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ABSTRACT

The mixed oxide fuels (MOX) are candidate fuels for fast reactors of Generation IV.
The conditions achieved in the fast reactors call for the need to investigate and model
new, or more emphasized, processes involving the fuel. In this work, some of them
will be analyzed and they are: the Fission Gas Release (FGR), the pore migration
and the oxygen redistribution. These phenomena are generated or emphasized by the
high temperatures and high burnups achieved in fast reactor MOX. In this thesis, I
studied the physical limititations of the phenomena that involve the FGR, like the
grain-face bubble growth and the consequent coalescence, introducing a lower bound
to the number density of grain-face bubbles. These considerations have been extended
to the current model for the fission gas behaviour present in the fuel performance code
BISON, developed by Idaho National Laboratory (INL), where I spent six months
of internship. Hence, this extension to the model has been validated against integral
irradiation experiments using BISON. Also the model available in BISON for the pore
migration has been validated against irradiation experimental data. It was possible
also to validate some cases of offset restructuring. Last, but not least, a model for the
oxygen redistribution has been implemented in the code, and it has been validated
as well.
The results of the performed validations are encouraging for all the analyzed phe-
nomena, and they can lead to further improvements of the models and specially to
more validations.
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SOMMARIO

Il combustibile ad ossidi misti di uranio e plutonio MOX (Mixed OXide) è uno dei pos-
sibili candidati per i reattori veloci di quarta generazione. Le condizioni raggiunte nei
reattori veloci portano alla necessità di investigare e modellare nuovi, o più accentuati,
processi che avvengono nel combustibile, se comparati a quanto succede in reattori
termici ad acqua leggera. Tra tali fenomeni, quelli che sono analizzati in questo la-
voro sono il rilascio dei gas di fissione (FGR), la ristrutturazione del combustibile e
la redistribuzione dell’ossigeno. Questi sono tutti fenomeni dovuti o accentuati dagli
alti gradienti e livelli di temperatura e di burnup raggiunti nelle condizioni operative
dai combustibili per reattori veloci. In questa tesi ho studiato alcuni fenomeni fisici
che determinano il comportamento dei gas di fissione, in particolare l’evoluzione delle
bolle inter-granulari, determinata dalla loro crescita e coalescenza. Il modello consid-
erato ed esteso in questo lavoro è quello disponibile in BISON. Questo è un codice di
performance del combustibile, sviluppato dall’INL (Idaho National Laboratory) negli
Stati Uniti, dove ho trascorso sei mesi di internship per questo lavoro. Il modello è
stato esteso introducendo una soglia fisica sul minimo numero di bolle inter-granulari
ottenibili tramite coalescenza, quindi ho testato e validato il codice BISON rispetto
ad esperimenti integrali d’irraggiamento. Per quanto riguarda la ristrutturazione
del combustibile, il modello per la migrazione dei pori presente in BISON è stato
anch’esso validato rispetto ad esperimenti integrali d’irraggiamento, alcuni dei quali
presentavano una ristrutturazione eccentrica e sfalsata rispetto all’asse della barretta
di combustibile analizzata. Infine è stato implementato e validato in BISON un mod-
ello per la redistribuzione dell’ossigeno. I risultati delle varie validazioni eseguite sono
molto incoraggianti per tutti i fenomeni studiati e mettono in luce i miglioramenti
ottenuti tramite gli sviluppi modellistici apportati al codice BISON in questo lavoro
di tesi.
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ESTRATTO IN ITALIANO

Introduzione

Negli ultimi anni lo studio di fenomeni che coinvolgono il combustibile nucleare ha
fatto enormi progressi nel settore dei reattori ad acqua leggera, i più impiegati attual-
mente al mondo. Tuttavia lo sviluppo dei reattori di quarta generazione comporta
nuove problematiche rispetto ai reattori ad acqua leggera delle generazioni precedenti.
Uno dei combustibili candidati per i reattori veloci, una delle tipologie di questa nuova
generazione, è il MOX: ovvero un combustibile ceramico composto da ossido di uranio
e di plutonio.
Le condizioni di temperatura e bruciamento (burnup) raggiunte nei reattori veloci
portano alla necessità di investigare e modellare i nuovi, o più accentuati, processi
che avvengono nel combustibile rispetto ai fenomeni normalmente incontrati nel com-
bustibile per reattori termici ad acqua leggera. Tra questi, quelli che verranno analiz-
zati in questo lavoro sono: il rilascio dei gas di fissione (FGR - fission gas release), la
ristrutturazione del combustibile e la redistribuzione dell’ossigeno. Questi sono tutti
fenomeni generati o enfatizzati (per esempio il FGR) dagli alti livelli di temperatura
e di burnup presenti nel MOX per reattori veloci.
In questa tesi ho studiato alcuni fenomeni fisici che determinano il comportamento dei
gas di fissione, in particolare l’evoluzione delle bolle inter-granulari, determinata dalla
loro crescita e coalescenza. Il modello considerato ed esteso in questo lavoro è quello
proposto da Pastore et al. [36, 37] e disponibile in BISON, un codice di performance
del combustibile sviluppato dall’Idaho National Laboratory (INL) negli Stati Uniti,
dove ho trascorso sei mesi di internship per questo lavoro. Alla luce dell’estensione
proposta in questa tesi, il codice BISON è stato anche validato rispetto ad esperimenti
integrali di irraggiamento in reattore.

Per quanto riguarda la ristrutturazione del combustibile, ho validato il modello di
Novascone et al. [32] per la migrazione dei pori presente in BISON, simulando esperi-
menti di irraggiamento in reattore, alcuni dei quali presentavano una ristrutturazione
eccentrica rispetto all’asse della barretta di combustibile analizzata. Quest’ultimi casi
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sono stati simulati facendo ricorso alle potenzialità di BISON di poter sfruttare mesh
non assialsimmetriche.

Infine, in questo lavoro ho implementato in BISON il modello di redistribuzione
dell’ossigeno presentato da Lassmann [26], sempre validandolo rispetto ad uno dei
casi sperimentali presi in considerazione in questa tesi.
I casi presi in esame in questo lavoro riguardano tutti MOX per reattori veloci al sodio.
La barretta di combustibile L09 dell’esperimento FO-2 è il primo caso analizzato. Tale
barretta, come illustrato da Gilpin et al. [12] e Teague et el. [45], è stata irraggiata
nel reattore veloce americano FFTF (Fast Flux Test Facility) ed in seguito è stata
sottoposta a varie analisi sperimentali, tra le quali puncturing per la misura del FGR
e ceramografie, effettuate a varie altezze della colonna di combustibile, per realizzare
studi riguardo alla ristrutturazione.
Un altro caso esaminato riguarda il test B14 eseguito nel reattore giapponese JOYO,
che essendo di breve durata (appena 68 ore [27]), ha permesso lo studio solamente
della migrazione dei pori e la validazione della redistribuzione dell’ossigeno grazie ai
dati forniti da Ikusawa et al. [13].
Infine, sono stati analizzati gli esperimenti MK-I e MK-II sempre provenienti dal
reattore JOYO per quanto riguardo il rilascio dei gas di fissione, considerando i dati
riportati da Shimada et al. [41] e Karahan [16].

Modellazione

Per quanto riguarda il rilascio di gas di fissione, in questa sezione verranno esposte
le principali caratteristiche del modello di Pastore et al. [36, 37] per il comportamento
dei gas di fissione in combustibile UO2 per reattori ad acqua leggera. In seguito
verranno esposte le problematiche incontrate con combustibili MOX per reattori veloci
e, una volta analizzate tali questioni, verranno proposte delle modifiche al modello
sulla base dei fenomeni fisici coinvolti.

Secondo il modello di Pastore et al. [36, 37], il primo passaggio del processo
che porta al rilascio di atomi di gas di fissione è il loro comportamento all’interno
del grano di combustibile. Gli atomi qui generati possono diffondere a bordo grano
o dare origine ad una popolazione di bolle (tipicamente nanometriche), con le quali
interagiscono tramite i meccanismi di cattura e risoluzione. Il gas che diffonde a bordo
grano dà origine ad un’ulteriore popolazione di bolle, responsabile del rigonfiamento
gassoso a bordo grano.

La diffusione dei gas di fissione dall’interno del grano di combustibile ai bordi di
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grano in geometria sferica e unidimensionale è descritta come segue:

∂C

∂t
= Deff

1

r2

∂

∂r

(
r2∂C

∂r

)
+ β (E.1)

dove C (atomi m−3) è la concentrazione di gas intra-granulare, t (s) il tempo, r (m)
la coordinata radiale in geometria sferica, β (atomi m−3 s−1) il tasso di generazione
di gas, Deff (m2 s−1) il coefficiente efficace di diffusione del gas [42].

Il fenomeno di crescita (o restringimento) delle bolle sulle facce di grano è descritto
da Pastore et al. [36, 37] mutuando il modello di Speight e Beere [43], che identifica
nell’assorbimento (o emissione) di vacanze il responsabile di questo evento. Il tasso
di assorbimento/emissione di vacanze è calcolato come segue:

dnv
dt

=
2πDvδg
kBST

(p− peq) (E.2)

dove nv (vacanze bolla−1) è il numero di vacanze per bolla, Dv (m2 s−1) è il coefficiente
di diffusione delle vacanze nei bordi di grano, δg (m) è lo spessore efficace dei bordi
di grano ai fini della diffusione, kB (J K−1) è la costante di Boltzmann, T (K) la
temperatura, S (-) è un parametro adimensionale che dipende dalla frazione del grano
coperta dalle bolle (fractional coverage), p e peq (Pa), rispettivamente, la pressione
del gas nella bolla e la pressione di equilibrio meccanico.

La crescita delle bolle sulle facce di grano induce il processo di coalescenza, cioè
porta queste ad intersecarsi ed unirsi, aumentandone le dimensioni e riducendone il
numero. Come spiegato da White [48], questo fenomeno è strettamente connesso al
tasso di incremento dell’area delle bolle proiettata sulla faccia del grano, Agf (m2).
Questo procedimento è descritto come segue:

dN

dt
= −2N2

(
dAgf

dt

)
(E.3)

dove N (bolle m−2) è il numero di bolle sulla faccia del grano per unità di superficie.
Quando le bolle ai bordi di grano diventano abbastanza grandi e numerose, la faccia
del grano può essere considerata come percolata e i gas di fissione vengono rilasciati nel
volume libero della barra di combustibile. Nel modello di Pastore et al. [36, 37] questo
è rappresentato mediante il principio di saturazione delle facce di grano: dopo che il
fractional coverage F = NAgf ha raggiunto il livello di saturazione Fsat, un’ulteriore
crescita delle bolle è compensata dal rilascio di gas in modo da mantenere costante
la condizione di saturazione:

dnfgr

dt
= 0 if F < Fsat

dnfgr

dt
= n

N

Agf

dAgf

dt
if F = Fsat
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dove nfgr (atomi m−2) è il numero di atomi di gas rilasciati nel volume libero della
barretta di combustibile e ng (atomi bolla−1) il numero di atomi di gas di fissione per
bolla sulla faccia di grano.

Dati sperimentali di rilascio dei gas fissione in combustibile irraggiato ad alte
temperature e/o alti burnup mostrano come questa grandezza possa raggiungere valori
molto elevati in tali condizioni (ad esempio, [28, 8]). Questi valori di temperatura e
di burnup sono spesso raggiunti da combustibili MOX irraggiati in reattori veloci e
vanno oltre le normali condizioni di esercizio dei reattori ad acqua leggera.

Il modello presentato da Pastore et al. [36] è stato finora validato solo con casi di
UO2 per reattori ad acqua leggera. Siccome i fenomeni come la crescita delle bolle a
bordo grano e la coalescenza sono enfatizzati dalle alte temperature, ci si può aspettare
che per combustibili MOX irraggiati in reattori veloci il modello necessiti di alcuni
miglioramenti ed ulteriori validazioni. Per quanto riguarda la parte modellistica, si
è partiti dalla considerazione che tali processi abbiano un limite fisico. Infatti, la
coalescenza porta ad un minor numero di bolle, ma di più grandi dimensioni e la cui
crescita è strettamente limitata dalla temperatura (Eq. E.2). Tuttavia il modello
di Pastore et al. [36, 37] propone un limite di 1010 bolle m−2, che risulta essere
eccessivamente basso (e quindi non raggiungibile) sia per le condizioni presenti in
reattori ad acqua leggera sia nei casi analizzati in questo lavoro. Per questa ragione,
in questo lavoro, è stata proposta una formulazione per dare una descrizione fisica
a questo limite. Quindi, il limite del numero di bolle a bordo grano per unità di
superficie, Nlim (bolle m−2) è:

Nlim =
1

2

NeqNface

4πa2
(E.4)

dove Nface (facce grano−1) è il numero medio di facce in un grano (questo valore è circa
di 14 facce grano−1), a (m) il raggio del grano sferico equivalente e Neq (bolle faccia−1)
il numero medio di bolle su una faccia di grano, chiamato numero equivalente di bolle
(bubble equivalent number). Per determinare un range ragionevole per Neq è stato
eseguito un esperimento numerico con le seguenti caratteristiche:

• Sono state generate 1000 immagini quadrate rappresentative delle facce di grano.

• Per ogni faccia di grano è stata ipotizzata una dimensione di 10x10 µm2.

• Su ogni faccia di grano, sono stati generati dei cerchi di raggio R, campionati
da una distribuzione uniforme R(µm) ∼ U [0, 1].

• In ogni faccia di grano sono stati contati gli agglomerati di cerchi non connessi
tra loro, ovvero il numero effettivo di bolle (Neq).
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Nella Fig. E.1a, Neq è riportato in funzione del fractional coverage F, con ogni
punto che rappresenta una delle 1000 immagini generate. Il numero di pori effet-
tivi diminuisce gradualmente con l’aumentare del fractional coverage, a causa della
formazione di aggregazioni di bolle. Come esempio, Fig. E.1b riporta una delle im-
magini generate, con un fractional coverage F = 0.43 e un bubble equivalent number
Neq = 29.

Dalla Fig. E.1a, in condizioni di saturazione, cioè quando F = Fsat = 0.5, Neq

giace in un range di 0-20 bolle faccia−1. In questo lavoro, ho assunto Neq = 10.
Il fattore 1/2 è introdotto nell’Eq. E.4, perché una bolla su una faccia di grano è
condivisa da due grani confinanti. Inoltre può essere notato che Nlim proposto in
questo lavoro è in accordo con le osservazioni sperimentali [48].

(a) (b)

Figure E.1: Risultati dell’esperimento numerico casuale usato per derivare il numero
equivalente di bolle per faccia di grano. Sulla sinistra (a) è riportato Neq

ottenuto come una funzione del fractional coverage, mentre sulla destra (b) è
presente una delle immagini generate, con un fractional coverage F = 0.43 e
un bubble equivalent number Neq = 29.

Un’altra problematica riscontrata con casi di MOX per reattori veloci riguarda il
modello di crescita dei grani di Ainscough et al. [2] implementato in BISON. A causa
delle alte temperature raggiunte in questi esperimenti, il modello predice valori non
fisici per il raggio dei grani (circa 100 µm). Per via della mancanza di un modello in
grado di descrivere la crescita dei grani in queste condizioni, per questo lavoro si è
deciso di utilizzare valori costanti per i raggi di grano.

Riguardo al fenomeno della ristrutturazione del combustibile, esso è essenzial-
mente dovuto alla combinazione di temperature molto elevate (sopra i 1800 K) e
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ai forti gradienti termici lungo il raggio delle pastiglie (centinaia di K mm-1) che si
verificano nell’esercizio del combustibile ossido nei reattori veloci [33, 35]. In tali
condizioni, i pori presenti nel combustibile sono messi in moto e tramite un procedi-
mento di evaporazione/condensazione migrano verso la zona centrale della pastiglia.
Questo processo porta al cosiddetto restructuring del combustibile, dando luogo a
zone contraddistinte da differenti microstrutture. Queste regioni sono caratterizzate
da un vuoto centrale, una zona ad altissima densità in cui la microstruttura è com-
posta da grani colonnari in direzione radiale, una regione ad alta densità con grani
sferici equiassiali ed infine un’area periferica rimasta invariata rispetto alla stato di
fabbricazione.

In questo lavoro sono stati seguiti i passaggi del modello presentato da Novascone
et al. [32] per descrivere il fenomeno della migrazione dei pori. In questo mod-
ello la migrazione è innescata dal gradiente di temperatura e viene descritta usando
un’equazione alle derivate parziali che caratterizza la diffusione dei pori come segue:

∂P

∂t
+∇ · (PvP∇T − ν∇P ) = 0 (E.5)

dove T (K) è la temperatura, P (/) è la frazione di porosità, vP (m2 s−1 K−1) la
velocità dei pori, ν (m2 s−1) è il coefficiente efficace di diffusione dei pori. La velocità
dei pori nell’Eq. E.5 usata in questo lavoro si riferisce all’espressione proposta da
Sens [40]:

vP = c0(c1 + c2T + c3T
2 + c4T

3)T−5/2 ×∆Hp0 exp

(
−∆H

RT

)
(E.6)

dove T (K) è la temperatura e R (J mol−1 K−1) è la costante universale dei gas.
L’equazione dipende anche dalla pressione di vapore dell’UO2 p0 (Pa) e dal calore di
vaporizzazione ∆H (J mol−1). I fattori c1, c2, c3 e c4 sono costanti provenienti da mis-
ure sperimentali, riportati in tabella E.1. Nella fonte originale dove viene riportato il
modello [32], il gradiente di temperatura viene collassato direttamente nell’espressione
della velocità dei pori, mentre qui si sono voluti scrivere separatamente per enfatizzare
la dipendenza della migrazione dei pori dal gradiente di temperatura (Eq. E.5).
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Table E.1: Lista dei parametri del modello.

Simbolo Definizione Valore u.d.m. Referenza
c0 Parametro del modello 5×10−16 [40]
c1 Parametro del modello 0.988 [40]
c2 Parametro del modello 6.395×10−6 [40]
c3 Parametro del modello 3.543×10−9 [40]
c4 Parametro del modello 3×10−12 [40]
p0 Pressione di vapore dell’UO2 33708.5 Pa [40]
∆H Calore di vaporizzazione 5.98×105 J mol−1 [40]
ν Coefficiente di diffusione efficace dei pori 1×10−12 m2 s−1 [32]

Come visto per gli altri processi analizzati, anche la ridistribuzione dell’ossigeno
è governata dalla temperatura, sia in termini di valore assoluto sia in termini del
suo gradiente. In seguito a questo fatto, alcuni costituenti del combustibile possono
muoversi da una regione ad un’altra secondo processi di diffusione allo stato solido.
Tra gli elementi interessati da tale fenomeno, l’ossigeno presente nel combustibile
ceramico tende a migrare radialmente lungo la pastiglia. Il trasporto di ossigeno è
quindi guidato dalla diffusione termica e può occorrere attraverso le vacanze (com-
bustibile ipo-stechiometrico, tipico per i MOX) e gli interstiziali (combustibile iper-
stechiometrico).

Nel combustibile per reattori ad acqua leggera, il rapporto di partenza tra atomi
di ossigeno (rapporto O/M) e di metallo è prossimo al valore stechiometrico di 2.00.
Per MOX veloci questo livello iniziale è leggermente inferiore, perché, in virtù degli
alti burnups raggiunti in questi reattori, il contenuto di ossigeno nel combustibile au-
menta, siccome la fissione può essere considerata come un processo ossidante [44]. In
queste condizioni, quando il rapporto O/M aumenta oltre il 2.00, la sovrabbondanza
di ossigeno può portare, una volta effettuato il contatto tra combustibile e guaina, alla
corrosione della guaina dall’interno [20, 21, 22]. Nonostante ciò, nel modello usato
per questo lavoro non verrà considerato l’effetto ossidante dovuto alla fissione.

In questa sezione verranno illustrati i tratti principali del modello di ridistribuzione
dell’ossigeno presentato da Lassmann [26] ed implementato in BISON in questo lavoro.
La ridistribuzione dell’ossigeno è modellata applicando il concetto di diffusione di Fick
e Soret:

∂c

∂t
+∇ ·NoxDox

(
∇c+ c

Q

RT 2
∇T

)
= 0 (E.7)

dove c (/) è la frazione degli atomi interstiziali o delle vacanze di ossigeno, T (K)
la temperatura, R (J mol−1 K−1) la costante universale dei gas, Nox (atomi m−3) il
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numero totale di atomi d’ossigeno per unità di volume, Dox (m2 s−1) il coefficiente di
diffusione degli atomi interstiziali o delle vacanze di ossigeno e Q (J mol−1) il calore
di trasporto molare efficace (molar effective heat of transport). Il coefficiente di
diffusione proposto da Lassmann [26] è calcolato mediante la seguente correlazione:

Dox = 1.39× 10−6exp
−75900

RT
(E.8)

Siccome c e Q hanno differenti espressioni in base alla stechiometria del combustibile
(ipo- o iper-stechiometrico), entrambi i casi verranno descritti. Definendo x la devi-
azione stechiometrica:

x =
O

U + Pu
− 2

x = −2cv (caso ipo-stechiometrico)

x = ci (caso iper-stechiometrico)

(E.9)

cv e ci sono le frazioni degli atomi interstiziali e delle vacanze di ossigeno, rispetti-
vamente. Per il caso ipo-stechiometrico il calore di trasporto dell’ossigeno (Eq. E.7)
dipende dalla valenza del plutonio VPu:

Qv = −8.12× 10−4exp(4.85VPu) for VPu < 3.3

Qv = −3.96× 106 + 2.37× 106VPu − 3.6× 105V 2
Pu per 3.3 ≤ VPu < 4.0

(E.10)

VPu è la valenza media degli ioni di plutonio e può essere descritta come:

VPu = 4 + 2 · x
q

= 4− 4 · c
q

(E.11)

dove q (/) è il rapporto tra plutonio e atomi di metallo pesante. Questo termine è
definito da Karahan [16] come:

q =
q0

1−Bu
(E.12)

dove q0 (/) è il rapporto iniziale tra plutonio e atomi di metallo pesante e Bu (FIMA)
il burnup. Nel caso iper-stechiometrico il calore di trasporto dell’ossigeno è funzione
della valenza di uranio VU :

Qi = −3.5× 1034exp(−17VU) per VU ≥ 4.0 (E.13)

VU è la valenza media degli ioni di uranio e può essere descritta come:

VU = 4 + 2 · x

1− q
= 4 + 2 · c

1− q
(E.14)
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Risultati

In questa Sezione verranno esposti i risultati delle validazioni dei modelli riguardanti
i fenomeni analizzati.

Per il FGR sono presentati i risultati delle validazioni eseguite simulando con
BISON gli esperimenti FO-2 del reattore americano FFTF, MK-I e MK-II del reattore
giapponese JOYO. Entrambi sono reattori veloci al sodio e il combustibile utilizzato
è di tipo MOX. Come mostrato nella Fig. E.2 sono stati esaminati due differenti casi:

• Nel primo viene considerata la versione attuale di BISON, senza alcuna limi-
tazione1 sui processi di crescita delle bolle e di coalescenza;

• Nel secondo, invece, sono riportate le simulazioni eseguite tenendo conto del
limite inferiore per il numero di bolle a bordo grano Nlim (Eq. E.4), dipendente
dal raggio del grano e proposto in questo lavoro, con il coefficiente di diffusione
per i gas di fissione presentato da Turnbull et al. [15].

La Fig. E.2 mostra che introducendo Nlim, secondo l’Eq. E.4, la previsione del
rilascio di gas di fissione si avvicina di più ai dati sperimentali. Infatti senza questo
limite ai bordi di grano si vanno a formare poche bolle e di dimensioni eccessive,
riducendo cos̀ı drasticamente il livello di rilascio di gas. Questi risultati sono quindi
in accordo con quanto aspettato, perché la limitazione introdotta descrive meglio il
limite fisico di questi processi che occorrono durante le condizioni operative di reattori
veloci utilizzanti combustibile MOX.

1Per semplicità, in questo lavoro ci si riferisce con ”BISON senza alcuna limitazione” alla versione
standard di BISON avente il limite di 1010 bolle m−2 [37]. Questa decisione è stata presa perché
tale limite non è mai stato raggiunto in nessuno dei casi analizzati.
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(a) (b)

(c) (d)

Figure E.2: Risultati per il rilascio di gas di fissione. In ogni figura sono esposti i due casi
analizzati: quello relativo alla versione attuale di BISON (linea porpora) e
quello considerante il limite introdotto nell’Eq. E.4 (linea blu). I risultati sono
cos̀ı suddivisi: in (a) quelli per la barretta L09; in (b) e (c) per l’esperimento
MK-I a 50 MW e a 75 MW, rispettivamente; ed infine in (d) quelli riguardanti
il nocciolo MK-II.

Il modello di migrazione dei pori è stato validato simulando con BISON gli es-
perimenti di irraggiamento FO-2 del reattore americano FFTF e B14 del reattore
giapponese JOYO, e cos̀ı predicendo la formazione del vuoto centrale. La Fig. E.3
mostra il confronto di tutti i campioni (sia quelli soggetti alla tomografia comput-
erizzata a raggi X (X − ray CT ) che soggetti ad analisi distruttive) con i risultati
delle simulazioni in un intervallo di σ ± 20%. In queste simulazioni ho voluto studi-
are l’impatto sui risultati che ha la soglia di porosità per considerare un vuoto come
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tale. La Fig. E.3a si riferisce alla stessa soglia usata da Novascone et al. [32] (P >
0.3); mentre nella Fig. E.3b è stata usata P > 0.75. Si può osservare che tra i due
risultati non ci sono molte differenze in quanto il gradiente di porosità è molto ripido
nel bordo tra vuoto centrale e zona ristrutturata. Tuttavia, siccome la condizione P
> 0.75 rispecchia di più i dati sperimentali, è stato deciso di utilizzarla in tutte le
seguenti simulazioni.

(a) (b)

Figure E.3: Raggio del vuoto centrale (mm) misurato verso calcolato per gli esperimenti
FO-2 e B14. Entrambe le figure mostrano tutti i campioni (sia quelli soggetti
alla tomografia computerizzata a raggi X che soggetti ad analisi distrut-
tive) confrontati con i risultati delle simulazioni in un intervallo di σ ± 20%.
L’impatto sui risultati che ha la soglia di porosità per considerare un vuoto
come tale, è stato analizzato come segue: la Fig. (a) si riferisce alla stessa
soglia usata da Novascone et al. [32] (P > 0.3); mentre (b) utlizza P > 0.75
come soglia.

Nella Fig. E.4 è possibile osservare il gradiente di porosità. In figura è segnata,
in base alle misure fornite da Gilpin et al. [12], anche la delimitazione tra la regione
ristrutturata e quella invariata. La linea nera tratteggiata si riferisce alla misura
sperimentale del vuoto centrale, mentre quella rossa tratteggiata delimita la regione
ristrutturata da quella invariata. Come mostrato in queste figure, riferite alla fine fine
di ogni simulazione, BISON sembra descrivere questo fenomeno con buoni risultati.
Come ci si aspettava, il profilo di porosità è coerente col gradiente di temperatura a
cui fa riferimento (Fig. E.4b).
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(a) (b)

Figure E.4: Risultati della simulazione integrale della barretta L09. I profili di porosità
(a) e temperatura (b), rispetto alla dimensione radiale relativa, si riferiscono
al campione H (mezzeria). R0 indica il raggio esterno della pastiglia. La
linea nera tratteggiata si riferisce alla misura sperimentale del vuoto centrale
(raggio interno pre-irraggiamento è 0.685 mm). La linea rossa tratteggiata,
invece, delimita la regione ristrutturata da quella invariata [12]. Ogni curva
inizia dal raggio interno del combustibile anulare.

Come mostrato dalle ceramografie dell’esperimento B14 riportate da Maeda et al.
[27] le barrette con un’intercapedine tra guaina e combustibile (gap) iniziale maggiore
(PTM002 e PTM010) presentano una ristrutturazione eccentrica nei campioni presi
dalla parte superiore della colonna di combustibile (Fig. 5.3d and Fig. 5.3h). In
modo da riprodurre questo effetto con BISON, è stata utilizzata una griglia di calcolo
(mesh) bidimensionale avente una forma di metà disco. Per evitare problemi di
convergenza, è stato necessario rifinire di molto la mesh riguardante il combustibile
(50 elementi nella direzione radiale e 200 in quella tangenziale).

La Fig. E.5 mostra i risultati delle simulazioni per riprodurre il vuoto centrale
fuori dall’asse delle barrette PTM002 e PTM010.
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(a)

(b)

Figure E.5: Risultati dei casi di offset per le barrette PTM002 (a) e PTM010 (b) nelle
sezioni a +97 mm e a +99 mm dalla mezzeria dell’altezza attiva, rispettiva-
mente. Entrambe le figure mostrano il profilo di porosità nel combustibile
dopo la ristrutturazione.

La Tabella E.2 mostra il confronto tra valori misurati e calcolati per l’offset del
vuoto centrale per le barrette PTM002 e PTM010. L’eccentricità dal foro centrale
è stata normalizzata rispetto al diametro del combustibile e si può osservare che il
modello predice in maniera soddisfacente la dimensione del vuoto, ma l’entità della
sfasatura dal centro necessita di ulteriori studi.
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Table E.2: Offset del vuoto centrale per le barrette PTM002 e PTM010: misurato verso
calcolato.

PTM002 PTM010

Misurato
Diametro del vuoto centrale (mm) 1.19 1.32
Offset/Diametro del combustibile (/) 0.03 0.035

Calcolato
Diametro del vuoto centrale (mm) 1.249 1.31
Offset/Diametro del combustibile (/) 0.08 0.085



17

Riguardo alla ridistribuzione dell’ossigeno, dopo aver implementato in BISON il
modello descritto da Lassmann [26], si è deciso di testarlo con due semplici esempi
unidimensionali, in modo da considerare entrambi i casi possibili di combustibile (ipo-
e iper-stechiometrico).
La Fig. E.6 mostra il risultato dei due esempi: il primo riguardante un combustibile
ipo-stechiometrico (Fig. E.6a, tipico per un MOX) e il secondo rispetto ad un caso
iper-stechiometrico (Fig. E.6b). In queste simulazioni è stato utilizzato un tipico
valore per un MOX impiegato in reattori veloci per la frazione iniziale di plutonio q0,
corrispondente a 25 Pu/(U+Pu) at%. Le figure mostrano un comportamento molto
simile a quello previsto dalla letteratura [33].

(a) (b)

Figure E.6: (a) Caso iper-stechiometrico (O/M>2); (b) caso ipo-stechiometrico (O/M<2).
In entrambi gli esempi è stato considerata una pastiglia solida con un q0 pari
a 25 Pu/(U+Pu) at%.

In tutti gli esperimenti analizzati finora in questo lavoro solo il test B14 fornisce
dati utili [13] per una validazione del modello di redistribuzione dell’ossigeno. Questi
risultati sono mostrati nella Fig. E.7. Siccome i pochi dati provenienti da Ikusawa
et al. [13] confrontano il rapporto O/M con il potenziale dell’ossigeno, per eseguire
questa validazione è necessario estrapolare il potenziale dell’ossigeno dalle simulazioni.
Per conseguire a questo compito si è presa in considerazione la seguente equazione,
fornita da Kato et al. [19] che mette in relazione il rapporto O/M con la pressione
parziale dell’ossigeno pO2 :

O/M = 2 +

[
exp

(
−22.8 + 84.5CPu

R

)
exp

(
105000

RT

)
(pO2)

1/2

]
−K−1/5 (E.15)



18

dove il terzo termine K è definito come:

K =

{
exp

(
44 + 55.8CPu

R

)
exp

(
−376000

RT

)
(pO2)

−1/2

}−5

+

{[
exp

(
68.8 + 131.3CPu

R

)
exp

(
−515000

RT

)]1/2

(pO2)
−1/4

}−5

+

{[
2exp

(
153.5 + 96.5CPu + 331C2

Pu

R

)
exp

(
−891000

RT

)]1/3

(pO2)
−1/3

}−5

+

{[
exp

(
111.2 + 20CPu

R

)
exp

(
−445000

RT

)]1/2

(pO2)
−1/4

}−5

+

(
CPu

2

)−5

Nelle Eqs. E.15-E.16 T (K) è la temperatura, R (J mol−1 K−1) la costante uni-
versale dei gas e CPu il contenuto di plutonio, definito come:

CPu =
Pu

U + Pu+ Am
+ 2.5

Am

U + Pu+ Am
(E.16)

Infine, per calcolare il potenziale dell’ossigeno ∆GO2 (J mol−1), si può considerare
la seguente formulazione:

∆GO2 = RTln (pO2) (E.17)

Nella Fig. E.7, in accordo con Ikusawa et al. [13], sono stati presi in consider-
azione due tipi di combustibile MOX: il primo contenente americio (66 wt% of U,
31.6 wt% of Pu and 2.4 wt% of Am) e l’altro con solo uranio e plutonio (70 wt% of
U and 30 wt% of Pu).

I due risultati, ottenuti con BISON e mostrati nella Fig. E.7 (cerchio verde e
cerchio nero), si riferiscono a due campioni posti ad un raggio normalizzato di 0.33
ad una temperatura di 1673 K (la stessa dell’esperimento eseguito da Ikusawa et al.
[13]).
I risultati sono coerenti con i dati sperimentali (Fig. E.7) perchè la simulazione
eseguita con il combustibile contenente americio presenta un valore più elevato di
potenziale di ossigeno, visto che questo attinide minore tende ad incrementare questo
parametro. Questa caratteristica può essere osservata anche guardando l’Eq. E.16.
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Figure E.7: Risultati per il potenziale d’ossigeno nell’esperimento B14 e validazione del
modello di redistribuzione dell’ossigeno implementato in BISON con i dati
provenienti da Ikusawa et al. [13]. Sono stati presi in considerazione due tipi
di combustibile MOX: il primo contenente americio (66 wt% of U, 31.6 wt%
of Pu and 2.4 wt% of Am) e l’altro con solo uranio e plutonio (70 wt% of U
and 30 wt% of Pu).

Conclusioni e sviluppi futuri dei modelli

In questo lavoro ho analizzato tre importanti fenomeni che avvengono nel com-
bustibile MOX sotto le rigide condizioni operative dei reattori veloci.

Per il rilascio di gas di fissione ho proposto un’estensione al corrente modello pre-
sente in BISON. Quindi ho focalizzato il mio lavoro sull’implementazione di questo
miglioramento nel codice e alla sua seguente validazione rispetto esperimenti di irrag-
giamento.
I risultati ottenuti con il limite proposto nel’Eq. E.4 sono incoraggianti. Ciò è con-
fermato dalle validazioni integrali di combustibile MOX per reattori veloci analizzate



20

in questo lavoro.
I prossimi sforzi possono essere investiti nella validazione di nuovi casi e in un ul-
teriore miglioramento al modello di Pastore et al. [36, 37]. Per esempio, in futuro
si potrebbe tener conto dell’effetto dell’eterogeneità dei combustibili MOX, dovuto
alla presenza di agglomerati di plutonio, sul rilascio di gas. Questo potrebbe essere
fatto integrando, al presente modello, gli studi di Koo et al. [24] e di Ishida e Ko-
rei [14]. Inoltre, potrebbe essere necessario lo sviluppo che permetta la descrizione
della crescita dei grani ad elevate temperature, soprattutto per definire la regione dei
grani colonnari. Finora i grani sono sempre stati considerati come sfere, ma questa
approssimazione è valida solo per la regione più esterna e per quella caratterizzata da
grani equiassiali.

Per quanto riguarda la ristrutturazione, il lavoro si è focalizzato principalmente
sulla validazione. Il modello di Novascone et al. [32] attualmente implementato in
BISON non era mai stato validato rispetto ad esperimenti integrali di irraggiamento.
Inoltre ho avuto l’occasione di analizzare il comportamento del modello di fronte ad
un caso di ristrutturazione eccentrica e sfalsata rispetto all’asse di simmetria della
barretta. I risultati mostrati dalla Fig. E.3 sono promettenti. A causa del ripido gra-
diente di porosità che delimita la regione del vuoto centrale (Fig. E.4), è necessario
utilizzare mesh ad alta densità e ciò è una grande limitazione al modello di elementi
finiti utilizzato. Inoltre, essendo stata la validazione della ristrutturazione eccentrica
solo un primo tentativo, i risultati sembrano molto incoraggianti. Il modello è in
grado di predire in maniera soddisfacente la dimensione del vuoto, ma l’entità dello
sfalsamento dal centro necessita di ulteriori studi (Tabella E.2). Come prospettiva
futura, potranno essere investigate altre correlazioni per la velocità dei pori, in quanto
è una delle quantità analizzate più soggetta ad incertezza, per poi essere confrontati
con i risultati ottenuti con la correlazione data da Sens [40] usata in questo lavoro.

Per la ridistribuzione dell’ossigeno BISON necessitava di un modello in grado di
descrivere questo fenomeno. Ho concentrato i miei sforzi nell’implementare il mod-
ello di Lassmann [26] all’interno del codice. Dopo averlo testato in semplici esempi
monodimensionali, l’ho validato rispetto ai dati provenienti dall’esperimento B14 [13].
La maggior difficoltà incontrata in questo ambito è stata trovare dati sperimentali utili
alla validazione, ciononostante questo primo tentativo è incoraggiante ed utile ai fini
di ulteriori investigazioni. Inoltre, in vista di future prospettive, l’Eq. E.7 può essere
migliorata tenendo conto di altri due termini:

• Un termine sorgente s (atomi m−3 s−1) che considera la fissione di uranio e
plutonio come un processo ossidante, siccome i prodotti di fissione non possono
legare tutti gli atomi di ossigeno liberati;
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• Un termine J (atomi m−2 s−1) che rappresenti il flusso di ossigeno dal com-
bustibile alla guaina, siccome quando avviene il contatto chimico tra i due,
l’ossigeno (e altri prodotti di fissione) possono penetrare nella guaina dall’interno.

Quindi dopo queste considerazioni, anche esposte da Kleykamp [20, 21, 22], l’Eq. 3.8
diverrebbe:

∂c

∂t
+∇ ·NoxDox

(
∇c+ c

Q

RT 2
∇T

)
−∇J (Tclad, Bu) + s (T,Bu) = 0 (E.18)



22

Contents

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

Page

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Sommario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

Estratto in Italiano. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

1.1 The BISON code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2. Physical phenomena analyzed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.1 Fission gas release . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.2 Pore migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.3 Oxygen redistribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

3. Model development . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.1 Fission gas release . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2 Pore migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

3.3 Oxygen redistribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4. Model test as stand-alone with BISON. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

5. Integral fuel rod analyses with BISON . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

6. Calculation results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69



23

6.1 Fission gas release . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

6.2 Pore migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

6.3 Oxygen redistribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

7. Conclusions and future prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

A. Analytic sensitivity analysis of grain boundary gas behavior . . . . . . . . . 92

B. Materials and behavioral models used in the input files . . . . . . . . . . . . . 94



24

List of Tables

E.1 Lista dei parametri del modello. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

E.2 Offset del vuoto centrale per le barrette PTM002 e PTM010: mis-
urato verso calcolato. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

Table Page

3.1 List of the model parameters. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

5.1 Fuel pin specifications and irradiation data. . . . . . . . . . . . . . . . . . . . . . . . . 66

6.1 Comparison between measured and calculated offset central void for
the fuel pins PTM002 and PTM010. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83



25

List of Figures

E.1 Risultati dell’esperimento numerico casuale usato per derivare il nu-
mero equivalente di bolle per faccia di grano. Sulla sinistra (a) è ri-
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porosità (a) e temperatura (b), rispetto alla dimensione radiale rela-
tiva, si riferiscono al campione H (mezzeria). R0 indica il raggio es-
terno della pastiglia. La linea nera tratteggiata si riferisce alla misura
sperimentale del vuoto centrale (raggio interno pre-irraggiamento è
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CHAPTER 1. INTRODUCTION

Mixed Oxide fuels (MOX) – uranium and plutonium mixed oxide fuels – are already
used in many Light Water Reactors (LWRs) in France and probably they will be
also widely utilized in the Generation IV Fast Reactors (FRs) in the next years.
Nowadays, a lot of experience has been already achieved with the most classic oxide
fuel, the Uranium Dioxide (UO2), but a wider knowledge about the MOX fuels is
required. For this purpose, in the last years, many experiments have been performed
on MOX fuels in test fast reactors around the world.
This kind of fuel has been already studied and used in commercial LWRs and it will
be taken advantage more efficiently in Generation IV fast reactors thanks to its higher
burn-up potential. Also, being a ceramic fuel, it has high melting point, but a low
thermal conductivity.
In fast reactors, the MOX fuels are subjected to harsh operative conditions, namely:
high temperatures, that could be above 2000 K and high burnup, that could reach
values of 10% (Fissions per Initial Metal Atoms) FIMA.
Due to those extreme conditions new phenomena take place in the ceramic fuel, which
usually do not occur in the LWRs due to their lower temperatures and burnup [10,
28, 39]. These phenomena could have many different effects on the fuel performance.
In this work, I will analyze (i) the enhancement of the fission gas release (FGR),
(ii) the restructuring and the consequent central void formation, and (iii) the oxygen
redistribution.
In this thesis, I studied the physical limitations of the phenomena that involve the
FGR, like the grain-face bubble growth and the coalescence. These considerations
have been extended to the model for the fission gas behaviour presented by Pastore
et al. [36, 37]. This feature has been, in the first instance, tested against the UKAEA
Winfrith SGHWR database (UK Atomic Energy Authority, Steam Generating Heavy-
Water Reactor), by Baker [5, 6]. Afterwards, this extension has been validated against
integral irradiation experiments using the American fuel performance code BISON.
This code has been developed by Idaho National Laboratory (INL), where I spent six
months of internship.

Regarding the pore migration, I validated against integral irradiation experiments
the model presented by Novascone et al. [32]. It was possible also to validate some
cases of offset restructuring.

Lastly, I implemented in the BISON code and validated also the model presented
by Lassmann [26] for the oxygen redistribution.
All the cases taken into account for integral validations concern sodium fast reactors.
The fuel pin L09 from the FO-2 experiment is the first case analyzed. This rod, as
explained by Gilpin et al. [12] and Teague et al. [45], has been irradiated in the
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American reactor FFTF (Fast Flux Test Facility). It has been punctured, in order to
let the FGR analysis, and afterwards cut at three elevations to perform ceramogra-
phies for the restructuring study. Another examined case is the B14 test, performed
in the Japanese reactor JOYO. Since the irradiation time of this experiment was very
short (just 68 hours [27]), it was possible (thanks to the data from Ikusawa et al.
[13]) to focus the study only on the pore migration and on the oxygen redistribution,
neglecting the fission gas release effects. The last experiments concern the MK-I and
MK-II cores irradiated in the JOYO reactor. Shimada et al. [41] and Karahan [16]
provide all the data useful for the validation of the fission gas release.

The thesis is organized as follows: Chapters 2, 3 and 6 are subdivided in three
sections: the first one for the fission gas release, the second one for the pore migration,
and the last one for the oxygen redistribution.
In Chapter 2, the current models and definitions of these three phenomena are illus-
trated, while in Chapter 3, I present the development of these models.

The modified model for the fission gas release is tested in LWR conditions to
demonstrate the maintained predictive capability of the modified model in these con-
ditions (Chapter 4).

All the integral irradiation experiments are detailed in Chapter 5 and the models
for the discussed phenomena are validated against those experiments in Chapter 6.
The main conclusions are drawn in Chapter 7.

1.1 The BISON code

BISON [50] is a finite-element based, engineering-scale nuclear fuel performance
code developed at the Idaho National Laboratory (INL, USA). The code is appli-
cable to both steady and transient fuel behavior, and can be used to analyze 1D
spherically symmetric, 2D axisymmetric or 3D geometries. The governing relations
of BISON consist of fully-coupled partial differential equations for thermo-mechanics
and species conservation, and include constitutive laws for both nonlinear kinematics
and nonlinear material behavior.



CHAPTER 2. PHYSICAL PHENOMENA ANALYZED

In this Chapter, the main features of the three physical phenomena taken into account
(fission gas release, pore migration and oxygen redistribution) are analyzed.

2.1 Fission gas release

Fission gas atoms generated in the fuel grains diffuse towards the grain boundaries
through repeated trapping in and irradiation-induced resolution from nanometer-size
intra-granular gas bubbles [36, 37]. Although a part of the gas atoms that reach the
grain boundaries is dissolved back to the grain interior by irradiation, the majority of
the gas diffuses into grain-face gas bubbles, giving rise to grain-face swelling. Bubble
growth brings about bubble coalescence and inter-connection, eventually leading to
the formation of a tunnel network through which a fraction of the gas is released to
the fuel rod free volume.

2.1.1 Diffusion based model

The model, developed by Pastore et al. [36, 37], incorporates the fundamental fea-
tures of fission gas behavior, among which are gas diffusion and precipitation in grains,
growth and coalescence of gas bubbles at grain faces, thermal, athermal, steady-state,
and transient gas release. Through a direct description of the grain-face gas bubble
development, the fission gas swelling and release are calculated as inherently coupled
processes, on a physical basis.

Fission gas diffusion [36, 37] from within the fuel grain (assumed as spherical) to
the grain boundary in one-dimensional spherical geometry is described as follows:

∂C

∂t
= Deff

1

r2

∂

∂r

(
r2∂C

∂r

)
+ β (2.1)

where C (atoms m−3) is the intra-granular gas concentration (as single atoms and in
the bubbles), t (s) is the time, r (m) is the radial co-ordinate in the spherical geometry,
β (atoms m−3 s−1) is the gas generation rate, Deff (m2 s−1) is the effective gas diffusion
coefficient [42, 36, 37]. The diffusion coefficient Deff is given by: the intra-granular
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gas atom diffusion coefficient Ds (m2 s−1); the rate of gas atom trapping into intra-
granular bubbles g (s−1) (trapping parameter) and by the rate of gas atom resolution
from bubbles back into the lattice b (s−1) (resolution parameter); and it is expressed
with the following relationship:

Deff =
b

b+ g
Ds. (2.2)

A direct description of the grain-face bubble development can define both fission gas
swelling and thermal release for the grain-boundary gas behaviour analysis. The
major assumptions [37] and features of the analysis are the following:

• An initial number density of grain-face bubbles is considered, and further nu-
cleation during the irradiation is neglected (one-off nucleation, [48]);

• The absorption rate of gas at the grain-face bubbles is assumed to equal the
arrival rate of gas at the grain boundaries [33, 48];

• Grain-face bubbles are considered to have, at any instant, equal size and equal
lenticular shape of circular projection with semi-dihedral angle of 50◦ [49];

• Grain-face bubble growth (or shrinkage) is considered, taking into account the
inflow of gas atoms from within the grains and concomitant absorption (or
emission) of vacancies from the grain boundaries.

The bubble growth/shrinkage rate is calculated as:

dVgf

dt
= ω

dn

dt
+ Ω

dnv
dt

(2.3)

where Vgf (m3) is the bubble volume, ω (m3) the Van der Waals covolume of a fission
gas atom, n (atoms bubble−1) the number of fission gas atoms per bubble, Ω (m3)
the atomic (vacancy) volume in the bubble, and nv (vacancies bubble−1) the number
of vacancies per bubble. The model of Speight and Beere [43] is applied for the
calculation of the vacancy absorption/emission rate at the lenticular bubble:

dnv
dt

=
2πDvδg
kBST

(p− peq) (2.4)

where Dv (m2 s−1) is the vacancy diffusion coefficient in grain boundaries, δg (m) is
the thickness of the diffusion layer in grain boundaries, kB (J K−1) the Boltzmann
constant, T (K) the temperature, and S (-) is a dimensionless parameter that depends
on the fraction of grain faces covered by bubbles, that is the fractional coverage [48].
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The pressure of the gas in the bubble, p (Pa), is calculated based on the Van der
Waals equation of state as:

p =
kBT

Ω

n

nv
(2.5)

The mechanical equilibrium pressure, peq (Pa), is given by the sum of the bubble
surface tension force and the hydrostatic stress in the surrounding medium. Grain-
face bubble coalescence is described using the improved model of White, develped by
Pastore et al. [36, 37]. The variation rate due to coalescence of the bubble number
density, N (bubbles m−2), is calculated as a function of the variation rate of the
bubble projected area on the grain face, Agf (m2) (obtained from Eq. 2.3):

dN

dt
= −2N2

(
dAgf

dt

)
. (2.6)

Observations [48] of lightly irradiated fuel reveal large numbers of small, discrete,
lenticular bubbles on the planar boundaries (faces), Fig. 2.1. With further irradia-
tion, the size of the bubbles increase and their numbers decrease, Fig. 2.2. Consider-
ing these remarks, a lower bound for the bubble density N will be discuss in Section
3.1.

The swelling due to the grain-face gas bubbles is calculated [23, 4] as:

∆V

V
=

1

2

3

a
NVgf (2.7)

where V (m3) is the fuel volume, a (m) the spherical grain radius, and 3/a represents
the grain surface to volume ratio.
When the bubbles on the grain boundaries become enough large and numerous, the
grain-face is considered as percolated and the fission gas will be released to the fuel
rod free volume through free pathways made of interconnected bubbles. Only FGR
following bubble interconnection pathways is considered by the model. This is under-
pinned by a principle of grain-face saturation: after the fractional coverage F = NAgf

has reached the saturation value Fsat further bubble growth is compensated by gas
release in order to maintain the constant coverage condition:

dnfgr

dt
= 0 if F < Fsat

dnfgr

dt
= n

N

Agf

dAgf

dt
if F = Fsat (2.8)
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Figure 2.1: Early stage, lightly irradiated fuel (13 GWd t−1 U), of grain-face bubble
development and the bubble density is high with little evidence of departures
from circular bubbles [48].

where nfgr (atoms m−2) is the number of gas atoms released to the fuel rod free
volume. Note that fission gas release and swelling are described as inherently coupled
phenomena, as fission gas release from the grain faces counteracts bubble growth and
thereby fission gas swelling. The saturation point is assumed as a constant with a
value of Fsat = 0.5 [48, 36, 37].
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Figure 2.2: Advanced development of grain-face porosity under high level of irradia-
tion:extensive bubble coalescence and lower bubble density [48].

2.2 Pore migration

Oxide nuclear fuels (UO2 and MOX) [35, 33] have outstanding high temperature
capabilities under irradiation. A temperature gradient is formed along the radius of
the fuel pellet, with the hottest region at the center of the pellet and coolest near
the cladding because of the inherent low thermal transport capabilities of the ceramic
fuels. The fuel cannot quickly and efficiently manage heat, so this behaviour acts as
an annealing process, and it leads to a grain growth and restructuring process.
After start-up and attainment of full-power and nominal operating fuel temperature,
ceramic fuel (UO2 and MOX) experiences meso-scale restructuring, which has a pro-
found effect on the bulk properties of the fuel. Here, restructuring means that the
fuel pellet develops distinct regions. Going from the center of the fuel outward in
sequence, these regions are characterized by a central hole, a region of increased den-
sity, then a region with aligned grains and un-restructured grains, Figs 2.3 and 2.4.
These regions form radial iso-surfaces due to restructuring of the fuel, which depends
on temperature and its gradient [32].
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Figure 2.3: Micrograph from Olander [33] showing central void, restructured, and original
fuel .

The central void [35] forms from the accumulation of voids and pores present in
the fuel along a thermal gradient. Specifically within the columnar grain region of
an irradiated fuel pellet, the pores migrate up the temperature gradient toward the
center at varying rates depending on their starting size. The smallest spherical pores
are highly mobile, being able to quickly and easily move through the restructured re-
gion. Intermediate sized pores become flat and elongated as they travel towards the
fuel centers, leaving streaks at the tips of the voids as they travel. These “lenticular”
voids are the most readily identifiable porosity feature in the irradiated MOX fuels
due to their distinct shape. The largest voids, usually starting as fabricated porosity
in the fresh fuel, are the least stable of the three regimes, creating the appearances
of long streaks radially pointing toward the fuel center.
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Figure 2.4: Diagram of microscale features where equiaxed and columnar grain regions
are distinguished [33].

2.3 Oxygen redistribution

The fuel in a reactor [33] is subject to very steep temperature gradients, and it is
also very likely that communication between regions of different temperature is made
possible by cracks or interconnected porosity within the ceramic body. Introduction
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of paths for transport via the gas phase means that the components of the fuel present
in the vapor can readily move from one region to another. Oxygen tends to migrate
radially through the fuel.
The oxygen transport is driven by a solid state thermal diffusion and it occurs
via vacancies (hypo-stoichiometric fuel, usually fast MOX) and interstitials (hyper-
stoichiometric fuel). Some results [38] show that the heat of oxygen transport depends
on the plutonium and uranium valencies for hypo- and hyper-stoichiometric oxides
respectively.



CHAPTER 3. MODEL DEVELOPMENT

In this Chapter, the development of the models for fission gas release, pore migra-
tion and oxygen redistribution is presented.

3.1 Fission gas release

It has been demonstrated by Colle et al. [8] and by Maeda et al. [28] that the
fission gas release can reach high values at high temperatures and high burnup con-
ditions. In particular Colle et al. [8] defines three stages for the release due to the
temperature effect: i.) (near) surface release or venting from pre-existing open grain
boundaries at usually T < 1200 K (stage I); ii.) release due to the diffusion of gas
after re-solution from bubbles and venting of intergranular pores in a temperature
range from 1550 K to 1750 K (stage II); iii.) at very high temperatures the release
comes from the surviving intragranular bubbles (stage III). These ranges of tem-
perature and burnup are often achieved by fast MOX fuels irradiated in fast reactors
and on the other side these values go far beyond the operational conditions for a LWR.

The model presented by Pastore et al. [36, 37] is currently the default option in
BISON and it has been widely validated in LWR UO2 cases so far. Since phenomena
like grain-face bubble growth and the coalescence are emphasized at high tempera-
tures it is expected that for MOX fuels irradiated in fast reactors this model needs an
improvement and further validations. Nevertheless, these processes have a physical
limit: the coalescence leads to fewer but bigger bubbles and their growth is strictly
limited by the temperature (Eq. 2.4). As a consequence of bubble growth, the bub-
ble number density progressively strongly decreases governed by Eq. 2.6. However,
physically, there should be a limit to the coalescence process, i.e., the number density
of grain-face bubbles cannot decrease below a lower bound when the extensive inter-
linkage of the grain boundaries is achieved. In a simplified approach, this limit can
be interpreted as a lower bound to the number density of grain-face bubbles. In the
original BISON model, such a lower bound was set to a constant value of 1010 bubbles
m−2 [37]. However, this limit is of low importance for LWR fuel calculations, where
it is normally not attained. On the contrary, for the analysis of higher temperature
fuel such as fast reactor MOX, where bubble growth and coalescence proceed more
rapidly, the limit becomes highly important in determining the calculated FGR and
gaseous swelling. In this work, I propose a physically grounded approach to the deter-
mination of this lower bound for the number density of grain-face bubbles. Namely,
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the limit number density of grain-face bubbles per unit surface, Nlim (bubbles m−2)
is:

Nlim =
1

2

NeqNface

4πa2
(3.1)

where Nface (faces grain−1) is the average number of faces in a grain (this value is
assumed as 14 in this work), a (m) is the radius of a spherical grain and Neq (bubbles
face−1), the bubble equivalent number, is the average number of bubbles on a grain
face.

In order to determine a range of reasonable values for the bubble equivalent num-
ber, a numerical random experiment has been performed, generating:

• 1000 square images representative of the grain-faces.

• Each grain face is assumed of size 10x10 µm2.

• On each grain face, single-sized circles of radius R, sampled from an uniform
distribution R(µm) ∼ U [0, 1], have been generated superposing.

• In each grain face, the number of effective bubbles, i.e., the number of not-
connected clusters of circles, is counted.

In Fig. 3.1a, the number of effective bubbles is reported as a function of the fractional
coverage F , with each point representing one of the 1000 images generated. The num-
ber of effective pores gradually decreases with the increase of the fractional coverage,
because of the formation of clusters. For sake of example, Figure 3.1b reports one of
the images generated, with fractional coverage F = 0.43 and a number of effective
bubbles Neq = 29.

From Fig. 3.1a, in conditions of saturation, i.e., when F = Fsat = 0.5, Neq is in
the range 0-20 bubbles face−1. In this work, I assume Neq = 10. The last remark
is the factor 1/2 in Eq. 3.1, which accounts for the fact that a grain-face bubble is
shared by two neighbouring grains.

Furthermore, it should be noted that Nlim proposed in this work is compatible
with experimental observations of saturated grain boundaries, see Ref. [48].

The inclusion in the BISON fission gas behaviour model of a lower bound to the
inter-granular bubble density bounds the coalescence process and by consequence
the maximum size of grain-face bubbles. Consequently, once the lower limit for the
number density of bubbles is achieved, any further bubble growth is compensated by
FGR by virtue of Eq. 2.8. Consequently, both bubble number density and size remain
constant at this point. Note that in the current model, given the same fractional
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(a) (b)

Figure 3.1: Results of the random numerical experiment used to derive the number of
equivalent bubbles per grain face. On the left (a) I report the bubble equiv-
alent number obtained as a function of the fractional coverage, while on the
right (b) I report a sample image of a pattern of bubbles covering a grain face
as obtained by the random process.

coverage, the fewer the bubbles the larger the volume they occupy and the higher the
total gas atoms they retain [36, 37]. Hence, FGR after the attainment of the limit is
expected to be higher compared to the situation where coalescence continues.

It should be noted that, after the attainment of the lower limit in the number den-
sity of grain-face bubbles, the model representation becomes a stronger simplification
of the actual behavior. Essentially, at this point the grain-face bubble population is
assumed to reach a stationary situation where further evolution is prevented. Also,
after extensive interlinkage, bubbles form elongated or vermicular structures [48], so
that the basic model assumption of circular bubbles becomes stronger in itself. How-
ever, the concept of a stationary situation is considered reasonable as an attempt to
consider behavior after extensive bubble interlinkage within the current model frame-
work and in a physically meaningful way. As a final physical justification for the
introduction in the model of such a lower bound, it should be observed that with-
out any limitation2 the evolution of grain-face bubbles ignores the fact that bubbles
are constrained on a single grain face, and can in principle allow for interconnection
between bubbles belonging to different grain faces.

2For the sake of simplicity, in this work, I refered to the standard version of BISON that con-
siders the limit of 1010 bubbles m−2, using the terms ’BISON without any limitations’. I took this
simplification because in the conditions of all the cases analyzed in this work, the number density
of grain-face bubbles never reaches the limit proposed by Pastore et al. [37].
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Moreover, since in fast reactors the fission rate is higher, the diffusion coefficient for
fission gas atoms proposed by Turnbull et al. [15] is taken into account. The default
intra-granular diffusion coefficient for fission gasses used in BISON was provided by
Turnbull et al. [46] negletting the contribution of the athermal term (D3):

Ds = D1 +D2 +D3 (3.2)

where D1 (m2 s−1) is the thermal component that depends just on temperature, D2

(m2 s−1) the enhanced term that is a function of both temperature and the fission
rate and D3 (m2 s−1) is the athermal component that has a dependence only on the
fission rate. It has been decided to use the coefficient proposed by Turnbull et al. [15]
because this diffusion coefficient emphasizes the enhanced and the athermal compo-
nents dependent on the fission rate.

Another problem found with fast reactor MOX cases pertains to the grain growth
model by Ainscough et al. [2] implemented in BISON. When a polycrystalline ma-
terial is subject to high temperatures, larger grains tend to grow at the expense of
the smaller ones. As a consequence, the latter gradually disappear, thus reducing the
total number of grains per unit volume and increasing the average grain size. This
phenomenon is known as grain growth. The granular structure of the fuel affects
physical processes such as fission gas behavior.
Hence, this empirical model [2] is implemented in BISON for computing the grain
growth in UO2 fuel. According to this model, the kinetics of grain growth is described
by the equation:

dD

dt
= k

(
1

D
− 1

Dm

)
(3.3)

where D (µm) is the 2-dimensional (linear intercept) average grain diameter, t (h)
the time, k (µm2 h−1) the rate constant, and Dm (µm) is the limiting grain size. The
rate constant is given as

k = 5.24 · 107 exp(
−2.67 · 105

RT
) (3.4)

where R (J mol−1 K−1) is the universal constant of the gas. The limiting grain size
is a function of the temperature such that:

Dm = 2.23 · 103 exp(−7620/T ) (3.5)

Due to the high temperatures reached in fast reactor MOX cases, the model predicts
un-physical values for the grain radius, i.e., about 100 µm. Hence, because of the lack
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of a model able to describe the grain growth for these conditions, for this work it has
been decided to use constant values for the grain radius. An investigation about the
effects of the grain radius on the limit described in Eq. 3.1 is performed in Section
6.1.

3.2 Pore migration

As described by Novascone et al. [32], the temperature gradient triggers the
motion of the pores. The model takes into account a partial differential equation that
characterizes the advection-diffusion of pores (conservation of pores):

∂P

∂t
+∇ · (PvP∇T − ν∇P ) = 0 (3.6)

where T (K) is the temperature, P (/) is the fraction of porosity, vP (m2 s−1 K−1) is
the pore velocity, ν (m2 s−1) is the effective porosity diffusion coefficient to represent
pore migration via surface and bulk diffusion. The pore velocity vP in Eq. 3.6 is
a highly uncertain quantity, and it has been subjected to a considerable amount of
prior studies [33, 30, 40, 16, 34, 9, 25, 47]. In this work, with reference to Novascone
et al [32], I used the expression provided by Sens [40]:

vP = c0(c1 + c2T + c3T
2 + c4T

3)T−5/2 ×∆Hp0 exp

(
−∆H

RT

)
(3.7)

where T (K) is temperature and R (J mol−1 K−1) is the universal gas constant. This
model is based on vapor pressure driving pore migration. The exponential Arrhenius
term depends on the UO2 vapor pressure and it is multiplied by a factor p0 (Pa)
and by the heat of vaporization ∆H (J mol−1). The factors c1, c2, c3 and c4 are
constant coefficients coming from experimental measurements. All these parameters
are summarized in Table 3.1. In Novascone et al. [32], the temperature gradient
is included in the pore velocity term, but here, the temperature gradient is written
separately to emphasize the dependence of pore migration on temperature gradient
(Eq. 3.6).
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Table 3.1: List of the model parameters.

Symbol Definition Value u.o.m. Reference
c0 Model parameter 5×10−16 [40]
c1 Model parameter 0.988 [40]
c2 Model parameter 6.395×10−6 [40]
c3 Model parameter 3.543×10−9 [40]
c4 Model parameter 3×10−12 [40]
p0 UO2 vapor pressure 33708.5 Pa [40]
∆H Heat of vaporization 5.98×105 J mol−1 [40]
ν Effective porosity diffusion coefficient 1×10−12 m2 s−1 [32]

3.3 Oxygen redistribution

For uranium oxide fuels the initial oxygen-to-metal ratio is very close to 2.00.
For fast MOX reactors, the fabrication value is slightly lower – hypo-stoichiometric –
because, with very high burnup levels targeted in fast reactors, the content of oxygen
in the fuel increases, since the fission can be considered as an oxidative process [44].
In these conditions, when the O/M ratio increases beyond 2.00, the overabundance
of oxygen can lead to a diffusion of this element from the fuel to cladding when the
contact is established, causing a corrosion of the cladding from the inside [20, 21, 22].
Nevertheless, in the model used for this work the effect of oxidation production due
to the fission is not considered.

In this Section, the model for the oxygen redistribution proposed by Lassmann
[26] has been implemented in the BISON code. Oxygen redistribution is modeled by
applying the concept of Fick and Soret diffusion:

∂c

∂t
+∇ ·NoxDox

(
∇c+ c

Q

RT 2
∇T

)
= 0 (3.8)

where c (/) is the atomic fraction of interstitial atoms or oxygen vacancies, T (K) is
the temperature, R (J mol−1 K−1) is the gas constant, Nox (atoms m−3) is the total
number of oxygen atoms per unit volume, Dox (m2 s−1) is the diffusion coefficient of
interstitial atoms or oxygen vacancies and Q (J mol−1) is the molar effective heat of
transport. The diffusion coefficient, taken according to Lassmann [26], is:

Dox = 1.39× 10−6exp
−75900

RT
(3.9)
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Since c and Q have different expressions depending on the stoichiometry of the fuel
(hypo- or hyper-stoichiometric), both the cases were described and implemented in
BISON. Being x the deviation of from the stoichiometry:

x =
O

U + Pu
− 2 (3.10)

x = −2cv (hypo-stoichiometric case) (3.11)

x = ci (hyper-stoichiometric case) (3.12)

cv and ci are the atomic fraction of oxygen vacancies and interstitial atoms, respec-
tively. For the hypo-stoichiometric case the heat of oxygen transport from Eq. 3.8
depends on the valence of plutonium VPu:

Qv = −8.12× 10−4exp(4.85VPu) for VPu < 3.3 (3.13)

Qv = −3.96× 106 + 2.37× 106VPu − 3.6× 105V 2
Pu for 3.3 ≤ VPu < 4.0 (3.14)

VPu is the average valence of plutonium ions and it can be described as:

VPu = 4 + 2 · x
q

= 4− 4 · c
q

(3.15)

where q (/) is the plutonium to heavy metal atoms ratio. It is defined by Karahan
[16] as:

q =
q0

1−Bu
(3.16)

where q0 (/) is the initial plutonium to heavy metal atoms ratio and Bu (FIMA) the
burnup.
In the hyper-stoichiometric case the heat of oxygen transport is a function of the
valence of uranium VU :

Qi = −3.5× 1034exp(−17VU) for VU ≥ 4.0 (3.17)

VU is the average valence of uranium ions and it can be described as:

VU = 4 + 2 · x

1− q
= 4 + 2 · c

1− q
. (3.18)



CHAPTER 4. MODEL TEST AS STAND-ALONE WITH
BISON

In this Chapter, the extension for the fission gas release model (Section 3.1) is
tested against the experimental database provided by Baker [5, 6].

In this Chapter, I present the introdution of Eq. 3.1 in BISON simulating the
experiments performed by Baker [5, 6]. In this experiment the fuel pins, have been
irradiated in the UKAEA’s Winfrith SGHWR up to a burnup of ∼1% and the samples
examined by Baker [5, 6] lay in the temperature range from 1273 K up to 2073 K.
Therefore these values represent both operational conditions for UO2-LWR (up to
about 1600 K) and more critical ones (beyond 1700 K), where this last range, instead,
is closer to operational circumstances for fast MOX reactors.

The experimental data from [5, 6] correspond to local information, i.e., small fuel
samples. In order to simulate it with BISON, a single-cube mesh has been used.
Every simulation has been performed at a different temperature (starting from 1273
K up to 2073 K) and assuming a constant grain radius of 5 µm, corresponding to a
Nlim of 2×1011 bubbles m−2.

Figs. 4.1 and 4.2 report all the results at each of the considered temperatures for
the variables of most interest, namely: the fission gas release FGR (%), the number
density of grain boundary bubbles per unit surface N (bubbles m−2) and the volu-
metric swelling at the grain boundary (%).

At lower temperatures Fig. 4.1), since N does not reach the proposed limit, the
resulting FGR and volumetric swelling at the grain boundary are the same for both
the cases (Fig. 4.1a-Fig. 4.1o). In Fig. 4.2, as temperature raises (from 1773 K and so
on), the lower bound for the bubble number density at the grain boundary proposed
in this work is reached (Fig. 4.2b, Fig. 4.2e, Fig. 4.2h and Fig. 4.2k) and this implies
a higher FGR and a lower volumetric swelling at the grain boundary compared to
the case without the limit (Fig. 4.2a, Fig. 4.2c, Fig. 4.2d, Fig. 4.2f, Fig. 4.2g, Fig.
4.2i, Fig. 4.2j, Fig. 4.2l). In fact, due to the higher temperatures (comparable to
ranges for fast MOX), the associated pronounced bubble growth and coalescence can
lead to the attainment of the lower bound for the number density of grain boundary
bubbles systematically. These results highlight the importance of the proposed model
modification at temperatures comparable to fast reactor fuel conditions.
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(m) (n)

(o)

Figure 4.1: Stand-alone simulations on UO2 from the Baker database ([5] and [6]) per-
formed with BISON in a range of temperatures from 1273 K up to 1673 K.
For every temperature the fission gas release FGR (%), the number density of
bubbles at the grain boundary per unit surface N (bubbles m−2) and the vol-
umetric swelling at the grain boundary (%) evolution as function of the time
are reported. The plots related to N are expressed with a semilogarithmic
scale. In every figure the purple lines, corresponding to the standard BISON
version, cannot be distinguished from the blue ones (with a Nlim of 2×1011

bubbles m−2, coming from Eq. 3.1), because they are overlapped.
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(j) (k)

(l)

Figure 4.2: Stand-alone simulations on UO2 from the database [5] and [6] performed with
BISON in a range of temperatures from 1773 K up to 2073 K. For every
temperature the fission gas release FGR (%), the number density of bubbles
at the grain boundary per unit surface N (bubbles m−2) and the volumetric
swelling at the grain boundary (%) evolution as function of the time are
reported. The plots related to N are expressed with a semilogarithmic scale in
order to highlight the differences between the two cases analyzed. The purple
line refers to the standard BISON version without any limitation on bubble
growth and coalescence processes; the blue line corresponds to the case that
uses the lower bound for the bubble number density at the grain boundary
Nlim (Eq. 3.1), corresponding to a value of 2×1011 bubbles m−2.



CHAPTER 5. INTEGRAL FUEL ROD ANALYSES WITH
BISON

In this Chapter, I briefly summarize the main features of the irradiation experi-
ments FO-2, B14, MK-I and MK-II simulated with BISON.

The FO-2 assembly has been irradiated in the Fast Flux Test Facility (FFTF), a
sodium fast reactor, for 312 Equivalent Full Power Days (EFPD) [12] between De-
cember 22, 1984 and April 25, 1986 to a peak burn-up of ∼ 6% FIMA and a peak fast
fluence of 9.9×1022 n cm−2 (E > 0.1 MeV) [45]. The considered power history is a
simplified history at a linear heat rate of 38.8 kW m−1 based on the data from Teague
et al. [45]. This test uses the alloy HT-9 as cladding material. The FO-2 assembly
is composed by 169 fuel pins of twelve different types. The fuel was manufactured
with co-precipitated (U,Pu)O2 powder, ensuring a uniform plutonium distribution
throughout the pellets [45]. The annular fuel pin L09 was destructively examined.
This pin was punctured and it was cut at three different elevations (sample H, sample
J and sample L), Fig. 5.1.

The B14 experiment has been performed in the Japanese experimental sodium
fast reactor JOYO for just 68 hours of irradiation time, from May 8 to 11 2007 [27].
As shown in Fig. 5.2, the irradiation has been performed in three steps: a first pre-
conditioning up to 92 MWth, held for 24 hours, a second preconditioning at 102 MWth

for 24 hours and final transient of 10 minutes where the power has been increased
up to 125 MWth, followed by a quick shut down performed by manual SCRAM [27].
The B14 assembly is composed by 4 solid fuel pins: PTM001, PTM002, PTM003 and
PTM010. These pins were non-destructively examined by X-ray computer tomog-
raphy (CT). They have been also destructively examined, Fig. 5.3. Ceramography
specimens were taken from two axial positions: the former at a medium level (about
+30 mm from the core mid plane), and the latter at the upper axial level of the fuel
column (about +100 mm from the core mid plane).
MK-I core has been irradiated in the Japanese experimental fast reactor JOYO at 50
MWth and at 75 MWth from 1977 to 1981 [41], up to a burnup of ∼ 2.5% FIMA and
∼ 5% FIMA, respectively.
MK-II core was irradiated in the JOYO reactor from 1983 to 1986, up to a burnup
of ∼ 5% FIMA.
JOYO was the first sodium cooled reactor leading the FBR development program in
Japan. The MK-I and MK-II cores are composed by a maximum of 80 and 67 driver
assemblies, respectively, surrounded by stainless steel reflectors.
More details about the power histories and other information for the experiments
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FO-2 and MK can be obtained consulting Teague et al. [45] and Shimada et al. [41],
respectively. The specifications for these experiments are summarized in Table 5.1.

Table 5.1: Fuel pin specifications and irradiation data.

Rod FO-2 L09 PTM001 PTM002 PTM003 PTM010 MK-I at 50MW MK-I at 75MW MK-II
Fuel Data

Fuel MOX MAMOX1 MOX
Pu content (wt%) 26.0 32 32 32 32 18 18 30
Am content (wt%) - 2.4 2.4 2.4 2.4 - - -

Oxygen-to-metal ratio 1.96 1.98 1.98 1.96 2.00 1.98 1.98 1.98
Pellet outer diameter (mm) 5.59 5.56 5.56 5.56 5.56 5.4 5.4 4.63
Pellet inner diameter (mm) 1.397 - - - - - - -

Fuel stack height (mm) 914 400 400 400 400 600 600 550
Pellet density (%TD) 91.7 85 85 85 85 93.5 93.5 93

Fuel Rod
Cladding material HT-9 PNC316 316SS

Cladding outer diameter (mm) 6.858 6.5 6.5 6.5 6.5 6.3 6.3 5.5
Cladding thickness (mm) 0.533 0.47 0.47 0.47 0.47 0.35 0.35 0.35

Gap width (µm) 101.6 160 210 160 210 100 100 100
Nominal plenum height (mm) 1057 685 685 685 685 600 600 550

Fill gas composition He He (91%) and Kr (9%) He He He
Fill gas pressure (MPa) 0.1 0.1 0.1 0.1 0.1 0.3 0.3 0.3

Linear heat rate (kW m−1) 38.82 3 33 3 3 21 32 40
Max. Burnup (% FIMA) ∼ 6 ∼ 0.05 ∼ 0.05 ∼ 0.05 ∼ 0.05 ∼ 2.5 ∼ 5 ∼ 5

1 Minor Actinide MOX: Am-bearing MOX
2 Simplified power history from Teague et al.[45]
3 See Fig. 5.2

(a) (b) (c)

Figure 5.1: Ceramograhy specimens for L09: (a) Sample H located at 43.2 cm from the
bottom of the fuel, (b) sample J located at 68.6 cm from the bottom of the fuel
and (c) sample L located at 91.3 cm from the bottom of the fuel. Provided
by Gilpin et al. [12].
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Figure 5.2: B14 schematic diagram of irradiation history of reactor thermal power and
linear heating rate for fuel pins provided by Maeda et al. [27]. The experiment
consists in 24 hours of a first preconditioning at 92 MWth, followed by other
24 hours of preconditioning at 102 MWth and with a final transient of 10
minutes at 125 MWth.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 5.3: Ceramographs from: PTM001 (gap size of 160 µm, initial (Oxygen-to-Metal)
O/M ratio 1.98) at +33 mm (a) and +97 mm (b) from the mid plane; PTM002
(initial gap size of 210 µm, initial O/M ratio 1.98) at +27 mm (c) and +97
mm (d) from the mid plane; PTM003 (gap size of 160 µm, initial O/M ratio
1.96) at +33 mm (e) and +97 mm (f) from the mid plane; and PTM010 (gap
size of 210 µm, initial O/M ratio 2) at +25 mm (g) and +97 mm (h) from the
mid plane [27].



CHAPTER 6. CALCULATION RESULTS

In this Chapter, the calculation results for the fission gas release, pore migration
and oxygen redistribution are presented.

6.1 Fission gas release

In this Section, the calculations results, obtained with BISON, are presented. It
is the first time that this fuel performance code is validated against fast MOX cases.
In Figs. 6.1-6.4 two different cases have been examined:

• A first one that considers the standard BISON version without any limitation
on bubble growth and coalescence processes;

• A second case that takes into account the lower limit for the bubble number
density at the grain boundary Nlim (Eq. 3.1) dependent on the grain radius
proposed in this work with the diffusion coefficient for fission gasses presented
by Turnbull et al. [15].

As shown in Figs. 6.1-6.4, one can observe that introducing Nlim according to Eq.
3.1 the fission gas release prediction is closer to the experimental data. These re-
sults are in agreement with what we were expecting, and indicate that the limitation
introduced describes better the physical limit of processes that occur on one hand
at extreme conditions for UO2-LWR and on the other hand at typical operational
conditions for fast reactor MOX fuel.

In order to discuss the effect of grain-size on the results, I propose a sensitivity
analysis with an analytical approach. This analysis was performed with reference to
the model illustrated by Pastore et al. [36, 37].

With the purpose of seeing the effects to the final release due to the perturbation,
generated adding a quantity δC of gas, it is necessary to linearize the equations
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Figure 6.1: FGR during the irradiation for the fuel pin L09 from the FO-2 assembly
irradiated in the FFTF reactor. The FGR is not expressed in percentage
because Gilpin et al. [12] provides just the volume and the composition of the
gasses after puncturing. A constant grain radius of 10 µm has been assumed.
The purple line refers to the standard BISON version without any limitation
on bubble growth and coalescence processes; the blue line corresponds to the
case that uses the lower limit for the bubble number density at the grain
boundary Nlim (Eq. 3.1), corresponding to a value of 5.6×1010 bubbles m−2.

(presented by Pastore et al. [36, 37] and seen in Section 2.1) that govern the fission
gas behaviour. Hence, once linearized, Eq. 2.1 that describes the intra-granular
diffusion becomes:

∂δC

∂t
= Deff

1

a

∂2δC

∂r2

∣∣∣
a

(6.1)

Eq. 6.1 shows an inverse proportionality between the diffusion phenomenon and the
grain radius a. In fact, the larger the grain, the longer the average diffusion path to
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Figure 6.2: FGR during the irradiation for MK-I core irradiated at 50 MW in the JOYO
reactor. Experimental data from Shimada et al. [41] and Karahan [16]. A
constant grain radius of 8 µm has been assumed. The purple line refers to
the standard BISON version without any limitation on bubble growth and
coalescence processes; the blue line corresponds to the case that uses the
lower limit for the bubble number density at the grain boundary Nlim (Eq.
3.1), corresponding to a value of 8.7×1010 bubbles m−2.

the grain boundary.

After linearizing all the equations governing the grain boundary gas behaviour
(Eqs. 2.4-2.8) presented by Pastore et al. [36, 37], referring to the fractional coverage
F = Fsat = 0.5 (/) as stationary steady state point, and adding a δC as perturbation
to the system, one obtains:
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Figure 6.3: FGR during the irradiation for MK-I core irradiated irradiated at 75 MW in
the JOYO reactor. Experimental data from Shimada et al. [41] and Karahan
[16]. A constant grain radius of 8 µm has been assumed. The purple line refers
to the standard BISON version without any limitation on bubble growth and
coalescence processes; the blue line corresponds to the case that uses the lower
limit for the bubble number density at the grain boundary Nlim (Eq. 3.1),
corresponding to a value of 8.7×1010 bubbles m−2.

δnfgr =
n0N0

Agf,0

[(
ω +

2πDvδg
ΩSnv,0

t

)(
δC

3N0

a

)]2/3

(6.2)

where δnfgr (atoms) is the variation of number of fission gas atoms released to the fuel
rod free volume after the perturbation, n0 (atoms bubble−1) is the number of fission
gas atoms per grain-face bubble in the stationary point, N0 (bubbles m−2) is number
density of grain-face bubbles per unit surface in the stationary point, Agf,0 (m2) is the
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Figure 6.4: FGR during the irradiation for MK-II core irradiated in the JOYO reactor.
Experimental data from Shimada et al. [41] and Karahan [16]. A constant
grain radius of 8 µm has been assumed. The purple line refers to the standard
BISON version without any limitation on bubble growth and coalescence pro-
cesses; the blue line corresponds to the case that uses the lower limit for the
bubble number density at the grain boundary Nlim (Eq. 3.1), corresponding
to a value of 8.7×1010 bubbles m−2.

projected area of grain-face bubbles, ω (m3) is the Van der Waals’ volume of a fission
gas atom, Dv (m2 s−1) is the vacancy diffusion coefficient in grain boundaries, δg (m)
is the thickness of the diffusion layer in grain boundaries, Ω (m3) atomic (vacancy)
volume in grain-boundary bubbles, S (-) is a model parameter (that depends on the
fractional coverage), nv,0 (vacancies bubble−1) is the number of vacancies per grain-
face bubble in the stationary point and t (s) is the time.
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Performing a derivative of Eq. 6.2 with respect to the grain radius a one can obtain:

∂δnfgr

∂a
=
n0N0

Agf,0

[(
ω +

2πDvδg
ΩSnv,0

t

)(
δC

3N0

)]2/3 (
2

3a1/3

)
(6.3)

Eq. 6.2 describes the dependency of the FGR from the grain boundaries to the
rod free volume on a2/3. This effect is due to the decrease of the surface-to-volume
ratio of the grain with the increase of the grain radius a. Looking at the derivative
(Eq. 6.3) one can observe that this process is limited since the

∂δnfgr

∂a
follows a law

proportional to a−1/3.
After this analytical study, I also investigated the effect of the grain-size on the

results performing some further simulations. Fig. 6.5 shows a comparison between the
case using the current version of BISON without any limitation on bubble growth and
coalescence processes and the one with Nlim proposed in this work, also considering
two different constant values of grain radius: 5 and 10 µm for the L09 pin; 4 and
8 µm for MK-I and MK-II cores. These values lay in the range that goes from 4
to 10 µm referred to a realistic size for the grain characteristic dimension after the
restructuring [2].

Looking at Fig. 6.5, one can make some observations.

• The FGR for the cases using the limitation Nlim with a lower grain radius (black
line) is higher than in the case with a higher grain radius (blue line). This result
means that the effect of a smaller grain on the improved coalescence due to the
dependence of Nlim on a (Eq. 3.1) and on the intra-granular diffusion (Eq. 6.1)
is stronger than the contrary effect of a on the grain boundary gas behavior
seen in Eq. 6.2.

• In Figs. 6.5a-6.5b, even if there is no limitation to bubble growth and coales-
cence, the intra-granular diffusion effect (Eq. 6.1) prevails again (red line versus
purple line) on the surface-to-volume effect described for the grain boundary
gas behavior (Eq. 6.2). However Fig. 6.5c shows that this is valid only until
a certain value of burnup (the purple line crosses the red one). This happens
because at a sufficiently high level of burnup the gasses accumulate on the grain
boundaries, removing significance to the intra-granular diffusion respect to the
surface-to-volume effect.

• Again up to a certain burnup the case with Nlim with larger grain (blue line)
has a lower release compared to the case with no limitations and with a smaller
grain (red line). This shows that until that value of burnup the intra-granular
effect is stronger, but beyond that point the effect on the grain boundary gas
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(a) (b)

(c) (d)

Figure 6.5: Sensitivity analysis performed varying the grain radius in a realistic range
after the restructuring (from 4 µm to 10 µm). Fig. 6.5a refers to the fuel
pin L09 from the FO-2 assembly; Figs. 6.5b-6.5c show the sensitivity analysis
for MK-I core irradiated at 50 MW and at 75 MW respectively, while the
simulations for MK-II core are illustrated in Fig. 6.5d.

behavior (Eq. 6.2) is dominant. Furthermore, beyond that level of burnup, the
blue line reaches the lower bound of bubbles at the grain-boundary (Eq. 3.1),
and, as consequence, its release results higher. This is shown in Fig. 6.5a and
Fig. 6.5c, while in Fig. 6.5b a sufficiently high level of burnup is not reached.
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6.2 Pore migration

Utilizing the pore migration model implemented in BISON and described in Sec-
tion 3.2 it has been possible to simulate the central void formation for the L09 fuel
pin and for the pins irradiated in the B14 test.
Due to the heavy mesh density required to resolve central void formation, a multi-
application approach is presented, where the equation for porosity is separated from
the energy equation and solved on separate meshes. The results from each domain
are transferred back and forth, in a Picard iteration scheme, which ensures tight con-
vergence. This feature has been used for its numerical stability.
All the fuel rods were modeled as a smeared fuel pellet stack for the integral sim-
ulations. The geometric parameters specified in Table 5.1 were used to create the
meshes for these simulations. The smeared fuel was meshed as a single smeared fuel
column with 20 radial elements and 100 axial elements.

Fig. 6.6 shows the comparison of all the specimens (both subjected to the X-ray
CT and to the destructive examination) with the calculation results in a range of
σ ± 20%. In these simulations I studied the impact on the results of the porosity
threshold in order to consider a void. Fig. 6.6a refers to the same threshold used by
Novascone et al [32] (P > 0.3); while Fig. 6.6b uses P > 0.75. It can be observed that
there are not many differences between the results of these two different thresholds.
This is due to the steep gradient of porosity that defines the central void region from
the restructured zone. However, since the condition P > 0.75 matches better with
the experimental data, I decided to consider this threshold for all the next analysis
of this work.

In Figs. 6.7-6.11 it is possible to observe the steep gradient of porosity.
The black dotted line in Figs. 6.7-6.11 refers to the measured central void in the

experiments, while the red dotted line (Fig. 6.7) provides the delimitation between
the restructured and the as-fabricated regions. Only Gilpin et al. [12] provides
information for the restructured region. As shown in these figures, performed at the
end of each simulation, BISON is ableto describe this phenomenon with good results.
As expected, each porosity profile is consistent with the temperature gradient which
it refers to (Fig. 6.7b, Fig. 6.7d, Fig. 6.7f, Fig. 6.8b, Fig. 6.8d, Fig. 6.9b, Fig. 6.9d,
Fig. 6.10b, Fig. 6.10d, Fig. 6.11b and Fig. 6.11d).
The tiny oscillations observed in some simulations like in Fig. 6.7a and Fig. 6.7c can
be fixed with a finer mesh.
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(a) (b)

Figure 6.6: Central void radius (mm) measured versus calculated for FO-2 L09 and B14
experiment. Both the figures show all the specimens (both subjected to the
X-ray CT and to the destructive examination) compared with the calculations
in a range of σ± 20%. The impact on the results of the porosity threshold in
order to consider a void has been analyzed as follows: Fig. (a) refers to the
same threshold used by Novascone et al. [32] (P > 0.3); while (b) uses P >
0.75.

6.2.1 B14 offset cases with 2D disk simulations

As shown by the ceramographs (Maeda, 2011 [27]) the fuel pins with an as-
fabricated larger initial gap (PTM002 and PTM010) exhibit an off-centerd restruc-
turing in the samples at the upper axial level of the fuel column (Fig. 5.3d and Fig.
5.3h). In order to reproduce this effect with BISON a 2D half disk mesh has been
chosen as shown in Fig. 6.12. A high refined mesh (50 and 200 elements in the radial
and circumferential directions, respectively) in the fuel block is required in order to
avoid convergence issues.

Fig. 6.13 and Fig. 6.14 show the calculation results of the simulations performed
with BISON in order to reproduce the off-centered void in the fuel pins PTM002 and
PTM010 irradiated in the B14 experiment.

Table 6.1 shows the comparison between measured and calculated offset central
void for the fuel pins PTM002 and PTM010. The offset from the center is normalized
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(a) (b)

(c) (d)

(e) (f)

Figure 6.7: L09 fuel pin integral fuel rod simulation results. Porosity and temperature
profiles over the relative radial position at the end of the simulations are
shown: (a) and (b) refer to the sample H (mid plane); (c) and (d) to the
sample J (3/4 of the fuel column); and (e) and (f) to sample L (the top of
the fuel stack). R0 is the outer radius of the fuel pellet. The black dotted
line refers to the central void size measured in the experiment, where the pre-
irradiated inner radius is 0.685 mm. The red dotted line instead provides the
restructured region size measured at the end of the experiment [12]. Every
curve begins from the inner radius of the annular fuel.
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(a) (b)

(c) (d)

Figure 6.8: Calculation results for integral fuel rod simulation of the PTM001 fuel pin.
Porosity and temperature profiles over the relative radial position for the
simulations of the two samples destructively examined are shown: (a) and (b)
refers to the sample at +33 mm from the core midplane; (c) and (d) to the
sample at +97 mm from the core mid plane. R0 is the outer radius of the fuel
pellet. The black dotted line refers to the central void size measured in the
experiment [27].
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(a) (b)

(c) (d)

Figure 6.9: Calculation results for integral fuel rod simulation of the PTM002 fuel pin.
Porosity and temperature profiles over the relative radial position for the
simulations of the two samples destructively examined are shown: (a) and (b)
refers to the sample at +27 mm from the core midplane; (c) and (d) to the
sample at +99 mm from the core mid plane. R0 is the outer radius of the fuel
pellet. The black dotted line refers to the central void size measured in the
experiment [27].
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(a) (b)

(c) (d)

Figure 6.10: Calculation results for integral fuel rod simulation of the PTM003 fuel pin.
Porosity and temperature profiles over the relative radial position for the
simulations of the two samples destructively examined are shown: (a) and
(b) refers to the sample at +33 mm from the core midplane; (c) and (d) to
the sample at +97 mm from the core mid plane. R0 is the outer radius of
the fuel pellet. The black dotted line refers to the central void size measured
in the experiment [27].
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(a) (b)

(c) (d)

Figure 6.11: Calculation results for integral fuel rod simulation of the PTM010 fuel pin.
Porosity and temperature profiles over the relative radial position for the
simulations of the two samples destructively examined are shown: (a) and
(b) refers to the sample at +25 mm from the core midplane; (c) and (d) to
the sample at +97 mm from the core mid plane. R0 is the outer radius of
the fuel pellet. The black dotted line refers to the central void size measured
in the experiment [27].
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Figure 6.12: A section, with a temperature contour plot, of the half disk mesh utilized to
describe the offset problem of the pin PTM002 from the B14 experiment.

to the fuel diameter. Here, one can observe that the model predicts with a good
accuracy the size of the void, but the magnitude of the predicted offset from the
center needs more investigation.

Table 6.1: Comparison between measured and calculated offset central void for the fuel
pins PTM002 and PTM010.

PTM002 PTM010

Measured
Central void diameter (mm) 1.19 1.32
Offset/Fuel diameter (/) 0.03 0.035

Calculated
Central void diameter (mm) 1.249 1.31
Offset/Fuel diameter (/) 0.08 0.085
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Figure 6.13: Calculation results for the offset case at +99 mm from the core mid plane
for the fuel pin PTM002. The picture shows a porosity contour in the re-
structured fuel pellet.
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Figure 6.14: Calculation results for the offset case at +97 mm from the core mid plane
for the fuel pin PTM010. The picture shows a porosity contour in the re-
structured fuel pellet.
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6.3 Oxygen redistribution

After implementing the model described by Lassmann [26]; Section 3.3), it has
been decided to test it with two simple one-dimensional examples, in order to study
both the fuel cases (hypo- and hyper-stoichiometric).
Fig. 6.15 shows the results for two examples: the former for an hypo-stoichiometric
fuel (Fig. 6.15a, typical for MOX fuels) and the latter about an hyper-stoichiometric
case (Fig. 6.15b). In these examples a typical value of the fraction of plutonium
q0 for fast MOX fuels has been considered and it is equal to 25 Pu/(U+Pu) at%.
The figures describe a behaviour of the oxygen redistribution very close to the one
expected from the theory [33].

(a) (b)

Figure 6.15: (a) Hyper-stoichiometric case (O/M>2); (b) hypo-stoichiometric case
(O/M<2). In both the examples it has been considered a solid pellet with a
common value for fast MOX fuels for q0 equal to 25 Pu/(U+Pu) at.%. The
examples were performed just in a 1D problem.

In all the experiments analyzed so far in this work only B14 test presents useful
data [13] for a validation of the oxygen redistribution model. These validation results
are shown in Fig. 6.16. Since the few data coming from Ikusawa et al. [13] compare
the oxygen-to-metal ratio O/M with the oxygen potential, for this validation it has
been necessary to extrapolate the oxygen potential from the oxygen redistribution re-
sults performed with BISON. In order to accomplish this task, the following equation
provided by Kato et al. [19] that puts in relation the O/M ratio with the oxygen
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partial pressure pO2 , has been taken into account:

O/M = 2 +

[
exp

(
−22.8 + 84.5CPu

R

)
exp

(
105000

RT

)
(pO2)

1/2

]
−K−1/5 (6.4)

where the third term K has the definition:

K =

{
exp

(
44 + 55.8CPu

R

)
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(
−376000
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−1/2

}−5

+
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)
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(
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(pO2)
−1/4

}−5

+

(
CPu

2

)−5

(6.5)

In Eqs. 6.4-6.5, T (K) is temperature, R (J mol−1 K−1) the gas constant and CPu the
plutonium content defined as:

CPu =
Pu

U + Pu+ Am
+ 2.5

Am

U + Pu+ Am
(6.6)

Finally, in order to compute the oxygen potential ∆GO2 (J mol−1), the following
formulation is considered:

∆GO2 = RTln (pO2) (6.7)

In Fig. 6.16, according to Ikusawa et al. [13] two kinds of MOX fuel have taken into
account: the former containing Am (66 wt% of U, 31.6 wt% of Pu and 2.4 wt% of
Am) and the latter just U and Pu (70 wt% of U and 30 wt% of Pu).

The two results, obtained with BISON and shown in Fig. 6.16 (green and black
circles), refer to two samples at a normalized radius of 0.33 at a temperature of 1673
K (the same of the experiment performed by Ikusawa et al. [13]).
The results are consistent with the experimental data (Fig. 6.16) because the sim-
ulation performed with a fuel bearing americium presents an higher value of oxygen
potential, since this minor actinide tends to increase this parameter. This feature can
be also observed looking at Eq. 6.6.
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Figure 6.16: Calculation results for oxygen potential in B14 experiment. Validating the
oxygen redistribution implemented in BISON with the data from Ikusawa et
al. [13] in two kinds of MOX fuel: the former containing Am (66 wt% of U,
31.6 wt% of Pu and 2.4 wt% of Am) and the latter just U and Pu (70 wt%
of U and 30 wt% of Pu).
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CHAPTER 7. CONCLUSIONS AND FUTURE
PROSPECTS

In this thesis, I analyzed three important phenomena that take place (or they are
enhanced) in the MOX fuel under the harsh operative conditions of fast reactors.

For the fission gas release I proposed an improvement to the current version of
the model already implemented in BISON. Hence, I focused the work on testing this
new feature in LWR conditions to demonstrate the effective transferring of predictive
capability of the modified model in these conditions, and I validated it against inte-
gral irradiation experiments in fast reactor conditions.
As for the fission gas release, the results obtained with the limit proposed in Eq. 3.1
are encouraging. In particular, they demonstrate (as shown in Chapter 4) that at
low temperatures the grain-face bubble growth and the consequent coalescence are
far from their physical limits (Fig. 4.1), while at higher ranges those limiting effects
occur (Fig. 4.2). The sensitivity analysis performed highlights the strong dependency
of this phenomenon on the grain size.
Future efforts can be invested in the validations of more cases, and in the analysis of
other kind of MOX fuels as well. For example, the model of Pastore et al. [36, 37]
could be improved taking into the heterogeneity effect of the MOX fuels, due to the
presence of plutonium agglomerates, on the fission gas release. This could be done
implementing into the present model the outcomes from the studies of Koo et al. [24]
and of Ishida and Korei [14].
Another open issue is the development of a grain growth model able to describe better
this phenomenon at high temperatures, especially after the restructuring in order to
define also the columnar grain region. So far, all the grains have been considered
as spheres, but this approximation can be valid only for as-fabricated and equiaxed
grain regions. The columnar grains, instead, present a cylindrical shape, hence in
this case all the equations involved should be described with cylindrical coordinates.
This improvement could be also useful for the sensitivity analysis prospect, because a
grain growth model can feed directly Eq. 3.1 and therefore used for a more accurate
sensitivity analysis.

As for the pore migration, the work was focused only on the validation side, as the
current model of Novascone et al. [32] implemented in BISON was never validated
against integral irradiation experiment before. Also, I took the chance to study how
this model describes a case of offset restructuring.
The results of Fig. 6.6 show a good prediction of the central void size compared to the
experimental data. Because of the steep porosity gradient that defines the fuel/void
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interface (Figs. 6.7-6.11), it is required to use a relatively high density mesh. So far,
this is a limitation of the finite element model employed.
Being Figs. 6.13-6.14 a first attempt to describe the offset central void, the results
shown are encouraging. Also in these cases, the model describes with a good level
of accuracy the size of the void, but the magnitude of the predicted offset from the
center calls for more investigations (Table 6.1). Anyway, further validation cases are
required in the future works.
Lastly, other relationships for the most uncertain quantity (i.e., the pore velocity)
should be investigated and compared with the one provided by Sens [40] and used in
this work.

To model oxygen redistribution, BISON required a proper model in order to de-
scribe this phenomenon. I focused my efforts on the implementation of the model
provided by Lassmann [26] in the code. After testing it with simple one-dimensional
examples, I validated it against data coming from the B14 experiment [13].
The main difficulty encountered in this topic was to find some experimental data
to perform a validation study. Albeit this represents a first attempt to validate the
model, Section 6.3 shows stimulating results for further investigations.
Furthermore, for some future prospects and improvements, Eq. 3.8 could be updated
taking into account other two terms:

• A source term s (atoms m−3 s−1), that considers the fission of uranium and
plutonium as an oxidative process, since the fission products cannot bind all
the oxygen atoms liberated by fissions;

• A flux of oxygen term J (atoms m−2 s−1) from the fuel towards the cladding,
since when the fuel cladding interaction occurs, the oxygen starts to penetrate
in the cladding from the inner surface.

Therefore, after these considerations, also made by Kleykamp [20, 21, 22], Eq. 3.8
would become:

∂c

∂t
+∇ ·NoxDox

(
∇c+ c

Q

RT 2
∇T

)
−∇J (Tclad, Bu) + s (T,Bu) = 0 (7.1)

According to Adamson [1], the flux term J depends strongly on the cladding tem-
perature and for a stainless steel cladding examined in Adamson [1] below 500◦C the
cladding will not be subjected to oxidation from the inner side. The source term s
depends on the burnup Bu. In particular, it is known that the O/M ratio increases
with the burnup [20]. The oxygen potential is increasing too with the Bu, due to
the increasing of the O/M ratio. Because of this increment of the oxygen potential,
some fission products (like molybdenum) are not able to bind the free oxygen atoms
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anymore (stagnation in the oxidation of the fission product Mo). This will lead to a
further increment in the overall O/M ratio, and above some burnup levels, the fuel
tends to become slightly hyper-stoichiometric [44].
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APPENDIX

A. Analytic sensitivity analysis of grain boundary gas be-
havior

In this Appendix, the analytic sensitivity analysis of grain boundary gas behavior,
presented in Section 6.1, is derived.
This Appendix follows the work flow of Pastore et al. [36, 37] linearizing all the
equations that describe the grain-faces gas behavior in order to obtain a relationship
between the release and the grain radius.
Given the perturbation of the number of fission gas atoms per grain-face bubble δn
(atoms bubble−1):

δn =
a

3N0

δC, (A.1)

the perturbation on the pressure of the gas in bubble δp can be written as:

δp =
kBT

Ωnv,0

δn. (A.2)

Then the linearization of the equation that describes the vacancy absorption/emission
rate at a bubble is:

d(δnv)

dt
=

2Dvδg
kBTΩS

δp. (A.3)

Integrating Eq. A.3 in the time between 0 and t, one can obtain:

δnv =
2Dvδg
kBTΩS

δp · t. (A.4)

Since Pastore et al. [36, 37] considers the fission gas release nfgr depending on the
number density of grain-face bubbles per unit surface N (bubbles m−2) and on the
projected area Agf (m2), it is necessary to linearize the equations that describe these
two quantities.
So given that Agf ∼ V

2/3
gf , one can say:

δAgf = (ωδn+ Ωδnv)
2/3 . (A.5)

While the perturbation on the number density of grain-face bubbles per unit
surface δN obtained is:

δN = −2N2
0 δAgf . (A.6)



93

Finally the linearization of the fission gas release can be analyzed as:

d (nfgr,0 + δnfgr)

dt
= (n0 + δn)

N0 + δN

Agf,0 + δAgf

d (Agf,0 + δAgf)

dt
. (A.7)

After performing some calculations and simplifications one can obtain:

d (δnfgr)

dt
=
n0N0

Agf,0

dδAgf

dt
. (A.8)

An integration between 0 and t leads to:

δnfgr =
n0N0

Agf,0

δAgf . (A.9)

Superposition of Eqs. A.1, A.2, A.4,A.5, A.6 and A.9 yields the final result, seen
also in Section 6.1:

δnfgr =
n0N0

Agf,0

[(
ω +

2πDvδg
ΩSnv,0

t

)(
δC

3N0

a

)]2/3

. (A.10)
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B. Materials and behavioral models used in the input files

The following material and behavioral models were used within the BISON appli-
cation code repository to complete the simulations shown in this work:

Material and behavioral models Description and reference Experiments
MOXPoreContinuity Pore migration is modeled by

applying the concept of pore
conservation [32].

All

MOXPoreDiffusion Pore migration is modeled by
applying the concept of pore
conservation [32].

All

MOXPoreVelocity Computes pore speed accord-
ing to Sens [40]

All

MOXOxygenDiffusion Computes oxygen redistribu-
tion according to Lassmann
[26].

B14 -
PTM001

MOXOxygenToMetalRatio Computes O/M ratio accord-
ing to Lassmann [26].

B14 -
PTM001

FissionRateMOX Computes fission rate for fast
MOX fuel considering porosity.

All

ThermalMAMOX Computes the thermal conduc-
tivity for minor actinide fast
MOX fuel [18].

All

ComputeFiniteStrainElasticStress Computes stress using elastic-
ity for finite strains.

All

MAMOXElasticityTensor Sets the Young’s modulus and
Poisson’s ration for MAMOX
fuel using values from JAEA
[17].

All

MAMOXThermalExpansionEigenstrain Computes eigenstrain due to
isotropic thermal expansion in
MA-MOX fuel using Kato et
al. [17] correlations.

All

Sifgrs Computes both fission gas
swelling and release [36].

FO-2, MK-
I and MK-
II
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ThermalHT9 Computes thermal properties
of HT9 martensitic steel [7,
51].

FO-2

ComputeIsotropicElasticityTensor Computes a constant isotropic
elasticity tensor with constant
Young’s modulus E and Pois-
son’s ratio ν. Where for HT9
martensitic steel: E = 1.88 ×
1011 Pa and ν = 0.236.

FO-2

ComputeThermalExpansionEigenstrain Computes eigenstrain due to
thermal expansion with a con-
stant coefficient. Where for
HT9 martensitic steel the ther-
mal expansion coefficient is:
α = 1.2× 10−5 K−1.

FO-2

HT9CreepUpdate Steady-state thermal and irra-
diation creep for HT9 [7].

FO-2

Thermal316 Computes thermal properties
of stainless steel 316 [29].

B14, MK-I
and MK-II

SS316ElasticityTensor Calculates the Young’s mod-
ulus and Poisson’s ratio for
Stainless Steel 316 cladding us-
ing relations as a function of
temperature.

B14, MK-I
and MK-II

SS316ThermalExpansionEigenstrain Computes eigenstrain due to
thermal expansion for Stain-
less Steel 316 using a function
[31] that describes the mean
thermal expansion as a func-
tion of temperature.

B14, MK-I
and MK-II

SS316CreepUpdate Steady state creep as sum of
thermal and irradiation creep,
following the models of Al-
tenbach and Gorash [3], and
Garner and Porter [11].

B14, MK-I
and MK-II
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