 | 9.86000E-01 - 9.72000E-0]
89 | 6.16012E+00 - 5.34643E+00 128 | 9.72000E-01 - 9.50000E-01
90 | 5.34643E+00 - 5.04348E+00 129 | 9.50000E-01 - 9.30000E-01
91 | 5.04348E+00 - 4.12925E+00 130 | 9.30000E-01 - 9.10000E-01
92 | 4.12925E+00 - 4.00000E+00 131 | 9.10000E-01 - 8.60000E-01
93 | 4.00000E+00 - 3.38075E+00 132 | 8.60000E-01 - 8.50000E-0]
94 | 3.38075E+00 - 3.30000E+00 133 | 8.50000E-01 - 7.90000E-01
95 | 3.30000E+00 - 2.76792E+00 134 | 7.90000E-01 - 7.80000E-01
96 | 2.76792E+00 - 2.72000E+00 135 | 7.80000E-01 - 7.05000E-0]
97 | 2.72000E+00 - 2.60000E+00 136 | 7.05000E-01 - 6.25000E-0]
98 | 2.60000E+00 - 2.55000E+00 137 | 6.25000E-01 - 5.40000E-0]
99 | 2.55000E+00 - 2.36000E+00 138 | 5.40000E-01 - 5.00000E-01
100 | 2.36000E+00 - 2.13000E+00 139 | 5.00000E-01 - 4.85000E-0]
101 | 2.13000E+00 - 2.10000E+00 140 | 4.85000E-01 - 4.33000E-0]

OO0 00000000000 o0 o0 ocoorkrPFPPRPPPPPPPPEPEPEPEPPEPEPEDNDNDD

0
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79 | 2.49805E+01 - 2.26033E+01 118 | 1.15000E+00 - 1.12300E+00
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continued, from previous pade

Group Energy range (eV) Group Energy range (eV)
141 | 4.00000E-01 - 3.91000E-01 157 | 9.50000E-02 - 8.00000E-0
142 | 3.91000E-01 - 3.50000E-01 158 | 8.00000E-02 - 7.70000E-0
143 | 3.50000E-01 - 3.20000E-01 159 | 7.70000E-02 - 6.70000E-0
144 | 3.20000E-01 - 3.14500E-01 160 | 6.70000E-02 - 5.80000E-0
145 | 3.14500E-01 - 3.00000E-01 161 | 5.80000E-02 - 5.00000E-0
146 | 3.00000E-01 - 2.80000E-01 162 | 5.00000E-02 - 4.20000E-0
147 | 2.80000E-01 - 2.48000E-01 163 | 4.20000E-02 - 3.50000E-0
148 | 2.48000E-01 - 2.20000E-01 164 | 3.50000E-02 - 3.00000E-0
149 | 2.20000E-01 - 1.89000E-01 165 | 3.00000E-02 - 2.50000E-0
150 | 1.89000E-01 - 1.80000E-01 166 | 2.50000E-02 - 2.00000E-0
151 | 1.80000E-01 - 1.60000E-01 167 | 2.00000E-02 - 1.50000E-0
152 | 1.60000E-01 - 1.40000E-01 168 | 1.50000E-02 - 1.00000E-0
153 | 1.40000E-01 - 1.34000E-01 169 | 1.00000E-02 - 6.90000E-0
154 | 1.34000E-01 - 1.15000E-01 170 | 6.90000E-03 - 5.00000E-0
155 | 1.15000E-01 - 1.00000E-01 171 | 5.00000E-03 - 3.00000E-0
156 | 1.00000E-01 - 9.50000E-02 172 | 3.00000E-03 - 1.00001E-0

OO W WWNMNNNMNMNMNNMNNMNMNNNNDRN
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APPENDIX I

PYTHON SCRIPT TO GENERATE DRAGLIB AND ACELIB

This chapter will describe the procedure for generatiomadg section libraries in DRAGLIB
format and ACE format. DRAGLIB format libraries will be used flattice analysis using
the code DRAGON and ACE formatted libraries will be used fordhalysis using Monte
Carlo code MCNP5. Both the sets of libraries have been genestdeithg from the same
evaluated datafiles, that were recommended by the IAEA WIMSdry Update Project
(WLUP) [Leszczynski 2003]. A total of 200 nuclides have besedifor analysis in this
thesis. The libraries have been generated by using a Pythnim. SThe script is seen in Fig-
ure 1. The input for selected nuclides is presented in Figurenother interesting addition
to the script is to compare the generated ACELIB, with the PENHpIE generated by an al-
ternate procedure as recommended by IAEA [Trkov 2005]. fivislves regeneration of the
PENDF file from the ACELIB using a code package cakleitLsT. Modules from PREPRO
code system developed by Red Cullen are subsequently used enaluated data files and
PENDF tape is generated. The modules used &EAR, RECENT, SIGMAL. Subsequently
one can do a comparison of the two PENDF files ugsingy'PLOT, which is another important

module of PREPRO code system.

This chapter has three main sections. First section wi# gigeneral description of instance
variables and methods needed to generate the variousésrdarhne second section will de-
scribe the steps needed to generate DRAGLIB. The third seatlbdescribe the generation
of ACELIB and the final section will describe verification ofrggated ACE libraries by

procedure recommended by IAEA.
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PyNjoy Script

The generation of libraries has been made simple by the uBgthbn script. A complete
processing of an evaluated datafile is done by invoking mesdof NJOY through an object
oriented Python script. A unique class named PyNjoy coattiia various instance variables
and methods required to use NJOY in the simplest possible way modification of this

model is possible in order to accommodate various procgssiuirements.

PyNjoy instance variables

Python parameters used in the input are described in thi®sec

sel f. eval uat i onNanme - Name of directory where you want to store the draglib and
acelib files

sel f. | egendr e - Order of Legendre polynomials (=1 feINEAR anisotropy in LAB —
default)

sel f. nstr - Option for a particular group structure (=22 for the XMAS2Egroup struc-
ture)

sel f.iwt - Type of flux weighting inGROUPR(=1 for user-defined spectra; =3 foy £
weighting; =4 recommended/default)

sel f. wght - User-defined weighting spectrato be usesigf f . i wt = 1. Givenas'" " —
delimited string.

sel f. aut ol i b - Two-component tuple containing the energy limits of theolls (must
correspond to energy-group limits)

sel f. t enper at ur es - Value of temperatures at which the cross sections are gttker
sel f. hmat - Material name that is included in the DRAGLIB - User depernden

sel f. mat - mat number of nuclide under consideration



199

sel f. za - ZA number, mainly required for generation of S(alpha, petass section in
ACER

sel f. scat Name - Name of S{, ) cross section identifier for inclusion in xsdir

sel f. suf f - The suffix to be attached to nuclide in ACELIB - User dependent

sel f. eval uati onFi | e - Path of the evaluated datafile

sel f. scatt eri ngLaw- Path of file having thermal scattering data (defauNone)

sel f.scatteringMat - mat number in scattering data file

sel f. fi ssi on - Choice for including delayed neutron fission datamouPRmodule
sel f. ss - Two-component tuple containing energy limits in eV foreeering of punctual
(autolib) data

sel f. potential - Value of the potential cross section used in the flux catoulaf
GROUPR

sel f. di | uti ons Tuple containing the dilution values that need to be comsuiéor cal-
culation of resonance integrals and probability tables

sel f. di r Nane - Directory name to store data for independent verificatibAQELIB.
sel f. t enpace - Temperature at which ACELIB needs to be generated.

sel f. eFi ss - Fission energy in MeV. Used in cases where this value isvalable in the
evaluation.

sel f. branchi ngNG - Radiative capture isomeric branching ratio (defaullene). If
you use this value, don’t forget to reset itNone after the isotope is completed.

sel f. branchi ngN2N - N2N isomeric branching ratio (defaultione). If you use this

value, don’t forget to reset it thone after the isotope is completed.

PyNjoy methods

sel f. pendf () - To generate point ENDF file (to be used as starting point floother
data type generations including DRAGLIB, ACE, WIMSD etc., using moduleswODER,
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RECONR BROADR, PURR (if dilutions present)THERMR.

sel f. gendf () - To generate group ENDF file using the module3DER andGROUPR
sel f.draglib([fp]) - Togenerate a DRAGLIB file using the moduleeDER, DRAGR
and add/update the new isotopic data in the DRAGLIB filé.dE1, the scattering informa-
tion are stored as diagonal matrices in the DRAGLIB.

sel f. mat xs() - To generate an ascii MATXS file using the moduesDER andMATXSR.
sel f. makeFp() -callsel f. pendf(),sel f.gendf () andsel f.draglib (fp=1)
for a single fission product.

sel f. burnup() - Process burnup data for the complete library. An importidethat is
needed while generating the burnup data is named as “ckH)i($or e.g. if self is candu
then the file is namedhai ncandu. This file contains the information of energy from all
isotopes generated using singiRAGR runs. This file is now generated automatically.

sel f.acer () - To generate ACELIB using the modulesODER, RECONR BROADR,
PURR (if dilutions present)THERMR andACER.

sel f. conp() - To run the verification test using the moduleSELST, LINEAR, RECENT,

SIGMAL, FIXUP andCOMPLOT.

DRAGLIB Library Generation

The modules that will be used in the generation of DRAGLIBMO®ER, RECONR BROADR,
PURR (if dilutions present)THERMR, GROUPRandDRAGR. Figure 2.1 gives the flow chart
for generation of DRAGLIB formatted library. It is importatat identify the nuclides that are
needed to be included as part of library and correspondialyated datafiles from respective
data centres need to be compiled in a particular directohys Will help in cross verifica-
tion and assessment at any stage of library generation.idrséfction, specific examples of
elements will be provided to understand the nuances of DREGIbrary generation. The

examples will be such that all the reactor type materialsbelchosen. They are scattering
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material (heavy water), structural material (Zirconiurfigsion product (Xel35), Actinide
(U-235). A special example for burnup dependent data wslb dde provided. For isotopes
that have resonances and whose presence in fuel can altiéuxhe the energy region be-
tween 2.76792 eV and 1.66156e4 eV, cross sections are ¢ethataspecific dilution values.
The choice of dilution values is shown in Table I.2. The vdluepotential scattering cross
section is obtained using the Fortran caypt nf 2. f which is provided at IAEA website
“http://lwww-nds.iaea.org/wimsd/”. Using this code, ahé evaluated datafile for the partic-
ular element, one can obtain the valuedet f . pot ent i al . In general we cannot provide
more than ten temperature values and ten dilution valuesndfhas to generate cross sec-
tions for more than ten dilution values, it has to be spliska@wn in example for U-235. Af-
ter each $el f. dragr () ” run, one will obtain a file but _dr agl i b_el enent nane”.
Energy information is recovered from this ascii file by mettsel f . bur nup() and is
collected in a file namedchai n” + self.eval uati onNane (stored on directory
sel f. eval uati onNane). Sometimes, it is likely that fission energy is not provided
the tape. In that case one obtai®s???????” in the “out _dr agl i b_el enent nane”
file. In that case, one has to obtain the energy value from siher source (typically, from
another evaluation) and provide it using thel f . eFi ss instance variable, even if one

doesn’t use the tape for generation of multigroup data.

File 8 of ENDF evaluation contains half-lives, decay modiesay energies, and radiation
spectra for most isotopes. Information concerning the yle€géhe reaction products is also
given in this file. In addition, fission product yield data (M454 and 459) for fissionable

materials and spontaneous radioactive decay data (MT#d4b6#)e nucleus are included.

The File 8 is processed by moduleAGR. A large number of fission products are included in
the evaluated file for each element capable of undergoingfiisor example, in the fission
product yield data file included in ENDF/B-VI rel. 8, one carioe that there are information
of 1232 fission products for 0.0253 eV fission?$fU, 1247 fission products for 0.0253 eV

fission of?3°U etc. But the evaluations are not available for all the nadjcas most of them
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have very short half-lives and in the reactor context, cacdmsidered insignificant. They are
subsequently lumped by a procedure that is buib®RaGR. If there are nuclides with long
half lives, but are not available as evaluated files, a warisrprovided before lumping the
corresponding element. TIKRAGR user has the complete control over the lumping process.
DRAGR currently has no capability to produce pseudo fission produe, custom library
isotopes made from the combination of many minor ENDF fispimaucts. All the isotopes
missing in the chain’ + sel f. eval uati onNane file are tested against a lumping
criterion and are lumped. The criterion for lumping a dapkgtsotope is a half life less than
thirty days and a fission yield less than 0.01%. The lumpirg@ss incorporated DRAGR

is shown in Figure 111.1.

before lumping

E,
(n,f) E¢ (nf) EpYE,

Y
/ \Yz \Y,I +Y2
E
A — e

(n,y)\EY ()| EFEys
e
S e R

Figure 111.1 Lumping of isotopes IDRAGR

after lumping

Information on energies for various reaction types (ikey), (n, f), (n,2n), (n,3n), (n,4n),
(n,a), (n,p), (n,2a), (n,np), (n,d), (n,t) are recovered from earli®@RAGR single-isotope
calculations and used for inclusion in relevant depletiatadn DRAGLIB format. The
fission energy(n, f) is obtained from MF1 MT458 and the energy from delayed betas a
gammas are subtracted from it. Information regarding eesfgr other reactions are derived
by DRAGR from MF3. The corresponding MT numbers for the above meetioreactions
(other than(n, f) are 102, 16, 17, 37, 107, 103, 108, 28, 104, 105 respectiVelycomplete
information required to do the depletion calculations vted in ten specific records of the

DRAGLIB file. Appendix IV gives the energies correspondinghgutron induced reactions
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with elements which are part of the library.

Heavy water

Heavy water is used in CANDU reactors as moderator and coolaatit is important to
generate consistent data for efficient analysis of CANDUck$t The instance variables and
methods that will be used are

candu.hmat = "H2D20”

candu.temperatures = ( 293.6, 323.6, 573.6, )

candu.mat = 128

candu.evaluationFile = "/home/develop/Tripoli4/JEN2iI§ef2.neutron.H2.bcd”
candu.scatteringLaw = "/home/develop/Tripoli4/JEF2algef2.neutron.DD20.bcd.therm”
candu.scatteringMat = 11

candu.fission = None

candu.dilutions = None

candu.pendf()

candu.gendf()

candu.draglib()

Zirconium

Zirconium is used in CANDU reactors as cladding material alsd for pressure tube and
calandria tube. Zirconium has some resonances and as & oéshis it is important to
generate the cross sections of zirconium for certain difutialues. The instance variables
and methods that will be used are

candu.hmat = "Zr0”

candu.temperatures = ( 293.6, 323.6, 573.6, )
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candu.mat = 4000

candu.evaluationFile = "/home/karam/Njoy99/evaluatidatabase/jend|306.asc”
candu.fission = None

candu.ss = (2.76792, 1.66156e4)

candu.potential = 6.5144

candu.dilutions = ( 1.e10, 10000.0, 3549.18335, 1259.4,/8007.079956, 158.676849,
56.3173141, 19.9880447, 7.09412289, 2.51783395 )

candu.pendf()

candu.gendf()

candu.draglib()

Xel35

Xenon is a very important fission product in nuclear reactibiis very important to estimate
the number density of this nuclide as a function of burnugs Wll help in estimating reac-
tivity variations due to change in concentration of the el By using makeFp option, we
avoid generating scattering matrices in (NG X NG) formatevwehNG is number of groups.
We instead generate only the scattering matrices alongidigeial.

candu.hmat = "Xe135”

candu.temperatures = ( 293.6, 323.6, 573.6, )

candu.scatteringLaw = None

candu.legendre =0

candu.fission = None

candu.dilutions = None

candu.mat = 5458

candu.evaluationFile = "/home/karam/Njoy99/evaluatidatabase/jend|310.asc”

candu.makeFp()



205

U235

U-235 is one of the most prevalently used fissile materiakfogrgy production. In case of
CANDU reactors, natural uranium is used as fuel, where weBghtof U-235is 0.711.
candu.hmat = "U235”

candu.temperatures = ( 293.6, 323.6, 573.6, )

candu.mat = 9228

candu.evaluationFile = "/home/karam/Njoy99/evaluatidatabase/U-235"
candu.fission = 2

candu.ss = (2.76792, 1.22773e5)

candu.potential = 11.6070

candu.dilutions = ( 1.e10, 94.5317612, 56.3173141, 38531, 19.9880447,
11.9078817, 7.09412289, 4.22632504, 2.51783395, 1.5)

candu.pendf()

candu.gendf()

candu.draglib()

candu.dilutions = ( 1.e10, 10000.0, 5957.50244, 3549.383B14.42676, 1259.67004,
750.448669, 447.079956, 266.347961, 158.676849 )

candu.pendf()

candu.gendf()

candu.draglib()

Process burnup

It is important to identify the tapes provided by evaluatatsich contains information on
fission yields and decay chains. These files are provided asaned below, along with the

chain(self) file mentioned already.
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candu.fissionFile = "/home/karam/Njoy99/evaluationtdase/TAPE.107”
candu.decayFile = "/home/karam/Njoy99/evaluationgldase/ TAPE.106”

candu.burnup()

ACELIB Library Generation

The modules that will be used in the generation of ACELIBMG®DER, RECONR BROADR,
PURR(if dilutions present)THERMR andACER. Figure 3 gives the flow chart for generation
of ACE formatted library. In this section specific examples@ments will be provided to
understand the nuances of ACELIB library generation. Thenptes will be along the same
lines as that for DRAGLIB library generation, i.e scattermgterial (heavy water), structural
material (Zirconium), fission product (Xel135), Actinide-@35). The present script is such
that the ACELIBs are appended in a single file named “acecanutisaavailable in the same
directory as the draglib file. The other important file thajemerated is the “acexsdir”, which
contains the information about the nuclides for which tlessrsections are generated and the
temperature at which the ACELIB is generated. A small codebleas written-“append.f”,
which will read the file acecandu and acexsdir and create [th&nfiyxsdir”. This file has to

be appended to existing xsdir file provided with MCNP5 data ilhportant to provide suffix
values sel f . suf f ” for different temperatures. This will be automaticallypgmded to the
ZA value and written in main ACELIB and xsdir file. Care should destanot to repeat the
“.suff” value already used in xsdir file for other evaluatsorFor each temperature provide
different “sel f . di r Nanme” so that all the required data for comparison with PENDF tape
generated using PREPRO code is made possible. $aef*. conp() ” does the task of
verifying the ACELIBs generated, and is described in the nestisn. The example provided
here helps in generating ACELIB alone. In case a DRAGLIB fil@atsto be generated,

please refer to Figure 2.
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Heavy water

candu.hmat = "H2D20”

candu.temperatures = ( 293.6, 323.6, 573.6, )
candu.mat = 128

candu.za = 1002

candu.scatName = "hwtr”

candu.evaluationFile = "/home/develop/Tripoli4/JEN2I§ef2.neutron.H2.bcd”
candu.scatteringLaw = "/home/develop/Tripoli4/JEF2algef2.neutron.DD20.bcd.therm”
candu.scatteringMat = 11

candu.fission = None

candu.dilutions = None

candu.pendf()

candu.dirName = "D20-1"

candu.tempace = ( 293.6,)

candu.suff=0.20

candu.acer()

candu.comp()

candu.dirName = "D20-2"

candu.tempace = ( 323.6,)

candu.suff=0.21

candu.acer()

candu.comp()

candu.dirName = "D20-3” candu.tempace = ( 573.6,)
candu.suff=0.22

candu.acer()

candu.comp()
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Zirconium

candu.hmat = "Zr0”

candu.temperatures = ( 293.6, 323.6, 573.6, )

candu.mat = 4000

candu.za = 40000

candu.evaluationFile = "/home/karam/Njoy99/evaluatidatabase/jend|306.asc”
candu.fission = None

candu.dilutions = ( 1.e10, 10000.0, 3549.18335, 1259.4,/8687.079956,
158.676849, 56.3173141, 19.9880447, 7.09412289, 2.20B313
candu.pendf()

candu.dirName = "Zr-1"

candu.tempace = ( 293.6,)

candu.suff=0.20

candu.acer()

candu.comp()

candu.dirName = "Zr-2"

candu.tempace = ( 323.6,)

candu.suff=0.21

candu.acer()

candu.comp()

candu.dirName = "Zr-3”

candu.tempace = (573.6,)

candu.suff=0.22

candu.acer()

candu.comp()
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Xel35

candu.hmat = "Xe135”
candu.temperatures = ( 293.6, 323.6, 573.6, )
candu.scatteringLaw = None
candu.legendre =0
candu.fission = None
candu.dilutions = None
candu.mat = 5458

candu.za = 54135
candu.evaluationFile = "/home/karam/Njoy99/evaluatidatabase/jendl310.asc”
candu.makeFp()
candu.dirName = "Xe135-1"
candu.tempace = ( 293.6,)
candu.suff=0.20
candu.acer()

candu.comp()
candu.dirName = "Xe135-2"
candu.tempace = ( 323.6,)
candu.suff=0.21
candu.acer()

candu.comp()
candu.dirName = "Xe135-3"
candu.tempace = (573.6,)
candu.suff=0.22
candu.acer()

candu.comp()
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U235

candu.hmat = "U235”

candu.temperatures = ( 293.6, 323.6, 573.6, )

candu.mat = 9228

candu.za = 92235

candu.scatteringLaw = None

candu.legendre =0

candu.evaluationFile = "/home/karam/Njoy99/evaluadidiatabase/U-235"
candu.fission = 2

candu.dilutions = ( 1.e10, 10000.0, 5957.50244, 3549.383B14.42676,
1259.67004, 750.448669, 447.079956, 266.347961, 1584876
candu.dirName ="U235-1"

candu.tempace = ( 293.6,)

candu.suff=0.20

candu.acer()

candu.comp()

candu.dirName = "U235-2"

candu.tempace = ( 323.6,)

candu.suff=0.21

candu.acer()

candu.comp()

candu.dirName = "U235-3"

candu.tempace = (573.6,)

candu.suff=0.22

candu.acer()

candu.comp()
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Verification of ACELIB

Cross section processing verification is described in Trki®b2where the steps involved are
mentioned in detail. For the sake of completeness, we hasepted the discussion as part
of this chapter. The ACE (“A Compact ENDF”) libraries produdsdthe NJOY nuclear data
processing system, involves some data processing, whgsieptible to code errors. Itis
important to verify the ACELIB by comparing it with an indepmtly processed data set.
This may highlight possible errors due to linearization ated resonance reconstruction from
the resonance parameters included as part of the ENDF tagesomversion of data repre-
sentation for angular and energy distributions, whereiegiple. ENDF pre-processing codes
included as part of PREPRO code system is independent to NA@¥am be considered for

the data verification tasks

At the outset let us consider that the ACELIB has already beeegted. The flow chart that
needs to be subsequently followed for data verification isnater:

1. RunACELST to generate the ACELIB summary of contents and to convert #ta ds
much as possible into pointwise ENDF format.

2. Retrieve the basic evaluated nuclear data file from whietABE library was generated.

3. RUnLINEAR on the tested file to linearise any non-linear interpolaltzws.

4. RUNRECENT 0N the output oLINEAR to reconstruct cross sections from the resonance
parameters.

5. RunsiGMAL on the output oRECENTto Doppler-broaden the cross sections to the same
temperature that is specified in the ACELIB.

6. RunFixup on the output o6IGMA1 to reconstruct the redundant cross sections.

7. RuncompPLOTto compare the output @fCELST andSIGMAL.

Each of the tasks above serves a specific purpose and prawseés information. The
ACELST code is included in the SIGACE code package, which has beeriap®d to gener-

ate high temperature ACELIBs from already provided low terapee files for use in MCNP.
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This code provides a compact listing of the contents of the IABEwhich is useful when in-
sufficient information is provided on how the file was genedatThecoMPLOT comparison
of the ACELST andSIGMAL output can reveal any inconsistency in the redundantiozect
For example, the total cross section in theeL ST output from the ACELIB is given by the
sum of the partials, but isSIGMAL it is calculated directly from the total cross section. An
inconsistency in the resonance range might indicate tleantplied competitive widths in the
resonance parameters are inconsistent with the pointwiseinl file MF3 for the competing

reaction (usually the inelastic cross section).

The codes areINEAR, RECENT, SIGMAL, FIXUP, COMPLOT are provided free of cost at the
website “http://www-nds.iaea.org/ndspub/endf/preprdhe codeAcELST.f is included in
SIGACE code package, which can be downloaded from
“http://www-nds.iaea.org/fendl21/downloads/”. All thelerances are within 0.1% for data
generation using PREPRO. Itis important that this valueastme as that is used for PENDF
file generation to make DRAGLIB or ACELIB.

Figures I11.2 to 111.4 gives the comparison of plots obtainesingcoMpPLOT. It shows the
magnitude of difference between generated ACELIB and PEN&teated using PREPRO.
It was noted that the large difference in cross section isairiterface of resolved resonance

and unresolved resonance group. This is not a major caussoém though.
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Figure 111.3 COMPLOT - Elastic cross section 6fU
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APPENDIX IV

ENERGY FOR NORMALIZATION OF POWER IN BURNUP CALCULATIONS

Table IV.1 Energy(in MeV) from various neutron induced t&ats on respective elements

Element | Decay | (n,f) | (nyy) | (n,2n) | (n,3n) | (n,4n) | (@) | (n,p) | (n22) | (n,np) | (n,d) (n,¥)
H1(B) 0.00 | 0.00 | 2.22 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
(A) 0.00 | 0.00 | 2.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H1in H20 0.00 | 0.00 | 2.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 2.22 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
H2 0.00 | 0.00 | 6.26 | -2.22 | 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.26 -2.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H2in D20 0.00 | 0.00 | 6.26 -2.22 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.26 | -2.22 | 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
He4 0.00 | 0.00 | 0.00 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Be9 0.00 | 0.00 | 6.81 0.00 0.00 0.00 | -0.60 | -12.82 | 0.00 0.00 | -14.66 | -10.44
0.00 | 0.00 | 7.01 0.00 0.00 0.00 | -0.60 | -12.82 | 0.00 0.00 -4.40 | -10.44
B10 0.00 | 0.00 | 11.46 | 0.00 0.00 0.00 | 279 | 0.23 0.00 0.00 -4.36 0.00
0.00 | 0.00 | 11.46 | 0.00 0.00 0.00 2.79 0.43 0.00 0.00 -4.36 0.00
B11 0.00 | 0.00 | 3.37 | -11.45| 0.00 0.00 | -6.63 | -10.72 | 0.00 | -11.23 | 0.00 -9.56
0.00 | 0.00 | 3.37 | -11.45| 0.00 0.00 | 3.63 | -10.72 | 0.00 | -11.03 | 0.00 -9.56
016 0.00 | 0.00 | 4.14 | -15.66 | 0.00 0.00 | -2.21 | -9.64 | -12.86 | -12.13 | -9.90 | -14.48
0.00 | 0.00 | 4.14 | -15.66 | 0.00 0.00 | -2.21 | -2.38 | -12.86 | -12.13 | -9.90 | -14.48
Al27 0.00 | 0.00 | 7.72 | -13.06 | 0.00 0.00 | -3.13 | -1.83 0.00 0.00 -6.05 | -10.88
0.00 | 0.00 | 7.72 | -13.06 | 0.00 0.00 | -3.13 | -0.23 0.00 0.00 -6.05 | -10.88
Cr50 0.00 | 0.00 | 9.26 | -13.00 | 0.00 0.00 0.32 -0.26 0.00 -9.59 -7.36 0.00
0.00 | 0.00 | 9.26 | -13.00 | 0.00 0.00 | 0.32 | -0.26 0.00 -9.59 | -7.36 0.00
Cr52 0.00 | 0.00 | 7.94 | -12.04 | 0.00 0.00 | -1.21 | -3.19 0.00 | -10.51 | 0.00 0.00
0.00 | 0.00 | 7.94 | -12.04 | 0.00 0.00 | -1.21 | -0.68 0.00 -10.51 | 0.00 0.00
Cr53 0.00 | 0.00 | 9.72 -7.94 0.00 0.00 1.79 -2.64 0.00 -11.13 | 0.00 0.00
0.00 | 0.00 | 9.72 | -7.94 | 0.00 0.00 | 1.79 | -2.64 0.00 -8.62 0.00 0.00
Cr54 0.00 | 0.00 | 6.25 | -9.72 | 0.00 0.00 | -1.55| -6.21 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.25 -9.72 0.00 0.00 | -1.55| -6.21 0.00 0.00 0.00 0.00
Fe54 0.00 | 0.00 | 9.30 | -13.38 | 0.00 0.00 0.84 0.09 0.00 -8.85 -6.63 0.00
0.00 | 0.00 | 9.30 | -13.38 | 0.00 0.00 | 0.84 | 0.93 0.00 -8.85 | -6.62 0.00
Fe56 0.00 | 0.00 | 7.65 | -11.20 | 0.00 0.00 | 0.33 | -2.91 0.00 | -10.18 | -7.96 | -11.93
0.00 | 0.00| 7.65 | -11.20 | 0.00 0.00 0.33 -0.39 0.00 -10.18 | -7.96 | -11.09
Fe57 0.00 | 0.00 | 10.05| -7.65 0.00 0.00 2.40 -1.91 0.00 -10.56 | 0.00 0.00
0.00 | 0.00 | 10.05| -7.65 | 0.00 0.00 | 240 | -1.91 0.00 -8.04 0.00 0.00
Feb58 0.00 | 0.00 | 6.58 | -10.04 | 0.00 0.00 | -1.40 | -5.16 0.00 | -11.95| 0.00 0.00
0.00 | 0.00 | 6.58 | -10.04 | 0.00 0.00 | -1.40 | -5.16 0.00 -11.95 | 0.00 0.00
Ni58 0.00 | 0.00 | 9.00 | -12.20 | 0.00 0.00 2.90 0.40 0.00 -8.17 -5.95 0.00
0.00 | 0.00 | 9.00 | -9.97 | 0.00 0.00 | 2.90 1.41 0.00 -8.04 | -581 0.00
Ni60 0.00 | 0.00 | 7.82 | -11.39 | 0.00 0.00 | 1.36 | -2.04 0.00 -953 | -7.31 0.00
0.00 | 0.00 | 7.82 | -11.39 | 0.00 0.00 1.36 0.56 0.00 -9.53 -7.31 0.00
Ni61 0.00 | 0.00 | 10.60 | -7.82 0.00 0.00 3.58 -0.54 0.00 -9.86 0.00 0.00
0.00 | 0.00 | 10.60 | -7.82 | 0.00 0.00 | 3.58 | -0.54 0.00 -7.26 0.00 0.00
Ni62 0.00 | 0.00 | 6.84 | -10.60 | 0.00 0.00 | -0.44 | -4.46 0.00 | -11.14| -8.91 0.00
0.00 | 0.00 | 6.84 | -10.60 | 0.00 0.00 | -0.44 | -4.46 0.00 -11.14 | -8.91 0.00
Ni64 (B) 0.00 | 0.00 | 6.10 | -9.66 | 0.00 0.00 | -2.44 | -6.52 0.00 | -12.54 | -10.31 | 0.00
B-Before lumping  A-After lumping continued, on next page
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continued, from previous page

Element| Decay | (n,f) | (ny) | (n,2n) | (n,3n) | (n,4n) | () | (n,p) | (N2x) | (n,np) | (n,d) (n,t)
(A) 0.00 | 0.00 | 6.10 | -9.66 0.00 0.00 | -2.44 | -6.52 | 0.00 | -12.54 | -10.31 | 0.00
Ge72 0.00 | 0.00 | 6.78 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.78 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Ge73 0.00 | 0.00 | 10.20 | 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 10.20 | 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Ge74 0.00 | 0.00 | 6.51 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.96 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Ge76 0.00 | 0.00 | 6.07 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 7.99 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
As75 0.00 | 0.00 | 7.33 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 8.81 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Se76 0.00 | 0.00 | 7.42 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 7.42 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Se77 0.00 | 0.00 | 10.50 | 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 10.50 | 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Se78 0.00 | 0.00 | 6.98 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.98 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Se79 0.00 | 0.00 | 991 | -6.97 | -17.47| 0.00 | 295 | -142 | 0.00 | -10.47| -8.16 | -8.88
0.05 | 0.00| 991 | -6.97 | -17.47| 0.00 | 2.95 | -0.45 | 0.00 -7.89 | -5.59 | -8.65
Se80 0.00 | 0.00 | 6.70 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 7.32 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Se82 0.00 | 0.00 | 5.93 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 9.35 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Br79 0.00 | 0.00 | 7.88 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 8.68 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Brg1 0.00 | 0.00 | 7.60 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 10.38 | 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Kr80 0.00 | 0.00| 7.85 | -11.52 | 0.00 0.00 | 097 | -1.23 | 0.00 0.00 -6.89 | -11.32
0.00 | 0.00 | 7.87 | -11.24| 0.00 0.00 | 0.97 | -0.43 | 0.00 0.00 -6.89 | -11.32
Kr82 0.00 | 0.00 | 7.47 | -10.98 | 0.00 0.00 | 1.11 | -2.31 | 0.00 0.00 -7.77 | -11.59
0.00 | 0.00 | 7.47 | -10.96 | 0.00 0.00 | 1.11 | 0.48 0.00 0.00 -7.77 | -10.78
Kr83 0.00 | 0.00 | 10.52 | -7.47 | -18.43| 0.00 | 3.43 | -0.18 | 0.00 -9.78 | -7.47 | -8.88
0.00 | 0.00 | 10.52 | -7.47 | -18.41| 0.00 | 3.43 | 0.19 0.00 -7.00 | -4.69 | -8.88
Kr84 0.00 | 0.00 | 7.11 | -10.52| 0.00 0.00 | 1.17 | -3.92 | 0.00 0.00 -8.48 | -11.81
0.00 | 0.00 | 7.11 | -10.52| 0.00 0.00 | 1.79 | -0.93 | 0.00 0.00 -8.11 | -9.02
Kr85 0.00 | 0.00 | 9.98 0.00 0.00 0.00 | 1.76 | -2.02 | 0.00 0.00 -8.77 | -9.32
0.25 | 0.00 | 9.98 0.00 0.00 0.00 | 1.76 | -0.50 | 0.00 0.00 -5.79 | -8.95
Kr86 0.00 | 0.00 | 551 | -9.86 | -16.97 | 0.00 | 0.00 | -6.52 | 0.00 0.00 -9.66 | -12.41
0.00 | 0.00| 7.63 | -9.86 | -16.97 | 0.00 | 0.00 | -1.18 | 0.00 0.00 -8.14 | -9.42
Rb85 0.00 | 0.00 | 8.65 0.00 0.00 0.00 | 0.99 | 0.10 0.00 0.00 -4.79 | -9.05
0.00 | 0.00 | 9.41 0.00 0.00 0.00 | 3.77 | 0.10 0.00 0.00 -4.79 | -9.05
Rb87 0.00 | 0.00 | 6.08 | -9.92 0.00 0.00 | -1.21 | -3.11 | 0.00 -8.62 | -6.39 | -9.99
0.08 | 0.00 | 879 | -9.16 0.00 0.00 | 1.77 | -0.99 | 0.00 -8.62 | -6.39 | -9.99
Sr86 0.00 | 0.00 | 8.43 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 8.43 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Sr87 0.00 | 0.00 | 11.11 | 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 11.11 | 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Sr88 0.00 | 0.00 | 6.36 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.36 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
Sr89 0.00 | 0.00 | 7.71 0.00 0.00 0.00 | 2.71 | -3.70 | 0.00 0.00 -8.66 | -8.48
0.58 | 0.00| 7.71 0.00 0.00 0.00 | 2.71 | -0.61 | 0.00 0.00 -5.95 | -8.48
Sr90 0.00 | 0.00 | 5.96 0.00 0.00 0.00 | 042 | -558 | 0.00 0.00 -9.28 | -10.21
1.13 | 0.00 | 7.63 0.00 0.00 0.00 | 254 | -1.42 | 0.00 0.00 -6.19 | -7.50
Y89(B) | 0.00 | 0.00 | 6.86 | -11.47 | 0.00 0.00 | 0.69 | -0.71 | 0.00 -7.07 | -485 | -9.70
(A) 0.00 | 0.00 | 7.79 | -11.47| 0.00 0.00 | 145 | -0.71 | 0.00 -7.07 | -485 | -9.70
B-Before lumping  A-After lumping continued, on next page
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continued, from previous page

Element | Decay | (n,f) | (ny) | (n,2n) | (n,3n) | (n,4n) | (ne) | (n,p) | (N,2x) | (n,np) | (n,d) (n,¢)
Y91 0.00 | 0.00 | 6.50 0.00 0.00 0.00 1.90 | 0.00 0.00 0.00 | -5.48 | -7.02

0.61 | 0.00 | 8.19 0.00 0.00 0.00 | 4.61 | 0.00 0.00 0.00 | -5.48 | -7.02

Zr0 0.00 | 0.00 | 8.04 | -7.20 | -14.30 | 0.00 5.66 | -0.76 | 0.00 -8.36 | -6.05 | -7.09

0.00 | 0.00 | 8.04 | -7.20 | -14.30 | 0.00 5.66 | -0.76 | 0.00 -8.36 | -6.05 | -7.09

Zr90 0.00 | 0.00 | 7.98 | -11.99 | 0.00 0.00 1.74 | -1.51 | 0.00 0.00 0.00 0.00
0.00 | 0.00| 7.98 | -10.73| 0.00 0.00 1.74 | -0.58 | 0.00 0.00 0.00 0.00

Zr91 0.00 | 0.00 | 7.98 | -7.19 0.00 0.00 566 | -0.76 | 0.00 0.00 0.00 0.00
0.00 | 0.00| 7.98 | -7.19 0.00 0.00 | 5.66 | -0.76 | 0.00 0.00 0.00 0.00

Z2r92 0.00 | 0.00 | 7.98 | -8.64 0.00 0.00 | 3.39 | -2.84 | 0.00 0.00 0.00 0.00
0.00 | 0.00| 7.98 | -8.64 0.00 0.00 | 3.39 | -1.15 | 0.00 0.00 0.00 0.00

Zr93 0.00 | 0.00 | 8.19 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.05 | 0.00 | 8.19 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Zr94 0.00 | 0.00 | 7.98 | -8.19 0.00 0.00 2.06 | -4.22 | 0.00 0.00 0.00 0.00
0.00 | 0.00| 7.98 | -8.19 0.00 0.00 | 3.73 | -1.64 | 0.00 0.00 0.00 0.00

Zr95 0.00 | 0.00 | 7.94 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.85 | 0.00 | 7.94 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Zr96 0.00 | 0.00| 7.98 | -7.84 0.00 0.00 | 0.17 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 10.70 | -7.84 0.00 0.00 | 4.78 | 0.00 0.00 0.00 0.00 0.00

Nb93 0.00 | 0.00| 7.21 | -883 | -16.72| 0.00 | 4.92 | 0.69 0.00 -6.04 | -3.82 | -6.20
0.00 | 0.00| 7.21 | -7.32 | -16.70| 0.00 | 5.85 | 0.69 0.00 -6.04 | -3.82 | -6.20

Nb94 0.00 | 0.00 | 8.50 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
1.72 | 0.00 | 8.50 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Nb95 0.00 | 0.00 | 6.93 | -851 0.00 0.00 | 3.68 | -0.34 | 0.00 0.00 | -459 | -6.55
0.81 | 0.00 | 9.65 | -851 0.00 0.00 | 5.37 | -0.34 | 0.00 0.00 | -459 | -6.55

Mo95 0.00 | 0.00 | 9.15 | -7.38 | -17.05| 0.00 6.40 | -0.14 | 0.00 -8.64 | -6.33 | -7.38
0.00 | 0.00 | 9.15 | -7.38 | -17.01 | 0.00 6.40 | -0.14 | 0.00 -8.64 | -6.33 | -7.38

Mo96 0.00 | 0.00 | 6.82 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.82 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Mo97 0.00 | 0.00 | 8.64 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 8.64 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Tc99 0.00 | 0.00 | 6.76 | -8.97 | -16.25| 0.00 | 3.94 | -0.57 | 0.00 -6.50 | -4.19 | -6.66
0.08 | 0.00 | 8.16 | -8.97 | -16.24 | 0.00 6.65 | 0.24 0.00 -6.50 | -4.19 | -6.66

Ru99 0.00 | 0.00 | 9.67 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 9.67 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Ru100 0.00 | 0.00 | 6.80 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.80 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Rul01 0.00 | 0.00 | 9.22 | -6.81 | -16.48 | 0.00 582 | -0.84 | 0.00 -9.23 | -6.92 | -7.50
0.00 | 0.00 | 9.22 | -6.81 | -16.48| 0.00 | 5.82 | -0.03 | 0.00 -7.83 | -5.,52 | -7.50

Ru102 0.00 | 0.00 | 6.22 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.22 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Ru103 0.00 | 0.00 | 891 | -6.24 | -1546 | 0.00 | 458 | -1.57 | 0.00 -9.95 | -7.64 | -7.81
0.60 | 0.00 | 891 | -6.24 | -1546 | 0.00 | 458 | -0.31 | 0.00 -7.34 | -5.03 | -7.00

Ru104 0.00 | 0.00 | 5.91 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 7.09 0.00 0.00 0.00 | 0.00 | 0.00 0.00 0.00 0.00 0.00

Ru106 0.00 | 0.00 | 545 | -847 | -1439| 0.00 | -0.07 | -552 | 0.00 | -11.09 | -8.78 | -10.51
163 | 0.00| 7.85 | -7.29 | -14.39 | 0.00 | 3.47 | -0.89 | 0.00 -7.91 | -5.60 | -6.81

Rh103 0.00 | 0.00 | 7.00 | -9.32 | -16.77 | 0.00 | 3.65 | 0.02 0.00 -6.22 | -3.91 | -6.95
0.00 | 0.00 | 8.00 | -9.32 | -16.77 | 0.00 5.05 | 0.02 0.00 -6.22 | -3.91 | -6.95

Rh105 0.00 | 0.00 | 6.59 | -8.98 | -15.98 | 0.00 240 | -1.13 | 0.00 -7.05 | -4.74 | -7.47
0.23 | 0.00 | 821 | -7.98 | -15.98 | 0.00 | 5.01 | 0.05 0.00 -7.05 | -4.74 | -7.47

Pd104 0.00 | 0.00 | 7.09 | -999 | -17.62 | -28.18 | 4.20 | -1.66 | 0.00 -8.66 | -6.43 | 0.00
0.00 | 0.00| 7.09 | -994 | -17.62 | -28.18 | 4.20 | -0.66 | 0.00 -8.66 | -6.43 | 0.00

Pd105 0.00 | 0.00 | 9.56 | -7.09 | -17.09 | -24.71 | 6.33 | 0.22 0.00 -8.75 | -6.53 | 0.00
0.00 | 0.00 | 9.56 | -7.09 | -17.03 | -24.71 | 6.33 | 0.22 0.00 -7.75 | -5.53 | 0.00

Pd106 (B)| 0.00 | 0.00 | 6.54 | -9.56 | -16.66 | -26.65 | 3.00 | -2.76 | 0.00 -9.35 | -7.12 | 0.00

B-Before lumping  A-After lumping

continued, on next pag
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Element | Decay | (n,f) | (ny) | (n,2n) | (n,3n) | (n,4n) | (n) | (n,p) | (N,22) | (n,np) | (n,d) (n,t)
(A) 0.00 | 0.00 | 6.54 | -9.56 | -16.66 | -26.59 | 3.00 | -1.14 | 0.00 -9.35 | -7.12 | 0.00
Pd107 0.00 | 0.00 | 9.21 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.01 | 0.00 | 9.21 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Pd108 0.00 | 0.00 | 6.15 | -9.22 | -15.76 | -25.32 | 2.06 | -3.66 | 0.00 -9.95 | -7.73 | 0.00
0.00 | 0.00 | 6.60 | -9.22 | -15.76 | -25.32 | 3.24 | -1.02 | 0.00 -9.20 | -6.98 | 0.00
Pd110 0.00 | 0.00 | 5.76 | -8.81 | -14.97 | -24.18 | 1.01 | -4.62 | 0.00 | -10.61 | -8.39 | 0.00
0.00 | 0.00 | 7.07 | -8.37 | -1497 | -24.18 | 3.41 | -1.63 | 0.00 -8.93 | -6.71 | 0.00
Ag109 0.00 | 0.00 | 7.27 | -9.19 | -16.46 | 0.00 3.30 | -0.33 | 0.00 -6.49 | 0.00 0.00
0.00 | 0.00 | 848 | -856 | -16.46| 0.00 | 491 | 0.11 0.00 -6.49 | 0.00 0.00
Cd111 0.00 | 0.00 | 9.40 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 9.40 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Cd112 0.00 | 0.00 | 6.54 | -9.40 | -16.37 | 0.00 2.70 | -3.18 | 0.00 -9.64 | -7.42 | -10.00
0.00 | 0.00 | 6.54 | -9.40 | -16.37 | 0.00 314 | -1.09 | 0.00 -9.26 | -7.04 | -8.79
Cdi113 0.00 | 0.00 | 9.04 | -6.54 | -15.94 | 0.00 531 | -1.23 | 0.00 -9.72 | -7.50 | -7.70
0.09 | 0.00 | 9.04 | -6.54 | -15.94 | 0.00 5.31 | -0.39 | 0.00 -7.63 | -5.41 | -7.32
Cd114 0.00 | 0.00 | 6.15 | -9.04 | -15.58 | 0.00 1.67 | -4.08 | 0.00 | -10.27 | -8.04 | -10.28
0.00 | 0.00 | 6.99 | -9.04 | -15.58 | 0.00 299 | -1.82 | 0.00 -9.43 | -7.21 | -8.19
Cd115m | 0.00 | 0.00 | 8.79 | 0.00 0.00 0.00 3.70 | -2.58 | 0.00 0.00 | -8.18 | -8.11
0.64 | 0.00 | 879 | 0.00 0.00 0.00 5.88 | -0.20 | 0.00 0.00 | -5.92 | -7.27
Cd116 0.00 | 0.00 | 5.76 | -8.70 | -14.84 | 0.00 0.57 | -5.32 | 0.00 | -11.09 | -8.87 | -10.44
0.00 | 0.00 | 825 | -7.86 | -14.84 | 0.00 3.13 | -1.53 | 0.00 -8.72 | -6.50 | -8.18
In113 0.00 | 0.00 | 7.31 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 8.09 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
In115 0.00 | 0.00 | 6.78 | -9.04 | -16.32 | 0.00 2.73 | -0.67 | 0.00 -6.82 | -4.50 | -7.37
0.15 | 0.00 | 6.78 | -8.27 | -16.32| 0.00 | 4.82 | 0.18 0.00 -6.82 | -4.50 | -7.37
Snl115 0.00 | 0.00 | 9.57 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 9.57 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Snl17 0.00 | 0.00 | 9.33 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 9.33 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Sn118 0.00 | 0.00 | 6.49 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.49 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Snl119 0.00 | 0.00 | 9.10 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 9.10 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Snl21m | 0.00 | 0.00 | 9.10 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.13 | 0.00 | 9.10 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Sn123 0.00 | 0.00 | 856 | 0.00 0.00 0.00 181 | -3.60 | 0.00 0.00 | -9.28 | -8.85
0.53 | 0.00 | 856 | 0.00 0.00 0.00 1.81 | -0.53 | 0.00 0.00 | -9.28 | -6.84
Sn126 0.00 | 0.00 | 5.62 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
290 | 0.00 | 9.20 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Sh121 0.00 | 0.00 | 831 | -9.24 | -16.25| -25.84 | 0.35 | 0.40 0.00 -5.78 | 0.00 0.00
0.00 | 0.00 | 9.31 | -9.24 | -16.25| -25.84 | 2.20 | 0.51 0.00 -5.78 | 0.00 0.00
Sb123 0.00 | 0.00 | 6.47 | -897 | -15.77 | -25.01 | 2.16 | -0.61 | 0.00 -6.56 | 0.00 0.00
0.00 | 0.00 | 6.47 | -7.96 | -15.77 | -25.01 | 2.16 | -0.61 | 0.00 -6.56 | 0.00 0.00
Sh124 0.00 | 0.00 | 877 | 0.00 0.00 0.00 387 | 141 0.00 0.00 | -485| -454
224 | 0.00 | 877 | 0.00 0.00 0.00 589 | 1.41 0.00 0.00 | -485| -454
Sb125 0.00 | 0.00 | 6.22 | -8.71 | -15.19 | 0.00 1.00 | -1.57 | 0.00 -7.31 | -5.00 | -7.31
0.57 | 0.00 | 9.34 | -8.71 | -15.19| 0.00 1.00 | -0.44 | 0.00 -7.31 | -5.00 | -7.31
Tel22 0.00 | 0.00 | 6.93 | 0.00 0.00 0.00 541 | -1.20 | 0.00 0.00 | -5.78 | -8.76
0.00 | 0.00 | 6.93 | 0.00 0.00 0.00 541 | -0.20 | 0.00 0.00 | -5.78 | -8.76
Tel23 0.00 | 0.00 | 9.42 | 0.00 0.00 0.00 7.58 | 0.83 0.00 0.00 | -5.90 | -6.45
0.02 | 0.00 | 9.42 | 0.00 0.00 0.00 7.58 | 0.83 0.00 0.00 | -490 | -6.45
Tel24 0.00 | 0.00 | 6.58 | 0.00 0.00 0.00 | 433 | -212 | 0.00 0.00 | -6.36 | -9.07
0.00 | 0.00 | 6.58 | 0.00 0.00 0.00 | 4.44 | -212 | 0.00 0.00 | -6.36 | -8.07
Tel25(B) | 0.00 | 0.00 | 9.11 | 0.00 0.00 0.00 6.57 | 0.02 0.00 0.00 | -6.47 | -6.68
(A) 0.00 | 0.00 | 9.11 | 0.00 0.00 0.00 6.57 | 0.02 0.00 0.00 | -6.47 | -6.68
B-Before lumping  A-After lumping continued, on next page
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Element | Decay | (n,f) | (ny) | (n,2n) | (n,3n) | (n,4n) | () | (n,p) | (n22) | (n,np) | (n,d) | (n,})
Tel26 0.00 | 0.00 | 6.29 | 0.00 0.00 0.00 3.40 | -2.88 | 0.00 0.00 | -6.88 | -9.33
0.00 | 0.00 | 6.52 | 0.00 0.00 0.00 340 | 0.24 0.00 0.00 | -6.88 | -9.33

Tel27m 0.00 | 0.00 | 8.87 | -6.30 | -15.42 | 0.00 5.61 | -0.80 | 0.00 -9.18 | -6.87 | -6.91
0.31 | 0.00 | 8.87 | -6.30 | -15.42 | 0.00 5.61 | 0.37 0.00 -6.06 | -3.75 | -6.91

Tel28 0.00 | 0.00 | 6.09 | 0.00 0.00 0.00 256 | -3.48 | 0.00 0.00 | -7.35 | -9.47
0.00 | 0.00 | 6.69 | 0.00 0.00 0.00 3.68 | 0.10 0.00 0.00 | -6.18 | -6.35

Tel29m 0.00 | 0.00 | 841 | 0.00 0.00 0.00 | 456 | -1.70 | 0.00 0.00 | -7.44 | -7.28
0.69 | 0.00 | 8.41 | 0.00 0.00 0.00 | 456 | 0.54 0.00 0.00 | -3.87 | -6.12

Tel30 0.00 | 0.00 | 593 | 0.00 0.00 0.00 190 | -4.18 | 0.00 0.00 | -7.78 | -9.49
0.00 | 0.00 | 7.64 | 0.00 0.00 0.00 548 | -0.22 | 0.00 0.00 | -5.54 | -5.91

1127 0.00 | 0.00 | 6.83 | -9.14 | -16.28 | -25.83 | 4.28 | 0.09 0.00 -6.20 | 0.00 | 0.00
0.00 | 0.00 | 7.65 | -8.53 | -16.22 | -25.83 | 4.28 | 0.32 0.00 -6.20 | 0.00 | 0.00

1129 0.00 | 0.00 | 6.46 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.08 | 0.00 | 8.88 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

1135 0.00 | 0.00 | 3.95 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
2.03 | 0.00 | 829 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

Xel28 0.00 | 0.00 | 691 | -9.61 | -16.84| 0.00 | 4.81 | -1.34 | 0.00 0.00 | -5.94 | -8.82
0.00 | 0.00| 691 | -930 | -16.84| 0.00 | 4.81 | -051 | 0.00 0.00 | -5.94 | -8.22

Xel30 0.00 | 0.00 | 6.61 | -9.26 | -16.16 | 0.00 | 4.05 | -2.21 | 0.00 0.00 | -6.44 | -9.02
0.00 | 0.00 | 6.61 | -9.26 | -16.16 | 0.00 | 4.28 | 0.22 0.00 0.00 | -6.44 | -8.19

Xel31 0.00 | 0.00 | 894 | -6.62 | -15.88 | 0.00 6.23 | -0.19 | 0.00 -8.82 | -6.51 | -6.79
0.00 | 0.00 | 894 | -6.62 | -15.88 | 0.00 6.23 | 0.39 0.00 -6.39 | -4.08 | -6.79

Xel32 0.00 | 0.00 | 6.45 | -8.94 | -15.54 | 0.00 3.37 | -2.80 | 0.00 0.00 | -6.90 | -9.27
0.00 | 0.00 | 6.64 | -8.94 | -15.54 | 0.00 3.97 | -0.02 | 0.00 0.00 | -6.32 | -6.84

Xel34 0.00 | 0.00 | 6.45 | -854 | -14.99 | 0.00 273 | -3.37 | 0.00 -9.52 | -7.21 | -9.29
0.00 | 0.00 | 6.45 | -8.36 | -1499 | 0.00 | 4.45 | -0.15| 0.00 -8.31 | -6.00 | -6.52

Xel35 0.00 | 0.00 | 7.99 | -6.46 | -15.00 | 0.00 | 4.36 | -1.93 | 0.00 -9.83 | -7.562 | -7.48
0.57 | 0.00 | 799 | -6.46 | -14.81 | 0.00 7.47 | -1.93 | 0.00 -6.60 | -4.29 | -6.27

Xel36 0.00 | 0.00 | 3.86 | -8.00 | -14.45| 0.00 216 | -6.21 | 0.00 -9.92 | -7.61 | -9.33
0.00 | 0.00 | 575 | -8.00 | -14.45| 0.00 5.25 | -1.87 | 0.00 -9.92 | -7.61 | -6.10

Cs133 0.00 | 0.00 | 6.70 | -9.04 | 0.00 0.00 3.69 | 0.12 0.00 0.00 | 0.00 | 0.00
0.00 | 0.00 | 6.70 | -9.04 | 0.00 0.00 6.12 | 0.30 0.00 0.00 | 0.00 | 0.00

Csl134 0.00 | 0.00 | 8.83 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
1.72 | 0.00 | 8.83 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

Cs135 0.00 | 0.00 | 6.55 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.06 | 0.00 | 8.83 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

Cs137 0.00 | 0.00 | 428 | -8.28 | -15.05 | 0.00 3.06 | -3.56 | 0.00 -7.43 | -5.12 | -6.93
0.81 | 0.00 | 7.89 | -6.00 | -15.05 | 0.00 6.29 | -1.67 | 0.00 -7.43 | -5.12 | -6.93

Bal34 0.00 | 0.00 | 6.98 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 | 0.00 | 6.98 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

Bal35 0.00 | 0.00 | 9.11 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 | 0.00 | 9.11 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

Bal36 0.00 | 0.00 | 6.90 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 | 0.00 | 6.90 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

Bal37 0.00 | 0.00 | 8.61 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 | 0.00 | 8.61 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

Bal38 0.00 | 0.00 | 471 | -859 | -15.54 | 0.00 3.87 | -4.04 | 0.00 0.00 | 0.00 | 0.00
0.00 | 0.00 | 471 | -859 | -15.54 | 0.00 3.87 | -0.44 | 0.00 0.00 | 0.00 | 0.00

La138 0.00 | 0.00 | 8.78 | -7.47 | -16.64 | 0.00 6.80 | 2.53 0.00 -6.08 | -3.77 | -4.49
1.26 | 0.00 | 8.78 | -7.44 | -16.64 | 0.00 6.80 | 2.53 0.00 -6.08 | -3.77 | -4.49

Cel40 0.00 | 0.00 | 5.43 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 | 0.00 | 543 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

Cel4l 0.00 | 0.00 | 7.21 | -5.44 | 0.00 0.00 8.48 | -1.65 | 0.00 0.00 | -6.18 | -5.08
0.25 | 0.00 | 7.21 | -5.44 | 0.00 0.00 8.48 | -0.65 | 0.00 0.00 | -3.35 | -5.08

Cel42(B)| 0.00 | 0.00 | 5.18 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

B-Before lumping  A-After lumping
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Element | Decay | (n,f) | (ny) | (,2n) | (n,3n) | (n,4n) | (ne) | (n,p) | (n,22) | (n,np) | (n,d) (n,t)
(A) 0.00 | 0.00 | 6.20 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Cel44 0.00 | 0.00 | 4.64 | -6.89 | -12.00 | 0.00 519 | -4.72 | 0.00 0.00 | -7.18 | -7.29
1.35 | 0.00 | 6.88 | -5.87 | -12.00 | 0.00 7.92 | -1.05 | 0.00 0.00 | -4.78 | -4.06
Pri41 0.00 | 0.00 | 5.84 | -8.94 | -17.38 | 0.00 6.14 | 0.20 0.00 | -496 | -6.95 | -10.43
0.00 | 0.00 | 6.71 | -8.94 | -17.38 | 0.00 6.14 | 0.20 0.00 | -496 | -6.95 | -10.43
Nd142 0.00 | 0.00 | 6.13 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.13 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Nd143 0.00 | 0.00 | 7.82 | -6.13 | -15.95| 0.00 9.74 | -0.15| 0.00 | -750 | -5.19 | -4.86
0.00 | 0.00 | 7.82 | -6.13 | -15.95| 0.00 9.74 | 0.16 0.00 | -6.64 | -433 | -4.86
Nd144 0.00 | 0.00 | 5.76 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
191 | 0.00 | 5.76 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Nd145 0.00 | 0.00 | 7.56 | -5.76 | -13.58 | 0.00 8.76 | -1.02 | 0.00 | -7.97 | -5.66 | -5.24
0.00 | 0.00 | 7.56 | -5.76 | -13.58 | 0.00 8.76 | -0.33 | 0.00 | -6.74 | -4.43 | -4.92
Nd146 0.00 | 0.00 | 530 | -7.45 | -12.91| 0.00 6.35 | -6.95| 0.00 | -8.44 | -10.43 | -11.42
0.00 | 0.00 | 5.71 | -7.45 | -12.91| 0.00 737 | -462 | 000 | -7.75 | -9.73 | -10.18
Nd148 0.00 | 0.00 | 5.07 | -6.95 | -12.41| 0.00 538 | -795| 0.00 | -8.94 | -10.93 | -11.92
0.00 | 0.00 | 594 | -6.54 | -12.41| 0.00 761 | -515| 0.00 | -6.91 | -8.90 | -9.59
Nd150 0.00 | 0.00| 531 | -6.95 | -1242| 0.00 | 422 | -795| 0.00 | -9.44 | -1142 | -12.91
0.00 | 0.00 | 7.41 | -6.08 | -12.42 | 0.00 819 | -485| 0.00 | -7.00 | -8.98 | -10.12
Pm147 0.00 | 0.00 | 590 | -7.67 | -13.92 | 0.00 736 | -0.11 | 0.00 | -5.41 | -3.10 | -4.48
0.06 | 0.00 | 590 | -5.97 | -13.88 | 0.00 8.60 | 0.29 0.00 | -541 | -3.10 | -4.48
Pm148 0.00 | 0.00 | 7.26 | -5.91 | -13.58 | 0.00 841 | 1.32 0.00 | -6.02 | -3.71 | -2.82
1.30 | 0.00 | 7.26 | -5.91 | -11.88 | 0.00 9.10 | 1.32 0.00 | -5.61 | -3.30 | -2.82
Pm148m | 0.00 | 0.00 | 7.27 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
216 | 0.00 | 7.27 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Pm149 0.00 | 0.00 | 5.56 | -7.27 | -13.18 | 0.00 6.43 | -091 | 0.00 | -595 | -3.64 | -4.79
0.38 | 0.00 | 7.81 | -7.27 | -13.18 | 0.00 8.76 | -0.04 | 0.00 | -595 | -3.64 | -4.39
Sm147 0.00 | 0.00 | 814 | -6.36 | -14.76 | 0.00 | 10.14 | 0.56 0.00 | -7.12 | -4.81 | -4.87
231 | 000 | 814 | -3.81 | -1462| 0.00 | 10.14| 0.56 0.00 | -541 | -3.10 | -4.83
Sm148 0.00 | 0.00 | 5.87 | -8.15 | -14.50 | 0.00 775 | -168 | 0.00 | -759 | -5.28 | -6.77
199 | 0.00 | 5.87 | -8.15 | -11.96 | 0.00 7.75 | -1.68 | 0.00 | -759 | -5.28 | -5.06
Sm149 0.00 | 0.00 | 7.98 | -5.86 | -14.07 | 0.00 9.60 | -0.28 | 0.00 0.00 0.00 0.00
0.00 | 0.00 | 7.98 | -5.86 | -14.07 | 0.00 9.60 | -0.28 | 0.00 0.00 0.00 0.00
Sm150 0.00 | 0.00 | 5.60 | -7.99 | -13.87 | 0.00 6.75 | -2.72 | 0.00 | -828 | -5.97 | -7.05
0.00 | 0.00 | 5.60 | -7.99 | -13.87 | 0.00 7.16 | -0.47 | 0.00 | -8.28 | -5.97 | -7.05
Sm151 0.00 | 0.00 | 8.26 | -5.60 | -13.59 | 0.00 849 | -041 | 0.00 | -832 | -6.01 | -5.39
0.02 | 0.00 | 8.26 | -5.60 | -13.59 | 0.00 849 | 021 0.00 | -6.07 | -3.76 | -5.39
Sm152 0.00 | 0.00 | 5.87 | -8.26 | -13.86 | 0.00 527 | -269 | 0.00 | -8.67 | -6.36 | -8.09
0.00 | 0.00 | 6.20 | -8.26 | -13.86 | 0.00 6.14 | -1.14 | 0.00 | -8.05 | -5.74 | -5.84
Sm154 0.00 | 0.00 | 5.81 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
0.00 | 0.00 | 6.48 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
Eul51 0.00 | 0.00 | 6.31 | -7.97 | -14.35| 0.00 7.87 | -0.02 | 0.00 0.00 | -2.67 | -4.39
0.00 | 0.00 | 6.31 | -6.41 | -14.35| 0.00 7.87 | -0.02 | 0.00 0.00 | -2.67 | -4.39
Eul52 0.00 | 0.00 | 855 | -6.31 | -14.28 | 0.00 8.83 | 2.66 0.00 | -5.60 | -3.29 | -2.71
1.29 | 0.00 | 855 | -6.31 | -12.72 | 0.00 8.83 | 2.66 0.00 | -5.60 | -3.29 | -2.71
Eul53 0.00 | 0.00 | 6.44 | -8.45 | -14.70 | 0.00 5.83 | -0.03 | 0.00 0.00 | -3.67 | -5.67
0.00 | 0.00 | 6.44 | -8.45 | -14.70 | 0.00 8.08 | 031 0.00 0.00 | -3.67 | -5.67
Eul54 0.00 | 0.00 | 817 | -6.44 | -14.99 | 0.00 730 | 151 0.00 | -6.47 | -424 | -3.85
153 | 0.00 | 8.17 | -6.44 | -14.99 | 0.00 7.92 | 151 0.00 | -6.13 | -391 | -3.85
Eul55 0.00 | 0.00 | 6.49 | -7.95 | -14.41| 0.00 5.08 | -497 | 0.00 | -6.46 | -8.94 | -10.93
0.13 | 0.00 | 819 | -7.95 | -14.41| 0.00 6.62 | -430 | 0.00 | -6.46 | -8.94 | -10.59
Gd152 0.00 | 0.00 | 6.49 | -8.61 | -15.09 | 0.00 814 | -1.04 | 0.00 | -7.35 | -5.04 | -6.82
221 | 0.00 | 6.64 | -861 | -9.75 | 0.00 8.14 | -1.04 | 0.00 | -7.35 | -5.04 | -5.26
Gd154 (B) | 0.00 | 0.00 | 6.44 | -8.66 | -15.15| 0.00 6.52 | -1.20 | 0.00 | -7.63 | -5.32 | -7.69
(A) 0.00 | 0.00 | 6.44 | -851 | -15.15| 0.00 652 | -1.20 | 0.00 | -7.63 | -5.32 | -7.69
B-Before lumping ~ A-After lumping continued, on next page
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continued, from previous page

Element | Decay | (n,f) (ny) | M2n) | (n,3n) | (n4n) | () | (n,p) | (N2x) | (n,np) | (n,d) | (n,)
Gd155 0.00 0.00 854 | -6.44 | -15.10 | 0.00 8.34 | 0.54 0.00 -7.64 | -5.33 | -5.58
0.00 0.00 854 | -6.44 | -14.96 | 0.00 8.34 | 0.54 0.00 -7.64 | -5.33 | -5.58
Gd156 0.00 0.00 6.36 | -8.54 | -14.98 | 0.00 5.68 | -1.67 | 0.00 -8.00 | -5.69 | -7.68
0.00 0.00 6.36 | -8.54 | -14.98 | 0.00 6.01 | 0.02 0.00 -8.00 | -5.69 | -7.68
Gd157 0.00 0.00 7.94 | -6.37 | -14.91 | 0.00 7.28 | -0.58 | 0.00 | -8.04 | -5.73 | -5.87
0.00 0.00 794 | -6.37 | -1491 | 0.00 7.28 | 0.08 0.00 -6.34 | -4.03 | -5.87
Gd158 0.00 0.00 594 | -7.94 | -14.31 | 0.00 5.16 | -2.67 | 0.00 -852 | -6.21 | -7.48
0.00 0.00 6.30 | -7.94 | -14.31 | 0.00 5.83 | -0.62 | 0.00 -7.86 | -5.55 | -5.79
Gd160 0.00 0.00 5.64 | -7.46 | -13.40 | 0.00 | 457 | -3.62 | 0.00 -9.31 | -7.00 | -7.58
0.00 0.00 6.84 | -7.10 | -13.40 | 0.00 6.50 | -0.56 | 0.00 -7.67 | -5.36 | -5.53
Th159 0.00 0.00 6.38 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 0.00 6.38 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Th160 0.00 0.00 7.85 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
1.48 0.00 8.08 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Dy160 0.00 0.00 6.45 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 0.00 6.45 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Dy161 0.00 0.00 8.19 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 0.00 8.19 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Dy162 0.00 0.00 6.27 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 0.00 6.27 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Dy163 0.00 0.00 7.65 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 0.00 7.65 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Dy164 0.00 0.00 5.63 | -7.64 | -13.94 | 0.00 5.19 | -2.97 | 0.00 0.00 | 0.00 | 0.00
0.00 0.00 6.11 | -7.64 | -13.94 | 0.00 6.39 | 0.08 0.00 0.00 | 0.00 | 0.00
Ho165 0.00 0.00 6.24 | -8.03 | -14.66 | -23.06 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 0.00 6.97 | -8.03 | -14.66 | -23.06 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Er166 0.00 0.00 6.44 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 0.00 6.44 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Erl67 0.00 0.00 7.77 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.00 0.00 7.77 | 0.00 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
Th230 0.00 | 174.06 | 5.13 | -6.79 | -12.04 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
476 | 174.06 | 531 | -6.79 | -12.04 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

(WLUP) 193.40
Th232 0.00 | 171.93| 4.79 | -6.44 | -11.56 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
409 | 187.70| 5.24 | -6.25 | -11.56 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

193.40
Pa231 0.00 | 170.00| 5.56 | -6.81 | -12.61 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
5.13 | 179.84| 6.67 | -6.81 | -12.61| 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

203.04
Pa233 0.00 | 17558 | 5.21 | -6.52 | -12.08 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.43 | 17558 | 7.68 | -5.41 | -12.08 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

203.04
U232 0.00 | 180.00| 5.74 | -7.25 | -13.15| 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
5.41 | 187.47| 5.74 | -7.25 | -13.15| 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

199.62
U233 0.00 | 180.87| 6.84 | -5.74 | -13.01 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
491 | 189.82| 6.84 | -5.74 | -13.01 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

200.16
U234 0.00 | 179.46| 5.30 | -6.84 | -12.60 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
486 | 189.38| 530 | -6.84 | -12.60 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

203.34
U235 0.00 | 180.89| 6.55 | -5.30 | -12.14 | -17.89 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
486 | 19231 | 6,55 | -5.30 | -12.14 | -17.89 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

202.53
U236 (B) | 0.00 | 179.51| 5.12 | -6.55 | -11.85 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

B-Before lumping

A-After lumping

continued, on next page
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continued, from previous page

Element | Decay | (n,f) (ny) | (n2n) | n,3n) | (n4n) | () | (n,p) | (n,2a) | (n,np) | (n,d) | (n,t)
(A) 457 | 192.12| 512 | -6.55 | -11.85 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

(WLUP) 200.15
u237 0.00 | 180.00| 6.15 | -5.10 | -11.66 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.33 | 193.98| 6.15 | -5.10 | -11.66 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

205.42
U238 0.00 | 181.33| 4.80 | -6.15 | -11.28 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
5.17 | 196.51| 5.26 | -6.15 | -11.28 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

212.06
Np237 0.00 | 183.68| 5.48 | -6.57 | -12.31 | -19.30 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
481 | 195.17| 6.32 | -5.71 | -12.31 | -19.30 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

210.17
Np239 0.00 | 190.00| 5.17 | -6.23 | -11.71 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
(A) 0.43 | 190.00| 6.79 | -5.39 | -11.71 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

203.04
Pu238 0.00 | 186.65| 5.65 | -7.00 | -12.86 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
5,59 | 19597 | 5.65 | -6.93 | -6.99 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

209.78
Pu239 0.00 | 189.44| 6.53 | -5.65 | -12.65 | -18.51 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
5.24 | 198.70| 6.53 | -5.65 | -12.58 | -12.64 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

211.33
Pu240 0.00 | 186.36| 5.24 | -6.54 | -12.19 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
5.25 | 196.87| 5.24 | -6.54 | -12.19 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

213.97
Pu241 0.00 | 189.00| 6.31 | -5.24 | -11.77 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.01 | 200.74| 6.31 | -5.24 | -11.77 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

213.89
Pu242 0.00 | 185.99| 5.03 | -6.30 | -11.54 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
498 | 19893 | 523 | -6.30 | -11.54 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

216.88
Am241 0.00 | 190.83| 554 | -6.64 | -12.57 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
5.63 | 199.78| 5.54 | -5.54 | -12.57 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

216.96
Am242 0.00 | 200.00| 6.36 | -5.49 | -12.07 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.19 | 200.00| 6.36 | -5.49 | -10.98 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

216.09
Am242m | 0.00 | 187.59| 6.41 | -5.54 | -12.17 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
0.07 | 197.47| 6.41 | -5.54 | -11.07 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

216.09
Am243 0.00 | 190.25| 5.36 | -6.36 | -11.91 | -18.49 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
543 | 200.19| 6.49 | -6.36 | -11.91 | -17.39 | 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

222.12
Cm242 0.00 | 191.42| 5.70 | -6.97 | -13.05| 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
6.15 | 197.98| 5.70 | -6.28 | -13.05 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

212.69
Cm243 0.00 | 19154 | 6.80 | -5.70 | -12.66 | -18.75| 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
6.17 | 199.73| 6.80 | -5.70 | -11.98 | -18.75| 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

213.12
Cm244 0.00 | 190.49| 552 | -6.80 | -12.49 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00
590 | 199.05| 11.14| -6.80 | -12.49 | 0.00 0.00 | 0.00 0.00 0.00 | 0.00 | 0.00

213.17
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APPENDIX 'V

MODIFICATIONS IN MONTEBURNS

Modifications in the code monteb.f was done to make it captbtead the energies corre-

sponding to(n, v) and(n, 2n) reactions. The power normalization was appropriately mod-

ified to include contributions from capture afwd 2n) reactions. Also, we have introduced

in the code, the capability to calculate energy released@aecay of elements which are

part of the fuel. We provide an external library with all tieéavant information like energies

from most of neutron induced reactions. The file also inciuusf life (in 10~® seconds) and

energy released due to decay. In the following text all thedibetween "**** with numbers

indicate the modifications. The comments after ****' indite the reason for introduction of

the modifications.

subrouti ne worxs

comron / mbi np/ nmat, nt (49), vol i (49), pow, qu235, days, nout er, ni nner
& npre, nrst, frinp, nauto(49), ntot(49), nkef f, nbxs, ni sn(999, 49)
& ni snr (999, 49)
common / nbi np2/ ni so(999, 49), ni sor (999, 49),title,olib,locale,posit,

&

tnpfile, machin, CALC

character niso*10, nisor*6,titlex72,0lib*x10,1ocal ex72, positx1

Ro Ro Ro Ro Ro Ro

machi nx4, tnpfil ex10,fil enx21, j u30*30, char10+10,filecx11l
tal*3, nm2,file8x22,fil e6+22, f nane*22, f name2*23, char 9«9
jul7+17, char 77, CALC+6,

tape9x12,t 9t mp+ 15, filelx22,fil e2x22,fil e3x22,fil elt*22
jul0*10, j u80+80, ju3*3, tape7*12, j u6*6, bl anks*4, nt uf 20
vers+2, filednzx9, ncel | *6, f 2namex22, char 72+x724, fi | e1l8x22

di mensi on xs(999, 5, 49), efl x(7, 49), day(999), nfeed(99, 49), fl x(49),

Ro Ro R0 R0 R0 Ro R0 R0 R0 RO Ro RO RO RO Ro Ro

gf 1(999, 49), gf 2(999, 49), nf (3, 999, 49),rf (3,999, 49),

nnt (49), ni sq(49), gad(49), fi smac(49), tnst (999), pfra(999),
gf i s(49), flux(49), flux2(49), fiscap(999), vol (49), pw (49),
absnmac(49), frfast(49), xsg(63, 999, 5, 49),

bur nup(0: 999, 49), fl uxy(49), fl uxy2(49), pw den(49),
nuc(9999),iu(9999), thal f(9999), f bx(9999), aden(49),

f pec(9999), f pecx(9999), fa(9999),fit(9999), grans(9999)
fsf(9999), fn(9999), grec(9999), abund(9999), frt h(49)
arcg(9999), wcg(9999), gramat (9999), gr mat f (9999),

act (9999), nucl (9999), at omne(9999), nucl i (9999), xsh(999, 49),
xsec( 6, 9999), nucl f(9999), cfl x(63, 49), ni sot op(9999, 49)
th(9999, 49), t hal (9999), nj (49), ni s(3400),trit(63),

tot aval (49), totaval act (49), tnpval (999), frerr (999, 49)

xsdr (999, 5, 49), xsecdr (6, 9999), drene(197, 12)
fismacdr(49), absnacdr (49), ndrag(197)
fisenedr(49), absenedr (49), decaydr (49), decayc(197)
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real 1i6(49),1i7(49),mrit6(63,49),ntrit7(63,49)
real *8 at per bcm( 3500, 49)
real nunber(9999), ht1d(9999),inha(9999), i nge(9999), nperp,
&keff, nu, nacfi s, macabs, macn2n, ntu(49), rati o, nfi s(9999, 49, 63),
&mafis(63,49), mfis(9999), nunmb(9999, 49), hal flife(9999),
&macab, macf, ki nf 2, n2nmac(49), n2nmacdr (49), n2nenedr (49),
&n2npow , n2nt ot
integer ihit(999,49), del ay
c
c...First obtain data fromfeed input file
c
[ EEEEEEEEEEEEEEEEEEEEEEREEEEEER] 1 kkhkkhkkhkkhkhkkhkkkkkkkhkhkhkhkhkdkddhhdhhhhhhhkhhhkkkx*x
c Following lines were introduced so as to read rel evant energy information
¢ and decay constants needed to cal cul ate decay energy fromfile called
c '’"energynb.dat’’
c
write(x,888)CALC
888 format(’calc’, a6)
if (CALC eq.’ DRAGON ) then
open (66, file="energynb.dat’)
wite(x,*) reading file energynb.dat’
do 777 i=1,197
read(66, 778) ndrag(i), decayc(i), (drene(i, k), k=1, 12)
wite(x,*)i,ndrag(i),decayc(i), (drene(i, k), k=1,12)

778 format (i 10, 2x, 13(f11.5))
777 continue
endi f
[ EEEEEEEEEEEEEEEEEEEEEEEEEEEEES 1 ERE R R EEEEEEEEEEEEREEEEEEEEEEEEEESEEEESES]
c
c obtain 1grp xs after dividing cross section with flux
c

[ EEEEEEEEEEEEEEREEEEEEEEEEEEEXE] 2 kkhkkhkkhkkhkkhkkhkkkhkkhkkkkhkhkhkhkdkdddddddhhhhkhkhkhkhkkkx*x%x

¢ Obtaining the one-group cross sections for all elements of all mxtures

xsdr(i,mj)=xs(i,mj)

Chhhkkkkkkhkhhhkhkhkkkkhkhkkkkkk* 2 Khkhkhkhkkhkhhkhhkhkhhkhhkhhhkhhkhkhhkhkkhkkkkkkkk

xs(i,mj)=xs(i,mj)/fIx(j)
if (nisn(i,j).ge.89000) iflag =1

c
c for actinides in the mxture (eg nB901)
c
read (11, (17x,1pell.5)’) xs(ntot(j)+1,mj)
C****************************** 3 khkkhkkkhkkhkhkkhkhkhkhkhkkhhkhhkhkdhkhhhdhhhhkdhkhkhhkdhhkhxhxk

¢ Obtaining the one-group cross sections for actinides in the mxture

xsdr(ntot(j)+1, mj)=xs(ntot(j)+1, mj)
C****************************** 3 EIR R S O R S R O
xs(ntot(j)+1, mj)=xs(ntot(j)+1, mj)/flx(j)
c
c for whole mixture (eg m)
c
read (11, (17x,1pell.5)’) xs(ntot(j)+2,mj)
[ EEEEEEEEEEEEEEEEEEEEEEEEEEEXE] 4 kkhkkhkkhkkhkhkkhkkhkkkhkhkhkhkhkhkhkddkdddddhhkhhkhkhkhkhkhkkkkx*x*x

¢ Obtaining the one-group cross sections for whole mxture

xsdr(ntot(j)+2, mj)=xs(ntot(j)+2, mj)
C****************************** 4 khkkhkkkhkhkhkkhkhkhkhkhkhhkhhkhkhhkhkhkhkdkhkhhhkdkhkhkhhkdhhhxkk
xs(ntot(j)+2, mj)=xs(ntot(j)+2, mj)/flIx(j)
86 continue
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xsec(1,m) = xs(i,1,j)
xsec(2,mMm) = xs(i,2,j)
xsec(3,m) = xs(i,3,j)
xsec(4,m) = xs(i,4,j)
[ EEEEEEEEEEEEEEEEEEEEEEEEEEE RS 5 kkhkkhkkhkkhkhkkhkkhkkhkkkkkhkhkhkhkhkdhdhdhhhhhhhhkhhhhkkxx*x

¢ Equating the one-group cross sections for particular reactions
¢ 1 - capture, 2-(n,2n), 3- (n,alpha), 4- (n, fission)

xsecdr (1, m) = xsdr(i,1,j)
xsecdr (2, m) = xsdr(i,2,j)
xsecdr (3, m) = xsdr(i,3,j)
xsecdr (4, m) = xsdr(i,4,j)

(R R R R EEEEEEEREEEEEEEEEIEEEEEEE RS 5 EE R R SRS S S EEEEEEEEEEEEEEEEEEEEEEEEEEEEESE]

C... Read nuclide conpositions fromtape7

220 read (16,911, err=220, end=250) kxs, (nisq(m, gad(m, nm=1, 4)
wite(x, )’ KXS , kxs, (nisq(m,gad(n, n¥l, 4)
do 240 n¥1, 4
i xs=0
do 235 k=1, m
if (nucli(k).eq.nisq(m) then
wite(,*)’ CHK1', k, m nucli (k),nisq(m

i xs=1

xsl = xsec(1, k)
xs2 = xsec(2, k)
xs4 = xsec(4,k)

(AR R R EEEEEEEEEEEEEEEEEEEEEEEEE] 6 EE R R SRS EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEESE]
xsdrl = xsecdr (1, k)
xsdr2 = xsecdr (2, k)
xsdr4 = xsecdr (4, k)
wite(,*)’ CHK2', xsl, xs2, xs4, xsdr 1, xsdr 2, xsdr 4
C****************************** 6 EIR R S R S R
goto 236
endi f
235 continue
(R R E R EEEEEEEEEEEEEEEEEEEEEEEEE] 7 khkhkhhhhkhkhkAkAXAX XX A hdhdhdhdddddhhhkhkhkrrrrkxxxx
¢ Obtaining energies corresponding to each reaction for each el enent
c drenel - decay energy ; drene2 - fission energy; drene3 - capture energy
c drene4 - energy due to (n, 2n) reaction
c
236 do 245 k=1, 197
if (ndrag(k).eq.nisq(m) then
wite(*,*)" dragl’, k, mndrag(k), nisq(m
drenel=drene(k, 1) xrdecayc(k)
dr ene2=dr ene(k, 2)
dr ene3=dr ene(k, 3)
dr ene4=dr ene(k, 4)
wite(*,*)’ energy’,drenel, drene2, drene3, drene4
goto 237
endi f
245 conti nue
[ R R R R EEEEEREEEEEEEREEEEEEEEEESE] 7 khkhkhhkhhkhkhkAkAXX XX A Ak dhdddddhhhhkhkhkhkrrrkxxx*x

237 if (ixs.eq.0) then

c wite (6,*) "Warning: |sotope’,nisq(m,
c & " not found in xs lib’
el se
c
if (voli(j).eq.0.0) voli(j) = vol(j)
aval = gad(n)=*0.6022/voli(j)
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totaval (j) = totaval (j) + ava

if (nisq(m.ge.890000) totavalact(j) =
& totaval act(j) + ava

absmac(j) = absmac(j) + aval *xsl

n2nmac(j) = n2nmac(j) + aval *xs2

[ EEEEEEEEEEEEEEEEEEEEEEEEEEE RS 8 kkhkkhkkhkkhkhkkhkkhkkhkkkkhkhkhkhkhkhkdkhkhkhhhhkhhhhhhkhhhkkkkx*x

c Calculating energies corresponding to decay, capture, (n, 2n) reactions
c for each element for power normalization

absmacdr (j) = absmacdr(j) + aval *xsdrl

n2nmacdr (j) = n2nnmecdr(j) + aval *xsdr2

absenedr (j) = absenedr(j) + aval *xsdr1xdrene3

n2nenedr (j) = n2nenedr(j) + aval »xsdr2+xdrene4

decaydr (j ) =decaydr (j ) +aval *drenel*1. 60217653e- 3

wite(x,*)" drag2’,j,absnmacdr(j), n2nmacdr(j), absenedr(j),
& n2nenedr(j), decaydr(j)

Chhhhkkhhhhkhhhhkhhhhhhhhkhkhhkkkk* 8 Khkkhhkhhkhkhkhhkhhhkhhhhkhhkhhkhhhhhhhhkhkhkhkhkhk

if (kxs.eq.2) then
fismac(j) = fismac(j) + aval *xs4

C****************************** 9 R S O O R O R
¢ Calculating energies corresponding to fission reaction for actinides
c for power nornalization

fismacdr(j) = fismacdr(j) + aval *xsdr4
fisenedr(j) = fisenedr(j) + aval *xsdr4xdrene2
wite(x,+) drag3’,j,fismacdr(j),fisenedr(j)

C****************************** 9 EE R I I R I I I R R S I I
endi f
C****************************** 10 LR EEEE R EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE]

¢ Calculating Qave using fission, capture and (n, 2n) reactions
c for power normalization

if (CALC eq.’ DRAGON ) then

wite(x,*)"i have reached here - 1c *, CALC
fi spow =fi spow +fisenedr(j)*voli(j)

abspowr =abspowr +absenedr (j ) *vol i (j)

n2npowr =n2npowr +n2nenedr (j ) *voli (j)
fistot=fistot+fisnmacdr(j)=*voli(j)

abst ot =abst ot +absmacdr (j ) *voli (j)

n2nt ot =n2nt ot +n2nmacdr (j ) *voli (j)

wite(x,*)" globl,fispow,abspow, n2npow, fistot, abstot, n2nt ot
gave = fispow +abspow +n2npowr

t ot decay=t ot decay+decaydr (j)*voli(j)
tttl1l=fispow/fistot

ttt2=abspow / abst ot

ttt3=n2npow/ n2nt ot
wite(x,*) glob2' ,qgave, tttl,ttt2,ttt3

goto 302

endi f

Chhhhhkkhhhhhhhhkhhhhhkhhhkhhhhkkk* 10 Khkkkhkhkhhkhkhhkhhhhhkhhkhhkhhkhhhhkhhhhhhhkhkhkx

o000

Normal i ze the flux obtained from MCNP by using the factors "nu

power, energy per fission, and k-eff

if (pow lt.0.0) then
fnorm= (abs(pow)/1.0e+03)*pfracl/ 1. 602e-19
f2norm = (abs(pow)/ 1. 0e+03)*pfrac2/ 1. 602e-19



elseif (fsrc.eq.0.) then
Ch* k kkkkhhhkhkkkdhhdkkrkhhhhkkkkrdx*x 11 khkkhkkhkkhkhkkhkhkkkkXkXkhAkhkhkhkddddddddhhkhkhkhkhkhhxkxkxxx%x

¢ Calculating normalization constant for nultiplying with flux

if (CALC. eq.’' DRAGON )t hen
c fnorm = nu*1. Oe+6+( powtotdecay)*pfracl/ 1. 602e- 13/ gave/ keff
fnorm = 1. 0e+6*( powt ot decay) *pfracl/ 1. 602e- 13/ qave
wite(x,*)" | HRHD2' , nu, pow, t ot decay, pfracl, gave, keff, fnorm
c f2norm = nu*1. Oe+6+*(powt ot decay) *pfrac2/ 1. 602e- 13/ gave/ kef f
f 2norm =1. Oe+6* ( powt ot decay) »pfrac2/ 1. 602e- 13/ qave
wite(x, )’ | HRHD3' , nu, pow, t ot decay, pfrac2, qave, kef f, f 2norm
el se
[ EEEEEEEEEEEEEEEEEEEEEEEEEEEER] 11 kkhkkhkkhkkhkkhkkhkkkkkkhkhkhkhkdkdkdhhhhhhhhhkhkhkhkkhkhkkkx*x

fnorm = nu*1. Oe+6+powrpfracl/ 1. 602e- 13/ qave/ kef f
wite(x,*)" | HRH2' , nu, pow, pfracl, qave, kef f, fnorm
f2norm = nux1. Oe+6*powxpfrac2/ 1. 602e- 13/ qave/ kef f
wite(x,*)" | HRH3' , nu, pow, pfrac2, qave, kef f, f 2norm
endi f
el se
fnorm = src*1. 0e+6*powpfracl/ 1. 602e- 13/ qave/ fl oss
f2norm = src+1. Oe+6*powrpfrac2/ 1. 602e- 13/ gave/ fl oss
endi f

ENDI F

Wite ncnp output to nblt. out

o000

120 flux(j)=fnormeflx(j)
flux2(j)=f2normflx(j)

Chhhhkkhhhhhhhhkhhhrhhhhhhkhhkkkk* 12 khkkhkhhkhkhhkhhhhhkhhhhkhhkhhhhkhhkhhhhkhkhkk

¢ Re-cal cul ati ng power produced

if (CALC eq.’ DRAGON ) then
pwr (j)=(fisenedr(j)+absenedr(j)+n2nenedr(j)+decaydr(j))*
& normrvol i (j)*1.602e-13/1. 0e+6

C****************************** 12 Rk S S R O R R O
el se
pw (j)=agfis(j)*flux(j)=fismac(j)=*voli(j)=*1.602e-13/1.0e+6
endi f
eli6 = 4.7838
eli7 = 3.35

pw(j) = pw(j) + (li6(j)~eli6 + li7(j)~eli7)xvoli(j)
& *flux(j)+*1.602e-13/1.0e+6

kkhkkhkkhkkkhkhkhkhhkhkhkhkhhkhkhhhhkhhhkhhhkhx*x end khkkhkkkhkkhkhkkhkhkhkhkhkkhhhkhhkdhkhhhdhhdhrdhkhkrhkdhhhhdxkxx
Change to be done in MONTEBURNS input file

Si dorenko single Gd pin

UNHP I Type of Operating System

Kokkkkkkkkkkkkkkkkkkkkkkkxxx jntroduce this in the i Nput *xxxxxxxxkkkkkkkkxx
DRAGON I This entry is new (fromoriginal) it can either DRAGON or ORI GEN
EEEEEREEEEEE SRS EEEEEEEEEEEEEEEREEEEEEEEEEEEEEEEEEREEREREEEEEEEEEEEEEEEEREESESE]

10 ! Nunmber of MCNP materials to burn

1 I Material #1

227



