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Abstract

Quastel, Aaron D., PhD (Nuclear Engineering) Royal Military College of Canada. May
2016. Fuel Oxidation Model Validation and Application to the Mitigation of Stress Corrosion
Cracking in Fuel Sheathing, Supervisors: Dr. Brent J. Lewis and Dr. Emily C. Corcoran.

Light and heavy water cooled reactors typically use uranium dioxide ceramic fuel
contained and sealed in zirconium alloyed sheath or clad fuel rods or elements. Normally the
sheath or clad fuel remains intact throughout its duration in the reactor core. Inrare
occurrences, (<0.1 %) sheath or clad breaches can form exposing the fuel to the coolant
leading to fuel oxidation. Fuel oxidation can affect reactor safety and operation by reducing
thermal conductivity of the fuel leading to increased fuel temperatures in normal and accident
conditions. Further, the oxidized fuel can have alower melting point, and fission products
release can be enhanced.

A mechanistic fuel oxidation model for defective UO, fuel to predict oxygen/uranium
(O/V) ratios was developed at RMC, which included coupling fuel oxidation kinetics, solid
state oxygen diffusion in the fuel, gas phase diffusion in the fuel cracks and in the fuel-to-
sheath gap, and heat transfer. To validate the model an out-reactor instrumented defected fuel
experiment was designed and built. The fuel oxidation model was modified to represent this
experiment. Two fuel oxidation models representing the out-reactor instrumented defective
fuel experiment were analyzed: A 2D r-6 model and 3D model. Both models included discrete
radial fuel cracks for gas phase diffusion, where hydrogen and hyperstoichiometric oxygen
generation were provided by flux terms on common gas and solid domain boundaries in the
fuel. The 2D r-0 model provided an estimate of the radial temperature distribution and the 3D
model provided an estimate of fuel oxidation in the out-reactor experiment. Since fuel
cracking plays a central rolein fuel oxidation the conditions for fuel crack propagation using
the J integral and predictions for radial fuel crack geometry in thermally expanded UO, fuel
were studied in aplane strain 2D r-0 solid mechanics model.

In the experimental work of thisthesisit was shown that hyperstoichiometric oxygen in
the presence of graphite (CANLUB) in CANDU fuel can have mitigative properties against
stress corrosion cracking in fuel sheathing. Experimental results provided afirst estimate of
how much hyperstoichiometric oxygen needs to be added to the fuel to provide and repair a
protective oxide layer on the internal sheath surface against iodine corrodant. The fuel
oxidation model was modified to compute suitable conditions in the fuel pellet sintering
process in order to introduce athin layer of oxygen on the outside surface of the fuel while
ensuring that the bulk O/U ratio of 2.00 for the fuel pellet was not disturbed.



Résumeé

Quastel, Aaron D., PhD (Génie atomique) College militaire royal du Canada. Mai 2016.
Validation d’ un modéle d'oxydation du combustible et application al'atténuation de la
corrosion sous contrainte du gainage de combustible, Superviseurs. Dr. Brent J. Lewis et Dr.
Emily C. Corcoran.

Les réacteurs refroidis al'eau |égére ou lourde utilisent généralement du combustible
céramique de dioxyde d'uranium contenu et scellé dans une gaine en alliage de zirconium ou
dans des barres ou des éléments de combustibles chemisés. Normalement, lagaineou le
chemisage du combustible reste intacte tout au long de son s§our dans e ceeur du réacteur.
Dans de rares cas (<0,1 %), des breches peuvent se former dans la gaine ou le chemisage et
exposer le combustible au liquide réfrigérant, provogquant ainsi une oxydation du combustible.
L'oxydation du combustible peut affecter la sécurité et |e fonctionnement du réacteur en
réduisant la conductivité thermique du combustible, qui a son tour provogue des températures
de combustible plus élevées dans des conditions normales et accidentelles. En outre, le
combustible oxydé peut avoir un point de fusion plus bas et |e rejet de produits de fission peut
augmenter.

Un modéele mécaniste d'oxydation du combustible pour |es combustibles défectueux afin
de prédire les rapports O/U a été déeveloppé au CMRC, et celui-ci incorpore le couplage des
cinétiques d'oxydation du combustible, la diffusion d'oxygene dans le combustible, la
diffusion en phase gazeuse dans les fissures du combustible et dans I'intervalle qui sépare le
combustible ala gaine, et du transfert de chaleur. Pour valider ce modéle, une expérience
hors-réacteur de combustible intentionnellement défectueux et instrumenté a été planifiée,
préparée, et effectuée. Le modéle d'oxydation du combustible a été modifié pour représenter
cette expérience. Deux modéles d'oxydation du combustible représentant I'expérience hors-
réacteur de combustible intentionnellement défectueux et instrumenté ont été développés : un
modéler-6en 2D et un modéle en 3D. Les deux modéles comprennent des fissures dans le
combustible séparées et radiales permettant de prendre en considération la diffusion en phase
gazeuse d’ hydrogeéne et d’ oxygene hyper steechiométrique, provenant du gaz interstitiel et des
parties du combustible adjacentes aux fissures. Le modeler-6en 2D fournit une estimation
deladistribution radiale de latempérature et le modéle en 3D fournit une estimation de
I'oxydation du combustible dans |'expérience hors-réacteur. Parce que | e réseau de fissures
radiales dans le combustible influence de maniére significative |'oxydation du combustible,
les conditions de leur propagation utilisant I'intégrale J et les prédictions de leur géométrie et
de leur nombre dans le combustible UO, thermiquement dilaté ont été étudiées dans un
model e mécanique a contrainte plane r-6 en 2D.

Dans les travaux de recherche de cette these, il a été constaté que I'oxygene hyper
steechiométrique en présence de graphite (CANLUB) dans le combustible CANDU pourrait
atténuer la corrosion sous contrainte du gainage de combustible. Les résultats expérimentaux
ont fourni une premiere estimation de la quantité d'oxygene hyper steechiométrique devant



Vi

étre gjoutée au combustible pour fournir et réparer une couche d'oxyde protectrice contre

I’ effet corrosif de I'iode ala surface interne de la gaine. Le modele d'oxydation du
combustible a éé modifié pour prédire les conditions nécessaires lors du frittage des pastilles
de combustible pour produire une fine couche de combustible hypersteechiométrique aleur
surface tout en veillant a ce que le rapport O/U de 2,00 soit conservé dans leur volume.
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Abbreviations M eaning
a crack length
a critical crack length
Qat atomic lattice distance or spacing
a empirical constant
Apallet fuel pellet radius
A crack area
A relative crack lengths
Agrea cross sectional area
A electrical conductor cross section of conductor n
AECL Atomic Energy of Canada Limited
ALE Arbitrary Lagrangian Eulerian
b initial unstressed slotted ring opening dimension
B specific burnup
Bin body thickness
BWR boiling water reactor
C aunitlessratio of areas used in E,, zirc
CANDU Canadian Deuterium Uranium
Cce Cauchy-Green deformation tensor
Cq molar concentration of the steam gas
CyDyg steam diffusivity quantity
Cij forth order elasticity tensor
CNSC Canadian Nuclear Safety Commission
COG Candu Owners Group

COMSOL Muliphysics®

Commercial software package for solving multi-physics
problems using the finite element technique

Co specific heat capacity

CRL Chalk River Laboratories

CT Coulometric Titration

Cu molar density of uraniumin UO,

D chemical diffusion coefficient for interstitial oxygen diffusion
and general diffusion coefficient

D fraction from theoretical density

Ds stiffness tensor

da mass damping coefficient

(o ¥ interatomic spacing

DNGS Darlington Nuclear Generating Station

ds increment length along the integration contour I

specimen deflection (displacement) in y (vertical) direction
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Meaning

x, Oy prescribed displacement in x and y directions
€ mass coefficient

EDX energy-dispersive X-ray spectroscopy

E E isotropic Y oung’s modulus

E. zirc Y oung’s modulus of o Zircaloy

E, Y oung's modulus of iridium

Eg. and Egs. Equation and Equations

Euo Y oung’s modulus of UO,

f hydrogen pickup fraction

f body force vector

F source term in general PDE

F. Zircaloy surface corrosion enhancement factor
Feo column vectors of nodal boundary conditions
Fq fractional change in porosity

Fg deformation gradient matrix

F*A*C*T and FactSage

Facility for the Analysis of Chemical Thermodynamics
software

FEA finite element analysis

FES fuel element simulator (thg out-reactor instrumented fuel
element). Two FES s are discussed: FES1 and FES2.

Fuo fuel volume

ftsg fuel-to-sheath gap

gand go combined temperature jump distance

G Gibbs energy

G° Gibbs energy at standard conditions

Ge critical strain energy release rate

GE excess Gibbs energy

G energy release rate

G, scalar

Gq shear modulus

Nggiia solid heat transfer coefficient

Ngas fluid heat transfer coefficient

H Meyer hardness

I centroidal moment of inertia

I, centroidal moment of inertia about the z axis

le total electrical current

In electrical current running through conductor n

| and | identity matrix or tensor

lpand I,

zeroith and first order modified Bessal functions
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Abbreviations M eaning
I-SCC lodine Induced Stress Corrosion Cracking
J Jintegrd
J Jintegral in athermal gradient
Jq diffusion flux vector
k thermal conductivity
ke thermal conductivity electron hole movement contribution
ks fluid thermal conductivity component
Km harmonic mean thermal conductivity
Kon thermal conductivity lattice vibration contribution (phonons)
Krad thermal conductivity radiative contribution
K stress intensity factor
K1 zirc component of E, . that accounts for oxidation effects
K> zirc component of E, z that accounts for the effect of cold work
K3 zirc component of E, z. that accounts for fast neutron fluence
K fracture toughness
Kec equilibrium constant
K, Kii, Kini mode [, Il and Il stressintensity factors
Kic mode | fracture toughness
Ks element property or stiffness matrix
14 fuel element length
lec electrical conductor length
lrw dlotted ring width
n mole number
Nor order of reflection
n, n unit normal vector
No oxygen moles
N index of refraction
N flux vector
Na Avogadro's number
No scalar
No oxygen number density
M molecular/molar mass and bending moment
p pressure
Pip crack healing interface pressure
Po ambient pressure
Pt total system/coolant pressurein atm
P; force

pressure in the fuel-to-sheath gap
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Abbreviations

Meaning

P interfacial pressure

Plinear fuel element linear power

Por fuel porosity

P electrical power

PDE partia differential equation

PDF powder diffraction file

PIE post irradiation examination

pPPg pellet-pellet gap

PWR pressure water reactor

q hydrogen or deuterium mole fraction
Oc hydrogen or deuterium mole fraction dissolved in the coolant
Q molar effective heat of transport

O heat of fracture

O reaction guotient

Qv fuel heat source

r radial coordinate

lis internal sheath radius

m molecular radius

R ideal gas constant and reaction rate
R, and R, surface roughness of surfaces 1 and 2
R inside radius

R, electrical resistance of conductor n
R, outside radius

Rims root mean square surface roughness
Rs source term (reaction rate)

Ry dotted ring radius

Ry equivalent remaining electrical resistance
RMC Roya Military College of Canada
R reaction rate for fuel

Rieactox reaction rate for fuel oxidation

Ryt red reaction rate for fuel reduction

Rirc_ sheath reaction rate for sheath oxidation
SCC stress corrosion cracking

STP standard temperature and pressure

t time

tec crack closuretime

t fuel-to-sheath gap distance
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Abbreviations M eaning
ts sheath thickness
ty dotted ring thickness
T temperature
TC thermocouple
TC1, TC2, TC3 thermocouples at three radial positions
Tgap average temperature in the gap
T traction vector components
Tret reference temperature
Taurt surface temperature
TGA thermo gravimetric analyzer
u displacement vector
u displacement in x direction
Uey column vector of unknowns at the nodes
u displacement vector components
U, Ugrans, Ut velocity field
% displacement in y direction
w displacement in z direction
We elagtic strain energy density
Wi fina stressed dlotted ring opening dimension
Wi width or thickness
Wi strain energy density
W weight
X, Xdev oxygen stoichiometry deviation
X gpacia coordinate
X materia coordinate
Xe equilibrium stoichiometric deviation
Xis stoichiometric deviation at fuel surface
XRD X-ray diffraction
Y dimensionless correction factor
Ys sheath yield stress
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Symbol Meaning
o surface exchange coefficient for fuel oxidation
e isotropic thermal expansion coefficient
Qur thermal expansion coefficient of iridium
OR term used in K (thermal conductivity radiative contribution)
Qin thermal accommodation coefficient
auoz thermal expansion coefficient of UO,
OZircaloy thermal expansion coefficient of Zircaloy
B fractional fuel burnup
Br paramter that accounts for temperature effects
y ratio of specific heats
s surface energy
r,r flux vector
I'. integration contour
Ocorr delta correction quantity
o Kronecker delta
Sis time scale coefficient in Comsol®
AG Gibbs energy change
g strain and the ratio of crack volume to fuel volume (or porosity)
&5 elastic strain tensor
Einel inelastic strain tensor
&) plastic strain tensor
& thermal strain tensor
&y &ij strain tensor
& initial strain tensor
4 log of the hydrogen-to-steam partial pressure ratio
0 wave incidence angle
K inverse neutron diffusion length
K1d correction factor for dissolved fission products
Kip correction factor for precipitated fission products
K2p correction factor for porosity
Kar correction factor radiation damage
A wave length
Ap mean free path
U dynamic viscosity of agasor fluid
1% Poisson’sratio
Vi Poisson’ s ratio of iridium
VUO2 Poisson’ s ratio of UO,
V Zirc Poisson’ sratio of Zircaloy
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o stress
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Oc failure stress or critical remote stress
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ot pellet average surface-to-volume ratio
o fracture stress
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Ok principle stress tensor
On electrical conductivity of conductor n
Co initial stress tensor
o radial stress
Gt ,0p tangential/transverse/azimuthal stress
Ox stressin the x direction
oy stressin they direction
Oy axis maximum tensile stressin slotted ring specimen
Oys yield stress
Oy initial yield stress of Zircaloy
oy stressin the z direction
T tortuosity factor
P integration contor radius
Pg gas or fluid density
Ds fuel density
ol fuel theoretical density
) fast neutron fluence

collision integral
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CHAPTER 1 INTRODUCTION

1.1 The State and Contribution of World Power Reactors

In 2001 there were 405 operating power reactors worldwide, of these 213 were pressure
water reactors (PWR), 85 were boiling water reactors (BWR), 36 were CANDU and other
types of pressure heavy water reactors and 15 were Russian RBMK type reactors. This
number comprises about 86% of all power reactors that are all light or heavy water cooled [1].
Today there are 434 reactors in operation and more are under construction, especially in the
developing world. The total world electricity generation by nuclear power was 11.94% in
2011 and in Canada was 16.14% in 2014 [2]. It is conceivabl e that in future nuclear energy
will play alarger part in world energy generation in order to reduce the detrimental effects of
pollution and carbon dioxide emissions from fossil fueled power plants on Earth’s climate.

1.2 The CANDU Reactor and CANDU Fud

In 2010 about 50% of Ontario's electrical energy (12,000 MWe installed capacity) was
provided by CANDU nuclear power plants. In the future, the Ontario Ministry of Energy’s
long term energy plan [3] has stated that by 2030 nuclear reactors will remain the primary
providers of electrical energy for the province, just under 50%. Thiswill be equivaent to

about 12,000 MWe of installed nuclear capacity, which is much the same as today.

Hence to meet this objective some current reactor installations will have to refurbished
and modernized, while others will have to be retired, and new reactors will have be built. The
major change to Ontario’s energy makeup currently taking place is the reduction in the
dependence on fossil fuels like coa in exchange for cleaner sources energy like solar wind
and natural gas. Since nuclear power is essentially a zero emission energy source and provides
astable and reliable supply for base-line load, it will remain an important source of energy for

the province in the future.

Historically the Canadian power reactor program started in 1962 with the
commissioning of the 25-MWe Nuclear Power Demonstration (NPD) Reactor in Rolphton in
Ontario, which was a prototype CANDU reactor. The program continued with the first 200



MWe CANDU reactor, beginning with Douglas Point on Lake Huron commissioned in 1967.
This reactor design was exported later to Indiawith the first Rgjasthan reactor being
commissioned in 1973. The power output from CANDU reactors was continuously increased
to 515 MWe with the Pickering unitsin 1971, 640 MWe with Gentilly-2 in Quebec in 1982,
805-840 MWe in 1976 and 1985 with the Bruce reactors, and finally to 880 MWe with the
Darlington reactorsin 1990 [4].

The CANDU reactor

The CANDU (Canada Deuterium Uranium) reactor has three unique designs compared
to pressure water reactors (PWRs) and boiling water reactors (BWRYS), the latter two being the
most prevalent in the world. In particular the CANDU reactor has:

i.) An online fueling ability; unlike BWRs and PWRs, CANDU reactors do not
undergo batch refueling but are refueled during normal operation of the
reactor, which decrease costly down times;

Ii.) Uses natural uranium for fuel instead of more expensive enriched fuel used
in PWRs and BWRs; and

iii.)  Uses pressure tubes to contain the fuel bundles, which are relatively easy to
manufacture instead of pressure-vessels as used in PWRs and BWRs that are
costly to manufacture.

Figure 1 depicts the main components of the CANDU reactor, which include: (1) the fuel
bundles, (2) the calandria, (3) the shutoff and adjuster rods, (4) the coolant reservair, (5) the
steam generators, (6) the secondary coolant pump, (7) the primary coolant and pump, (8) the
fueling machines, (9) the heavy water moderator in the calandria between the calandria tubes,
(20) the pressure tubes located in each calandria tube, which contains the fuel bundles and
primary coolant, connected outside the calandria to the fuel channels, (11) the secondary 1oop
steam exiting to the steam generator, (12) the secondary loop condensed water returning to

steam generator, and (13) the reactor containment building [5].



Figure 1: A general schematic of a CANDU reactor depicting its main components, some of
which include: (1) the fuel bundles, (9) thereactor moderator, (10) the pressuretubesencased in
calandriatubes positioned in (2) the calandria. Connected to each pressure tube outside the
calandriaisafuel channel (10), which isfueled by (8) the fueling machine[5].

A key component of thisreactor isthe heavy water for moderator (located in the
calandria) and coolant (flowing though the pressure tubes). The heavy water (i.e., D;O) is
composed of a hydrogen isotope (deuterium) rather than ordinary protium. Deuterium is
naturally occurring in nature and is <0.02 atom% abundant in the hydrogen makeup of
ordinary water. Heavy water is used in CANDU reactors for its good neutron moderating
ability (though not as good as light water) but especialy for its good neutron economy (i.e.,
its ability to absorb less neutrons than light water). When the D,O coolant enters the reactor, it
isat atemperature of 266°C and when it exits the channel it isat 310°C. During thistime the
water is pressurized at 10 MPa and does not boil, noting that the saturation temperature of
steam at this pressureis 311.06 °C [1][6].

A series of improvements to the basic Pickering design led to the CANDU-6 design.
The CANDU-6 is essentially aversion of the Pickering power plant but was re-designed to be
able to be built in single-reactor units. CANDU-6 type reactors in Canada include the
Gentilly-2 reactor in Quebec (now shutdown) and the Point Lepreau reactor in New

Brunswick. Also, the CANDU-6 forms the majority of foreign CANDU systems, including



the Wolsong reactorsin South Koreain 1983, the Embal se reactor in Argentinain 1984, the

Cernavoda reactors in Romania in 1996, and the Qinshan reactors in China in 2003 [5].

CANDU fuel

In natural uranium (where no enrichment is performed) the isotopic abundance of U-235
is0.72 atom%, while the remaining is mostly U-238. The fissile portion of the fuel is U-235,
while the fertile portion of the fuel is U-238. For any reactor to sustain a stable nuclear chain
reaction it must have a certain amount of fissile nuclel [1]. A nuclear fission reaction begins
when a neutron impacts a U-235 nuclei and is captured. The resulting U-236 is unstable and
splitsinto two particles (fission fragments), see Figure 2. Within a very short period of time
after fission occurs (<10™*°s) several neutrons are emitted (i.e., 2-3 neutrons on average for

fissile U-235) causing further fissioning and thereby establishing a chain reaction.

neutrons
®
=
@ ® + 200 MeV energy
O

1 235 ] -
ohn 92 fission products

Figure 2: The basic mechanism of nuclear fission, adapted from [4]

Thetotal energy liberated per fission reaction is about 200 MeV (or about 3.2x10™ joules),
which is about 3 million times the amount of chemical energy released by the combustion of a

carbon atom [7].

In the CANDU reactor, the natural uranium used in the fuel isin the form of a uranium
dioxide ceramic (UOy). This ceramic is formed into uranium dioxide fuel pelletsthat are
about 12 mm in diameter and about 16 mm long. About 30 pellets are inserted in a 482 mm
long Zircaloy-4 tubing/sheathing that is 0.4 mm thick. The Zircaloy tube sheathing is back
filled with mostly helium gas at atmospheric pressure and is then sealed with resistance
welded Zircaloy end caps. Thisassembly is called afuel element as shown in Figure 3.
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Figure 3: Axial cross section of a CANDU fuel element. Dimensions are not to scale.

These fuel elements are then resistance welded to Zircaloy end plates to form 28 and 37 fuel

element bundles (Pickering and Bruce bundles, respectively), as shown in Figure 4.

~102 mm (a (b)

Calandria
Tube

Annulus

Spacer
Pressure

Tube

Zircaloy end plate

Figure 4: (a) 37-element CANDU fuel bundle and (b) a fuel bundle positioned in a pressuretube
situated in a calandria tube[8][9][10]

The spacer pads and bearing pads in Figure 3 are attached by beryllium brazing in order to
provide the right clearances between the fuel elements in the bundle and pressure tube so that

the coolant can flow efficiency between the fuel elements to remove the generated heat.

Twelve fuel bundles reside in a pressure tube (see again Figure 1, item 10) for a
duration of about six months. During refueling, eight of the down stream fuel bundles will be

removed by inserting eight fresh fuel bundles from the upstream fueling machine. The



average fission energy released per unit mass of the fuel istermed the specific fuel burnup.
For a CANDU 37-element fuel bundle this value is about 7800 MWd (tonU)™ [10].

There are other types of solid nuclear fuel besides UO, such as uranium carbide (UC)
and uranium nitride (UN) [11][12], which are also high melting point ceramic materials.
Liquid nuclear fuels like agueous uranyl sulfate fuels or uranium/plutonium fluorides fuelsin
molten salt possibly mixed with breading materials such as thorium fluoride [13] also show
promise in future applications. However, the fuel that is used in most nuclear power reactors

today is uranium dioxide (UO,) and still remains the fuel of choice in the near future.

1.3 Chemistry of Uranium Dioxide Fuel

UO, possesses the cubic fluorite lattice structure (named after the CaF, compound). The
solid UO, is held together by ionic bonds. Anionic bond is the attraction between a positive
and a negative ion resulting from the complete (or nearly complete) transfer of one or more
valence electrons from one atom to another. Crystalline UO, consists of U* and O* ionsto
maintain charge neutrality. The UO, crystal structure can be described in two different ways.
In the first description, Figure 5 (@), the oxygen ions are arranged in eight simple-cubic lattice
cubes where the uranium atoms reside at the centre of the oxygen cubes but only in four out
of the eight availableinterstitial sites. In the second representation, Figure 5 (b), the uranium
ions form aface centred cubic lattice with an oxygen sublattice in the centre. Both
representation unit cellsin Figure 5 (a) and (b) have the same unit cell side length of a, equal
to 5.460 A [14] or 5.470 A [15] when O/U stoichiometry ratio is 2.
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Figure5: The uranium dioxide unit cell represented by a simple cubic anion lattice structure—

thefluorite structure (a) and a face centred cubic cation lattice structure (b), taken from [15]



Since uranium has many valence states (U**, U°*, and U®") deviations from
stoichiometry are possible. To ensure electrical neutrality when oxygen ions are added or
removed from a stoichiometric UO, matrix requires that some of the uranium cations change
valence states. For example with the addition of one O* ion to the UO, matrix requires that
two U*" ions be converted to U ions [15]. Although one might expect that any interstitial
oxygen ion entering the fluorite structure to make hyperstoichiometric UO, would occupy one
of the four empty uranium ion interstices, this situation does not occur. Instead, in
hyperstoichiometric UO, fuel, the oxygen ions can occupy two other types of intertitial sites
in the simple cubic structure sublattice formed by eight oxygen atoms (i.e., ¥ of the fluorite
unit cell), which isillustrated in Figure 6. There are two types of interstitial oxygen sites
within the simple cubic sublattice. Type | siteslie along six diagonals at the edge centres of

the cube.

[111]

(b)

T

(b}

Figure 6: Possible sitesfor interstitial oxygen atoms; Type interstitial oxygen sites (a) and

Typell interstitial oxygen sites (b), taken from [15]

Each diagonal offers two possible oxygen interstitial sites, one between the cube centre and
the cube edge. Hence Type | sites can provide 12 possible sites per simple cube sublattice or
48 sitesin the fluorite unit cell. Thisisillustrated in Figure 6 (a). A Type Il interstitial oxygen
siteisillustrated in Figure 6 (b), which is comprised of four empty simple cubes (i.e., no
uranium atom) with four body diagonals each providing a maximum of one interstitial oxygen
site. Hence thereisamaximum of 16 Type Il interstitial sites per fluorite unit cell [15]. In
dlightly hyperstoichiometric fuel a‘defect complex’ can consist of two Type | interstitials,
two Type Il interstitials, two vacant normal oxygen lattice sites and four U>* on nearby
normal cation sites (also known as the 2:2:2 clusters [16]) to neutralize the charge. The two



vacant sites with the two interstitial oxygen anions are known as Frenkel defect pairs. In
higher stoichiometric deviation x in UO,.x, when more and more of the fluorite unit cell
contains a defect complex, and when aratio of nine oxygen anions to four uranium cations is
achieved, a new phase of U409 appears. This phase has the same fluorite structure of UO, but

it also has a‘ super-lattice’ formed by the ordered structure of defect complexes[15].

If cation and anion defects are compared, the metal vacancies and metal interstitials are
minority defectsin UO,. Their mobility is much smaller than that of oxygen. For example, at
1400 K, the diffusion coefficient of oxygen anionsis 10° times greater than that of uranium
cations in the UO, matrix, depending on the deviation from stoichiometry. As aresult, the low
mobility of U cationsis rate-determining for important effects such as creep, grain growth,
sintering, densification and swelling in UO, [17].

Early phase diagrams of the UO, - U4Oq system were established in the 1960’ s [18][19]
by analyzing UO, samplesin Vycor tubes, which were then heated to temperatures over
1000 K, depending on what phase was being studied and oxidized in a steam or oxygen
environment. The Vycor tubes where then quenched to ‘freeze' in the phase of interest. The
metal ographic determination of phases were then determined with microscopy. Thisanalysis
included diffraction, reflection or refraction techniques using electromagnetic radiation or

electron beams. Figure 7 shows the quenched sample data over arange of compositions for
O/U ratios between 2.008 and 2.248.
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Figure 7. Early phase diagram of the UO,-U4O9 by Schaner [18]



The departure from stoichiometry for the uraninite phase (UO,) can be expressed as an
atom fraction of O or U, O/U ratio or with the value x in the subscript UO,.. A value of x
greater than zero, as seenin Figure 7, is termed hyper-stoichiometry and a value less than zero

is termed hypo-stoichiometry (not shown in Figure 7 but shown in Figure 9).

With the advent of computers it became possible to build more complete and accurate
phase diagrams using thermodynamic computations based on temperature, pressure and
concentration conditions using the Gibbs free energy minimization principle, which isabasis
for chemical thermodynamics. This powerful tool is also used to compute chemical reactions,
i.e., if achemical reaction is spontaneous (product favored) or not. The Gibbs free energy
minimization principle was an important discovery in chemistry by J. Willard Gibbsin 1876
[20]. As some Gibbs energy minimization software computations are included in thisthesis,

its basisis briefly explained below.
Gibbs energy minimization technique

The 2™ law of thermodynamics states that the total entropy of the universeis
continuously increasing. In other words, a product-favored chemical reaction for example, is
accompanied with an increase in entropy of the universe ASniversey Which is always positive.
The entropy change due to the dispersal of matter in the course of the reaction is called the
entropy change of the system ASy«em. This change occurs when reactants are converted
completely to products. Lastly the entropy change to the surroundings, ASsurroundings, 1S Created
by the dispersal of energy by its chemical reaction or process. Thus entropy change of the
universe is the summation of the entropy change of a system plus the entropy change in the
surroundings, and it is always greater than zero, as stated in Eq. (1) [20]. The superscript °
indicates the standard state, typically at 1 atm and 25 °C.

ASt?niverse = ASSYS‘GTI + ASgurroundings 20 (1)

In an isothermal process, when the temperature is constant and the energy transfer is
slow, the change in entropy for the surroundings is defined by Eq. (2) [20]. This equation
states that for an exothermic reaction, where AHg sem IS Negative, there will be an increase in

entropy of the surroundings:
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 —AH
AS® _ qsurroundlngs _ system (2)

surroundings
¢ T T

Substituting Eg. (2) into Eq. (1) and multiplying by -T we obtain:
—TAS,jverse = ~TASygem + AH ggem 3

Gibbs called the change in the free energy of the system (the LHS of Eq. (3)) AGg/stem, and at

standard conditionsit is written as:
AGSgem = AH ggem — TAS e, (4

The AG’,«¢em free energy change for a chemical reaction is an increase or adecreaseiin
the free energy as the reactants (in their standard states) are converted completely to the
products (in their standard states). This full conversion process though does not quite happen
in reality. Instead some reactants are always present at equilibrium [20]. Under these
circumstances, the free energy change of the system is not equal to the free energy change at
standard conditions, AGsem, but equal to the free energy change at non-standard conditions,
AGgsem. The relationship between the two is given by Eq. (5), where Risthe universal gas

constant and T is the temperature in Kelvin.

AGWSem == AGowaem + RT |nQr (5)

Here Q; is the reaction quotient. For example, for the reaction:

aA +bB < cC+dD (6)
the reaction quotient can be given by Eq. (7) [20].

o _[CIY o

[AT[BT
At chemical equilibrium the reaction is neither product favored nor reactant favored. As such
AG=0 and Q,=Kgc, Where K is the familiar thermodynamic equilibrium constant, so that Eq.

(5) becomes:
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AG® =—RTInK_ ®)

Figure 8 illustrates the relationship between the Gibbs free energy and the reaction
progression direction. We say that products are favored over reactants when AG%<0 and Ke>1

and that the reactants are favored when AG®>0 and Ke<1.

Goreactants
O
2
g’ A
2 Goproducts
=)
_C
8 | QKe
2 Q=K equilibrium mixture |
reactants only . products only

reaction progression

Figure 8: Gibbsfree energy versusreaction progression for product favored reactions, adapted
from [20]

For the use of Eq. (4) in Gibbs energy minimization software such as F*A*C*T® or
FactSage® version 6.1 [21], the enthal py and entropy of the elemental constituents of a
compound need to be defined as a function of temperature. Absolute Gibbs energy functions,
Eq. (9) [22], which are |ater converted to a Gibbs energy of formation functions, are used for

this purpose [22].

;
Hy = AHZ + [C,(T)dT
298K (9)

C,(T)

T

S = Shen + J.

298K

Where Cp(T) isthe heat capacity at constant pressure as a function of temperature in phase

equilibriain a system of interest, as usually studied at isobaric conditions.
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Briefly, the Gibbs free energy equation in Eq. (4), is used to calculate the free energy of
the elemental, compound, or phase constituents possible at a specified composition and
temperature. Computer programs are used to iteratively compare the free energy of these
constituents and isolate the most stable constituent or a combination of constituents that
possess the lowest Gibb's free energy [23]. In order to assess all the phase boundaries of a
system, as partialy given in Figure 7 through experiment, the Gibb’s free energy of al
possible phases can be calculated at a given temperature and constant pressure as a function of
composition. In this manner, it is possible to theoretically determine the composition limits
over which a phase is stable. By repeating this analysis for various temperatures, the phase
boundaries of a system can be determined [23].

For the mixing of two components within a phase, the change in Gibbs energy is
expressed as a combination of ideal and excessterms. The ideal solution expresses ideal
mixing of two components, where there is no interaction between the components of the
mixture [24]. Excess functions are thermodynamic properties of solutions which are
departures of an ideal solution at the same conditions of temperature and composition. Excess
Gibbs energy G can be expressed by Eq. (10):

G- = G(actual solutions) - G(ideal solutionsal) (10)

aT,Pandx sameT,Pand x

where Gaeual solutions 1S the change in the Gibbs energy of the mixed phases or solutions, which
can also be written as AGmixed phases[25] . Gideal_solutions Can also be written as Gigea_mix and is
expressed by Eqg. (11) [26]:

Gidea_mix = z xRTInx (12)

where x; is the molar fraction of component i, Ris the universal gas constant 8.314 Jmol ™ K™
and TisinK.

Thus, for abinary system Eq. (11) can be substituted into Eq. (10). Solving for Gastua_solutions
(or AGixed phases), EQ. (10) can be rewritten as Eq. (12) [24][27]:
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AG = X,RTInx, + x,RT Inx, + G* (12)

mixed phases
If the two mixed components easily dissolve together, the resultant mixture is more stable
than the collection of separate components and AGixed phases < 0. Conversely, if neither

component dissolves into the other, then AGpixed phases > 0 [24].

Hyperstoichiometric uranium dioxide, UO..x (Where X is the deviation from stoichiometry),
can be thought of as a solvent of UO; particlesin which a solute of UO; particlesis dissolved
in. Thus, for hyperstoichiometric UO, [24]:

U0z = (1-X)UO;, + xUO; (13)

Here the Gibbs energy terms can use a Margules recursive formulation [26], with the activity
coefficients expressed as a power series. Thus, the change in Gibbs energy for the binary O-U
phase diagram can be written as Eq. (14), where po, p1, P2, p3 are constants or simple functions

of temperature and X, and X, are the mole fractions of UO, and UQs in the solid solution
mixture, respectively. Lastly, it is noted that X, is equivalent to the stoichiometric deviation

Xin UOq.x [24].

AG = X o, RTINX o, + Xyo, RTINX o, +

mixed phases hyper

(14)
Xuozxu03[po + P Xyo, + pZXSO3 + p3XSo3]

In asimilar manner hypostoichiometric uranium dioxide, UO,., can be thought of as a solvent
of UO, particlesin which a solute of UO particlesis dissolved in. So hypostoichiometric UO,
can be expressed as [22]:

UO,«= (1-X)UO, + xUO (15)

Where the change is Gibbs energy for this binary O-U phase diagram can be written as:

AG = Xyo, RTIN X o, + XuoRT IN X0 +

mixed phaseshypo

(16)
Xuo, Xuo[po + P Xyo + P XG0 + psxgo]
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Both equations (14) and (16) form the UO,. phase.

In the O-U phase system, the binary oxides U,Oq, U307, U30g, and UO3 are present, and
UO,.y, liquid and gas phases are represented by solution phases. This system is one of the
more complex oxide systems known. Most of these oxides are polymorphic (i.e., an ability for
the oxide to exist in more than one crystal structure) and are oxide phases with different
ranges of composition rather than as stoichiometric compounds [28]. With Gibbs energy
minimization computations, a more complete phase diagram of the O-U system can be
generated [29]. Figure 9 covers the stoichiometry ratio O/U between 1.4 to 3.0 within a
temperature range of 25°C at 3000°C.

Mole fraction of oxygen (X,)
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Figure 9: Phase diagram for the U-O system, taken from [29]

The melting point of the uranium oxide when the O/U ratioiscloseto 2 (i.e.,, UOy) is
approximately 2865°C (3138 K). As can be seen in Figure 9, the uraninite phase appears on
either side of the O/U ratio of 2 at various temperatures. One can also observe that on either
side of the O/U ratio of 2, the melting point decreases at thermodynamic equilibrium
conditions. UO;, isadark brownish ceramic material and its theoretical density is

10.96 g cm®. Natural uranium dioxide used in CANDU fuel has an actual density of

10.6 g cm>. The difference comprises the fuel porosity (of afew percent), which provides the

primary containment for fission products.
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1.4 Defective Fuel Behavior

Oxidized Fud

In afuel element, the Zircaloy sheathing, which isan alloy of zirconium, isused asa
barrier between the fuel and the water coolant flowing in the reactor core. Zircaloy is used
rather than other metals or aloys due to its superior neutron economy characteristics,
corrosion resistance, and heat transfer properties. The sheath (or cladding in BWRs and
PWRs) allows the transport of fission heat to the coolant and prevents the release of fission
products into the coolant. Its primary function is to protect the fuel from being oxidized by the
coolant. However, on rare occasions, a small primary hole or crack can occur in the sheathing
during reactor operation as aresult of debris fretting (mechanical damage), pellet-cladding
interaction (PCI), which includesiodine and possibly cadmium induced stress corrosion
cracking (SCC) [30], or by manufacturing defects. An example of a clad defect due SCCin
BWR fuel [31] isgivenin Figure 10 (a). Note alarge radial fuel crack originating from the
pellet centre reaching the pellet surface and the failed cladding at the 3 o’ clock position, the
fuel crack believed to be a passageway for corrosive fission products. An example of debris
fretting damage in BWR fuel rods bottom section [32] isgiven in Figure 10 (b).

(@ (b)

fuel

clad

Figure 10: (a) An example of SCC clad defect in BWR fuel and (b) an example of debrisfretting
in BWR fuel rods bottom section. Imagestaken from [31] and [32], respectively.
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The debrisin the coolant can lead to fretting damage can typically include turnings, shavings
from machining work and objects such astools, screws, bolts, nuts, metal clips, electrical
connectors, pieces of wires, parts of gaskets, and saw blades have been found in damaged fuel
[32].

A primary sheath defect can lead to the formation of secondary sheath defects due to
deuteriding blister formation [33], as shown in this pressurized heavy water reactor (PHWR)
defective fuel pinin Figure 11: (a) one blister close to the fuel element (or pin) end-cap and
(b) one perforated blister close to the fuel element central bearing pad. The primary sheath

defect for this case was an incompl ete end-cap weld (no shown in Figure 11).

Figure 11: Images (a) and (b) show two secondary sheath defectsin a PHWR defective fuel

element (or pin), taken from [33]

Generally the performance of CANDU fuel has been excellent. In the 1970’ s the failure
rate for fuel bundles loaded into the Douglass Point demonstration CANDU reactor and the
first Pickering CANDU reactor in Ontario was under 1%. In more recent times the failure rate
for individual fuel elements has been about 0.1% [34]. Interestingly, the main failure
mechanism in PWR’s and BWR’sis currently related to debris fretting and grid-to-rod
fretting [35]. In CANDU-6 reactors, according to the 1997 annual fuel bundle defect rate,
about half of the fuel bundles that were found to be defective were attributed to debrid
fretting. Thiswas true of newer CANDU units that were recently comissioned, where in older
CANDU units the debris fretting failue frequency was lower, possibly due to the coolant

being continuoudly filtered out over time [36].
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Sheath or clad breaches allow coolant (heavy water or light water) to enter the fuel
element and make direct contact with the fuel [37][38], which can lead to fuel oxidation. As
the fuel is oxidized, the fuel thermal conductivity will be degraded (i.e., reduced) resulting in
higher fuel temperatures. Thermal conductivity dependence was first shown by Goldsmith
and Douglas [39]. Figure 12 by Lucutaet al. [40] provides measurements of thermal
conductivity of UO,.x vS. temperature for various levels of fuel oxidation (for 100% dense
fuel).

] 0 UO; 000
o — 0 UO; 007

A~ ~aUOxums

Thermal Conductivity (W/m °C)

Temperature (°C)

Figure 12: Thethermal conductivity normalized to 100% theoretical density for UO, and UO,.y

for various x values vs. temperature, taken from [40]

As can be seen in Figure 12 increases in fuel oxidation leads to a decrease in fuel thermal
conductivity. It isimportant to note though that these measurements are not thermal
conductivities of actual in-reactor or out-reactor fuel pellets but homogeneously oxidized
1 mm thick UO, disk specimens with almost theoretical density. Aswill be discussed |ater

actual defective fuel will oxidize in a non-homogeneous manner.

With the reduction in thermal conductivity in hyper-stoichiometric fuel, the fuel melting
temperature will be reduced due to the reduction of the liquidus and solidus temperatures
possibly by 100-200 degrees (see the region near O/U of 2 and atemperature of 2800 °C in U-
O phase diagram in Figure 9). This effect could lead potentially to centreline fuel melting in
high-powered elements, particularly during accident conditions [41][42][43][44]. Fission
product release will al'so be enhanced by a greater mobility in the hyper-stoichiometric fuel
[45][46]. The fission product release from a defective fuel element into the reactor primary
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coolant also means that fuel management could be disrupted and regular reactor maintenance
could also be affected as a result of imposed radiation safety limits.

In the early 1970 s the failure rate of CANDU fuel elements was noticed to increase
substantially, specifically during power ramps. Fortunately, with the ability of the CANDU
reactor to locate and replace defective fuel bundles without having to shut down, the
economic penalty was minimal. Nevertheless, since thisincreased failure rate reflected
negatively on plant operation, a short but intensive research and development program to
identify and eliminate the problem was launched. The problem was identified as stress
corrosion cracking and the solution that showed the most promise (out of 17 proposed
solutions) was the inclusion of athin layer of graphite on the internal surface of the fuel
sheathing [34]. This remedy significantly reduced the effects of stress corrosion cracking
phenomena at typical CANDU reactor burnups during refueling operations. This graphite
coating was named CANLUB for its then perceived lubrication properties. The first
‘CANLUB fuel” was loaded into the Pickering reactors by December 1972 [34][47].

Over the years, the CANDU fuel element and fuel bundle design have matured and is
well established. The failure rate has been generally quite low. This has been attributed to a
robust design, high manufacturing quality, built-in safety margins and prudent operation
assuring compliance with strict limits [48]. However, the Canadian Nuclear Safety
Commission (CNSC) has observed that the condition of certain fuel bundlesirradiated in
CANDU reactors differed from that as predicted and accounted for in design, operation, and
safety analysis documentation. As aresult, the CNSC has activated a Generic Action Item
94G02 “Impact of Fuel Bundle Condition on Reactor Safety”. To achieve the closure of
Generic Action Item GAl 94G02, one of the issues that has received priority has been the
behavior of oxidized fuel in CANDU reactors. This action called for the generation of
experimental data on fuel oxidation in defective fuel at reactor pressures and temperatures to
help validate amodel that would predict fuel oxidation in defective fuel with sufficient

accuracy [48].

Various experiments with intact fuel at reactor temperatures and pressures have been

conducted to measure the fuel thermal conductivity and fuel-to-sheath gap conductance
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[49][50]. For the investigation of defective fuel behavior, past experiments have also been
conducted. Lewis et al. [38] and Httig et al. [51] investigated the fission product release
from defective fuel while Une et al. [44] measured the post irradiation fuel oxidation
behavior. Karlsson et al. [52] performed pellet erosion experiments on BWR fuel with a pre-
designed cladding breach. Limbéck et al. [53] and Cheng et al. [54] investigated secondary
fuel degradation with in-situ centreline fuel temperature measurements and hydrogen gas
pressure measurements in the latter experiment. Nevertheless, no instrumented experiments to
date (primarily instrumented temperature measurements) have been conduced on defective
fuel at reactor temperatures and pressures specifically to study the fuel oxidation
phenomenon.

Simple models have been developed in the past to describe fuel oxidation kineticsin
operating fuel rods but these models typically ignored the axial migration of the steam and
hydrogen mixture in the fuel-to-sheath gap or through the fuel cracks. Also these models
failed to treat interstitial oxygen migration in the UO, matrix by considering both
concentration driven diffusion as well asthermal diffusion in atemperature gradient as
present in operating fuel elements[37][41][42][46].

To address the CNSC active Generic Action Item 94G02 priority, a mechanistic fuel
oxidation model was developed at the Royal Military College of Canada (RMC) [24][29], to
predict fuel oxidation behavior and thermal performance in operating defective fuel in normal
operating conditions. This fuel oxidation model was extended and improved in thiswork to
assist in the design of an out-reactor instrumented fuel oxidation experiment to help address
this Generic Action Item. These out-reactor test data can be further used for model validation.
An out-reactor instrumented fuel oxidation experiment built by Stern Laboratoriesin
Hamilton under the guidance of AECL-CRL (Atomic Energy of Canada Limited - Chalk
River Laboratories), now CNL (Canadian Nuclear Laboratories) and RMC has been proposed
to the industry and designed for this purpose.
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The possible relation between oxidized fuel and stress corrosion cracking of Zircaloy
sheathing in CANDU fuel

Therole of CANLUB in CANDU fudl elements has been debated over the last three and

a half decades. Generally there are two camps of thought:

i.) Thefirst group argue for the emphasis on the mechanical causes of stress

corrosion cracking in Zircaloy sheathing [55][56]. They claim that graphite
(CANLUB) acts as alubricant or friction layer interface, which reduces the
coefficient of friction, u, between the expanding fuel pellets and the collapsing
sheathing, from p=0.7-0.9 for bare Zircaloy to p=0.2-0.3 with CANLUB [57].
Hence it was believed that the local stressesin the Zircaloy sheath are reduced
with the graphite, mitigating SCC. In reality though the ‘lubrication’ afforded by
the CANLUB had avery marginal effect on the stressintensity in the Zircaloy
cladding (a~5% reduction) [57], which questions the importance of this SCC
mitigation explanation alone. An indirect observation though made by Wood et al.
[57] was that a smaller number of peripheral fuel cracks appeared in the fuel pellet
when CANLUB was used, which could in turn reduce the fission product
availability at the inside surface of the Zircaloy sheathing.

The second group argue the benefits provided by the graphite layer are more
chemical in nature and its true function may be two fold: a) The dried graphite
layer possesses chemical gettering properties (absorption and/or adsorption) for
the corrosive fission product species from the fuel and/or b) It has the ability to act
as aphysical barrier between the corrosive fission product species and the
Zircaloy sheath [58][59].

One of the reasons that support the latter hypothesisis the observation that the SCC failure

rate is still reduced even when the graphite layer has come off the Zircaloy surfaces at various

locationsin fuel elements [58]. Considering these two hypotheses, the question arose could
there be another role of CANLUB graphite in mitigating SCC in CANDU fuel?
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It has been shown that the naturally occurring oxide layer formed on the Zircal oy
surface when exposed to oxygen or air plays a protective role against various corrodants [60].
Penetrating cracksin the fuel sheathing typically occur where the oxide layer is absent or has
been damaged. In particular, it is reported that the sheath is nearly immune to stress corrosion
cracking if the oxide layer remainsintact [61]. Une [60] has demonstrated that when athin
sub micron thickness oxide layer is formed on a Zircaloy surface by introducing alow partial
pressure of oxygen at temperatures typical of the fuel-to-sheath gap it acts as a protective
barrier from iodine corrodant attack. However when very low strains (<0.5%) are imparted
onto the Zircaloy sheath, the zirconium oxide protective layer can break and crack [61],
allowing corrodants access to the bare sheath metal below. Thicker zirconium oxide layers do
not necessarily mean added protection from a corrosive environment. Yang et al. [62] showed
that pressurized Zircal oy-4 tubes sealed with iodine corrodant (which were pre-oxidized
internally to various zirconium oxide thicknesses) did not fail when the oxide layer was
0.2 um thick but did fail when the oxide layer was >0.2 um thick. Lastly it is mentioned that
the protective oxide layer can dissolve into the zirconium a matrix at temperatures above
800 °C due to a higher oxygen diffusion coefficient in az, in Zircaloy-4 (Do = 1.5x10™*°
cm? s*[63]). But at temperatures of the fuel-to-sheath gap, around 623 K (350 °C) during
NOC (normal operating conditions), the diffusion coefficient of oxygen in the Zircaloy is
much lower (Do= 2x10™" cm? s [64][65]) meaning the oxide layer is present whilein the

reactor.

The oxygen in the zirconium oxide layer in CANDU fuel could come from afew
sources. One such source could be available when CANDU fuel pellets are manufactured in
the factory. In the final manufacturing stage the pellets are reduced from UO3 to UO, by
exposing them to H, gasin afurnace at atemperature >2000 K as shown in Eq. (17). The
hydrogen reduces the UO3; and UO,.« (where X is the deviation from stoichiometry) so that an
O/M ratio of exactly 2 is achieved [66].

UOpux + XH, — UO, + xH,0 (17)

However, if the reducing process during the fuel pellet manufacturing processisincomplete

and/or if the sintered and reduced fuel pellets are stored in air for long durations they may
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pick up some oxygen from the air, reversing the reaction above to an oxidation reaction so
that the O/M ratio becomes greater than 2. The CANLUB coating (or graphite carbon) may
act as areducing agent for the oxygen in the hyperstoichiometric UO,. fuel (as similar to the
hydrogen in Eq. (17) [14]). This process would allow oxygen to travel in gaseous form as
carbon monoxide or carbon dioxide to exposed areas of the zirconium surface and oxidizing
those sensitive areas (possibly with the aid of radiolysis of the carbonaceous gases near the
sheath). Thus, there may be a chemical relationship between CANLUB graphite, the fuel, and
the Zircaloy sheath internal surface, which mitigates the SCC phenomenain Zircal oy
sheathing. This proposed process is discussed further in Chapter 5.

Another source of oxygen that can be mentioned is from the excess oxygen generated in
irradiated fuel. From the fission yield and valence states of the fission products, the excess
oxygen per atom percent burnup can be estimated. For example, a 1 atom% burnup can
theoretically cause a change from 2.000 to 2.009 in the O/M ratio in UO, fuel [40]. In practice
though, in post irradiation examinations, the oxygen balance in irradiated fuel appearsto be
near the stoichiometric region, i.e., an O/M ratio of 2.000 [40][67]. Lucuta et al. [40] and
Matzke [67] suggested that some of the fission yielded oxygen may be buffered by metallic
molybdenum (given its high yield [68]), but that the Zircaloy clad (or sheath) can also act as
an oxygen getter [67].

It then can be asked if the excess oxygen in UO, fuel, introduced either during
manufacturing of the pellets or during the fission process, is liberated or can thermally desorb
on its own, to reach the sheath and oxidize it. It would seem that thermal decomposition of the
higher uranium oxides like U30g and UO3 to UO, and O, would be possible at elevated
temperatures and at reduced pressures based on the average free energy of decomposition.
Biltz and Mller in [14] showed though that the decomposition of U3Ogusually stops at
UO,.15 when in vacuum of at least 20 mtorr or above and at temperatures up to 1300 °C. This
result occurs because the true or differential free energy of decomposition increases far above
the average free energy of decomposition in the solid-solution stoichiometry range below
UO,.30 [14]. This suggests that in order to remove the hyperstoichiometric oxygen from

UO.,.«, areducing agent is necessary.
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Reduction of the higher uranium oxides with graphite was shown in work by Lawrence
et al. [69]. Here uranium carbide fuel was produced by reducing UO,. and U3Og uranium
oxides with graphite. The equilibrium constants of these reactions were more or less known at
the time but not their reaction rates. In these tests, compacts of uranium oxides and graphite
were prepared by mixing crushed UO,., samples (UO2 08, UO2.14, UO, 33 ) and UsOg and
crushed graphite at molar ratios of 1:1 and lower and sealing them in evacuated silica tubes.
The tubes were heated to temperatures of 700 °C, 800 °C, 900 °C, 1000 °C and 1250 °C, and
the tube contents were then analyzed with a mass spectrometer. It showed that CO and CO-
gases evolved from the reduction of uranium oxides with graphite for heating durations of
about 300 minutes. The evolved gases were mostly CO, when the temperature was held at

700 °C and mostly CO when the temperature was held at 800 °C and above.

In related work, Campbell [70] studied the effects of graphite discs inserted between
adjacent UO; pelletsin CANDU fuel as an additional heat path. Specifically, Campbell
wanted to seeif significant amounts of CO and CO, gases would be liberated by the reduction
of UO,.x with carbon (i.e., graphite), where x in his experiments was set to 0.015, to
stoichiometric UO,, and possibly to UC and to U in order to assess if alarge gas pressure
would be generated in the fuel element (>10 MPa). It was found that CO and CO, gases were
indeed formed but at levels below 10 MPa. It was found also that the dominant reaction was
the reduction of UO,,, with carbon to form stoichiometric UO,, while the formation of UC

and U was much less favorable.

Thus, some carbothermal (or carbothermic) reduction of hyperstoichiometric fuel may
be occurring in CANDU fuel, which may have mitigating effects on stress corrosion cracking
of CANDU fuel Zircaloy sheathing.

1.5 Fuel Oxidation M odel

In the original fuel oxidation model, Higgs [24][29] solved three time dependent and
coupled partial differential equations:. (1) a gas phase diffusion transport equation occurring in
the thermally induced fuel cracks and in the fuel-to-sheath gap, (2) an interstitial oxygen
diffusion equation occurring in the fuel matrix, and (3) a heat conduction equation applied to

the solid fuel matrix. The gas phase equation solves for the hydrogen mole fraction. The
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interstitial oxygen diffusion equation solves for the solid state oxygen migration concentration
in the fuel matrix and the heat conduction equation provides for an estimate of the
temperature distribution in the fuel matrix. In the fuel oxidation model, the rate of reaction for
either oxidation or reduction depends on temperature, oxygen stoichiometry deviation in the
fuel and the hydrogen mole fraction. Since both the hydrogen gas diffusion equation in the
fuel cracks and solid state oxygen diffusion equation in the fuel have the same reaction rate
term then both of these mass balance equations are fully coupled. Furthermore, the thermal
conductivity of uranium dioxide depends on the oxygen stoichiometry deviation and
temperature. Hence, this problem is highly nonlinear and was best solved with multiphysics
software such as COMSOL Multiphysics® [71].

Higgs [24][29] solved these three governing differential equationsin an axia-symmetric
2D r-zmodel. Thiswas a convenient way to approach the problem if the problem is
considered symmetric. Figure 13 (a) shows the representation of the axial-symmetric 2D r-z
model and Figure 1 (b) shows the same model and a 2D r-6 model representation but in 3D.
From the figure below it becomes clear that the sheath defect represented in the Higgs model
isactually a“‘ring defect’ of a defined width as seen as a purple band. However this geometry
does not fully describe the problem as further discussed in Section 1.6.

@ defect width (b) 2Dr-0
[ | , model
[
cracked fuel
region (elastic)
r L —

N

AN ) 3D model
. / \ plastic region

pellet centreaxisline  boundary line between 2D r-zmodel
elastic and plastic fuel

radial cracks

Figure 13: (a) 2D representation of the axial-symmetric [29] in-reactor fuel element model and

(b) an equivalent 3D representation of the 2D axial-symmetric model with a sheath ring defect

indicated by the purpleband. The green band represents a sheath defect in a 2D -0 model and
the yellow patch represents a sheath defect in a 3D model (most realistic).
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Two regions exist in the fuel pellet; an elastic outer region which is brittle with
thermally-induced cracks, and an inner plastic region that is ductile and free of cracks
(boundary line in Figure 13). The brittle-to-ductile transition temperature isillustrated in
Figure 14 (a) [72]. A transition temperature occurs between 1200°C and 1400°C, but this
point also depends on the strain rate (where a higher strain rate tends to increase the brittle-to-
ductile transition temperature). The fracture stress increases in the elastic region of the fuel
and is grain size dependent. A larger grain size tends to decrease the fracture strength.

Figure 14 (b) illustrates the el astic, elastic-plastic transition and plastic domains in a cross

section of an in-reactor fuel element.
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Figure 14: (a) Fracture stressversustemperaturein UO, with 15 um grain size, taken from [72]
and (b) an in-reactor fuel element cross section showing the characteristic elastic and plastic

regionsin the fuel pellet, taken from [15]

Fuel cracking in the elastic part of the fuel is an important phenomenon, whichis
considered in the fuel oxidation model. This phenomenon is important because the fuel cracks
allow access of the gas phase to the hotter regions of the fuel where the chemical reactions are
accelerated, specifically, for the hydrogen gas diffusion equation and the reaction rate
between the fuel and the coolant. With fission heat generation in the fuel pellets during
normal operating conditions, thermally induced stresses result in the fuel pellets due to the
large radial temperature gradient (over athousand degrees K) between the pellet centre and
the pellet surface (near the coolant). It can be noted that fuel oxidation in defective fuel can

potentially increase (in extreme cases) these thermal stress due to the increase in fuel
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temperature. These stresses are relieved by fuel cracking when these thermal stressestypically
exceed 80-150 MPa[15][73]. Figure 15 (a) shows a schematic of pellet cracking, whichis

intentionally exaggerated to emphasize the crack geometry.
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Figure 15: (a) Fud pellet thermally induced cracking schematic with exagger ated crack widths,

taken from [74] and (b) crack type orientations and their designations

Also shown in Figure 15 (@) is the thermal bambooing or hourglassing effect at the pellet
edges, as discussed in [55][75]. In Figure 15 (b), three types of fuel cracks are identified in
UO, nuclear fuel pellets: radial cracks, axia cracks, and azimuthal cracks. Out of these three
types of cracks, it isbelieved that the radial and the axia cracks provide the dominant access
paths for steam and hydrogen transport to and from the highest temperature regions of the
fuel.

In modeling work by Williford [76] it is suggested that for various initia fuel-to-clad
gaps (in BWR fuel) and various fuel linear powers, an appropriate radial fuel crack width
develops. Figure 16 shows that for alarger initial diametral gap (fuel-to-clad gap) and smaller
linear power, alarger fuel crack width develops. Also, the plot suggests that for higher linear
powers, the fuel cracks may be closing and that the fuel cracks may be reaching a common

fuel crack width value of =20 um.
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Figure 16: Fuel crack widthsvs. linear power and initial diametral gap, taken from [76]

1.6 Limitationsof the Higgs M odel

The previous 2D axia-symmetric (r-z) fuel oxidation model [24][29] was able to predict
the extent of fuel oxidation for defective fuel elements|ocated in-reactor. Nevertheless, when
this model was modified to a more representative 3D geometry, the model under predicted the
extent of fuel oxidation. When the sheath defect surface area defined in the 2D axial-
symmetric model was compared to actual defect sizes on the sheathing of defective fuel
elementsirradiated in the Bruce Nuclear Generating Stations and Pickering Nuclear
Generating Stations, a substantial difference in defect surface area was noted. Thisis so
because the sheath defect geometry in the 2D axial-symmetric model is actually
representative of aband defect completely around the sheath circumference, instead of the
actual sheath defect surface area, which is a point defect. This approach aso assumes the
hydrogen mole fraction in the defective fuel is azimuthally symmetric wherein redlity itis

not.

The Higgs model makes an assumption that the transport of hydrogen in the fuel-to-
sheath gap was more of an effective path compared to that in the fuel cracksin the axial
direction, so that only the radial transport direction (ther direction in Figure 13 (a)) for
hydrogen diffusion in the cracks needed to be considered. This assumption may be over
simplistic. From the work of Wood and Oguma [57][73], the number of radial cracks that
appear in fuel pelletsis approximately equal to the fuel element linear power divided by two,
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or Piinea[KW m™]/2. Also, from Williford [76], who modeled BWR fuel pellet cracking at

40 kW m™, afuel rod with an initial 0.06-0.13 mm fuel-to-clad gap (similar to CANDU fuel)
would result in aradial fuel crack that is~20-30 um in width. Thus, with sheath creep-down
in CANDU fuel, the fuel-to-sheath-gap may be only ~1 um [15][77] in thickness, so that it is
expected that gas diffusion in theradial fuel cracks would also occur, if not more so than in
the fuel-to-sheath gap.

To account for fuel cracking in the fuel oxidation model, Higgs used empirical scaling
parameters (or equation coefficients) [24]. Specifically, o (where f stands for fuel) was used
as a scaling parameter for the reaction rate terms used in both the oxygen diffusion equation
in the fuel and in the hydrogen diffusion equation in the fuel cracks. The term was defined as
the average ratio of the total surface area of the fuel cracksto the total volume of the fuel. For
the hydrogen diffusion equation, a scaling parameter ¢ was used, which was the ratio of the
crack volumeto the total fuel volume. These artificial scaling parameters were used, since
only asingle domain was used for the two transport equations, i.e., a separate discrete fuel
crack region was not modeled. This approach (which is analogues to some extent to the
‘smeared crack’ technique [78] that uses afictitious crack model and not actual discrete fuel
cracks) simplified the model construction considerably but ignored the true crack volume and
crack surface area directly under the sheath defect zone. Hence, the ¢ ratio at the local scale

may be quite different from the globally-assumed values for the fuel element.

Another limitation of Higgs model [24][29] was the simplification of the hydrogen gas
diffusion equation in the fuel-to-sheath gap in the 2D axial-symmetric geometry. This model
was simplified by reducing the transport equation to one dimension by using the Green’'s
Theorem (e.g., integration by parts). In COMSOL Multiphysics®, this simplification approach
was referred to as using the weak and dweak form. In this case, the equation was reduced from
two dimensions to a single dimension. By applying this simplification the diffusion occurs
over aline but since the model is axial-symmetric the diffusion can be imagined actually
occurring in the fuel-to-sheath-gap in two dimensions (as a very thin cylinder) with no fuel-
to-sheath gap thickness. In redlity, though the fuel-to-sheath gap thicknessis quite thin, it has

afinite dimension, so that model results differed between using these two approaches.
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Lastly, the elastic-to-plastic transition boundary seen in Figure 13 (@) (i.e., where fuel
oxidation is thought to occur in the purple zone but not in the light blue zone) was previously
accounted for by applying a function that produced a value between zero and one to the
scaling parameters oy and ¢ [24]. However, in certain circumstances, the model became

unstable using this technique.

Summary of Chapter 1:

e The CANDU reactor main features and CANDU fuel were introduced and
discussed.

e The chemistry of uranium dioxide was discussed, which included: Its crystal
structure, its oxygen interstitial sites due to the various uranium valence states, its
oxygen stoichiometric deviation state - being either hyper or hypostoichiometric, as

determined at equilibrium using the Gibbs energy minimization technique.

e Defective nuclear fuel in water cooled reactors and accompanying fuel oxidation

and its effect on fuel thermal conductivity was introduced.

e Next, the reasoning for the development and validation of the mechanistic fuel
oxidation model, to predict fuel oxidation behavior and thermal performance of

operating defective fuel during normal operating conditions, was given.

¢ A link was then made between oxidized fuel, CANDU graphite, and stress corrosion
cracking of Zircaloy sheathing in CANDU fuel (the latter being one of the fuel

failure mechanisms).

e Lastly, the importance of the fuel oxidation model geometry selection (i.e., 2D and
3D) was explained in relation to observed sheath defect surface areas, and the
importance of modeling discrete fuel cracks was discussed. Both of these aspects of
the model were related to the limitations of the Higgs fuel oxidation model [24][29].
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CHAPTER 2 GOALS OF RESEARCH

A mechanistic fuel-oxidation model for defective fuel has been devel oped at the Royal
Military College of Canada (RMC) [29] and a controlled experiment was designed and built
to validate the current model with discrete fuel cracks. The motivation for the out-reactor
instrumented defected fuel experiment is that fuel oxidation has never been investigated
experimentally at both high coolant pressure (=10 MPa) and reactor temperatures while
simultaneously measuring in-situ fuel temperature changes (and hence, the effect of reduced
thermal conductivity due to fuel oxidation). Also, the experiment incorporates highly
controlled test parameters such as the onset of a sheath defect (of a specific size), heating
duration and power settings (related to temperature). These test results will therefore assist in
the benchmark of the RMC fuel oxidation model. The model will then be incorporated into
fuel performance codes for defective fuel assessment [48]. A validated model is applicable
not only to CANDU reactors but also to pressure water and boiling water reactors, as they are
UO; fuelled and water-cool ed.

The additional models developed in thisthesis therefore address two goals. The first
goa was to extend the fuel oxidation model so that it could be used to provide guidance for
the design of the out-reactor instrumented defected fuel experiment. This out-reactor
experiment was led and technically supported by CNL (Canadian Nuclear Labs) formally
AECL-CRL (Atomic Energy of Canada Limited - Chalk River Laboratories), was funded by
COG (CANDU Owners Group), and was constructed and operated by Stern Laboratories
Incorporated. At the time of this thesis was being written an initial commissioning test and
final test were conducted. Post test oxygen measurements were being completed. In thistest
fuel element temperatures were measured in real-time at various radial and axial locations. All
tests were conducted at reactor pressures and temperatures without aradiation flux. The
second goal of thisthesis was to address the previously discussed limitations of the Higgs fuel
oxidation model [24][29].

This thesiswork providesa 2D r-6 and 3D model simulations, which include discrete

fuel cracks. Figure 17 shows the three different types of 2D r-0 models, where the purpose of
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these models was to provide justification for the parameters used in the 3D fuel oxidation
model in order to predict the extent of oxidation in the out-reactor instrumented defected fuel

experiment.

Sheath defect Radial cracks
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dependence.of fe-t.shea oxidationexent (TR
gap and radial crack widths on crack numbér
fuel oxidation, and computation

ﬁfe;qd element electrica 2D model 3: verification for conditions
Ing. of radial crack propagation and crack
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Figure 17: 2D r-0 models with the cor responding mesh to predict the temperature and stress
distribution (aswell as geometry displacement) used asinput parametersfor the 3D model

Thefirst type of model (‘2D model 1’ in Figure 17) predicted the temperature
distribution, the hydrogen mole fraction in the infiltrating steam in the fuel cracks (whichisa
result of fuel oxidation due to contact between the fuel and the coolant), and the resulting
UOg,. distribution in the fuel matrix. This model also computed the fuel element el ectrical
heating and provided temperature bondary condtions to the 3D model. The second type of
2D r-6 model (‘2D model 2’ in Figure 17) computed fuel oxidation coupled to a solid
mechanics model. With this model the stress field due to thermal expansion, the geometry of
radial fuel cracks (such as crack width), and contact pressure of the sheath on the fuel was
computed. A third 2D r-6 model (‘2D model 3’ in Figure 17) was based on the second model
but neglected fuel oxidation. Its purpose was to investigate the conditions for the onset of
radial fuel crack growth and the number of possible radial fuel cracks formed due to thermal

expansion in the out-reactor fuel pellet. This was conducted by computing the J integral,
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which provided the stress intensity factor at crack tips, assuming linear elastic fracture
mechanics [79].

Before tackling afull length 3D model of the out-reactor fuel element, two additional
models were constructed and computed for validation purposes. The first was a 2D r-6 model
that computed the temperature distribution as well as mechanical stress due to electrical
heating in the out-reactor fuel element, but where no fuel oxidation was computed. This
temperature modelled result was compared to the temperature measurements obtained in the
first prototype test (FESL) at the Stern Laboratories. The second model attempted to estimate
the extent of fuel oxidation for an actual defective fuel element in an operating power station.
This model was constructed in 3D as afull length model (0.48 m long) to compare actual PIE
(post irradiation examination) O/U ratio measurements in a defective fuel element to model

results.

With the above model simulations and comparison to previous actual measurements, a
model geometry was defined for afull length 3D fuel simulation of an out-reactor fuel
oxidation experiment. Boundary conditions were provided by the 2D r-0 models (Figure 17).
The improved geometry construction toolkit of the COMSOL® 4 version platform made the
building of the more complex 3D model much easier. This model provided for amore
realistic simulation of the element used in the out-reactor experiment. In this work, the radial
fuel cracks were modeled as well as a pellet-pellet interface gap (that acts as a crack) - both
near the defected sheath site. The sheath and most of the fuel-to-sheath gap were neglected to
reduce model complexity. The results of this model also provided design support for the out-

reactor instrumented defected fuel experiment.

Finally, since uranium dioxide can be oxidized by water or oxygen (i.e., to absorb
oxygen atoms in an exothermic reaction), and since hyperstoichiometric uranium dioxide may
be reduced by carbon (i.e., the CANLUB graphite, see again Section 1.4), the experimental
part of thisthesis also focused on the effect of oxidized UO, in the presence of graphite to
determine its impact on iodine induced stress corrosion cracking in the Zircaloy sheathing.
Thisinvestigation specifically examined if there was any benefit of excess oxygen potential in

UO, fuel in contact with graphite to mitigate this corrosion process. Based on these
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experimental results, the fuel oxidation model was used to compute the necessary heating
temperature and heating time needed to ‘load’ the required hyperstoichiometric oxygen onto
the externa surfaces of afuel pellet, while not altering the overall stoichiometric O/U ratioin
the bulk of the manufactured fuel pellet.

Summary of Chapter 2:

e Some of the models developed in thisthesis will address two goals: Thefirst goal is
to extend the fuel oxidation model so that it can be used to provide guidance for the
design of the out-reactor instrumented defected fuel experiment. The second goal is

to address the previously discussed limitations of the Higgs fuel oxidation model.

e Anexplanation was given for the development of three 2D r-6 models. Thefirst
model will show the dependence of fuel crack width and fuel-to-sheath gap on the
extent of fuel oxidation. A second model will compute fuel oxidation while being
coupled to a solid mechanics model to provide the expected fuel crack geometry
during the test. A third model will compute the onset and number of fuel cracks
using the J integral .

e  With the supporting 2D r-0 models, and an additional 3D in-reactor fuel oxidation
model, a 3D out-reactor defective fuel model will be developed to initially validate
the fuel oxidation model.

e Lastly, the experimental part of thisthesiswill investigate the effect of oxidized
UQO, in the presence of graphite to produce carbonaceous gases that can have
mitigative properties against stress corrosion cracking in Zircaloy sheathing. The
fuel oxidation model will also be used to compute the necessary conditions to

introduce a small amount of hyperstoichiometric oxygen to s fuel pellet.
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CHAPTER 3 MODEL DEVELOPMENT

Section 3.1 discusses the out-reactor test setup at Stern Laboratories, as needed for the
model design parameters. The model in turn provided feedback to the designer of the test.
Section 3.2 provides the background and governing equations for the updated fuel-oxidation
model, as needed for the ssimulation of the out-reactor instrumented defected fuel experiment.

3.1 Out Reactor Experiment Setup

The out-reactor test facility at Stern Laboratories includes a small self-contained coolant
loop capable of operating at CANDU reactor conditions. Thisloop is designed to run at up to
10 MPainlet pressure and normal coolant temperatures of 280°-310°C. A laboratory data
acquisition system is used to monitor the loop and test-fuel simulator instrumentation.

Electrical current is used as the heating source for the out-reactor fuel element.

The fuel element simulator has 29 fuel pellets, with an axial clearance of 1 to 3 mm.
Typica primary fuel sheath defect surface areain defective fuel has been observed to be 1-2
mm? [43][80][81], while sheath defects as large as 35 mm? have been observed [29]. Sheath
defects are usually identified as secondary defects (due to hydriding or deuteriding damage)
[33][81]. The designed sheath defect surface areafor this test is targeted to be 5-15 mm?
though smaller sheath defect sizes are acceptable as well. At achosen time after a
conditioning heating period, an artificial dit defect isinitiated in-situ in the sheath. The
breached sheath exposes the fuel to the coolant water at atemperature of approximately 260-
295°C and a pressure of 7.5-10 MPa.

Each test pellet is about 16 mm in length and 12 mm in diameter. The test pellets
include a central hole to accommodate an electrical iridium (Ir) heating bar about 2.9 mm
(2.87 mm) in diameter. Temperature measurements of the test fuel are performed in real time
with thermocouples at three radia positions in the test pellet asindicated in Figure 18.
Thermocouple holes were ~0.66 mm in diameter. Thermocouple holes (1) and (3) were
originally positioned 0.5 mm from the pellet edges and thermocouple (2) was positioned
equally spaced between the two. The actua pitch circle radii of the thermocouples were
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TC1=2.7440.13 mm, TC2=3.83+0.13 mm, and TC3=4.98+0.13 mm [82]. The electrical
heating bar is made to run through the entire central length of the fuel element so that the fuel
pellets are heated from the central diameter.

thermocouple (3) central 2.9 diameter hole for iridium wire/bar

®12.15 thermocouple (1)

thermocouple (2) heated surface

0.66 diameter dimensionsin [mm]

Figure 18: Radial cross section of UO; test pellet with drilled holes. The 2.9-mm diameter central
holeisfor theiridium electrical heating bar. The smaller holes provide access for thermocouples
and ther mocouple wires. Thermocouple siteswer e located at: (1) closeto the pellet centre and
near the heating element, (2) between the pellet centre and pellet outer surface and (3) near the

outer surface of the pellet.

This heating technique has been successfully employed in the past by Oguma [73] using
atungsten bar to heat UO, fuel pellets to study cracking and relocation behaviour. The UO,
fuel pellet material after it has been sintered was extremely hard and it was found that drilling
the small holesinto the finished pellet proved to be too difficult. As such, it was decided to
first drill the compacted UO, pellets and then sinter them. Figure 19 shows the compacted and
drilled UO; pellet on the left and a sintered UO, pellet on the right.

@)

I |ii||l!|l|l’l|lI|II|I‘IHI‘I
4 5 6 7

Figure 19: (a) Compacted and drilled (unsintered) pellet and (b) a finished pellet after sintering
(manufactured at CRL-CNL)
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The technique for making the in-reactor fuel pellets was not without problems. Some
pellets cracked when drilled and some pellets experienced unacceptable distortion during the
sintering process. Nevertheless, there were enough satisfactory pellets manufactured by the
Fuel Engineering Branch and the Fuel and Fuel Channel Safety Branch at CNL (formally
AECL-CRL) to build two complete out-reactor fuel elements.

Iridium (Ir) was chosen for making the central heater bar, since it is anoble metal and
has a high melting temperature (2466 °C) so that it can withstand the hot and oxidizing
environment. The limiting factor when using the iridium bar as a heater in the UO, pelletsis
the iridium-zirconium eutectic point, which is 1240 °C [83]. Other metal pairs such as
tungsten-zirconium or tantalum-zirconium have good (high) eutectic points and good
weldability, but tungsten and tantalum are not noble metals. The eutectic point occurring at
welded junctions between the iridium bar heater and the Zircaloy end-capsin the fuel element
could have been a problem, but the temperature at these locations are lower due to edge

effects, so this problem was mostly avoided.

The out-reactor fuel element is heated by passing electrical current through the central
iridium bar as well asthe Zircaloy sheath (i.e., the two conductors are connected in parallel).
Thisis because Stern Laboratories experience has shown that if only the central electrical
heating bar is biased to the current voltage and the sheath is grounded, electrical arching and
shorting can occur between the heater bar and shesath, leading to damage and failures. In order
to prevent this from happening, the Zircaloy sheathing is connected in paralel to the iridium
bar conductor (instead of being grounded). Figure 20 provides part of a drawing [84] of the
fuel element simulator. The sheath defect in the figureisjust above pellet number 8 from the
downstream end cap (at item #6). SECTION B-B shows an axial view of the pellet number 4
and the first set of three thermocouples at three radial and azimuthal positions (TC-1, TC-2
and TC-3). SECTION C-C shows the second set of thermocouples at a second axial position
(TC1, TC2 and TC3), whichislocated at pellet number 8 from the downstream end cap. Note
that the second set of thermocouples pass through pellet number 4 in SECTION B-B. The
iridium bar isfixed (screwed and welded) at the outlet end (left) but is free to axially expand
at theinlet end (right). Silver powder, item #2, is used to ensure electrical contact throughout
the test.
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Figure 20: Fuel element simulator assembly drawing [84]. Thekey partsare (1) theiridium bar
(heater), (2) thesilver powder packing section for electrical conduction and expansion
allowance, (3) the sheath, (4) the upstream end cap, (5) the downstream end cap, and (6) pellet at
location of the sheath defect.

Before the test is started, the fuel element is heated (under pressure) by electrical power
for afew hoursin order to allow for both fuel cracking and sheath creep down to occur. Once
the fuel and sheath are conditioned, the sheath is defected by helium gasinjection into the fuel
element to induce an internal pressure of ~10-12 M Pawhile the pressure of the coolant loop is
lowered from 10 MPato ~7 MPa. With a pre-machined axial groove (located between pellets
8 and 9) where the sheath wall is~1/10 of the original wall thickness and with the high
internal pressure, a sheath defect occurs. Figure 21 (a) shows the design and location of the
defect groove on the sheath. Figure 21 (b) shows a picture of an initial sheath rupture test
performed in air at room temperature, with no pellets installed, conducted at Stern
Laboratories.
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TC drill hole It bar heater

Figure 21: (a) Sheath defect design and location on the fuel element simulator (not to scale) [85]
and (b) a sheath groove after aburst test in air with no pelletsinstalled [86]

Bursting the fuel element filled with equivalent sized fuel pellets, with a sheath defect
described in Figure 21, at coolant temperature and pressure, yielded a smaller sheath defect
surface area than 1 mm? (figure not shown). As aresult amodified 3-cut sheath defect design
was developed. Figure 22 shows a sheath burst test result using this improved design
(designed at the Fuel and Fuel Channel Safety Branch at CNL by the author, B. Leitch, and C.
Thiriet and tested at Stern Laboratories).

sheath

3-cut sheath
defect design

rupture

Figure 22: Sheath defect after rupturetest at loop temperature and pressure. Test was
conducted with equivalent sized fuel pellets.

With this 3-cut sheath defect design a satisfactory defect surface area was achieved, which

was ~4 mm? in this case, approaching the original defect size requirement [87].
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Post experiment measurement of the oxygen potential, or the O/M ratio, at several axial
and radial locationsin the fuel stack will be required for validation of the fuel oxidation
model. The first method is based on a Coulometric Titration (CT) method [80] employed
previously at CNL (formally AECL-CRL) to measure the average O/M ratio of spent
CANDU fuel. This O/M ratio measurement technique has a detection limit of ~2.01 and a
maximum uncertainty of +0.011 in irradiated and unirradiated UO,. fuel [87][88]. Generally
in this technique powdered UO,.x samples for coulometric titration (CT) analysis are prepared
from 1.4, 1.6, and 1.8 mm diameter drilled-out holes (using diamond tipped drill bits) that are
~5 mm deep in the oxidized fuel pellet. These UO,.x samples are then heated to 1273 K in a
reducing atmosphere provided by aknown H,in Ar (carrier gas). When the CT apparatus
operates in the reduction mode (for determining x in the samples), only the down stream CT
electrolysis cell isused. When the carrier gas flows over the sample in the furnace some of the
H. will reduce the UO,.« to produce water vapour. The remaining hydrogen in the gas (that is
not picked up by the specimen) is oxidized by oxygen from the downstream CT cell. The
hyperstoichiometric oxygen content in the samplesis then determined by knowing the precise
quantity of hydrogen that was coulometrically titrated in the downstream cell [22][80]. The
second method involves taking X-ray diffraction scans[18][89] of the oxidized fuel
specimens and working out the materia lattice parameter. Using a relationship between the
|attice parameter and the O/U ratio, the oxygen stoichiometric deviation can be deduced [89].
The uncertainty of this method can be as high as +Ax=0.015 when x=0.050, according to a

|attice parameter vs. O/M ratio plot givenin [89].

3.2 Fuel-Oxidation Model Development

The following section provides the governing equations of the fuel-oxidation model as
applied to the out-reactor experiment. The subsequent subsections provide the thermal
physical properties of the materials involved.

In the mechanistic model [29], atreatment is required for both gas phase and solid-state
oxygen diffusion, which are controlled by temperature-dependent reactions. This necessitates
knowledge of the temperature distribution in the fuel element. Hydrogen (H,) and steam

(H20) are specifically considered in this treatment rather than deuterium and heavy water.
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Figure 23 depicts an axial cross section schematic of the test fuel element without
thermocouples or the central electrical heating element. In the schematic, fuel cracks appear in

the fuel pellets as aresult of fuel thermal expansion [75][90].

I defect length | sheath and deliberate fuel ¢
coolant flow water- steam defect e 1O
\ sheath

|:|/ ] ga)
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. ] _______________________________________________________
‘ <__1>1eat conduction iridium bar heater

z elastic to plastlc J {_ A ™ inner heated // (not shown)

fuel pellet axis  centre line boundary pellet surface \

Figure 23: A 2D zr representation of out-reactor fuel element. Heat conduction occursover all
domains, gastransport occursin fuel cracksand in a pellet-pellet gap, and solid state oxygen
diffusion occursin the fuel. The defect length is=~5-15 mm with a width of 0.1-1.0 mm (the latter

in the azimuthal direction not shown).

Below the elastic-plastic boundary, cracks will initially appear but will later self heal [15][91].
The temperature at which this transition occurs in the model was set at 1523 K, yielding an
effective crack tip depth. In reality though this transition occurs over arange of temperatures
[15][73]. Figure 23 depicts adeliberate sheath defect, which is 1 mm wide (into the page) and
5-15 mm long in the axia z direction. Actual sheath defects can be less than 1 mm wide.
Elevated oxidation occurs when the coolant/steam makes contact with the hotter regions of
the fuel, viathe fuel cracks and the pellet-pellet gap near the sheath defect.

The hydrogen mole fraction, g, at the defect location and in the volume of the radial
cracks directly under the defect site, is assumed to be 4.1x10° moles m™, Thisvalueisthe
hydrogen mole fraction of the coolant in reactor [29] referred to as gc. The generalized mass

balance equation for oxygen transport in the fuel matrix is given by Eq. (18):
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e g’t‘ _¢,V -(D(Vx+ X R? VTD LR (19)

2

where x is the oxygen deviation from stoichiometry in the uranium oxide matrix (UO-.y), Cy iS
the molar density of uranium in mol m3, Risthe universal or ideal gas constant equal to
8.205x10°° atm m®> mol™ K™, T is the temperaturein K, D is the chemical diffusion coefficient
for oxygen interstitials, which is afunction of temperature (T in K) [29] as given by Eq. (19).
It can be noted that Eq. (18) considers both normal diffusion in a concentration gradient and

diffusion in atemperature gradient (the Soret effect).
D=25x10"-exp(-16400/T) m?s* (19)

For the temperature gradient diffusion, Q isthe molar effective heat of transport and is
provided by Eq. (20) (where x again is the stoichiometric deviation value):

Q=-35x10*exp(-17(4+2x)) Jmol™ (20)

In Eqg. (18) Ri®®isthe rate of reaction for either fuel oxidation or reduction in moles O or H,

m? s, For oxidation the reaction rate is given by:

R = cya/(1-a)p, (%, - x) for x<x, (21)

where « is the rate coefficient for the surface-exchange of oxygen, which is given by Eq. (22)

[29][92], where T isin K and & has the units of m s™.

a= O.365exp( (22)

- 23500}
Generdly, Eg. (22) has the form of the Svante Arrhenius equation, which relates the rate
constant of a chemical reaction and the temperature at which the reaction takes place [93]. In
Eq. (21), p;isthe total system pressure in atmospheres (of the coolant), q is the hydrogen
mole fraction in the fuel cracks and in the fuel-to-sheath gap, x (or ‘ Xdev’ is the notation used

in the simulation models) is the stoichiometric deviation, and . is the equilibrium
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stoichiometry deviation based on the local oxygen potential of the gas in the fuel cracks using
thermodynamic analysis [29]. The kinetic reaction rate in Eq. (18) can also represent chemical

reduction in moles O or H, m? s as given in Eq. (23) [29].

react,red
Rf

= ¢ a4/ap, (X, — x) for x> x, (23)

The equilibrium stoichiometry deviation Xe is given by [24][29]:

_a+ag+eT+gT°+mT?+ k(T
1+b ¢ +d T+ f &2+ p T2 +n T

Xe (24)

where {'isthe log of the hydrogen-to-steam partial pressure ratio equal to ¢ = Iog(liJ ,and
—-q

the coefficients are given by:

Table 1: Coefficient values used in the equilibrium stoichiometry deviation x.equation

coefficient value
a 0.033107007
by 0.268984735
Cy 0.008679485
dy -0.000622197
& -5.18804E-05
fq 0.020038397
Ok 0.000450165
ke -7.83442E-06
m 1.84196E-08
Ng -7.45197E-05
P« 1.39057E-07

The condition statement for either fuel oxidation or fuel reduction is provided by [24]:

react R Xeo_iix = X
Rf - react,red (25)
R X fix <X and x> X

where s is the stoichiometric deviation at the pellet surface equal to 1x10™ and Xe fix iS
another condition statement provided by [24]:
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st Xe < st
Xe_ fix = Xe Xe > st (26)

A zero flux boundary condition for the oxygen stoichiometric deviation is taken as zero
at al external geometric boundariesin the model, except for crack and pellet-pelled surfaces.
See Sections 3.5.2, 3.5.5, and 3.5.6 for more details.

It is worth mentioning that Eq. (23) representing chemical reduction kinetics of the fuel
may be conservative. Thisis because experiment data [94][95] suggests that interstitial
diffusion aloneis not rate-limiting and that, alternatively, one can consider a combined
diffusion/mass transfer model [94][95]. In terms of the time scale of the out-reactor
instrumented defected fuel experiment or with defective fuel residence time in areactor thereis
no significant change over longer times as the fuel will go to the equilibrium value of X in Eq.
(24).

Hydrogen is contributed to the gas environment in the fuel cracks by the fuel-oxidation
reaction and to alesser extent by sheath oxidation. The mass balance for the hydrogen molar
concentration, gcg, in the fuel cracks and in the fuel-to-sheath gap is provided by Eq. (27) asa
genera form time-dependent diffusion equation. This equation is applicable only in the
domain outside fuel elastic-to-plastic boundary in the radial direction (see again Figure 23)
where the fuel cracks reside, in the fuel-to-sheath gap, and in the pellet-pellet gap.

Eq. (27) is essentially the same equation used by Higgs [29] but here the diffusion
equation is used for all gas domains (fuel cracks and the fuel-to-sheath gap in a 2D model,
and the pellet-pellet gap in a 3D model).

0 reac 0X
Cg 8_? = V ) (Cg ngq)+ Rf t + (1_ f )RZirc_sheath (27)

However, it neglects axial bulk-flow. Here ¢y in Eq. (27) isthetotal molar concentration of
the steam gasin mol m™ and it is calculated using the ideal gas law:
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where p; isthe total system pressure in atmospheres and R is the universal gas constant of
8.205x10° atm m* mol™ K™ and T is the gas temperature in the fuel cracks, the fuel-to-sheath
gap and pellet-pellet gap. The parameter c4Dy is the steam diffusivity quantity that has the
units of mol m* s* and is cal culated from Chapman-Enskog gas kinetic theory in Eq. (29)

[24][43]. This equation is solved for light water steam in the out-reactor test:

—
c,D, = 2.2646x10° YT uF +Mido)

O s ps

(29)

whereM,, and M, , arethe molecular weights of hydrogen and water molecules equal to
2.0159 g mol™* and 18.0153 g mol ™, respectively. o, isthe combined collision diameter of
hydrogen and water equal to 0.5(c,, +0,, ), where o, =2.827 A and o, , =2.641 A.

Q,; isthecoallisionintegral given by [24]:

Q5 = 0.45776 + 0.80674(0.004549T ) ***** (30)

Zircaloy sheath oxidation/corrosion with resulting hydrogen generation and pickup by
the sheathing is also considered in the 2D r-6 fuel oxidation model. Hence the source term

RY%. e O hydrogen production in mol H, m? s™ in the fuel-to-sheath gap is also added in

Eq. (27). The sourceterm Ry, .., Whichisafunction of temperature, is provided by [29]:

0X h= 1606Xp(— 14192/ Tsheath_inner )F (31)

irc_ sheat c

where Tsheath inner 1S the inner surface temperature of the sheath and F. =3 [38] is the
enhancement factor for out-reactor Zircaloy surface corrosion. It is worth noting that the
internal Zircaloy sheath surface corrosion due to steam exposure is enhanced by fission
product bombardment for in-reactor conditions, where F; ~49 in comparison. The

parameter f in Eq. (27) isthe hydrogen pickup fraction by the sheath and was set to 0.05
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[29][38]. Lastly it is noted that the sheath/water oxidation reaction competes with fuel
oxidation. This effect was applied in only one of the 2D r-6 fuel-oxidation models (with the
closed fuel-to-sheath gap, Section 4.2.1 results), since its contribution was found to be small.

The temperature profile in the fuel element is obtained from the solution of atime-dependent

heat conduction equation given by:
oT
pstE:V'(kVT)'FQv (32)

where p; is the density in mol m (or kg m®), C, is the specific heat capacity at constant
pressure in kJmol™ K™ or kJkg™® K™ and k is the thermal conductivity in kW m™ K™ of all
constituent materialsin the fuel element. The parameter Q, is the volumetric heat source term
of the fuel. In the current 2D r-6 out-reactor fuel oxidation model, the Q, term is the ohmic
heating generated in the iridium bar heater and in the Zircaloy sheath (and to a small extent in
the UO; pellets). In the 3D out-reactor fuel-oxidation model, this term is set to zero. Instead
Dirichlet temperature boundary conditions were used to describe this heat source. For an in-

reactor defective fuel element, the Q, term is set to afission heat source term given by:

Q, == { (2 )}Io(m) (33)

-2
T et 2'1("apeuet

where Pinea is the linear power of the fuel element in kW m™, apalet 1Sthe pellet radiusin m, x
isthe inverse neutron diffusion length inm, r isthe radial distance from the pellet centre, I,
and |; are the zeroith and first order modified Bessel function, which are provided in Eqg. (34)
[96].

= K(n+k) (3
2 X4 XG
eg’IO(X):1+ 22 + 22‘42 + 22‘42'62 te

The thermal conductivity k of UO..x as seenin Eq. (32) is evaluated using:
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k= KldKlpKZpK4r (kph + ke + krad) (35)

as proposed by Lucutaet al. [97] and employed by Higgs [24][29]. Generally the thermal
conductivity of UO; in Eg. (35) is comprised by three terms: The conductive hest transfer kpn
term vialattice vibration (or phonons), the electron hole movement k. term (or polarons), and
the radiative thermal effects kioq term. The heat transfer via lattice vibration kp, termis given
by Eq. (36), provided from the Ellis-Porter-Shaw model [29][98], where T isin K, and where
Eq. (36) is correlated to experimental dataand isvalid over an oxygen stoichiometry

deviation range from x = 0 to ~0.2 for fully dense fuel. ky, has the units of kW m™* K™,

1
o = AX)+ BT (39

The values A(x) and B(X) are given by Eq. (37a) and (37b), respectively [29], where x isthe
oxygen stoichiometry deviation value as solved for in Eg. (18).

A(x)=14-10.763x — 2381.4x + 12819.86(v/x (373)
3
B(x) | 0:2218+ 0.2562/x - 0.64x - 36764\x)', x<0.155 (37b)
0, x>0.155

The electron hole movement k. termis given by Eq. (38) [29] where T isin K, and where ke
and has the units of kW m* K™,

3
k, = 0871+ 2.9x10°5T)* 2024x10 exp(—16350j

T 5/2 T (38)

At normal operating fuel temperatures, the radiative term k.4 contributes less than
0.01% to the overall thermal conductivity and so is neglected in the in-reactor models
[29][42]. Since the heating technique in the out-reactor instrumented defected fuel experiment
utilizes a central electrical heating element the temperature at the element centre (in the
plastic region of the fuel) can be relatively high (T > 1900 K), as compared to in-reactor
operating fuel at normal/medium linear powers [77]. Hence, the radiative term is considered

[97] and its contribution to fuel thermal conductivity is given by [42]:
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N2

=15x10%° —  [T® usin
oo =1.5% [aij .

O‘R(T) =G eXp(CzT)

(39)

where k. has the units of kW m™ K™ and Tisin K, and where N isindex of refraction (set to
2.25) with C; = 8750 m™* and C, = 7.5971x10™* K™ [42)].

The correction or contributing factors (x) in Eq. (35) account for burnup, porosity, and
radiation damage effects. Although in the out-reactor fuel oxidation test there will be no
burnup or radiation damage, the model includes these terms for completeness, sinceitis
applied later for in-reactor conditions. Thefirst factor k14 is acorrection factor for fully dense
fuel for dissolved fission products at fractional burnup S in atom% and is given by Eq. (40)
[24][29].

109 00643 1
= [W TR ﬁj ' aman[ 1.09/ 3% + (0.0643/ /5 )ﬁ} (40)

The correction factor k1, for precipitated fission productsis given by Eq. (41) [29].

1. 0.0194
P (3-0.0198 1+ exp(— (T —1200)/100))

Ky (41)
where again S is the fractional burnup in atom%. Both Equations (40) and (41) take on a

value of unity when g approaches zero. The correction factor, 2y, accounts for fuel porosity

and is given by Eq. (42a):

K2p = (l_ :BT I:)or ) us ng (42a)
Por :(1_ ps_new/pTD)'(l_ Fd) (42b)

where S accounts for temperature effects and is equal to 2.6-0.5x10°T where Tisin K, Py is
the fuel porosity, ps new IS the density of the fuel when it is newly sintered/manufactured, and
oo iSthe maximum theoretical density of the fuel. Fq in Eq. (42b) isthe fractional changein
porosity with specific burnup B in MWh kgu™:
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F, = 0.6 — exp(- 0.506 - 8.67 x 10"°T3(1— exp(- 2.87x 10 2B))) (43)

Here B can be replaced by the fractional burnup A by multiplying by 225 MWh kgU™ per

atom %o.

It isimportant to point out a significant difference in the thermal conductivity
calculation of the UO; fuel pellets for out-reactor and in-reactor conditions [29]. The

difference lies with the last factor in Eqg. (35), which is the radiation damage factor, x4, given
by:

1 0.2 »
“ 1+ exp((T —900)/80) (44)

For an in-reactor environment, the effects of radiation damage is important only for
temperatures below 1100 K due to annealing effects above this temperature [29]. Since there
is no radiation damage in the out-reactor instrumented defected fuel experiment this factor is
set to unity. Lucuta et al. [97] provides the estimated effect of radiation damage on the
thermal conductivity of the fuel (Figure 24). As can be seen in the figure below, the reduction
in thermal conductivity is significant in the low-temperature regions of the fuel where

radiation damage occurs and that persistsin the fuel, especially around 700-800 K.

7.00
6.00
5.00 r
400
3.00
200
1.00 |
0.00 ——
-1.00 | - - ’Fladiation Damage
200 b=x"

600 900 1200 1500 1800

2

e Unirradiated Fuel
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Figure 24: The estimated effect of radiation damage on thermal conductivity as a function of

temperature, taken from [97]
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Since k4 is set to 1 in the out-reactor fuel oxidation model, the thermal conductivity of the
out-reactor fuel will be greater in the outer regions of the fuel pellet as compared to the outer
regions for in-reactor defective fuel as ssmulated by Higgs [24][29]. Hence, with radiation,
this term tends to increase the temperature for in-reactor fuel so that fuel oxidation will
increase. Thus, with the radiation damage factor set to unity, there is predicted to be a marked

decrease in fuel oxidation in out-reactor fuel compared to in-reactor fuel at similar powers.

The density ps of the UO, fuel in Eq. (32) (named cu_UQO2 in the model
implementation) is given by Eq. (45) [29] and has the units of mol m™>;

p, = 40588p, (1- P, ) (45)

where P, isthe fuel porosity given by EQ. (42b), pris aunit less temperature dependent
function formulated for UO, thermal expansion [99] and converted to a volume thermal
expansion [24][100] to assess the UO, density change as a function of temperature in Eq.

(46). The number 40,588 is the maximum theoretical mole density of UO, per m°.

p; =(4.391x10%°T° - 2.705x 10°°T? + 9.802x10 °T +0.99734]°  273<T <923K  (468)
p; =(1.219x10 T3~ 2.420x10°T? +1.179x 10 °T +0.99672] © T >923K (46b)

The specific heat capacity of stoichiometric and hyperstoichiometric uranium dioxideis
given by Eq. (47), where C, has the units of kJ mol™ K™ (named Cp_UQ2 is the fuel-
oxidation model), T isin K, and x is the stoichiometry deviation [29].

52.174 + 45,806 + (87.951x 10°° — 7.3461x 10 2X)T
C, =1000""{ + (1- X}~ 84.241x10°°T? + 31.542x 10 °T* ~ 2.6334x 10 *T*)|  (47)
— (713910 + 295090%) T 2

It isworth noting here, as explained earlier, that in the previous Higgs model [29],
scalar parameters or and ¢ (defined as the ratio of the total pellet crack surface areato the
total fuel volume and the ratio of the total volume of cracksin the fuel to the total volume of

fuel, respectively) were used in Eq. (18) and (27). However, in the current model, these
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parameters are eliminated, since discrete radial fuel cracks are specifically modeled near the
sheath defect.

Finally, the uranium dioxide specific heat C, and thermal conductivity k are both

functions of temperature T and stoichiometry deviation x. The source term R{*® is afunction

of the temperature, oxygen stoichiometry deviation, and hydrogen mole fraction g. Thus,
since this latter term appears in both the solid state oxygen diffusion equation (Eqg. (18)) and
in the hydrogen mole fraction diffusion equation (Eqg. (27)) this problem is highly non-linear
and coupled.

Before defining the thermal properties of the remaining materials constituting the out-
reactor fuel element, afew words are added concerning the elastic-to-plastic transition
temperature and location in the fuel. As previously explained in Section 1.5 and at the
beginning of Section 3.2, the elastic-to-plastic transition occurs over arange of temperatures
(1200-1400 °C). An effective crack tip was positioned in the current model at alocation where
the temperature was 1250 °C. Below the elastic-to-plastic boundary (Figure 23) the model
assumed the fuel cracks were fully healed at the onset of the simulation (i.e., no cracks).
However, crack healing between the temperatures 1400-1700 °C is governed by time
dependent diffusion processes, and above 1700 °C cracks self heal by vapour transport
phenomena [101]. In other words, fuel crack healing occurs over time so that during the
planned two week out-reactor instrumented defected fuel experiment the fuel cracks (in the
plastic region) may still be healing (i.e., the plastic region fuel cracks may still be present). In
fact, Ainscough et al. [102] showed (in alab setting) that crack healing does occur in UO,
given sufficient time and provided that the plastic fuel isunder compression, where crack
healing takes place in two stages: crack closure followed by sintering. The following equation
[102] can be used to estimate the fuel crack healing (or closure) time:

1.8x10°° exp(32000/T
te = a pp( ) (48)
ip

where T isin K, pip isin MPa, and t isin hours. For example, if the interface pressure acting
on acrack in the plastic fuel is1 MPa[102] and the fuel temperature is 1500 °C (1773 K)

then the crack healing (or closure) time would be just over five days. Thus, it is possible that



51

fuel cracks will be present in the plastic region of the fuel during the out-reactor instrumented
defected fuel experiment. This could potentially accelerate fuel oxidation, since the steam
could access the plastic (i.e., hotter) regions of the fuel. Depending on the outcome of the

experiment, this point can be considered later in the model, but it was not in this work.

3.2.1 Thermal and Density Properties of Steam

In the current fuel oxidation model separate domains were considered for the discrete
fuel cracks, the fuel-to-sheath gap, and a pellet-pellet gap. When the fuel is defectiveor is
defected these domains become occupied by steam (and hydrogen). Hence the steam thermal
conductivity is specifically defined by Eq. (49) [103] at a pressure of 10 MPa:

Kyer, = 0.0001 T <573.15K

_ —6 —7 _ _ —10 _ 2
o = 9.3878x10 +1.55639><10 (T -273.15) 5.45283><10 (T 573.15) T2 57315K
1-3.7241x10°3(T - 273.15)— 2.1893x 10°(T — 273.15)

(49)

where kgeam has the units of kW m™* K™ and T isin K. Note that Eq. (49) was corrected from
itsformin reference [103] and now agrees with the steam table data provided by Grigull et al.
[104] and Haar et al. [105]. In the interior of the fuel, where steam-filled radial cracks reside,
the steam thermal conductivity is less than the thermal conductivity of the uranium dioxide
fuel by more than an order of magnitude at typical fuel temperatures. Since the modeled radial
cracks are very thin (only 15-25 um wide), and the temperature gradient is primarily in the
radial direction, the overall affect of the radial cracks on the heat transfer is quite small. On
the other hand, in the fuel-to-sheath gap, heat has to traverse across a steam gap, which will
cause atemperature drop. Section 3.3.2 discusses the assessment of the effective thermal
conductivity in an open and closed fuel-to-sheath gap, the latter scenario being when the
sheath has fully crept down to the pellet surface and the pellets are fully thermally expanded

and cracked.

It isimportant to assess the steam thermal conductivity in the fuel-to-sheath gap in the
out-reactor instrumented defected fuel experiment because coolant entering the fuel element
at 10 MPaisin aliquid phase and only becomes saturated and super heated at 584.18 K (or at
311.03°C) [104]. The steam thermal conductivity as a function of temperature given by
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Eq. (49), isplotted in Figure 25. The superheated steam has a minimum thermal conductivity
value of 6.9x10° kW m™* K™ at T=653 K. Above this temperature Kgeam rises due to an
increase in the kinetic energy of water molecules. In fact, the thermal conductivity of gases
generally rises as a square root of the absolute temperature [106]. Conversely, below T=653
K, kseam @l SO rises as the temperature decreases nearing the steam saturation temperature.
Superheated steam turns into saturated steam (liquid and gas phases) just below 584.18 K and
its thermal conductivity can increase to 5.27x10* kW m™* K™ (almost ten times higher than its
minimal value) when the steam quality reaches zero (i.e., thefluid isaliquid phase). This
sudden increase is seen as the dashed line in Figure 25. To avoid this modeling complication

Kgeam iS SEt t0 a constant value of 1x10* kW m* Kt at T <573.15K.
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Figure 25: Steam thermal conductivity as a function of temperature at 10 M Pa [103][104][105]

When the power in the out-reactor fuel element and the coolant temperature in the test loop
are sufficiently high, the water entering the breached fuel element will flash into steam, and
kseam Will be at alow value in the fuel-to-sheath gap (as aso expected in a defective in-reactor
fuel element). But if thisis not the case, the water may bein aliquid or saturated state thereby

cooling the fuel element. Since fuel oxidation is atemperature-dependent phenomenon this
can retard fuel oxidation.

The specific heat capacity of the steam at 100 atm is given by Eq. (50), whichisdivided

up into four spline equations and three constants from steam data tables (reference [104]),
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Cp seam = 21.612—5.024x107%(T - 273.15) 584.18< T < 640.45

Cp seam =3.159 640.45<T <648.15

Cyp_geam = 3.7211— 2.274x107%(T - 273.15)+1.381x 10~*(T - 773.15)" - 3.8565x 10 *(T - 773.15)°
648.15<T <918.15

Cp seam =242 918.15<T <973.15 (50)

Cp e =2.134+ 4x107*(T - 273.15) 973.15<T <1573.15

Cyp. e = 2.66 1573.15< T <1673.15

Cp geam = 2.7089 + 2.255x 10 °(T - 273.15)-8.4387x 10" (T —1973.15)°  1673.15< T <2273.15

where C,, geam has the units of kJ kg K and Tisin K.

The density of the steam at 100 atm is given by Eq. (51), which is divided up into five spline
equations from steam data tables (reference [104]), where pgean has the units of kgm®and T

isin K. Thelast equation isthe idea gaslaw where P isin atm.

P = 91.38— 0.1349(T — 273.15) + 8.88x 10 (T — 648.15)° 584.15<T <673.15
Peam = —8.842x107%(T — 273.15) + 73.343 673.15<T <723.15
P = 57.8— 0.0546(T — 273.15)+ 1.294x 10~*(T — 773.15) 723.15<T <873.15
Pacon = —3.892x 10°2(T — 273.15)+ 49.686 873.15<T<92315 (51)
P = 44674 3121x1072(T — 27315)+ 4304x 10°°(T — 923.15)° 923.15<T <1073.15
ean = % 1073.15<T < 2273.15

3.2.2 Thermal and Density Propertiesof Iridium

The thermal conductivity of theiridium bar is provided by Savitskii [107]:
k_Ir=1000""(~ 0.0259T +154.76) 300<T <2000 (52)

where k_Ir has the units of kW m™ K™ and Tisin K. Generally the thermal conductivity of
iridium is quite high relative to the UO,, even though k_Ir drops from 0.147 kW m* K™ to
0.103 kW m™* K™ over a span of 1700 degrees K.



The specific heat capacity of Ir is provided by the PGM Database [108]:

C,_Ir=1000"(0.027T +122.33) 300<T <2000 (53)

where C,_Ir hasthe unitsof kJkg* K" and TisinK.

The density of iridium isgiven as p_Ir = 22500 kg m™ [109].

3.2.3 Thermal and Density Properties of Zircaloy

The thermal conductivity of the Zircaloy sheath is provided by [110] and is given by Eq. (54),
wherek_Zirc hasthe units of kW m* K*and TisinK.

k Zirc= 1000‘1(7.67 x107°T3 -1.45x10°T? + 2.09x107°T + 7.51) 300<T <2098 (54)

The specific heat capacity of Zircaloy-2 is provided by Eq. (55), tabulated from data from
[110]. C, Zirc hasthe units of kJkg™ K™ and T isin K. The specific heat capacity of
Zircaloy-4 was not provided in [110] but it was assumed in this study that C, values for
Zircaloy-2 and Zircaloy-4 up to 1090 K are similar. It can be noted that these two aloys are
quite similar in composition. Zircaloy-2 is composed of Zr with 1.5%Sn, 0.13%Fe, 0.1%Cr,
and 0.05%Ni, whereas Zircaloy-4 is composed of Zr with 1.5%Sn, 0.2%Fe, and 0.1%Cr (no
Ni) on average [111].

C,_Zirc= 1000‘1(— 6.492x107°T? + 0.207T + 226.7) 300<T <1090 (55)
The density of Zircaloy isgiven as p_Zirc = 6490 kg m®[110].

3.24 Thermal and Density Properties of Thermocouple Materials

Generally there are three internal thermocouples at two axial positionsin the out-reactor
fuel element for atotal of six. The thermocouple used is a Type-R thermocouple for all three
internal radial positionsin the pellet for its good tolerance value (0.25%) and temperature

range (-50 to 1768° C). The design of the thermocouples used is an ungrounded type as
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depicted as a cross section view in Figure 26. The effect of the three radially and azimuthally
positioned thermocouples on the resultant temperature distribution in the pellet directly under
the sheath defect in the out-reactor fuel element is not significant. Nevertheless, its effect is
noticeable in the local temperature distribution and for the applied power. CNL and Stern

L aboratories have thus requested that this contribution be included in the 2D r-6 fuel

oxidation moded.

In an ungrounded thermocouple, the thermocouple junction is separated from the
thermocoupl e sheath by alayer of insulating material, in this case magnesium oxide

(magnesia).

MgO insulating material
platinum and rhodium wire

/

thermocoupl e sheath platinum wire

‘ 0.66 mm ‘
I I

Figure 26: A radial cross section schematic of an ungrounded ther mocouple used in the out-

reactor fuel element

Generally the sheath of the thermocouple and thermocouple wires are good conductors of heat
so that there will not be alarge temperature drop in the radia direction. At the locations
where there is no thermocouple, but only the 0.66 mm diameter thermocouple hole, the
opposite effect can occur because the fill gasin the drilled hole is a poor conductor of heat.

The thermal conductivity of the Type-R thermocouple wires was assessed as a
combination of the thermal conductivity properties of platinum and rhodium as given by
Eq. (56), with unitsin kw m™ K™,

k

Type R

=1000"(0.935k, + 0.065ky, ) 300< T <1090 (56)

The thermal conductivity of pure platinum and pure rhodium as a function of temperatureis
given by Equations (57) and (58) [108], with unitsin W m™* K™ and TisinK.



56

ke =0.0091T + 70.282 300< T <2000 (57)
_ [-0.0520T +167.60  300<T <800 (58)
R ™ 1-0.0183T +140.67 800<T < 2000

The composition of the thermocoupl e sheath is 80% platinum and 20% rhodium so the

thermal conductivity composition of the two is given by Eq. (59), in units of kW m™* K™,
Krype R e = 10007 (0.8Ky, +0.2K, ) 300< T < 2000 (59)

The thermal conductivity of the magnesium oxide insulator (magnesia) in the thermocoupleis
given by Eq. (60) [109] where the unitsarein kW m™ K* and Tisin K.

1000*(- 0.06T + 58.389) T <673
megnesia = 110007} (— 0.0153T + 28.266) 673<T <1473 (60)
1000*(0.0068T — 4.2174) 1473<T <1973

k
The specific heat capacity of magnesiais given by Eq. (61) as afunction of temperature
wherethe unitsarein kJkg* K* and Tisin K [109][112].

(- 2464x10'T# + 5.076x10°°T° — 4.024x10°°T? +1.503x 10T ~1.132)
300<T < 600 (61)

0.8643T 00478 600<T <1100

C

p_magnesia —

The heat capacity of platinumis 0.133 kJ kg™ K™ and of rhodium is 0.243 kJ kg™ K™ at
298 K and 100 kPa[109]. The specific heat capacity combination of the two is given as:

C —(0g3sc,  +0.065C, . )-0.140 kikg K™ 62)

P_Type R
The specific heat capacity of the Type-R thermocouple sheath is given as.

-(o8C, , +0.2C, . )=0.155 kikg* K™ (63)

P_Type R_sheath P_Rh

The density of platinum is 21450 kg m™ and of rhodium is 12420 kg m™ [108]. The density of

the combined two in the Type-R thermocouple wire in kg m2 is given by:
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Prype r = (0.935p;, +0.065p,, ) = 20863 (64)

The density of the Type-R thermocouple sheath in kg m2 is given by:
Prype R shesth — (O'8pP[ + O'ZpRh) =19644 (65)

The density of magnesiais pugo is 3580 kg m™ [113].

3.3 Fuel-Oxidation Model For 2D r-@ and 3D Geometries

The governing equations that describe the fuel oxidation phenomena discussed in
Section 3.2 are solved using both 2D r-6 and 3D geometries. Unlike the work by Higgs
[24][29], which used ar-z axisymmetric coordinate system for a2D model, herea 2D r-6 and
3D coordinate system is used instead to capture the discrete radial fuel cracks. These models
include centrally-heated fuel (using an iridium bar heater), three ungrounded thermocouples at
three radial and azimuthal positions (only in the 2D r-6 model), a collapsed fuel sheath with a
fuel-to-sheath gap (only in the 2D r-0 model), and an axial sheath defect. Thus, these models
simul ate defected fuel with sheath defects illustrated in Figure 27 (a), as green areaiin the 2D
r-6 model and yellow areain the 3D model.

(b) axial crack

. kradial
sheath detect I}

@)

axial length

2.9 mm diameter
i (green) in 2D -8 crack
temperature model e r
dependant elastic to ) 0
plastic boundary sheath defect (yellow) in 2
3D model
12.15 mm
diametes fuel tial cracks circumferential crack

Figure 27: (a) 2D r-0 and 3D model defect representations; the green arearepresents a sheath
defect equal to the length of the fuel element and the yellow area represents a finite sheath defect

in the 3D model. (b) The schematic givesthe representation of the three types of fuel cracks.
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The radial cracks and fuel-to-sheath gap are modelled as conduits for hydrogen gas diffusion.
Figure 27 (b) shows the three different fuel cracks that can occur in UO, fuel where the z axis
isthe axial direction of the fuel rod or element. The radial cracks are considered the most
relevant type of fuel cracks for the current study. In reality though, cracks can be a
combination of these three crack types.

Inthe 3D and 2D r-6 fuel oxidation models (the 3D and 2D models depicted in
Figure 17), the general form for the oxygen diffusion equation, in Eg. (18), iswritten as

Eq. (66), where for the 2D r-6 model the z coordinate term is neglected.

CU%ZCU 1o rD(aX+x Q26Tj +;i D(lax+x QzlaT) +£ D(ax+x QzaTj +R™ (66)
ot ror or RT* or r oo r oo RT“r 060 0z 0z RT® oz

It is noted that if temperature was independent of 6 then the second term in Eqg. (66) could

also be neglected. However, the 6 term does not cancel out in the vicinity of the
thermocoupl es and thermocoupl e drilled-holes. Also, the zterm will not cancel out when
consideration is made for the varying fuel thermal conductivity, which depends on the degree

of fuel oxidation.

Hydrogen gas diffusion in the radial fuel cracks, the fuel-to-sheath gap, and in the
pellet-pellet gap is considered in the radial, azimuthal, and axial directionsin the 3D model
(whereas in the Higgs model [29] only the radial and axial directions were considered). The

differential equation for the hydrogen mole fraction g in Eq. (27) can be rewritten as:

oq_ 110 oq) 0 (CDg aq) o q react
Cq—=—|—|1c,Dy — |+— — |+—| rc,D, —||+R
9 ot rzr{ar( g garJ ae( r 00 oz\ 9 9oz ! (67)

where 7 isthe path tortuosity factor for gas diffusion in the cracked fuel. Here the fuel cracks

are assumed to be straight so =1 (though in reality 7 >1 is expected). In the 2D r-6 model,
the axial component is neglected. The azimuthal termin Eq. (67) isincluded in the 2D r-6
model and 3D model. Thisterm is necessary, since as the distance increases in the azimuthal
direction from the sheath defect site, the hydrogen mole fraction in the fuel changes, which
affects fuel oxidation. The Higgs model [29] used a 2D axisymmetric geometry without
separate domains for fuel cracks.
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The genera form of the heat equation, Eg. (32), in the 3D model becomes:

oT 14(. oT) 106 (koT) o( oT
C,—="—|rk— |[+=—| = |+ =| k— |+
Ps=p 5t rar( 6rj r&@(r&@) az( 62) Q (68)

In the 2D r-6 model, the heat equation is simplified by removing the axial component in

Eqg. (68). As mentioned, in the 3D model of the out-reactor fuel element, the heat source term
Q. isremoved and replaced by boundary conditions provided by the solution of the 2D r-6
model.

3.3.1 Modeling of the Fuel Cracksand Gap

The interaction of the steam and the cracked fuel occursin the model at the boundary
separating these two substances, which is an example of a heterogeneous (gas and solid)
chemical reaction [114]. In the current models, the oxygen diffusion equation, Eg. (18), and

the gas diffusion equation, Eq. (27), occur in separate domains where the source term, Ri®,
has avalue of zero. Nevertheless R1®“(x,q) can be expressed so that Egs. (18) and (27) are

coupled together at the fuel-to-gas (steam) interface. Thisis accomplished in the models using
flux terms at domain common boundaries. Table 2 gives the flux terms for the two coupled
equations, which are simply the source terms at the end of Equations (18) and (27).

Table 2: Flux term definitions at the gas-to-fuel crack surface boundaries

Applied in Inward flux term Equivalent weak form term
. . . react 1 react 1
Oxygen diffusion equation, Eg. (18) Rf - Xiest Rf -
Cy Cy
Gas diffusion equation, Eq. (27) R O RI

Note that the flux term in Eq. (18) includes the reciprocal of uranium molar density cy. Thisis
because Eq. (18) isdivided by ¢y so that the coefficients in front of the time derivative and the
del operator in Eq. (18) are inputted as unity in COMSOL Multiphysics® equation entry. As

mentioned earlier the source term has the units of moles O or H, m?2 s™.
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For the reader’ sinterest, the equivalent ‘weak’ form terms [115] are provided in Table 2
(third column from left) for the flux terms, which can be used in COMSOL® sweak form
contribution nodes instead of the flux termsto yield the same result. If al terms of Eq. (27)
were recast on the boundary of afuel crack in the weak form (using the Green's Theorem and

integrating by parts) then the PDE on the boundary could be written as:

I eal 1
Xte;'xtime:_xr_test'D[xr+X(R(-Ig-2j-rrj+xtest'Rf th_ (69)

U

where the subscripts time and r indicate derivatives of x with respect to time and in the radial
direction. The subscript test indicates a test function. For further reading on the ‘weak’ and
‘dweak’ form see [24][71][115].

The weak form was previously used by Higgs in aaxisymetric 2D r-z fuel oxidation
model [24][29]. Revisiting this model it was found that the contribution of gas diffusion in the
fuel-to-sheath gap in the axia direction (with no separate fuel-to-sheath gap domain), did not
have a significant effect on fuel oxidation. As such, this technique was not used in the current
fuel oxidation models presented here. Instead, the gas diffusion equation was defined in the
fuel-to-sheath gap domain. This was made possiblein COMSOL® version 4 (and higher) with
itsimproved capability for dealing with very thin and long geometry domains.

An additional flux term (or source term) in EqQ. (27) is shown in the following table:

Table 3: Flux term used in the fuel-to-sheath gap at the Zir caloy sheath internal surface for

hydrogen generation by sheath oxidation

Applied in Inward flux term

Hydrogen diffusion equation, Eq. (27) | R gean » EG- (31)

which was used on the internal Zircaloy sheathing surface in the 2D r-6 fuel oxidation model.
This source term, provided by Eq. (31), contributes to the production of hydrogen in the fuel-
to-sheath gap from sheath oxidation, in addition to the hydrogen produced by fuel oxidation

with the steam in the fuel cracks.
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3.3.2 Heat Transfer inthe Gap

When afresh fuel bundle isinserted in the fuel channel of a CANDU reactor there exist
agap between the fuel pellets and fuel sheathing. This gap is approximately 0.02-0.13 mm
[38][116]. In this situation fission heat is primarily transported from the fuel surface to the
sheath inner surface via heat transfer through the helium fill gas layer. Since the CANDU fuel
sheath thickness is only ~0.4 mm [37][116], and because of fuel thermal swelling/expansion
and cladding creepdown due to a high external coolant pressure, the fuel-to-sheath gap will
close after a conditioning period. When this gap closes, heat will be transported by both solid
conduction, where there is physical contact (when the two materials touch within the surface
roughness under aload), and by heat conduction viathe gas film that fills the domains of the
interface where contact is not made [15]. In the out-reactor instrumented defected fuel
experiment asimilar process will occur. Thus, it is necessary to simulate the fuel-to-sheath

gap of the fuel element.

The solid heat transfer coefficient hgig in kKW m? K™ is given by Eq. (70) using the
treatment of Campbell et al. [50]:
knP"?
Neia = m (70)
where kq, is the harmonic mean thermal conductivity of the fuel and sheath solidsin
kW m™* K™. Theinterfacial pressure P; between the fuel and the sheath surfaces can be
derived by solving for pressure in the hoop stress equation [117] and setting the hoop stress
equal to theyield stressin MPa:

Pi:Ys*tJris (71)

where Y; is the sheath yield stressin MPa as a function of temperature where Tisin K given
by Eg. (72), asinterpreted from the work by Taliaet al. [118]. In (71) tsisthe sheath
thickness and ris isthe internal sheath radius.

Y, =-1.008x10°T* + 0.0026T > — 2.4337T +849.28 (72)
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In Eq. (70) & is an empirical constant equal to 8.6x10° m®> MPa®° [50], Rims i the root-
mean-sguare (rms) surface roughness of the fuel pellet and sheathing surfaces equal to

w/iRlz +R)’ )/ 2 where R, and R, are the rms surface roughnesses of each surface, respectively.
Lastly H isthe Meyer hardness of the Zircaloy sheath given as H=4.4* Y, [50] in MPa. The

Meyer hardness can also be given by amore precise expression in MPa[119]:

H =1x10"° exp{26.034 + T(— 2.6394x10 2 + T(4.3504x10"° — T(2.5621x10°¢ )} (73)

The fluid heat transfer coefficient hys (of the steam gas) in kW m? K™ is given by Eq. (74)
[37][50][120]:
kf

Mo = 15(R + R,)+ 1, + 0o(T,, /273 *®(0.101P,, ) (74)

where ks is the fluid thermal conductivity component in the gap, R, and R, are again the rms
surface roughnesses of the fuel surface and inner surface sheath in m, ty is the fuel-to-sheath
gap thicknessin m, go is the combined temperature jump distance (for both the fuel and sheath
surfaces [50]) at standard temperature and pressure for HO in m [37], Tyq is the average
temperature of the gap in K and Pg,p iS the pressure in the gap in MPa. With the derived
values for both the solid and the fluid heat transfer coefficient, an effective thermal
conductivity value can be derived for the fuel-to-sheath gap [77]:

TR

gap _ effective — h gas (75)
gas

K

If in adefective fuel element the combined temperature jump distance for H,O at
standard conditionsis 3.4 um according to [37], the average temperature in the gap is 577 K
(assuming a~1 um gap) and the pressure in the gap is 10 M Pa, then the combined
temperature jump distance for conditions in the gap (the right hand term in the denominator of
Eq. (74)) would be 8.45x10°® m.

For acloser ook at the heat transfer coefficient in the gap, for validity confirmation

purposes, an alternative to Eq. (74) can be written as [15]:
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_ kf _ kf
tg+gc+gf tg+g

(76)

gas

where g and g; are the temperature jump distances of the clad and the fuel, respectively, and
the rms surface roughnesses (R; and R;) are momentarily neglected. Denoting the combined

temperature jump distance for these two surfaces as g, its value is given by [15]:

_ o 2y, /4 k
g_z( - Ilw}[ucpl% @

where ay, is the thermal accommodation coefficient, yisthe ratio of specific heats of the gas

(CY/C,), the quantity (k/(uCp))g isthe reciprocal of the dimensionless Prandtl number (where i
is the dynamic viscosity of the gas), and Ay, is the mean free path of the gas. If the thermal
accommodation coefficient is taken as unity (meaning the scattered gas molecules are
completely equilibrated after colliding with the substrate walls) [15], y and 1/Pr for steam are
1.327 and 1.041 [121], respectively, then the product of thefirst four termsin Eq. (77) is
equal to 1.187 (or close to unity). Thus, the determining component of the temperature jump

distance in the mean free path Az, of the gas.

Kinetic theory can be used to find the mean free path of an H,O molecule as steam at
normal fuel-to-sheath gap temperatures and gas pressures. The mean free path of a molecule

(that is, the average distance it can travel between collisions) is given by the following [122]:

L. 1
fp \/En o (78)

where A, isin m, nisthe number density of the gas, and o is the collision cross-section of
the molecule. The number density of the steam can be calculated using [1]:
pg NA

n= T (79)

wherenisinm?, Py i1sthe density of the gas, Na is the Avogadro number and M is the gas
molar mass. The density of the steam at 10 MPaand 600 K is36.11 kg m™ (using the ideal
gas law where Rgean is equal to 461.52 Jkg™ K™). If the steam molar mass is 18.015 g mol™
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then using Eq. (79) the steam number density is 1.207x10?” molecules m. The collision cross

section of awater molecule using the hard-sphere model is[123]:

o = dnr? (80)

where o isin m?, and ry is the molecular radius (or the distance between the hydrogen and
oxygen atom in the water molecule). If r is~1x10™° m [20] then o is 1.256x10° m? and so
the mean free path Ay, of the steam molecule in the fuel-to-sheath gap, using Eq. (78), is
expected to be 4.662x10° m. Thus, the combined temperature jump distance for both the fuel
and sheath surfaces, Eq. (77), isg = 1.187*4.662x10° = 5.534x10° m. Table 4 provides the

temperature jump distance values for these two cal cul ation methods.

Table 4: Temperature jump distance comparison of steam at ~600 K and 10 M Pa

Equation used Temperaturejump distance g [m]
Eq. (74) 8.45x10®
Eq. (77) and (78) 5.53x10°

It is noted that the latter value using Eq. (77) is dlightly more than an order of magnitude
smaller than the previously calculated value using Eq. (74). It is possible that taking the
thermal accommodation coefficient ay, as unity in Eq. (77) was overly simplistic and that the
actual valueis probably < 1. For example, if o4, = 0.4 then g = 2.21x10°® m, which approaches
the value g in EqQ. (74). Hence these two temperature jump distances may be redlistic. If the
rms surface roughnesses are considered as well (R;=0.5 um for the fuel and R,=1 um for the
sheath), asin Eq. (74), and ty istaken as 1 um, then the contribution of the calculated
temperature jump distance to the effective width of the fuel-to-sheath gap (the denominator of
Eq. (74)) may be only ~2.5%. Thus the contribution of the combined temperature jump
distance to the fluid heat transfer coefficient in the out-reactor defected fuel element fuel-to-

sheath gap is expected to be small.

When the fuel-to-sheath gap is greater than 1 um (i.e., the gap is considered to be open),
or the effective gap is greater than 1.79 um (when including the inside sheath and fuel surface
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roughnesses, R, as used in Eq. (70)) then the temperature jump distance becomes
insignificant. Hence in thiswork, in 2D r-0 fuel oxidation models where the fuel-to-sheath
gap isopen (>~1 um), the effective thermal conductivity in the gap istaken simply as the
thermal conductivity of the gas kqas (Or of the steam).

3.3.3 Electrical Power Computation

In the out-reactor experiment, the 2D -6 fuel oxidation model also takesinto
consideration the varying electrical conductivities of the iridium bar and the Zircaloy sheath
as afunction of temperature. It calculates the varying electrical current flowing through each
conductor using a current divider equation. Also, the uranium oxide pellets were included in
the electrical current calculation, even though its contribution to ohmic heating is very low.
This calculation was completed in order to obtain a better estimation of the electrical power
distribution in the fuel element. With the derived calculated parallel electrical currents, the
volumetric power was assessed in each conductor domain for the heat conduction equation
(refer to EQ. (32) and (68)). It is assumed here that the resistivity calculated for each
conductor is homogeneous throughout the whole length of the conductor. In reality though
this may be an oversimplification, since the electrical resistivity of the conductors at the out-
reactor fuel element ends can be different from that in the whole due to lower temperature
edge effects. Figure 28 shows the basic electrical heating circuit of the out-reactor fuel

element, which uses DC voltage.

Rt e AAANA/N—— s

Riridi um I iridium
RUOZ IUOZ
ltota (Ie) |,
I” DC voltage

Figure 28: Basic electrical heating circuit of the out-reactor fuel element

The resistance of each conductor is calculated using the conductance equation [123]:

- e (81)
R
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Where | isthe length of the electrical conductor in m or in this case the out-reactor fuel
element, R, istheresistancein Q, oy isthe electrical conductivity in Q™' m™, and A, isthe

cross section of the conductor nin m, respectively.

The electrical conductivity of theiridium bar [108] as a function of temperature is given
by Eq. (82), where oy, has the units of Q' m™® and Tisin K. Iniridium, as the temperature
increases the electrical conductivity decreases, which in turn increases the total electrical

resistance.

o, =1.6297x10°T " (273<T < 2400K)

(82)
o, =1.66x10° (T >=2400K)

The electrical conductivity used for the Zircaloy sheathing can be initially taken as the

electrical conductivity of pure zirconium [109]:

O reonium = 3:527 x10°T 2 (200<T < 400 K)
O sreonium = 3-527x10°T %% + 496T —198400  (400<T <900 K) (83)
O sreonium = 8-12x10° (T >900K)

where 6irconium has the units of Q> m™ and Tisin K. Since it was found that the temperature
distribution in the out-reactor fuel element, due to electrical heating, was sensitive to the
electrical conductivities of the iridium bar and the Zircaloy sheathing, three additional
equations are given for the electrical conductivities of Zircaloy as afunction of temperature.
Eq. (84) isthe electrical conductivity of Zircaloy-2 according to data by Price [124]:

GZircany_Price =3.772x 107T70.5865 295<T < 668

; (84)
O ircatoy. price = 8:361x 10 T > 668

Where Gzircaloy price Nas the units of Q™ m™ and T isin K. The electrical conductivity of
Zircaloy composed of zirconium with 1.65% tin (which approximates Zircaloy-2 and -4) is
given by Eq. (85) based on data provided by Benedict et al. [125]:
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O Jrcaloy_pen = 1-887 10'T %% 273<T <873 (85)

=7.22x10° T2>873

Gzircaloy_ Ben

Where oircaoy gen has the units of Q" m™ and Tisin K. The last equation provided for the

electrical conductivity of Zircaloy is given by Stern Laboratories [126]:

O ircaloy_sern = SEm LR . 273<T <1000
-9 _9.283x10°T2 +1.6869x 10 °T +0.6553x 10 (86)

=7.073x10° T >1000

GZircany_Sern

where ozircaloy sern has the units of Q™" m™. For the expected temperaturesin the Zircaloy
sheath, the electrical conductivity values are highest in Eg. (83) and lowest in Eq. (86) (a
difference of ~31% at 600 K). A lower electrical conductivity of the Zircaloy sheath yields a
higher electrical resistivity thereby forcing more of the electrical current to flow through the Ir
conductor (i.e., acting as an electrical shunt). Hence, this result causes more of the total
electric power to be generated in the Ir conductor, which has the effect of increasing the
out-reactor fuel element temperature and thus the amount of fuel oxidation. Alternatively, the
higher the electrical conductivity of the Zircaloy sheath, the lower isthe electrical resistivity.
This promotes more electrical current to flow in the sheath and thus more power is generated
in the sheath with less generated in the Ir bar heater conductor. Since the coolant effectively
removes the heat generated from the sheath, the sheath electrical power provides very little
contribution to the out-reactor fuel element heating. Hence, with higher sheath electrical

conductivity, less fuel oxidation will occur.

UO, isagood semiconductor that has the intrinsic electrical conductivity of silicon but
less than that of gallium arsenide. Its electrical conductivity of UO, is given by Eq. (87),
which was based on data by [127], using aMATLAB software spline function. The electrical
conductivity ouop has the units of Q™' m™. Generally, as the temperature of UO;, increases the

electrical conductivity increases, which decreases the UO; electrical resistance.
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Ouo, = —3.4385+9.765x10°T +3.0542x10°°(T —454.5)° (287 =<T <833K)

Oyo, =—6.75209+1.90017x 10T (833=<T <1250K) (87)
Ouo, = —1514/3+(313/ 750)T (1250 =<T < 2000K)
Ouo, = —5084.1772+ 2.70709T (2000=<T < 3355K)

For reference purposes, the electrical conductivities of the three constituent materials
used to construct the out-reactor fuel element are compared in Table 5. The UO, material has
the lowest electrical conductivity of the three materials by at least three orders of magnitude.
This meansthat it has a much greater electrical resistivity than the two metallic conductors.
Hence, no significant electrical conduction is expected to pass through the UO; pelletsin

normal operation.

Table5: Electrical conductivity comparison between thethree different materialsin the out-

reactor fuel element

Zircaloy' Iridium uo,

Electrical conductivity

(O m] 7.5x10° at 600 K 2.07x10° at 2000 K 330 at 2000 K

"The electrical conductivity of Zircaloy using Eq. (86).

Although the electrical resistance in the UO, fuel is expected to be relatively high, it is
modeled in one of the 2D -0 fuel oxidation models (at the request of the Stern Laboratories)
to assess the fuel ohmic heating contribution. Lastly, it isimportant to note that the el ectrical
conductivity of UO, can increase rapidly with temperature. For example, at atemperature of
~3400 K, the electrical conductivity of UO, can rise to 4000 Q' m™. Thus, conditions for
electrical failures (i.e., electrical arcing and shorting) in the current test with conductors

connected in parallel are expected to be avoided.

A current divider equation, Eq. (88) [128] is used to calculate the el ectrical current in
each conductor in parallel where |1 isthe current flowing through conductor 1 in Amps, R; is
the resistance of conductor 1 in ohms, Ry is the equivalent remaining resistances of the circuit
and | isthetota electrical current flowing through the circuit.
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RTI
R+R °

(88)

ly

To simplify the derivation of 1, Iz and lyoz the following notation is used:

(89)
er = R1 RZr = Rz Ruoz = R3

For I; we calculate the remaining resistances Ry in EQ. (88) using R, and Rz in paralel (where

R,R N . . .
1.1 ) sothat R, =—2-2—. Substituting this expression into Eg. (88) one obtains
RR R, R, R, + R,

the expression for the current |, passing through resistance R;:

I, = idic !
RR,+RR+RR,

II — RZrRUOZ |
RZr RUOZ + F\)Zr I:\)UOZ + RIrRZr

Similar expressions are derived for Iz and lyop. The electrical power dissipated in the

hence:

(90)

fuel-element conductors in kW m™ can now be calculated using Joule’ s law for thermal power

aswrittenin Eq. (91), where I, is the current running through conductor n.

I’R, . s
P,=-"-"10
vol AJBC (91)
Using Eg. (90), R, isthe resistance of conductor nusing Eqg. (81), A, isthe cross section of the
conductor n and | is the length of the heating conductor.

The true electrical conductivities of the Zircaloy sheath and Ir bar are not known with
complete certainty. Also it is difficult to know the electrical joint resistance between the Ir bar
and the Zircaloy end-cap or the resistance between the Ir bar to the silver packing at the inlet
(see Figure 20). The fuel-to-sheath gap also plays an important role on the temperature
distribution in the out-reactor fuel element, which in turn affects the electrical conductivities
of the various materials. Only the thermocouple temperature measurements in the fuel pellets

can provide this necessary information.
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3.4 TheFud Solid M echanics M od€

In the 2D -6 and 3D fuel oxidation models, both heat and diffusion equations are
solved. Pre-defined geometries of radial fuel cracks provide conduits for steam ingress and
surfaces for the steam and fuel chemical interaction. The geometry (length and width) and
number of these radial fuel cracksin the non solid mechanics modelsin thisthesis was
initially based on experimental results from others [57][73][76] (see Section 1.6). The
objective of this section isto determine with solid mechanics modeling if radial fuel cracks
will occur and the crack geometry. Section 3.4.1 provides a theory on solid mechanics and

Section 3.4.2 discusses conditions for crack propagation in fuel.

3.4.1 Solid Mechanics Theory

In the COMSOL Multiphysics® software package, the physical space of the solid is
known as the * special frame' and the positions in the physical space are identified by the
lower case ‘ special coordinates’ X, y and z. Continuum mechanics theory also uses a second
set of coordinates known as the ‘material (or reference) coordinates’ denoted by upper case
variables X, Y and Z. Each solid particle is uniquely defined by the initial or reference
coordinates. Aslong as the particle in the solid does not change position, the spatial and
material coordinates coincide and displacements u are equal to zero. When the solid deforms
each material particle maintainsits material coordinate X, which represents a coordinate

vector, while the spatial coordinate x can change with time and applied force, as expressed by:
X =Xx(X,t) = X +u(X,t) (92)
where u is the particle displacement vector that has the components u, v and w [129][130]

The stress field isrelated to the displacement field in the solid by Hooke's Law
[130][131] as expressed by:

Gij - 60= Ciju (&4 - &~ &ind) (93)
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where gjj isthe stress tensor in Pa, o is the initial stress tensor in Pa, Cjjy isthe forth order
elasticity or elastic stiffness tensor in Pa, g isthe strain tensor, &, istheinitial stress tensor.

The inelastic strain tensor &g iN EQ. (93) due to thermal expansion is provided by:
6 = Gl ~ T, B (94)

where a. istheisotropic thermal expansion coefficient, T isthe temperaturein K, T, iSthe
strain reference temperature, typically set to room temperature and & is the Kronecker delta,
applied to the solid particle at spatia coordinates x, y and z. The Kronecker delta takes the

value of:

1i=k
% _{O,i;tk (95)

The gradient of the displacement vector u, which is used repeatedly, is always computed with
respect to the material coordinates X. In 2D, the displacement gradient vector in m can be
written as EqQ. (96). Note that the gradient of the displacement vector field notation can be
written in two equivalent ways [130].

u o
Vu=u®V = aaé %\v( (96)
X oY

For small deformations, the infinitesimal strain tensor in Eq. (93) can be written in

terms of the displacement gradient as expressed by:
€ :%(Vu+(Vu)T) (97)

Eq. (97) isaso known as the infinitesimal rotation tensor [130], which can also be written in

component form:

1({ ou, ou,
Em —E[E"f‘ me] (98)
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For modeling large deformations, a deformation gradient Fqg can be defined when an
infinitesimal line element dX is mapped to the corresponding deformed line element dx, as
expressed in Eq. (99) [129][130]. The deformation gradient Fyy contains the complete

information about the local straining and rotation of the material.

OX
dx = X dX = F,,dX (99)

In terms of the displacement gradient, the deformation gradient Fqyq can be written as Eq.

(100), where | isthe identity matrix.
Fo =Vu+I (100)
The right Cauchy-Green deformation tensor [130] for elastic deformation is defined by
applying EQ. (100) and is written as Eq. (101), where FdTg is the transpose of matrix Fgg.
Cos = FgyFgy =(VU) +Vu+(Vu) Vu+1 (101)

The Green-Lagrange strain tensor is then given by Eq. (102) [131], which can be used for
applications of large deformations.

6 = %(cce 1)= %[(VU)T +vu+(vu) v (102)
The elasticity tensor Cjjq in Eq. (93), which is also referred to as the stiffness tensor Ds, can be

written in 2-dimensions as Eq. (103) [132]:

e l1-v v 0
Pz Y ) (109
2

where E isthe isotropic Young's modulus and v is the Poisson’ s ratio. The elasticity tensor
Ciju in 3-dimensions or 2-dimensions for a plane strain case is a 6-by-6 matrix. The Hooke

law, EQ. (93), can now be expressed for a plane strain case:
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GX GX 8X 8X aX
o,|=|o,| +DJ| & |-| & | -(T-Ty)ea, (104)
Oy T |, 2, 2, . 0
where &, = &, = & = 0 and with Eq. (105):
E + Ea T-T

T2 ey) 12

If the stresses are defined, the strains can be solved for by taking the inverse relationship of
Eq. (104) providing Eg. (106) [130], where D" can aso be called S, the elastic compliance

tensor.

gy =] ¢y +DS_l o, |-| o, +(T—Tref a, (106)

Xy X 1o xy X 1o

The criteriafor either plane strain or plane stress solid mechanics case isdefined in
Section 3.4.2. The computation of Eq. (106) provides the solution to the solid mechanics
displacements of the model.

3.4.2 Crack Geometry and Crack Propagation Conditions Theory

In order to investigate the phenomena of thermally (non-isothermal) expanded fuel
cracks and the conditions for fuel pellet crack propagation, the following section provides the
theory for the solid mechanics treatment. The model considers thermal expansion in all
modeled materials: the Ir bar heater, the fuel pellet, and the Zircaloy sheathing. It also
includes the mechanical contact between the fuel pellet surface and internal Zircaloy
sheathing surface due to pellet expansion and external coolant pressure on the sheath outer
surface. Heat transfer between the fuel pellet and the Zircaloy sheath through the steam filled
gap considers only the thermal conductivity of the steam (see Section 3.3.2). Conditions for
crack propagation are assessed by computing the J integral (discussed in this section) solved

with a steady state solver, applied in a geometric parameterization problem (i.e., a parametric
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stationary analysis). Dynamic and time dependent fractures, which consider inertia effects,
rate-dependent material behavior, and reflected stress waves, were not considered in this
analysis since it was found that the current version of COMSOL® software is not sufficiently
advanced to handle this task. Zircaloy sheath plasticity leading to stressrelaxation is
considered when the Zircaloy yield stressis reached. However, Zircaloy creep is not

considered in this model.

The theoretical normal stressthat isrequired to fracture a solid can initially be given by
Eq. (107) [15][79]. If thisequation is applied to a UO, ceramic, where Young's modulusE is
about 2x10™ Pa, the surface energy 7 is 1 Jm and the atomic |attice distance or spacing aa

is about 3x10™° m, then the predicted fracture stress is about 2.3x10* MPa (or about 0.1Eycy).

o = —/s (107)

In reality though, brittle fracture occurs in the UO, ceramic at much lower stress values at
around 140 MPa (Figure 14). This discrepancy is due to the presence of surface and bulk
defectsin the fuel. Griffith first showed [15][79] that the stress around the tip of a surface or
internal crack can be very much higher than the applied remote tensile stress that acts on the
unflawed solid. For a penny-shaped crack embedded in a solid under aremote stress o, as
depicted in Figure 29, which represents a‘ plane strain’ problem where o, = v (ox+oy), the
fracture stress can be expressed by Eqg. (108) [79].

Figure 29: A penny-shaped crack embedded is a solid subjected to a remote tensile stress,
adapted from [79]
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where here ais ahalf crack length.

_|_TErs (108)
7 T2

If the penny-shaped crack (pore) is equal to about 40 im across, the crack radiusais 20 um.
The Poisson’sratio vin UO, fuel is given by Eqg. (109) [15]:

Vios =1.32(1-0.26P, ) -1 (109)

where Py, isthe fuel porosity (equal to ~0.0328). Thus the Poisson’sratio is equal to 0.3087.
Calculating or using Eqg. (108), one obtains a value of 137.9 MPa, which agrees very well
with experimental values as indicated in Figure 14 (where for example in the figure

1400 kg cm? is equivalent to 140 MPa).

A more commonly used expression for the actual fracture stressin the UO, ceramic asa

function of temperature is given by [110]:

1.7x10°(1- 2.62(1- D, ))’2 exp(_R?_f

o (1000K) T >1000K

] 273< T <1000K

O; =

(110)

where Dy is the fraction of theoretical density of the fuel, Qs is the heat of fracture equal to
1590 Jmol ™, Ris the universal gas constant equal to 8.314 Jmol™ K™ and T isthe
temperature of the fuel in K. Eq. (110) gives fracture stress values approaching experimental
measurements as shown in Figure 14. For temperatures above 1000 K, a constant value is
used for the in-pile fracture strength of plastic UO,. For example, typical values are:

ot (D=0.97,T=298 K)=84.9 MPa, ot (D=0.97,T=600 K)=118.64 MPa, and

ot (D=0.97,T=1000 K)=134.77 MPa.

To assess whether afracture occursin amaterial in atraditional structural design
approach, the applied stress is compared to the materia’ s strength (yield/tensile strength). If
the former is smaller than the latter the material will remain intact. One typically includes a

safety factor on stress combined with minimum tensile elongation requirements on the



76

material. Yet, as seen in Eq. (107), this approach does not consider that the stress intensity
increases near material flaws. The fracture mechanics approach, on the other hand, considers
three variables rather than just two. It considers the applied stress, the materia flaw size and
the materia fracture toughness, which replaces the material strength as the relevant material

property [79].

In the energy approach used by Irwin [133], a crack occurs when the energy available
for crack growth is sufficient to overcome the material resistance. Irwin defined the energy
release rate G; asindicated by Eq. (111), whereIT is the potential energy and A isthe crack

area, for alinear €astic material.

c - 4l

- 111
= (11)

Theterm ‘rate’ does not refer to a derivative with respect to time but to the rate of change in
potential energy with respect to a crack area. For an infinite plate under atensile load with an

internal 2a crack length, the strain energy release rate is given by:

2
ro‘a
G =

=T (112)

When catastrophic fracture occurs, G; > G, the latter being the critical strain energy release

rate, which is a measure of the material fracture toughness given by [79]:

& (113)

where o isthe critical or failure stress that varies as the reciprocal squre root of the critial

half-crack length a..

The critical energy release rate expressed in Eq. (113) still does not provide a practical
means to assess conditions for fracture propagation. Hence using elastic theory principles, the
tensile and shear stresses near the crack tip, which are functions of both radial distance r and

angle g from the crack tip in polar coordinates, can be expressed. For example, the tensile
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stress in the x principle direction can be evaluated from Eq. (114). Similar expressions can be
written for oy and 7.
K 0 .0 . 30
=——Ff(0) where f (0)=cos—|1-sin—sin— 114

0= 1,0 {0)=cosd(1-snZan¥] (g
The parameter K istermed the stress intensity factor and it is a central and important concept
in fracture mechanics [79][133]. There are three modes by which aload can operate on a
crack. Mode | isan opening or tensile stress, Mode I isadliding (or in-plane) shear stress and
Mode Il isatearing (or out-of-plane) shear stress, as seen in Figure 30. Mode | isthe most
typical and it isthe mode of cracking treated in this thesis, which is written with the Mode |

notation as K.
% ?
Model Modell Mode 1l

Figure 30: Thethree modes of loading that can be applied to a crack, adapted from [133]

When 6=0, the trigonometric function in Eq. (114) disappears, which means that the crack
planeisaprinciple plane for a pure Mode | loading and it provides a useful specification of
the stress around a flaw. Using the Westergaard Stress Function, the stress intensity factor is
related to the applied stress ¢ and the crack length a by [79][133]:

K, =Yoma (115)

where Y is adimensionless correction factor that depends on the geometry and the mode of
loading (refer to Figure 29 as an example). Y is also sometimes called the configuration
correction factor. The typical unit of K is MPam®>.
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Since the stress in the vicinity of the crack tip can be defined in terms of the stress
intensity factor, a critical value of K exits, which can be used to specify conditions for brittle

fracture. Thiscritical value istermed the fracture toughness of the material, K¢ [133]:
K, =Yo Jm (116)

where o isthe critical remote stress to cause fracture specific to the crack length. In other

words K. isavalue of K at which a crack begins to grow.

The fracture toughness of material becomes constant when the body thickness reaches a
minimal value at which point plane strain conditions are said to exist. For determining if plane
strain conditions preside, the following condition must be true [133]:

2
BZ{K_j 117
GY

where By, isthe body thicknessin m. In our case By, is taken as the length of a CANDU fuel
pellet, which is about 16 mm long, and oys is the yield stress of uranium dioxide. Theyield
stress of UO, at temperatures less than 1173 K isaround 275 MPa[134]. Thisyield stress
value is more than the fracture stress calculated using Eq. (110) at the same temperatures.
Thisistypical of brittle materials [15]. One can use an experimental value measured for the
UO, fracture toughness at room temperature as provided by Kutty et al. [135], who used the
Vikers Indentation Crack Length Method [136], for afuel porosity of 0.053 and acritical
crack length of 856 um, K. = 0.88 MPam®®. In other work compiled by Ganguly and Jayargj
[137] afracture toughness of ~0.83 MPam®® was reported using a similar measurement
technique. Using Eq. (117) with the former K. value, yields a B value of 2.5x10° m, which is
less than 0.016 m (the pellet length). As such the applicable fracture study caseis plane strain.

Thus for mode | (Figure 30) plane strain fracture toughness, Eq. (116) can be written as:

K, =Yom (118)
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Eq. (118) indicates that for a specific applied remote stress o there exists a specific crack
length a that yields a plane strain fracture toughness that causes fracture.

K, isthe driving force for fracture and K| is the measure of the material resistance and

isessentially amaterial property. Thus, if the following istrue, fracture can occur:

K, 2K crack propagates (119)

= "l

There are various loading and crack geometries for which the configuration correction
factor Y aswell asthe stress intensity factor in Eq. (115) has been pre-calcul ated based on
applied forces, moments, stresses, pressures and geometry. Depending on the type of crack
and its geometry, Y can have varying values. For example for an infinite plate with a through-
thickness crack, see Figure 31(a), Y will be close to unity. For a semi-infinite plate width that
has an edge crack, see Figure 31(b), Y is given as 1.12-0.23(a/w;)+10.6(a/w;)*
21.7(a/w;)+30.4(a/w;)*[138] and when wi>>a then Y=1.122. Generally, in thiscase, Yisa

function of a and w; [139].

bttt @ tritt ®
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Figure 31: Schematic representation of (a) an interior crack in a plateand (b) and an edge crack

in aplate, adapted from [139]

The basic crack loading examples shown in Figure 31 are not directly comparable to
out-or-in reactor thermally expanded (and stressed) fuel pellets with a surface crack or flaw.
Thelogical next question was were there analytically derived expressions for the stress
intensity factors for bodies similar to the out-reactor fuel pellet so that Eq. (115) and Eq. (118)
could simply be used to predict conditions for fuel crack propagation/extension.
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A dlightly more representative configuration to an out-reactor fuel pellet is provided in
Figure 32, for which K has been calculated [140]. Here a cylinder body has an externa radial
edge crack, which is subjected to auniform internal pressure. The stress intensity factor isa
function of the pressure, the cylinder internal and external radii and the crack length. E.g., for
acrack length of a=0.5 mm and R;=1.5 mm and R,=6.075 mm (similar to the out-reactor
pellet) the configuration correction factor Y is equal to 1.12 [140].

Nz

Figure 32: An external radial edge crack in a cylinder subjected to a uniform internal pressure,
taken from [140]

This though is not equivalent to the thermally stressed out-reactor fuel pellet. According to
Kam and Lu [141] who analytically studied an internally-heated cylinder (similar to the out-
reactor fuel pellet) stresses are generally compressive (negative) at the cylinder inner surface
and tensile (positive) at the outer surface. Converdly, in the cylinder subjected to a uniform

internal pressure in Figure 32 the azimuthal (hoop) stressis alwaystensile.

Existing stress intensity factors that consider thermal loading are very limited in the
literature as compared to mechanical load cases, the latter as shown in Figure 31 and
Figure 32. This lack of information is mostly the result of the added complexity of the thermal
crack problem. Wu [142] provides some illumination on this topic. For a steady state thermal
gradient across the wall thickness of a hollow cylinder with an external radia crack, where
the temperature of the internal surfaceisheld at T and the external surfaceis held at T+AT
(where AT may be positive or negative), the analytical solution to the azimuthal stressin the

out-reactor fuel pellet geometry as a function of radial position can be given by [142]:
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et tg e (T || I
where E isthe Young' s modulus, o isthe thermal expansion coefficient, v isthe Poisson’s
ratio, and ¢; istheratio of the internal-to-external pellet radii or R/R,. Eq. (120) is given here
only as areference. The 2D -6 model numerically computes the stress distribution in the
pellet with the added ability to input mechanical properties that are dependent on temperature.
Configuration correction factors, Y, are provided by Wu [142] in Figure 33 for various

relative crack lengths A, equal to a/w;, where a isthe actual crack length and w; isthe

thickness of the cylinder, or R,-R..

1 Steady stote thermal stress,
] one external axial crock.

LE0N S S SO I M M e et S B S B S
00 01 02 03 0.4 05 08 07 08

A
Figure 33: Stressintensity factorsfor an external radial crack in a hollow cylinder with a steady

state thermal stress, taken from [142]

For the out-reactor pellet geometry, the curve of interest in thisfigure isindicated by red
arrows in Figure 33 and Eq. (121) gives the polynomial trendline for the Ry/Ri=4 curve.

Y =-0.836A° + 0.359A% — 0.149A+1.125 (121)

As can be observed the configuration correction factor decreases gradually as the external
radial crack length a increases for the indicated curve. The Y valuesin Figure 33 were derived
using a closed-form weight function method [143].
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The stress in the out-reactor thermally expanded fuel pellet is not homogeneousin
direction or in magnitude nor isthe Y oung’ s modulus, given that it is a function of
temperature. Also, since the analytically calculated correction factor shown in Figure 33
considers only one surface crack and not more than one, it is hard and essentially impossible
to analytically assess the stress intensity factor K, in Eq. (115) for athermally expanded fuel
pellet.

To resolve his problem, arelationship between the stress intensity factor K, and the
energy release rate G, can be derived by substituting Eq. (115) into Eqg. (112), which shows
that the stress intensity factor and the energy release rate are directly related for linear elastic
materials:

G =— (122)

where E’ isthe Young's modulus given by:

E for planestressconditions

E = : .
E for planestrain conditions (123)

where the Poisson’sratio v for UO, for plane strain conditionsis provided by Eqg. (109).

A more general version of the strain energy release rate (Eq. (112)) isthe J contour
integral formulated by Rice [144]. For the special case of linear elastic materials, J =G..
Substituting this value into Eq. (122) and solving for K, the following result is obtained:

K, =JIE (124)

The Jintegral is a path independent line integral around thetip of acrack and it isthe
measure for the intensity of stresses and strains at the tip of cracks and notches. The J integral
can be viewed as both an energy parameter equivalent to an energy release rate G, and a stress
intensity parameter comparable to K. Also, the J integral is useful for calculating the energy
release rate in nonlinear elastic bodies (where the load is not linear with displacement) that
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contain acrack. It can be used to idealize el astic-plastic deformation for non-linear elastic
materials. The J integral effectively extends the limits of the linear elastic fracture mechanics
[79][139].

The Jintegral [139] is provided by the following:

ou ou,
J= F[(Wsdy—‘l'i a—x'dsj = i(wsnx -T a—x'jds (125)
where w; is the strain energy density, T; are components of the traction vector, u; isthe
displacement vector components, and ds is the length increment along the contour I'c. The
right hand side of Eq. (125) is an alternative description of the J integral that is alittle more
intuitive to use. This alternative description can be explained by showing that if the increment
ds = (dx,dy) is avector coinciding with part of the contour I, then dx = -nyds and dy = nyds,

where n = (ny,ny) isthe outward directed unit vector normal to the contour [139].

Figure 34: An arbitrary contour T'c around a crack tip [79]
Thus, substituting dy = nydsinto the first expression on the left in Eq. (125) yields the second
expression on theright in Eq. (125). The strain energy density ws is provided by Eqg. (126) in

2D where gj; and g; are the stress and strain tensors.
= S'JGijdgij:lax-gx+ay-8y+2-axy-gxy 126
W= | 5
The traction vector is a stress vector acting on the contour I'c and has the unit N m™. In other

words, if afree body diagram is drawn of the immediate crack domain in the contour, T;

would be the stresses acting on the body in the outward direction. The components of the
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traction vector T; are provided by Eq. (127), where n; are the components of the unit vector
normal to the contour I'..

T, =o;n, (127)

J

If we expand EqQ. (127) in the x and y coordinates one obtains:

T=[o,n +oyn oy n 40,0 (128)
Thus, expanding the 2" term on the RHS of Eq. (125), and using Eq. (128):
Ti%i :[(o-x-nx+axy-ny)-—1+(o-xy-nx+o-y-ny)-%} (129)

Theresulting J integral has the units of work or energy per fracture surface area, in Jm (or
N m™). Thus, assessing Eq. (124) for the stress intensity factor K around a propagating crack
tip (by computing the J integral Eq. (125)) and comparing this result to a measured fracture
toughness K¢ [135][137] the condition for crack propagation in a UO, ceramic can be
determined.

The above described J integral computation assumes a path independent line integral
(i.e., arbitrary line integration paths around the crack tip yield the same J value, refer to
Figure 34) and is applicable for bodies for isothermal, steady state temperature distributions.
Y et when atemperature gradient exists (parallel to the crack growth direction), inducing
thermal stressesin the body (due to thermal expansion), the computed J integral can become
path dependent, which is undesirable. To overcome this problem Wilson and Y u [145]
modified the conventional J integral to include an areaintegral that compensates for the
temperature gradient in thermal stress problems. The modified equation isreferred to here as
the J" integral and it describes the energy release rate to crack extension, which is given by
Aoki et al. [146] and aso by [147][148]:

t, P
(8” * & )

. au, 0
J = r.[Wedy— E[Ti &dSJr J-A'[O'ij P dA (130)
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where W is the elastic strain energy density, gj; is the stress tensor, gi‘j isthe thermal strain

tensor, and & isthe plastic strain tensor. Also, the elastic strain energy density we is similar

to ws in Eq. (126) but considers only the mechanical elastic strain, as follows.

Sile e 1 e e €
We:J.O o;de; =§(0x-sx+ay-ey+2~axy-8ij) (131)

It is noted that the total strain tensor &; is acomposition of the elastice; strains and the

thermal and plastic strains, as written:
& =& +& +& (132)

Thethermal strain &; isalso refered to asthe inelastic strain sing €arlier in the text. Recalling

Eq. (94) and rewriting this equation with the present terms:
& = A ATS, (133)

where ae is the thermal expansion coefficient, AT is the temperature increment from the
reference temperature and g; is the Kroneker Delta. If the thermal strainin Eq. (133) is
substituted into Eq. (130) in the areaintegral and the plastic strain isignored then Eqg. (130),

for a homogeneous material, becomes [146][148]:
N ou, oT
J :ﬁ[WEdy_f[Ti &ds+ ae‘[(fo-kk&dA (134)

where ae isoutside the integral if constant and inside if temperature dependent, and o is the
principle stress tensor. If the material properties are temperature dependent (i.e., E(T), ae(T),
and ov(T), the latter if plasticity isinvestigated) and the temperature distribution in the
material is not uniform then the material can be considered as not homogeneous. For this case
the J" integral can be written as [146]:
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= —_[T Ay ds+” bl ] dA (135)

where the areaintegral on the RHS of Eq. (135) can be expressed as a combination of thermal
and elagtic areaintegrals, and plasticity isignored, as follows:

[[o, 2 da=[fa,o, T aas ” “la .

A

Lastly, as the integration contour radius decreases (Figure 34) in length, the area

integrals of equations (134) and (135) (the third and second terms, respectively, which include

thermal strains) vanish, since the thermal strai ns(e ) in these small contoursis small. Hence,

at small contour radii (or size) the J" integral (Eq. (134) and Eq. (135)) and the regular J
integral (Eq. (125)) are equivalent [146]:

J =1imJ (137)

p—0

It remains to provide the mechanical properties, specificaly, the thermal expansion
coefficient ae, Young's modulus E, and the Poisson’ s ratio v of the relevant materials for the

out-reactor fuel element.

The thermal expansion coefficient of solid UO; is provided by Eq. (138) from the work
of Martin [99] and has the units of K™,

Ao, = 9.828X10°° ~6.390x10 T +1.330x10 #T? ~1.757x10 'T® 273K <T <923K (138y)
00, =1.1833x107° —5.013x10°° + 3.756x10 T2 - 6.125x 10" T® 923K <T <3120K (1380)

The Y oung's modulus of elasticity for stoichiometric UO; is given by [110] with units of Pa:

Eyo, = 2.334x10%(1- 2.752(1- D, ))- (1-1.0915x10*T)  for 300K <T <3113K  (139)
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where Dy is the fraction from theoretical density, which is equal to pyo./ prp. Here the fuel
density puoz isafunction of temperature and prp is the maximum theoretical density of UO..

The Poisson’sratio for UO, is provided by Eq. (109) as shown previously.

The linear thermal circumferential expansion of Zircaloy-2 or -4 for the apha phase

used in the plane strain model is given by Eq. (140), where &1 has the units of m m™ [110].
£, =4.95x10"°T —1.485%10°° for 300K <T <1083K (140)

The thermal expansion coefficient of Zircaloy-2 or -4, in the circumferential direction, is:

U preatog = (TL for 300K <T <1083K (141)

_Tref)

where Tisin K and T isthe relative temperature from which the material is heated from
(which was set to 300 K). The Y oung’'s modulus of elasticity in Paof Zircaloy-2 or -4 in the
alpha phase is provided by [110]:

E, o= (1.088x10% ~5.475x10'T + K, .+ K, sioJKs 5 fOr 300K <T <1083K  (142)

where K1_zirc accounts for the effect of oxidation given by [110]:
Ky 2 = (6.61x10% +5.912x10°T)- A, (143)

where Azirc IS aunitless value of the average oxygen concentration minus the oxygen
concentration of the as-received cladding given in (kg oxygen/kilogram Zircaloy). Its value
can be set to an as-received value of 0.0012 (kg oxygen/kilogram Zircaloy). K2 zirc &ccounts
for the effect of cold work given by Eq. (144), where C was set to 0.001 and isa unitlessratio
of areas.

K, 2 =—2.6x10°C (144)
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Ks zirc ISaunitless value to account for the effect of afast neutron fluence and is given by Eaq.
(145). When the fast neutron fluence ¢, whichisin n m?, is zero, K3 zirc takes on a value of

unity.

Ky ye = 0.88+ O.lZexp(— 1325) (145)

In the model, ¢ was set to zero. Computing Equations (142) through (145) for the expected
temperatures in the out-reactor test yields a Zircaloy Young's modulus of about 77 GPa. The
Poisson’sratio for Zircaloy-2 or -4 was taken as v z=0.37 [149]. A similar Poisson’sratio

valueis provided by [150]. The Zircaloy density is given as pzi=6.44 g cm’>,

In the model when the fuel pellets thermally expand outward to the sheath and contact is
made, the sheath will be pushed outward until the yield stress of the sheath is reached. The
initial yield stress of Zircaloy in the transverse direction at the coolant temperature before
work hardening ranges from 130-170 MPa. In thiswork, an approximate value is given by
[118][151][152]:

Oy = 150 MPa (146)

The isotropic tangent modulus of Zircaloy (after yielding) is given by Eq. (147) [153] and is
used for isotropic hardening during plastic deformation.
E _ Ea_ZiI’C (147)
o _iso_ T — 10
Figure 35 shows the elastic modulus (dark blue line, from Eqg. (142)) and isotropic tangent
modulus graphically (red line, from Eq. (147)) for Zircaloy at out-reactor instrumented fuel

oxidation experiment temperatures.
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Figure 35: The stress-strain curve that showsthe elastic and hardening regionsin Zircaloy

The last material properties needed in the solid mechanics model isthe iridium bar
heater element. In the 2D -6 model there is no gap between the iridium bar and the inside
surface of the UO, fuel pellet. The thermal expansion coefficient of the iridium and the UO,
are similar but not identical (the a.uo2 being alittle higher than « |, at the same temperature).
Hence, the gap between the iridium bar heater and the UO, pellets may increase or decrease
when heated in the experiment. This would depend on the temperature of each material and

the original gap distance between these two materials.

The thermal expansion coefficient of iridium depends on temperature. According to the
PGM database [108], a | varies between 6.5x10° K™ and 9x10°® K™ for temperatures
between ambient and 1750 °C, respectively. A value of 6.4x10° K™ [109] was selected in the
current analysis (there is no difference in model result between using the selected value or
6.5x10° K™). Choosing the lower value for o ;; will show that the thermal expansion of the

pellets alone provides suitable conditions for fuel cracking.

The Y oung’s modulus of iridium was set to E;;=528x10° Pa and the Poisson’s ratio was
v r=0.26 [108].
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3.5 Numerical Implementation of the Models

COMSOL Multiphysics® platforms versions 3.5a up to 4.3b were selected for
computing the fuel oxidation model for the reasons explained in Section 1.5. It was also used
for itsflexibility and robustness in modeling the fuel stress and strains and fuel and sheath
contact using COM SOL®’ s solid mechanics physics to predict fuel crack geometry and
number. Six models are included in this thesis, which are numerically implemented in this
section. Thefirst three have 2D r-6 fuel cross section geometries that model fuel oxidation
and fuel cracking separately. A third 2D r-6 model demonstrates coupling the fuel oxidation
model with fuel thermally expanded fuel cracks. The forth and fifth models are full length 3D
fuel oxidation models: one that models an in-reactor defective fuel element and one that
model s the out-reactor instrumented fuel oxidation experiment. The last model isa 2D model

of afinal stagein afuel pellets sintering process.

The reason that multiple versions of COMSOL® were used in this thesis to generate the
mentioned models was because COMSOL Inc. releases an updated version of their software
twice ayear. Working with the most up-to-date version of software alowed access to the
latest COMSOL® tools sets and improved functionality, as well as software fixes. Each model
numerical implementation sub-section mentions what specific version of COMSOL® was
used.

3.5.1 COMSOL® and the Finite Element Analysis Method

COMSOL® useswhat is called the finite-element analysis method to solve a partial
differential equation (PDE) or a number of equations, sequentially or ssmultaneoudly. In this
method the solution domain is divided into simply shaped regions called elements. An
approximate solution for the PDE can be devel oped for each of these elements. The total
solution is then generated by linking together the individual solutions [154][155].
Discretization involves dividing up the solution domain into finite elements. Figure 36 depicts
model solution domains with examples of aline element in 1D and triangular and
quadrilateral elementsin 2D.
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Figure 36: (a) A line element employed in one dimension and (b) quadrilateral and triangular

elements employed in two dimensions. Adapted from [154]

Equations are devel oped to approximate the solution of each element. Thisinvolves two
steps:. (i) An appropriate function is selected with unknown coefficients that are used to
approximate the solution and (ii) the coefficients are evaluated so that the function
approximates the solution in an optimal fashion. Polynomials are often involved for this

purpose, since they are easy to manipulate.

The finite-element analysis method using the direct approach is demonstrated when
applied in the simple 1D element with two nodes (Figure 36 (a)). For the 1D case the simplest

approximation function is the first-order polynomial or straight line, provided by:
u(x)=a, +ax (148)

Where u(x) is the dependent variable, a, and a; are constants, and x is the independent
variable. This function must pass the values of u(x) at the end points of the element at x; and

X2 in Figure 36 (a), therefore:

W =a,+ax

(149)
U, =a, +aX

These equations can be solved using Cramer’srule [154].
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UX — U)X u, -y
== = 150
X, =X X, — X ( )
Substituting these termsinto Eqg. (148), one gets [154]:
u=N,u, +N,u, where N, =—-2—> and N, = > & (151)

X =% X =%
The equation for uin Eq. (151) is called an approximation or shape function, and equations Nz
and N, are called interpolation functions [155][155]. Eq. (151) provides a meansto predict (or
interpolate) intermediate values between given values u; and u, at the nodes. For example the
general shape function uin Eg. (151) could be used to represent a concentration distribution
in the finite element:

c=N,c, + N,c, (152)

where ¢ in the concentration shape function and c; and ¢, are the concentration values at
nodes 1 and 2 . This equation amounts to alinear interpolation between two nodal points as

shown in the following figure.

node 1 node 2
@ @
C
C

Figure 37: A linear approximation or shape function for aline element

The definition of the diffusion flux is the diffusion coefficient times the concentration

gradient, which is Fick’ sfirst law. It can be expressed in one dimension by:



dc
J,=-D= 1
a=-D (153)

If alinear approximation function is used to characterize the element’ s concentration c, the
diffusion flux into the element through node 1 and 2 can be represented by:

c,-¢C c,—¢C
=+ ad J,=D21

J,=D
o X, =X X, =X

(154)
These two equations express the relationship of the element’ s internal concentration
distribution (nodal concentrations) to the diffusion flux at the finite element ends. These
eguations can be simplified further to express concentration gradients at the element
boundaries [154]:

Jdl=—DM and JdZ:DdC(XZ)

dx dx (159

The diffusion flux termsin Eq. (155) can be substituted into the element equations to give:

L fL -t _de(x,)
- _ dx
xz—xl{—l 1}{02}_ delx,) (159

dx

Eq. (156) isamatrix equation that describes the behavior of the finite element and has the
general form of [154][155]:

(K Hua } = {F..} (157)

where K; is the element property or stiffness matrix, ue, isthe column vector of unknowns at
the nodes (in this case ¢; and ¢,), and F, is the column vector of externa influences or

boundary conditions (in this case the concentration gradients). The solution of Eq. (157) can

be obtained with linear algebra techniques such as Gauss elimination or LU decomposition. In

LU decomposition the ideais to replace the stiffness matrix in a system of linear equations by
the product of two matrices LU, to form a diagonal matrix, and by doing so solving the

unknowns [154][156]. If the stiffness matrix in square and is not ill-conditioned, a matrix



94

inverse can be derived so that aformal solution of the column vector of unknowns, U, in Eq.
(157) can be solved [154]:

.t =[K R, ) (158)

Solving Eq. (158) is often referred to as the direct method. For the solution of the models
discussed in this work direct COM SOL® solvers such as PARDISO and MUM PS were used.
PARDISO isafast multi-core solver. Also, since the stiffness matrix and its inverse matrix

can be large, the memory requirements using the PARDISO solver can be significant.

The solution time and memory requirements of a model simulation are strongly related
to the degrees of freedom of the model. For most physics interfacesin COMSOL® 4.0 and up
(application modes in COMSOL® 3.5a and previous) each dependent variable is present in all
nodes of a mesh. First order shape functions in one dimensional elements will have two nodes
and second order shape functionsin one dimensional elements will have three nodes (one mid
point node), etc. Hence, the shape function order contributes to the number of degrees of
freedom of the model. In general the total number of degrees of freedom of amodel isequal
to the number of nodes multiplied by the number of dependent variables, where the number of
nodes is dependent on the order of the shape function and model dimension (1D, 2D or 3D)
[71][155].

3.5.2 The2D r-0 Fuel Oxidation Model Numerical | mplementation

Two variations of thismodel were considered in this simulation. (i) The first model
assumed sheath contact with the UO; pellets, i.e., a closed fuel-to-sheath gap case. This
modeled case was built on COMSOL® version 3.5a platform. (ii) The second model assumed
that the Zircaloy sheath had not totally crept down onto the fuel pellets, i.e., an open fuel-to-
sheath gap case. The reason why the sheath may not have fully crept down on the pelletsin
the out-reactor instrumented fuel oxidation experiment (as normally occursin in-reactor
CANDU fuel) is because of the short conditioning period in the test (only afew hours).
Additionally, to defect the Zircaloy sheath, an internal differential pressure (=2.7-6.2 MPa) in
the out-reactor fuel element was applied until the sheath failed at the pre-machined sheath
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defect surface. During this time the sheath may have expanded and sheath ‘lift-off’ may have
occurred due to the internal pressure, so that there ceased to be direct contact between the
sheath and the pellets. Thus, for this second case various fuel-to-sheath gaps (as well as crack
widths) were modeled, which was modeled with the later and more advanced COMSOL®

version 4.2a platform.

(i) 2D r-6 Fuel Oxidation Model with a Closed Fuel-to-Sheath Gap

The governing equations for fuel oxidation and electrical heating as applied to the out-
reactor instrumented fuel oxidation experiment are outlined in Section 3.2 and Section 3.3.
This 2D r-6 geometric representation assumes axial symmetry and allows for the investigation
of radial cracks and a fuel-to-sheath gap geometry on the effect of fuel oxidation, the
assessment of the expected electrical power for given temperature distribution, and the

influence of the thermocouples on the local fuel temperature.

As can be seen in Figure 38, the model geometry contains several domains. In this
model, twelve explicit radial cracks were defined based on the reasoning given by Oguma
[73] for centrally and electrically heated fuel pellets at an applied power. Specifically, if the
central linear heating power target is ~24 kW m™ then ~12 radial fuel cracks may formin the

out-reactor fuel pellets.



96

12 o'clock radial crack B7
7E-03

\

\ sheath defect dlit

Ir bar

thermocouple

5 E-03

Zircaloy sheath ——— |

3E-03

fuel-to-sheath gap

crack tip _
IS 0
=
-1 E-03
Bl
ﬁ
U02 -5 E-03
radial cracks

-TE-03
-1.E-03 -5.E-03 -3.E-03 -1E03 0 1.E03 3.E03 5.E-03 T.E-03

6 o' clock radial crack x(m]

Figure 38: Geometry of the 2D r-6 model showing the different materials of the fuel element

simulator and the 12 pre-defined radial fuel cracks.

Theradial fuel cracks extend to the fuel-to-sheath gap as can be seenin aclose-up view in
Figure 39, of an areaindicated by a green circlein Figure 38. The width of the radial cracksin
this model was set to 15 um based on the analysis of Williford [76].

The fuel-to-sheath gap was set to 1 um that assumes the sheath has crept down with a
‘closed’ fuel-to-sheath gap, i.e., the sheath is considered to be in contact with the fuel pellet
using the treatment discussed in Section 3.3.2. The effective crack dimension (specifically the
crack root position) was determined by first applying an achievable electrical power to the
out-reactor fuel element, which was set as high as possible without failing the out-reactor Ir
bar heater (determined by experimentation). Then the crack tip (or crack root) radial
dimension was set in the model so that the crack tip was positioned at the approximate
temperature of 1250°C on the first ssimulated day. The discrete temperature of 1250°C was
selected so that it fell within the 1200°C - 1400°C transition temperature for elastic to plastic
fuel (refer to Sections 1.5 and 3.2, and Figure 13, Figure 14, and Figure 23). Also, this
model ed transition temperature can justify the selection of a higher transition temperature,

such as 1300 °C or 1350 °C, if higher fuel oxidation was measured in the test. Thus, the crack
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tip (or root of the crack) was set to 0.00229 m (2.29 mm) from the centre of the fuel element
(to coincide with 1250 °C in the fuel) using a specific electric heating power.

Ssteam

uo,

fuel-to-sheath gap

B3

Figure 39: Close-up view of the fuel-to-sheath gap domain, a fuel radial crack domain, and UO,

domainswith boundaries

In this fuel oxidation model with a closed fuel-to-sheath gap a‘ heat transfer by
conduction’ physics application mode was used for modeling the heat conduction, which in

COMSOL® 3.5aformat is given by the equation:

55PC, %T —V o (kVT) = Q+ My (Toe = T)+ Coae Tarprars’ —T*) (159)

The coefficients of Eq. (159) are provided in Table 6 by comparing to Eg. (32) and Eqg. (68).

Table 6: Parametersused in heat conduction application modein COMSOL® 3.5a

Parameter or coefficient Description Valueor expression asused in model
Ois Time scaling coefficient 1

keff_UO2
k Zirc
k Ir
k Thermal conductivity Cp_steam
k_Rtype
k_TC_sheath
k_Magnesia
cu_U0O2
) Density rho_Zircaloy
rho_Ir
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Table 6: Parameters used in heat conduction application modein COMSOL ® 3.5a

Parameter or coefficient Description Valueor expression as used in model
rho_steam
rho_Rtype

rho_Magnesia
Cp_UO2
Cp_Zirc
Cp_Ir
Co Specific Heat Capacity Cp_steam
Cp_Rtype
Cp_Magnesia
Q _vol_U02
Q Heat source Q_vol_lIr
Q_vol_Zirc
Nirans Heat transfer coefficient 0
Text External temperature 0
Cirans User defined constant 0
Tambtrans Ambient temperature 0

Note: All unitsarein Sl units except for Cp_UO2 which isgiven in kdmol™ K™ and cu_UO2 which isgiven in
mol m™. All powers and energies arein kW and kJ.

For the closed fuel-to-sheath gap 2D r-0 model, only one temperature boundary condition was
used. A Dirichlet boundary condition for Eq. (159) was applied to the model’ s outer surface
(or the sheath), identified as boundary B1 in Figure 38, and isgiven in Table 7.

Table 7: Boundary condition for the heat transfer equation used in a closed fuel-to-sheath gap

model
Boundary Parameter Value or expression asused in model
Bl Temperature T=T_s outer

The oxygen solid state diffusion equation was solved using COMSOL® 3.5a's ‘ PDE
genera form equation’ application mode. This form was used (asit was also used in [24]),
since it was possible to define regular diffusion (concentration driven) as well as thermo-

diffusion (the Soret effect). With the dependent variable defined as Xdev for the oxygen
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stoichiometric deviation value x (in UOz.y), the general form of the equation in COMSOL®
3.5aformat is given by:

0*Xdev oXdev
e +d +

Vel'=F 160
¢ ot? oot * (160)

The coefficients of Eg. (160) are provided in Table 8 by comparing to Eq. (18) and Eq. (66).
The interstitial oxygen flux vector term, I, in EqQ. (160) is given by:

r- —D(VXdev+ Xdev R% VTj (161)
The flux vector term I iswritten in Table 8 asit is entered in COMSOL®. Specificaly, the
oxygen diffusion coefficient D iscalled D_02, Xdev isthe deviation from stoichiometry,
Xdevx isthe gradient of Xdev in the x coordinate direction, Xdevy isthe gradient of Xdev in
the y coordinate direction, Tstar isthe molar effective heat transport Q, divided by the ideal
gas constant R, where Q is given by Eq. (20), and Tx and Ty are the temperature gradientsin
the x and y coordinate directions, respectively.

Table 8: Coefficients used in COM SOL® 3.5a PDE general form equation application mode (the

inter stitial oxygen diffusion equation)

Parameter or coefficient Description Valueor expression used in model
e, Mass coefficient 0
da Damping/mass coefficient 1
-D_02* (Xdevx+Xdev* Tstar/T 2* TX)
r Flux vector
-D_0O2* (Xdevy+Xdev* Tstar/T"2* Ty)
F Source term 0

The boundary conditions for Eq. (160) are described by Eq. (162):

Gs=-n-T onoQ (162)

where n is the unit vector normal to the 0Q geometric boundary (or surfacein 3D), I" isthe

flux vector at the applicable geometric boundary (or surface), and Gsisascalar.
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Figure 40 shows an inner region of the fuel element simulator cross section that includes the
iridium bar heater to UO, boundary, the UO, to radial crack boundary and the boundary

between the UO, cracked surfaces and steam fill gas.

B6
iridium \
thermocouple
B5
/ radial crack

uwo, —— B2

Figure 40: Inner region of afuel element ssmulator with applicable boundaries

Table 9 provides the boundary conditions used in the oxygen diffusion equation. Refer to
Figure 39 and Figure 40 for the identification of the relevant boundaries applicable to Eq.
(160). In Table 9 the values of Gsis zero at all boundaries except for boundary B2, whichis

equal to the kinetic reaction rate R™* (see Eq. (25) and Section 3.3.1) divided by the molar

density of UO,, defined as Rreact_fuel and cu_UO2 in COMSOL® format, respectively.

Table 9: Boundary conditionsfor interstitial oxygen diffusion equation (Eg. (162))

Boundary Boundary condition type Gs value as used in model
B2 Neumann Rreact fuel/cu_UO2
B4 Neumann 0
B5 Neumann 0
B6 Neumann 0

With the solution of the oxygen diffusion equation, it is possible to create 2D
distribution plots and radial plots of the oxygen stoichiometric deviation x. In this manner, the
extent of fuel oxidation can be estimated and compared. Since x is the deviation from the O/U
ratio of 2, it is possible to calculate the oxygen excess number density in the oxidized fuel
pellet matrix by multiplying the average stoichiometry deviation value by the number density
of UO,, as shown in by:
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NO = NUO2 ’ Xaverage (163)

where N, isequal to 2.444x10%° UO, particles m®, assuming a maximum theoretical fuel

density and Xaverage 1S Calculated by integrating x over the fuel domain (in thiscasein 2D) as
given by Eq. (164).

_[xan

Xaverage - AUO (164)

With the average oxygen stoichiometric value calculated over the fuel element cross section

Ao, » the total molar uptake of oxygen in the fuel can be calculated:

vol ( 165)

where ng is the excess (hyperstoichiometric) oxygen in moles, Fq isthe fuel element, fuel
pellet, or other volumein m?, and N, is Avogadro’s number. In asimilar manner in a 3D
model the Xaverage 1S Calculated over the volume of the fuel element model:

xdVv
Xaver age = J.VU

(166)
[oX

and the excess oxygen in moles no (Eq. (165)) is similarly calculated.

The last PDE to be solved simultaneously in this model is the hydrogen diffusion
equation in theradial fuel cracks and in the fuel-to-sheath gap. The ‘diffusion application
mode’ in COMSOL® 3.5awas used for this purpose, where the dependent variableis the

hydrogen mole fraction g as shown in the following equation:

6.5 +V+(-DVG)-R (167)
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Again, the coefficients of Eq. (167) can be determined on comparison to Eqg. (27) and
Eq. (67). Table 10 provides the coefficient parameters, where cq (or cg used in the model) is
the total molar concentration of the gasin the fuel cracks and in the fuel-to-sheath gap.

Table 10: Coefficientsfor the hydrogen mole fraction diffusion equation

Parameter or coefficient Description Valueor expression used in model
Sis Time scaling coefficient cg
D Diffusion coefficient cDg/tau*2
Rs Reaction rate 0

The boundary conditions for Eq. (167) are provided in Eq. (168), which includes the
flux, insulation and concentration boundary conditions. Here n isthe unit normal vector, N is
the flux vector, N, istheinward flux, K. isthe mass transfer coefficient, ¢, is the bulk
concentration, q is the hydrogen mole fraction, and q. is the hydrogen mole fraction of the
coolant.

Flux boundary condition: -n - N = N, + ke(c, —q) whereN =-DVq
Insulation/symmetry boundary condition (Neumann): n - Vg =0 (168)

Concentration boundary condition (Dirichlet): qc

In CANDU heavy water coolant g (defined as qdef in the COMSOL® model) is equal to
4.1x10° [29]. It can be added here that the g valueis afactor of ~3 less than the solubility of
hydrogen gasin regular light water, which is ~1.4x10" molar fraction at room temperature
[109]. Thus, the hydrogen mole fraction in the out-reactor coolant should be close to or less
than the hydrogen mole fraction in heavy water coolant. Referring again to Figure 38,

Figure 39 and Figure 40, Table 11 provides the boundary conditions as entered in the model
for the hydrogen mole fraction equation, where Rreact_fuel is the oxidation source term
provided by Eq. (21) and Rox_shesth is the hydrogen source term due to a metal-water
reaction provided by Eq. (31).
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Table 11: Boundary conditionsfor the hydrogen mole fraction equation

Boundary colr?gilf[in(;jna{))//pe No e Co n-vqg 4= Qe
B2 Flux Rreact_fuel 0 0 NA NA
B3 Flux Rox_sheath 0 0 NA NA
B4 Neumann NA NA NA 0 NA
B7 Dirichlet NA NA NA NA qdef

For numerical stability in the diffusion application mode, the dependent variable g must
be constrained between the values of 0 for pure steam and 1 for pure hydrogen. This
constraint is provided by introducing the variable gsx as a condition statement outlined in Eq.
(169) [24]. gsx isthe variable used for the valiable g in Eqg. (21) and (23),

9. for ag<aq
Osx =40 for g>q, and 0<0.95 (169)
0.95 for g>0.95

as written in the COMSOL®:
gfix = (g<qdef)* (qdef)+(g>=qdef & & q<=0.95)* q+(g>0.95)* 0.95 (170)

For a numerical solution of the fuel oxidation model with electrical heating, the model
geometry illustrated in Figure 38 is subdivided into finite elements (see Figure 41). The
easiest way to mesh a FEA model geometry isto select ‘ Free Mesh’ parameters in the mesh
generator. This approach however would create an excessive number of triangle or
guadrilateral mesh elementsin slender geometries like in the radial cracks. In other words,
this would create models with large degrees of freedom that would typically increase the
computation time and can lower the probability for solution convergence, which should
therefore be avoided. Instead, in COMSOL® 3.5a, two types of meshing techniques were
used: 1) ‘Mapped Mesh Parameters for meshing the slender radial crack and the fuel-to-
sheath gap domains. This meshing technique was also used to set a distribution of mesh nodes
along boundaries such as the iridium bar heater and UO; interface, in the thermocouple
boundaries, along the Zircaloy sheath external surfaces, and in the sheath defect. Once this



method was completed, the 2) ‘ Free Mesh’ technique was used to mesh the remaining

domains such as the fuel and iridium bar heater. In this model, there were 10,178 € ements
and 38,580 degrees of freedom.
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Figure41: Finite element mesh distribution for the 2D r-@ model in COM SOL® 3.5a

This numerical model was run on a duo quad core (8 CPUs) 2.66 GHz Intel Xeon® HP work
station operating on a Windows X P 64 bit Professional® platform. The solution time was 1-2

hours. The results of the simulation are detailed in Section 4.2. The constant values used for
the model parameters are listed in the following table.

Table 12: List of constants used in the 2D r-0 fuel oxidation model

Symbol COM SOL ® constant name Description Value
. . the theoretical fuel pellet 3
PTD theoretical_density density 10.96 [g cm™]
Ps new density_manf Manufactured fuel density 10.63[g cm™]
: Manufactured fuel density_manf
NA porosity_manf : 1- : )
porosity theoretica _density
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Table 12: List of constantsused in the 2D r-0 fuel oxidation model

Symbol COMSOL® constant name Description Value
Pt PT Coolant pressure 100 [atm]
-5
R : 8.205x10
R Universal gas constant [atm m® gmol ™ K]
Oz sigmaH?2 H, collision diameter 2.827[A]
Oh20 sigmaH20 H.0 collision diameter 2.641[A]
M2 MH2 H, molecular weight 2.0159 [g mol ]
Mo MH20 H,O molecular weight 18.0153 [g mol ]
Hydrogen mole fraction in 6
Ge qdef CANDU coolant 4110
Stoichiometry deviation at 4
X
' Xsurf pellet crack surfaces 1x10
Kl onp koverepsilon Inverfse of Lenard-Jones 0.00454959 K *
orce constant
T tau Tortuosity factor 1
a a 0.033107007
by b 0.268984735
Cy c 0.008679485
o d -0.000622197
e e . g -5.18804E-05
£, f Constant |rf1opr)olynom| al fit 0020038397
O 9 Xe 0.000450165
K¢ k -7.83442E-06
my m 1.84196E-08
Ng n -7.45197E-05
P p 1.39057E-07
B Beta Burnup in atom % 0.00001
Total electrical current
| |_current running through the fuel 1085 [A]
element
NA A lr cross sectional area of pi*0.0015°2 [7]
- Iridium wire )
NA . cross sectional area of 2
A_Zirc Zircaloy sheath 1.5386e-5 [m‘]
. pi* (0.006075"2-
Ao, A_UO2 cross sedtional area of 0.0015"2-
Y 3+0.000355"2) [m?]
l I Fuel element length 0.482 [m]
Ts outer T_s outer Outer sheath temperature 548 [K]
Fis r s inner Inner sheath radius 0.006076 [m]
NA r_s outer Outer sheath radius 0.006476 [m]
ts ts Sheath thickness r_s outer-r_s inner [m]
Ry R1 Fuel surface roughness 0.5x10° [m]
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Table 12: List of constantsused in the 2D r-0 fuel oxidation model

Symbol COMSOL® constant name Description Value
Zircaloy sheath surface )
R 6
2 R2 roughness 1x10™ [m]
Temperature jump 5
g g0 distance for steam at STP 3.27x107[m]
ty g12 fuel-to-sheath gap distance 1x10° [m]
R Rouch Root-mean-squared sort((R_17M2+R_272)/2)
e 9 roughness [m]
. hydrogen pickup by the
f
f pickup sheath 0.05
enhancement factor for in-
Fe F crrs reactor corrosion (of the 3
Zircaloy sheath)
N refraction parameter for
N Krad 2.25
Na N_Avogadro Partic'wm"'lew'&‘ per 6.022x10%
- mo )
28
N . 2.444x10
uo, N_UO2 number density of UO, [particles m?]
pi* (0.006075"2-
Fuol fuel_vol Fuel element volume 0.0015"2-
3*0.000355"2)* ¢ [m”]
Pir rho_Ir Density of iridium 22.5[gcm?
Density of Type B 3
PB_type rho_Btype thermocouple wire 19.53 [g cm™]
Density of TypeR 3
PR _type rho_Rtype thermocouple wire 20.53[gcm™]
Pzirc rho_Zircaloy Density of Zircaloy 6.49 [gcm?|
PMagnesia rho_Magnesia Density of magnesia 3.58 [g cm™]
NA Specific heat capacity of 1 -1
Cp_Btype Type B thermocouple wire 0.153 [kJkg™K"]
NA Specific heat capacity of 1 -1
Cp_Rtype Type R thermocouple wire 0.140 [kJkg™K"]

For further details on the 2D r-6 fuel oxidation model see the COMSOL® model report

in Appendix A.
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(i) 2D r-6 Fuel Oxidation Model with an Open Fuel-to-Sheath Gap

The 2D r-6 fuel oxidation model with an open fuel-to-sheath gap was very similar to the

closed one but with the following differences:

1. Only six radial cracks were modeled (compared to the twelve in the closed fuel-to-
sheath gap model); three in the vicinity of the sheath defect and another three in the
pellet circumference.

2. A manual heat source in the iridium wire/bar was input (excluding Zircaloy sheath
heating) rather than applying atotal electrical current input

3. No thermocouples were included

4. A general extrusion coupling variable is used to define thermal continuity between the
fuel pellet, fuel-to-sheath gap domains, and the Zircal oy sheath.

The objective of thismodel was to investigate the effect of the size of the fuel-to-sheath gap
dimension and the size of the fuel crack width dimension on fuel oxidation. Both types of
dimension changes can affect the hydrogen mole fraction diffusion rate, which in turn can
affect fuel oxidation. The former caseis pertinent to the scenario when the sheath has not

completely crept down onto the fuel.

The reason only six radia cracks were included in the following 2D r-0 fuel oxidation
model (rather than twelve cracksin the Closed Fuel-to-Sheath Gap case) was for the
following reason. The preferred electrical current set to flow through the fuel element (<1085
A in Table 12), producing alinear power in the iridium bar heater of about 24 kW m™, may
have been hard to achieve in reality. Thisis partly due to the iridium and zirconium eutectic
point, which pose temperature operation limits (refer again to Section 3.1). Hence, it was
predicted that lower heating powers (<24 kW m™) may need to be used. Since the
approximate number of radial cracksin the fuel pelletsis equal to Pjinex[kW m™]/2 [29][73]
(see again Section 1.6), it was expected that less than 12 radial cracks would develop in the

experiment. From afuel oxidation point of view this does not change the modeled oxidation
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result substantially, since, as will become apparent in the result section, the radial cracks
closest to the sheath defect contribute the most to fuel oxidation.

Figure 42 shows the basic geometry of the open fuel-to-sheath gap fuel oxidation
model. This geometry is also used in the solid mechanical model discussed in Section 3.5.3 to
investigate the conditions for crack propagation. The internal boundaries seen in the UO;
domain, (as shown in Figure 42) are present for meshing purposes.

7E03 sheath defect location

radial crack

. ) 5.E-03
internal UO, domain

boundaries N

3E-03 ~ \ / Zircaloy sheath
1.E-03 “ ‘I I‘

E o |

> R ‘ B1
1E03 | | / /

B5 e UO, domain
-5 E-03 . g .
Iridium bar/wire
UO, domain —

-T.E-03
-1.E-03 -5.E-03 -3.E-03 -1.E-03

0 1.E-03 3.E-03 5.E-03 T.E-03

x(m]

Figure 42: Geometry of the 2D r-0 fuel oxidation model showing the different materials of the

out-reactor fuel element with six pre-defined radial fuel cracks

The green circlein Figure 42 gives a close-up view of the sheath defect location in Figure 43.
The two domains (the Zircaloy sheath and the fuel pellet with the fuel-to-sheath gap) are
separated by a*geometry assembly’ gap. These two geometries are linked together using an
extrusion coupling variable that provides continuity for heat conduction between the two
domainsin the ‘geometry assembly’. The use of a geometry assembly vs. atypical ‘geometry
union’ in COMSOL® was performed to investigate sheath and fuel contact, which is discussed
later in Sections 3.5.3 and 4.3. Hence for practical purposes, an amost identical geometry
assembly is used here to study fuel oxidation. Inspection of Figure 43 shows that the sheath
defect is not defined as an axia dlit in the Zircaloy sheathing (as shown in Figure 38), since
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this extra detail was unnecessary. Instead, an appropriate Dirichlet boundary condition g is
defined on the fuel-to-sheath gap boundary above the vertical radial crack indicated by a
purple line B7, since the modeled hydrogen mole fraction gradient in the sheath ot in the

previous model was very small and contributed little to the fuel oxidation.

B8
Dirichlet boundary / Zircaloy sheath
condition for sheath
defect / sheath inner surface
B7 3

fuel-to-sheath gap geometry assembly gap

B 7
S~ s
UO; pellet \F:T,/ / radial crack

. Q
B2

Figure 43: Close up view of the location of the sheath defect showing the various domains and

boundaries aswell asthe fuel-to-sheath gap and the geometry assembly gap

The heat conduction equation is very similar to the general form time dependent
equation, Eq. (159), used in the closed fuel-to-sheath gap fuel oxidation model and is
specifically expressed as Eq. (171). Here Uy ans iSthe velocity field for convection and it is set

to zero. Q, is the volumetric heat source term in kW m>,

oT

PC, = PC U yans * VT =V o (KVT)+Q, (171)

trans

In this study, two simulations were computed: (i) where the radial cracks are varied in
thickness and the fuel-to-sheath gap is held constant and (ii) where the fuel-to-sheath gap is
varied while the radial crack widths are held constant. For case study (i) a constant Q, power
density term is used for the iridium bar heater defined in the COMSOL® model asQ vol Ir
equal to 3.2x10° kW m, as derived from the closed fuel-to-sheath gap 2D r-6 fuel oxidation
model. This model achieves afuel temperature at the radial crack tips of ~1250°C during the



110

first ssimulated day. For case study (ii) varying values of Q, were used to achieve afuel
temperature at the radial crack tips of ~1250°C during the first ssmulated day. In both cases
the crack depth was the same, equal to 0.00229 m (2.29 mm) from the fuel element centre.

The boundary conditions for the heat conduction equation, Eq. (171), in the open gap
model are similar to those stated in Table 7 except that here an integration coupling variable
(i.e., agenera extrusionin COMSOL®) is used to define thermal continuity between the outer
surface of the fuel-to-sheath gap (gas domain) and the Zircaloy sheath inner surface. These
boundary conditions are given in Table 13. Specifically, the temperature at boundary B3 is
equal to the temperature at boundary B8 (Figure 43). Implementation of the general extrusion
variableis discussed in Section 3.5.3.

Table 13: Boundary conditions for the heat transfer equation used in the open gap

Boundary Parameter Valueor expression used in model
Bl Temperature T=T_s outer
B3toB8 Continuity T(B3) =T(B5)

The boundary conditions for the oxygen interstitial diffusion equation, Eg. (160), in the
open fuel-to-sheath gap model are identical to boundary conditions stated in Table 9 for the
closed fuel-to-sheath gap model except that here boundary B6 is not applicable.

The equation used for the hydrogen model fraction in the fuel cracks and fuel-to-sheath
gap in COMSOL® 4.2aformat has the form of the following equation:

%+v-(— DVQ)+u, eVg=R, (172)

where g is the hydrogen mole fraction, D is the diffusion coefficient (in this caseit isthe
diffusivity quantity cqD4 provided by Eg. (29)), u: is the velocity field applicable to
convection (which is set to zero), and Rs is the source term. To ensure that Eq. (172) has the
same form as the general hydrogen mole fraction equation, Eq. (27) (and Eq. (167) used for
the closed fuel-to-sheath gap model), i.e., so that the time scaling parameter & (equal to cg) is
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in front of the time derivative, the source term Rs is substituted by Eq. (173). This also sets Rg

to be zero in the gas domain.

R=(-c, )% (173)
The boundary conditions for the hydrogen mole fraction equation, Eq. (172), are
provided by Table 14. The boundary conditions for the open fuel-to-sheath gap model are
similar to those of the closed gap model stated in Table 11, but no hydrogen flux term from
sheath oxidation is considered. At boundary B2 (the crack surfaces) the flux termisthe

reaction rate Ri®® as provided by Eq. (25) (and defined as Rreact_fuel in the COMSOL®

model format) and at boundary B7 (the sheath defect) the Dirichlet boundary condition is
defined as g (Where g is defined as qdef in the COMSOL® model format).

Table 14: Boundary conditionsfor the hydrogen mole fraction diffusion equation for the open

fuel-to-sheath gap fuel oxidation model

Boun
Boundary congil:ic?nai))//pe No n-vq 4=0c
B2 Flux Rreact_fuel NA NA
B3 Flux 0 NA NA
B4 Neumann NA 0 NA
B7 Dirichlet NA NA qdef

The mesh used in the open fuel-to-sheath gap fuel oxidation model, Figure 44, isvery
similar to that used in the 2D model described later in Section 3.5.3. In this model there is use
of both a mapped mesh (quadrilateral mesh) and a free triangular mesh, similar to the mesh
used in the closed fuel-to-sheath gap model. In this model’ s mesh though, the sheath and the
outer fuel domain use quadrilateral mesh. The mesh is also made more dense near the crack
tips where there isincreased oxidation. This was made possible by including 0.6 mm diameter

domains around each crack tip.
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Figure 44: Finite element mesh distribution of the open fuel-to-sheath gap 2D r-@ fuel oxidation
model generated on COMSOL® 4.2a

Note that for this open fuel-to-sheath gap fuel oxidation model an all-triangular mesh was
used as well, which yielded the same resullt.

In this model, there were 7,430 mesh elements and 33,705 degrees of freedom. This
numerical model was run on a4 core, 2.80 GHz Intel i7 VAIO laptop with Turbo Boost
Technology to 3.1 GHz operating with a Windows 7, 64 bit Professional® operating platform.

The solution time was <1 hours. The results of the simulation are detailed in Section 4.2.2.

The mapped mesh prepared for the fuel-to-sheath gap and the radial cracks can be
considered a ‘ high aspect ratio’ mesh, where one edge is longer than the normal edge.
Actually, one of the reasons for using mapped or swept mesh is to create mesh elements that
are elongated in slender geometry domains in order to save computer resources but at the
same time to adequately capture the applied physics. In COMSOL®, the ‘ mesh quality’ ranges
in values between 0 to 1. Generally ahigh mesh quality is closer 1. If the gradient is gradual
enough, such as for that case of the hydrogen mole fraction concentration g, the aspect ratio of

the mesh can be increased in the direction of the concentration gradient to reduce the degrees
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of freedom of the model. COMSOL® may identify such mesh as alow quality mesh even
though it is quite adequate to use in the model.

In order to be sure the 2D models were meshed properly, amodel with a higher mesh
density and a higher mesh quality was prepared, as shown in Figure 45. Thismesh is
especially dense along the radial fuel cracks and along the fuel-to-sheath gap when compared
to the low density mesh in Figure 44. Also, the mesh of the fuel domain in Figure 45 was
changed to an al triangular mesh rather than partly quadrilateral, to ensure the model result
was independent of mesh type.

T.E-03

fuel-to-sheath 5E03
gap high density
s mapped mesh
1E-03
€ o
=
AE-03
3E-03 radia fuel
crack

fuel /5E03

-T.E-03
-TE-03 -5 E-03 -3E-03 -1E-03 0 1E-03 3E-03 5E-03 7 E-03

x{m]

Figure 45; Higher density finite element mesh distribution used in the open fuel-to-sheath gap
2D r-0 fuel oxidation model to demonstrate mesh independence

Thus, in this higher mesh-density model the number of mesh elements was increased to
31,736, which in turn increased the number of degrees of freedom to 142,797. The results of
this model ssimulation are detailed in Section 4.2.2.
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3.5.3 TheFue Solid Mechanics and Crack Propagation Model Numerical

| mplementation

To study the shape of the radial fuel cracks, considering only thermal expansion with
linear elastic material properties, and to study the conditions for crack propagation also due to
thermal expansion, a plane strain solid mechanics model was developed for two cases: (i) a
model with five pre-set initially 3 um wide radial fuel cracks and one ‘ quasi-dynamic’ radial
crack that starts as a surface flaw, and (ii) amodel with one pre-set initially 3 um wide radial
fuel crack and one surface flaw. The quasi-dynamic model employed a steady state solver
with a geometric parametric sweep (i.e., a parametric stationary analysis) where after each
solution the geometry (i.e., the surface flaw crack length) was modified followed by a
generation of a new mesh. This was done, since implementing a time-dependent moving mesh
was not feasible with the applied version of software. The static radial fuel crack tips were
located at the position of 1250°C, which iswithin the transition domain for plastic and elastic
fuel behavior as shown in Figure 14.

As suggested earlier, the clad (or sheath) may contain to some degree the thermally
expanded fuel pellet together (see again Figure 16), which may affect the crack widths and
crack growth. Hence, in addition to the two modeling objectives stated above, the 2D model
consisted of two independent geometriesin a COMSOL® ‘assembly’: The first geometry
consisted of the expanding fuel pellet and iridium bar heater, and the second geometry was for
the Zircaloy sheath under coolant pressure. This representation alowed modeling the physical
contact between the fuel pellet and Zircaloy sheath.

For this model, the ‘ Thermal Stress' interface (or module) was used in COMSOL®
version 4.3a (the term ‘interface’ or ‘module’ is equivalent to the term ‘ application mode’ as
used in the earlier COMSOL® 3.5aversion). The thermal stress interface combines a solid
mechanics interface (or module) with the heat transfer interface. This application mode or
interface has the equations for stress analysis for a solution displacement and equations for
heat transfer. The coupling between these two physics takes place on the domain level where
the temperature from the heat transfer interface acts as athermal load for the solid mechanics

interface causing thermal expansion.
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Finaly, as mentioned at the end of Section 3.4.2 the displacement of the UO, pellets
due to thermal expansion at the inner pellet annulus (where the Ir bar heater is located), at the
expected heating temperature, may or may not cause the gap between UO, and the Ir to close.
Contact between the two (or a reduced gap) would reduce the operating temperature of the Ir
bar, which would extend its life during the experiment. On the other hand, physical contact
may affect the fuel cracking behavior (crack number and geometry). Since modeling contact
(or achanging gap) between the Ir bar and the UO,, pellet (as was done between the UO, and
the sheath) was not attempted in the model due to the need for added model complexity.
Instead, two model configurations were considered: (i) where the Ir bar and UO; pellets were
modeled as a solid continuity (no Ir-UO, gap), and (ii) where the iridium bar was removed
from solid mechanics modeling (no mechanical contact exists between the Ir and UOy). Itis

mentioned that the second case neglects modeling the temperature jump across the Ir-UO,

gap.

The geometry of the 2D -0 plane strain solid mechanics model, depicted in Figure 46,
isvery similar to that shown in Figure 42 that was used for the 2D -0 fuel oxidation model.
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Figure 46: Geometry of the 2D r-0 solid mechanics model showing the different materials of the

out-reactor fuel element and the five pre-set radial fuel cracks and one surface flaw
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Included in this model is a separate rectangular domain for investigating conditions for pellet
cracking, where the green circle indicates the location of afuel pellet surface flaw.

The small blue, yellow, and black circles indicate |ocations where the model was constrained
(discussed later in the section). Lastly, five pre-set radial cracks were included.

The steady state heat conduction equation in the COMSOL® 4.2a Thermal Stress

interface has the general form given by:
PC Uy VT =V o (kVT)+Q, (174)

where p isthe density, C, is the specific heat capacity, Uyrans is the velocity field for
convection, k isthe thermal conductivity, and Q, is the heat source. Since heat transfer via
convection is not relevant in thismodel the left hand side of Eq. (174) was set to zero. The
temperature boundary conditions for the heat conduction equation are the same asindicated in
Table 13. Heat generated in the iridium bar heater was provided by a constant Q,, power term
(called Q vol_Irin the model) equal to 3.5x10° kW m™. This power value was provided by
the fuel oxidation model discussed in Section 3.5.1.

For the gas domains where no solid mechanics physics was solved, specifically in the
steam filled fuel cracks and in the fuel-to-sheath gap, only a heat conduction equation was
applied. For this special case, a heat transfer sub-node (that is solid mechanics physics free,
called ‘Heat Transfer in Solids 1') was defined in the Thermal Stress interface node as shown
in the following figure.

v3 r_phi_3_08_3, Ir radius reduced,with

+ = Global Definitions =} Prescribed Displacement 2 (sheath y only)
4 W Madel1 (madl} CiBearmdary Load 1 (coolant pressees]
= Definitions 5 : ;
A 4 Heat Transfer in Seclids 1 (steam regions)
=\ Geometry 1 = ) )
. #B Materials -t Equation View
4 5= Thermal Stress [ts) =+ inner sheath surface temperature
"7 Thermal Linear Elastic 1 = Boundary Load 2 (on sheath inner surface)

Figure 47: In the COM SOL® model builder, under the Thermal Stressnode, the ‘Heat Transfer
in Solids 1" isdefined
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A ‘Heat Transfer in Fluids' sub node could have also been selected (not shown here) if the
accompanying velocity field terms were set to zero. Lastly, in order for these gas domain
boundaries to be geometrically coupled with the changing thermally expanding solid pellet
boundaries, an Arbitrary Lagrangian Eulerian (ALE) moving mesh was used. ALE is
explained in more detail in Section 3.5.4.

In order to solve a solid mechanics model, it is necessary to provide boundary load
conditions as well as kinematic constraints and symmetry constraints (if any). Applied loads
can be point loads, moments, distributed loads or pressures. The applied boundary loads are
provided by Table 15, with parameters or variables as used in the model. The
contact_pressure value is computed in COMSOL® with a custom penalty method, which is
explained later.

Table 15: Boundary loads applied to solid mechanics 2D r-6 plane strain model

Boundary Surface name Parameter /variable Value
B1 Sheath outside surface coolant_p 1x10" Pa
B4 Pellet surface contact_pressure Var_lt_eswnh azimuthal
position
B8 Sheath inside surface contact_pressure Vaieswith azimuthal

position

Kinematic constraints are equations that control the motion of solids, faces, edges, or
points. A special constraint to keep an edge of abody straight or to make a boundary rotate,
requires constraint equations. In COMSOL® 4.2a, a‘ prescribed displacement’ is used to
define a constraint by entering a constraint expression. A ‘fixed’ constraint is used when

trandational motion in all three x, y and z directions is prevented.

The locations of ‘fixed” and ‘ prescribed displacement’ constraints are shown in
Figure 46, indicated by the small circles at numbered locations. The black central circle
indicates the location of afixed constraint and the other small circles (yellow and blue)
indicate the locations of prescribed displacement constraints. Table 16 defines the applied
constraints and their locations. The vector displacement field is given by u = (u, v) whereu is

the displacement in the x direction and v is the displacement in the y direction.
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Table 16: Fixed and prescribed displacement constraintsused in the 2D r-6 plane strain model

Constraint type Part of model Locfptggﬂrigﬂ)odd Expression

Fixed constraint Iridium bar and pellet 1 u=0
Prescribed displacement Iridium bar and pellet 2,4 V=V,=0
Prescribed displacement Iridium bar and pellet 3,5 Uu=u,=0
Prescribed displacement Sheath 7,9 V=v,=0
Prescribed displacement Sheath 6,8 Uu=u,=0

For example, for the ‘iridium bar and pellet’, of locations 3 and 5 in Figure 46, the prescribed
displacement constraint is set to zero in the x direction but movement is allowed in the y
direction.

Included in thismodel is contact modeling between the expanding fuel pellet and the
contracting Zircaloy sheath. A customized penalty method was prepared and used in the
model to simulate solid contact rather than using COMSOL®’ s built-in solid contact
algorithms. The premises of the penalty method is that when two or more rigid bodies overlap
and penetrate each other due to movement caused by external forces or thermal expansion, a
force proportional to the penetration depth is applied to resist, and ultimately eliminate, the
penetration. On the one hand, very low penalty values can improve convergence but can allow
the boundaries to penetrate each other to some degree. Very large penalty values on the other
hand allows for very little boundary penetration, which increases the displacement field
accuracy. The disadvantage of alarge penalty value is that convergence difficulties may arise.

The penalty method equations that are used in the COMSOL® 2D r-6 plane strain model
are detailed in Table 17 and the method is explained with the aid of Figure 48. A ‘ geometry
assembly’ gap initially exists between the sheath inner surface (B8) and the fuel-to-sheath gap
domain (blue area) outer surface (B3). When the model simulation isinitiated, heat is
generated in the iridium bar domain causing the fuel pellet to thermally expand as explained
in Section 3.4.1. With an applied coolant force on the external sheath surface and the thermal
expansion on the pellet, contact between the sheath and pellet is achieved within only a few
minutes of heating. Hence, the initial geometry assembly gap is closed leaving only the fuel-
to-sheath gap (slender blue domain) between the fuel and the sheath.
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Figure 48: Close-up view of the fuel and sheath region before simulation initiation to explain

contact modeling using the penalty method

At every time step the ‘relative_distance’ variable in Table 17, which is the distance between
the sheath and the pellet surface, is computed over 2r radians of the sheath and pellet. Thisis
achieved by using two ‘ extrusion coupling variables in COMSOL® called the
‘sheath_inner_surface()’ and ‘pellet_surface()’, which are geometrically defined as the sheath
inner surface and pellet surface, respectively. The difference between these two variablesis
the ‘relative_distance'.

Table 17: Variables used for general extrusion model coupling to apply the penalty method

Variable name Expression used in COM SOL® model Purpose
Provides the angle at every
caangle atan(y x) specified coordinate.
sectorandle ((sin(calangle)>=0)*calangle + Provides positive angles from 0 to
9 (sin(calangle)<0)* (2* pi+caangle)) 2n for coordinates x and y.
R1 St (x"2+y"2) Conversion from Cartesian x and y

coordinate to radial coordinate

Calculates the relative distance
between the sheath inner surface
and the pellet surface over 2.

sheath_inner_surface(R1)-pellet_surface(R1)-

relative_distance ftsq, thickness

If the pellet surface overlapsthe
contact_pressure | -(relative_distance<Q)*relative distance*2e14 sheath inner surface a proportional
contact pressure is applied.
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The ‘ftsg_thickness' is the fuel-to-sheath gap thickness, which is set in this caseto 3 um. The
‘sectorangle’ equation ensures the angle is always positive on the sheath x and y coordinates
and runs from 0 to 2x. When the pellet outer boundary with the fuel-to-sheath gap thickness
(B3) passes the Zircaloy sheath inner boundary (B8), the relative_distance variable becomes
negative. At this point, the ‘ contact_pressure’ variable takes on a positive value in Pa, which
is applied to the sheath inner surface (B8) and the fuel pellet outer surface. In this manner
every azimuthal point on the sheath internal surface receives a specific value of pressure,

which in this case, islinearly proportional to the penalty distance, i.e., therelative_distance.

To numerically assess whether conditions for linear elastic fracture occur as expressed
in EQ. (119) in the out-reactor fuel pellet due to thermal expansion, the stress intensity factor
K, was computed. Figure 49 illustrates the circular J integral contour located around a pellet
surface flaw tip. Also in the figure isablue line that separates the 3 um thick fuel-to-sheath
gap domain (which is hard to discern in this figure) and the surface pellet flaw domain that is
initially 0.175 mm deep into the pellet. It can be noted that the J integral contour could also
have been rectangular or diamond shaped. The wedge shape of the surface flaw was selected

for itssimplicity.

The stress intensity factor equations used in the model in COMSOL® format are
presented in Table 18. The numerical formulation for the J integral was taken from an
example of an edge crack in abody under tensile stress[71], asillustrated
in Figure 31 (b).Thefirst term in Eq. (125) isthe integrated value of wsny over ds, caled W_1
in the model. It is calculated by taking the strain energy density ws, defined by Eq. (126),
called tsWsin the model, and multiplying it by the unit normal vector n,, called Nx1 in the
model, and integrating this variable over the circular contour I'c by applying the intopl
integration operator.
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Figure 49: The pellet surface flaw and the J integral boundary used in the plane strain model

n contour for Jintegral

\j / computation

In asimilar manner, the second term in Eq. (125) isthe integrated value of T;(0ui/0x)
over ds, called Tdudx_1 in the model, where T; is the traction vector and u; is the
displacement vector. The first component of the traction vector is oyx-ny, caled ts.sx*Nx1in
the model, where again n, (or Nx1) isthe unit normal vector of the circular contour around the
crack tip. The derivatives of the displacement vector in the x direction, dui/ox, are called uX
and vX in the model.

With the two terms of Eq. (125) computed their sum is equal to the J integral quantity,
called J 1 inthe model. The UO, modulus of elagticity at the crack tip, called ES UO2_crack
in the model, is estimated by calculating Eyo, given by Eg. (139) and the UO, Poisson’ s ratio

Vuo, given by Eq. (109). The division by (1— vjoz) is due to the plane strain condition, Eq.
(123).

Table 18: J integral numerical equationsin COM SOL ® for mat

Symbolic Variable name i ® -
[ used in mode Expression in COM SOL = for mat Description/pur pose
j (W n )ds , N Theintegral of tsWs, the
; s X Ww_1 intopl(ts.Ws*Nx1) first term in Eq, (125)
" . " " The elastic strain energy
I()1.g+(ts.S| 11*ts.eel 11+2*ts.Sl 12* ts.ee density (without initial strain
Ws tsWs 2*15.5113 ts.cel 13+5. S22+ ts el 22+ tceronl\‘j)sgsLdgﬂeg o

2*1s.9123* ts.eel 23+ts.9133* ts.eel 33) Eq (126) e
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Table 18: J integral numerical equationsin COM SOL® format

mbolic Variable name . —_
Syname T — Expression in COM SOL® format Description/purpose
The second term in Eq.
ou . X . . * (125). The quantity in the
I( i axl jds Tdudx_1 Lnt(?gé(( (fﬁfl( +{\st11-’[§.5>1<§/* vNXy)? ux inner parenthesisisthe
I, XY Sy Ny traction vector and ts.sx is
the stress in the x direction.
J J1 W_1+Tdudx_1 The Jintegral quantity
Y oung's modulus at the
Euop ES UO2 crack | aveop2(ES UO2/(1-nu_UO2"2)) crack tip, [N/m"2]. Eq.
(123) and Eq. (139)
Stress intensity factor
*
K, Kl 1 sgrt(ES_UO2_crack*abs(J 1)) [Pa* 0.5, Eq (124)

The stress intensity factor K, given by Eq. (124), can then be calculated around the crack tip.

The absolute crack length, a, called crack_length_ain the model (Table 19), is
calculated at each parametric crack length value increase, using two integration operators in
COMSOL® called intop2() and intop3(); one at the pellet surface next to the crack opening
and one at the crack tip, respectively.

Table 19: Absolute crack length

Symbolic name Variable name Expression Description/pur pose

a crack_length_a abs(intop3(x)-intop2(x)) length of crack

Using the parametric range defined in COMSOL® as range (0,8.75e-8,1.4e-6), where
8.75e-8 sin the time increment. The time values are converted to distance using the Raleigh
wave speed in UO, equal to avelocity of 2580 m s™ for a propagating crack [79][157]. It is
noted here that including the velocity of a propagating crack was not necessary in this case,
since the model is solved as a steady-state problem. Nevertheless, it is added for reference
purposes only. If atime dependent solution were required in a different model then terms such
as the dynamic stress intensity factor, the Raleigh surface wave speed, and the Freund crack
speed could be considered [79].

As previously mentioned in Section 3.4.2, Kutty [135] used the Vickers indentation
technique, commonly used for determination of fracture parameters of brittle and ceramic
materials, to determine the fracture toughness and fracture surface energy of sintered UO, at
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room temperature. Extrapolating from experimental values [135] a fracture toughness
applicableto CANDU fuel is provided in the following table:

Table 20: Experimental UO, fracturetoughness K, [135]

Volumefraction porosity P, | crack length a[um] | FracturetoughnessK.[MPam®?]

0.03 879 0.822

For the specific case of the UO, pellet, the fracture stress or provided by Eg. (110) and
the correction factor Y provided by Eqg. (121), can be used to calculate the fracture toughness
near the pellet surface. The fracture stress at this location, which is temperature dependent, is
about 120 MPa. The correction factor Y at the pellets surface is estimated to be 1.119. If a
poresizein afuel pellet is selected to be as high as 2a =40 um [15] then the plane strain
fracture toughness calculated using Eq. (118) is presented in Table 21.

Table 21: Calculated UO, fuel fracturetoughness K,

crack length a [um] Fractur e toughness K, [M Pa m®?]

20 1.064

One reason that the measured fracture toughness of UO, [135][137] mentioned earlier is
lower than the calculated value could be because the fracture stress of UO, (Eg. (110))
decreases with temperature and the measured results were taken at room temperature. Another
reason could be due to the selected pore size (crack length a) given by Olander [15], which
may be excessive in length. Song et al. [158] reports an upper pore size of only 10 umin
sintered and reduced UO; fuel, which may be more appropriate. Lastly, only asingle
calculated K| point is presented, since only the fracture stress ot (EQ. (110)) for typical crack
lengthsin UO; (fuel pore sizes) isknown (i.e., thereislittle information o of UO, with

varying crack lengths).

The fracture toughness values reported in Table 20 and Table 21 are the values that are
compared in thiswork to the stress intensity factor (Eq. (124)) computed around the crack tip

to determineif crack propagation is favored.
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For computing the J” integral (Eq. (134) and Eq. (135)), which ensures integration path
independence in amaterial that isin the presence of thermal gradients, the implementation of

the applicable equationsin COMSOL® format is provided in Table 22.

Table 22: J" integral numerical equation formulation

Variable name

ecq i ® A af
in model Expression in COM SOL ~ format Description/pur pose

Symbolic name

o J‘J‘ o aT dA area intearal intop4(alpha_exp_UO2* (ts.S111+ts.S5122 | Third termin Eq. (134) used
3T ox Lnteg +ts.5I133)*ts.gradTX) in homogeneous materials

J J star J 1+area integral The J* integral, Eq. (134)

1 * *

e intop4((ts.SI11+2*ts.S 13+2 ts.Sl13+ts. Second term in Eq (135)
_Ua —-dA area _integral_2 SI22+2%15.923+s SI33) used in non homogeneous
) ox = = | d((ts.eel11+2*ts.eel 12+2* ts.ecl 13+ts.eel materials

22+2* ts.e6l 23+ts.006 33), X))
J J star 2 Tdudx_1+area integral+area integral_2 The J* integral, Eq. (135)
KI1star | sort(ES UO2 crack*abs(J star)) Stress '”tsztZ)fa"tor’ Eq.

Ki : :

KI_1star 2 | sort(ES_UO2 crack*abs(J star 2)) Stress '”ter(‘fztzl’)factor’ =

Note: The ‘ts.Slij’ in ‘area_integral’ and ‘area integral_2' integralsis the Second Piola-Kirchhoff stress tensor
in the local coordinate system. ‘ts.glij’ stress tensor could have been used instead of ‘ts.Slij’ with only minor
differencesin results. The latter was used, sinceit is also used by COMSOL® tsWsin Table 18.

J" is computed for an isotropic material with temperature gradients (or J_star) and computed
for a non homogeneous material (J_star_2), as discussed in Section 3.4.2. In the current work

both values of J are computed to see if they are both path independent.

The constants used in the 2D r-0 plane strain solid mechanics model are summarized in

the following table:

Table 23: List of constantsused in the 2D plane strain model

Symbol COM SOL® constant name Description Value
. : the theoretical fuel pellet 3
pP1D theoretical_density density 10.96 [g cm™]
Ps new density_manf Manufactured fuel density 10.63[g cm™]
i i density_manf
NA UO2 frac_theo_dens uo, fractlona! theoretical . y_| .
density theoretica_density
density_manf
NA porosity_manf M anufactu_red fuel 1- : y_| .
porosity theoretica _density
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Symbol COMSOL® constant name Description Value
Azir delta zirc average oxygen le-4
concentration
C cold_work_zirc unitless ratio of areas 0.001
¢ phi_fluence fast neutron fluence 0[nm?
X Xdev Stoichiometric deviation 0.000001
value
T T ref Strain reference 300 [K]
temperature
NA T surf Outside sheath surface 573 [K]
temperature
p Beta Burnup in atom % 0.00001
R _gas Gas constant 8.3144 [Jmole™ K]
Qr Q frack Effective heat of cracking 1590 [Jmole™]
NA sheath_wall Sheath wall thickness 0.0004 [m]
NA sheath R_inner Sheath inside radius 0.006116 [m]
- . sheath R inner +
NA L
sheath R outer Sheath inside radius sheath wall
Ro pellet_radius Pellet radius 0.006075 [m]
NA ftsg_thickness Fuel-to-sheath gap 3e-6[m]
NA Ir_radius Iridium bar radius 0.00145[m]
Pzirc rho_zircaloy Density of Zircaloy 6.44[gcmd)
Pir rho_Ir Density of iridium 22.5[gcm?
L 1.32%(1-
Yuo2 nu_UQO2 UO, Poisson'sratio 0.26* porosity_manf)-1
Vo nu_lIr Iridium Poisson's radio 0.27
V_zirc nu_zirc Zircaloy Poisson's radio 0.37
o alpha Ir Irl(ljlum coeff|C|_ent of 6.40-6
inear expansion
. L Initial yield stress of
Oys0 s yield zirc initia Zircaloy at 573 K 150€6 [Pa)
Eir E Ir Y oung's modulus of Ir 528€9 [Pa]
Qn Q vol_Ir Volumetric electric heat 3,566 [KW m?]
sourcein iridium bar
NA coolant_p Coolant pressure 10e6 [P4]
NA crack_depth Crack tip radial position 0.00229 [m]
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For further details on the 2D r-6 solid mechanics and crack propagation model see

COMSOL® model report in Appendix B.
Mesh elements and contour shapes for regular J integral computation

Two types of mesh schemes were used to compute the solid mechanics crack
investigation model: (i) A mesh consisting of a combination of quadrilateral and triangul ar
mesh elements and (ii) a mesh consisting of mostly quadrilateral elements. For both cases the
regular Jintegral Eq. (125) was computed (i.e., no thermal gradient consideration). In
Figure 50, the first mesh scheme (generated on COMSOL® 4.2a) is used where the
rectangular mesh is applied to the model peripheral regions, which isideally suited for the
solid-solid contact modeling between the sheath and fuel pellet where increased stability and
accuracy isrequired. The Zircaloy lower stiffness (due to its Y oung’s modulus and shape)
was assigned a denser mesh (for most of the sheath circumference) than the stiffer UO,
material with the larger Y oung’s modulus and thicker dimensions. This afforded improved

stability during solution convergence.
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general mesh at simulation start and (b) isthe closeup region of the surface flaw
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For the first mesh scheme, Figure 50, in the area where conditions for crack propagation
were computed the mesh consisted of triangular elements due to the ease of generating a new
mesh for every new geometric parametric sweep value. For this a separate horizontal
rectangular crack domain was defined in the fuel domain so that a denser mesh could be
defined in the vicinity of the ‘ propagating’ crack tip (see Figure 50 (a) and (b)). The mesh was
made especially dense in and around the circular J intergral contour. For the remainder of the
crack tipsthat did not change position with the parametric sweep, a 0.4 mm diameter circle

domain was included to increase the local mesh density.

To ensure the stress intensity factor computation, around the parametrically grown crack
tip, was independent of the selected mesh type and the shape of the J integral contour, a
second mesh configuration scheme was used. Here the ‘ horizontal crack domain’ was
widened. The domains of the J integral contour, the horizontal crack domain, and the
remaining fuel domain (largest area) were filled with quadrilateral mesh elements, see
Figure 51 (generated on COMSOL® 4.3a). Unlike when using the ‘free triangular’ mesher,

which can mesh any domain, errors can occur when using the ‘free quadrilateral’ mesher.

horizontal crack domain
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Figure 51: Finite element mesh of 2D r-@ plane strain solid mechanics model with quadrilateral
mesh, where (a) isthe general mesh at simulation start and (b) isthe closeup region of the

surface flaw
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Errors such as: “failed to create an even number of edge elements’ can occur. For this reason
all meshesin the parametric sweep (17 in al) were first checked for proper generation, so that
errors could be corrected before running the model. The only domains that were filled with
triangular mesh elements were the small 0.4 mm diameter circles around the five unchanging
crack tips, the iridium bar heater, and the developing fuel crack domain, where only the heat
transfer equation was solved for. The last difference between the mesh shown in Figure 50 to
the mesh shown in Figure 51 isthe J integral contour, which is circular in the former and
sguare in the latter. Thiswas to show that the shape of the J integral contour does not affect

the outcome of the computation.
Meshes and contour shapes of varying sizesfor Jand J integral computation

In Figure 50 and Figure 51 the J integral contour was approximately the same size;
0.1 mm radius for the circular contour and 0.25 mm side length for the square contour. To
show contour shape independence as well as contour path independence, larger circular and
square contours were aso modeled. But first for computing the J integral, Eq. (125), and the
J"integral, Eq. (135) for anon homogeneous material (which also considers thermal
gradients), it was noticed that the solution was sensitive to the type of mesh used (triangular
elements vs. quadrilateral elements), especialy when computing Eqg. (135). Sinceit isusually
the practice to use quadrilateral meshin 2D (or hexahedron mesh in 3D) in solid mechanics
problems, the following mesh configuration (Figure 52) included mostly quadrilateral mesh.



129

horizontal crack domain

@ Jintegral contour (b) Jintegral contour
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fuel -~ :
crack
_ _ _ . fuel
0.1 mm radius quadrilateral mesh quadrilateral mesh  0.25mmside  gomain

Figure 52: Smaller Jintegral contours, specifically: (a) 0.1 mm radiusround contour and (b)

0.25 mm squar e contour, both with quadrilateral mesh

In these model s the meshed fuel domains were similar to the previous meshed models (in
Figure 50 and Figure 51) except that the ‘horizontal crack domain’ was made slightly wider in
the vertical direction to accommodate the J integral contour and the mesh, the mesh was made

denser, and all mesh elements were made quadrilateral.

For models with increased J integral contour sizes, Figure 53 (a) showsa0.25 mm
radius contour and Figure 53 (b) shows a 0.5 mm sided square contour, both having a
guadrilateral mesh. As shown previously, the crack domains used a triangular mesh, since this
domain was outside the solid mechanics physics domain and so did not require quadrilateral
mesh.



130

. horizontal crack domain
Jintegral contour Jintegral contour
@ (b) x *
sheath

sheath domain
domain L T
fuel &5 LA i I - H ; H
B domain ——— e
+— - i ' 7t
i i | T
fud ~ 5 — e e
crack crack HEHHEIN
, . . fuel ;
0.25 mm radius triangular mesh quadrilateral mesh domain 0.5mm side

Figure53: Larger Jintegral contours, specifically: (a) 0.25 mm radiusround contour and

(b) 0.5 mm squar e contour, both with quadrilateral mesh

For the model shown in Figure 53 (b) the model number of elements was 11,445 and the
geometric discritization used in solving the heat conduction equation were 1% order
polynomials, or linear shape functions. Setting the heat conduction equation polynomial
shape function to linear was sufficient, since increasing it to quadratic shape function had a
barely discernable improvement on the solution. For solving the solid mechanics physics the
geometric discritization was set to 2™ order polynomial, or quadratic shape function. The
resulting model degrees of freedom solved for was 205,959. A direct method solver, called
MUMPSin COMSOL® was used to compute the model, also known as a Gaussian
Elimination or LU decomposition solver (also called LU factorization). MUMPS is afast
multi-core capable solver, introduced in COMSOL® version 4.x and |ater. The remaining of

the modelsin this section were solved with similar solver settings.
3.5.4 The Coupled 2D r-0 Out-Reactor Fuel Oxidation and Plane Strain Solid
Mechanics Model Numerical | mplementation

In the current out-reactor instrumented defected fuel experiment the power applied on
the fuel element will not change substantially during the test. This means that the radial crack



131

lengths and widths will not greatly change. Additionally, the amount of fuel oxidation
achieved will be modest, but measurable, given the relatively short heating time (1-2 weeks)
and therelatively low linear powers (17-23 kW total or 10-12 kW when only the central Ir
heater is considered). It is expected this oxidation level will not substantially change the UO,
fuel thermal conductivity. Hence coupling the fuel oxidation model with the solid mechanics
model with thermally expanded fuel cracks, would seem to have limited benefits. However a
similar model simulating an in-reactor high powered defective fuel element in normal and
accident conditions may be quite useful, where crack number and crack geometry may change
substantialy during its time in the reactor core. Thisin turn could affect the fuel oxidation
rate leading in certain casesto fuel melting. The following model numerical implementation
describes how the fuel crack domains and solid fuel boundaries can be coupled together.
Cracks lengths (or depths), which are dependent on fuel temperature, are fixed in this model,
but could be made to vary as well.

For the gas domains, where no solid mechanics physics is solved, specificaly in the
steam filled fuel cracks and in the fuel-to-sheath gap, only the the heat conduction equation is
solved for. But in this configuration the hydrogen mole fraction equation, Eg. (27), would be
independent of the pellet radia crack dimensions, since the boundaries of the gasfilled
domains would not follow the pellet boundaries. Model results in Section 4.2.2 will show that
thereis an effect of the radial fuel crack width on the amount of fuel oxidation. Hence, in this
section, the gas domain boundaries (of the steam filled fuel cracks and fuel-to-sheath gap) are
geometrically coupled with the changing thermally-expanded solid pellet boundaries using an
Arbitrary Lagrangian Eulerian (ALE) moving mesh (or a deformed mesh method) in
COMSOL®.

Within the ALE moving mesh interface, the * Prescribed Mesh Displacement’ nodeis
activated. For the ‘ Prescribed x and y displacement’, or dy and dy inputs, the valuesin Eq.
(175) are applied. The dependent dispal cement variables u and v are computed by solving the
solid mechanics part of the model.

(175)



132

The pellet boundaries highlighted in blue in Figure 54 indicate where the * prescribed mesh
displacement’ values u (x coordinate displacement) and v (y coordinate displacement) are
applied. In this manner the boundaries of the non-solid mechanics part of the model - the
hydrogen mole fraction diffusion equation, active in the steam-filled cracks and fuel-to-sheath
gap domains - follow the thermally expanding or contracting crack boundaries of the solid
fuel.

sheath defect at 12
o' clock location

pellet surface displacement

valuesu and v
sheath
domain
gas
domain
fud (solid) /
radial cracks domain
initially 3 um
wide

Figure 54: Boundaries used for ALE moving mesh fuel oxidation and plane strain solid

mechanics model

Thus the fuel oxidation model becomes coupled with the plane strain solid mechanics model.

COMSOL Multiphysics® Version 4.3b FEA software package was used for this purpose.

The six fuel cracksin Figure 54 are full length in the radial direction and areinitially
3 umwide. Sheath plasticity was not considered in this model to improve solution
convergence. Quadratic shape functions were applied in all physicsin thismodel. Triangular
mesh elements (5,204 elements for internal fuel domains) and quadrilateral mesh elements
(1,530 for external fuel domains and sheath domains for contact modeling) were used. Fuel
oxidation, due to a sheath breach located at 12 o’ clock position in the model, was allowed to
occur at common interfaces between the fuel and gas domainsin all six fuel cracks. Thetime
dependent fully coupled model was solved for two weeks of simulated heating. The remaining
model numerical implementation follows similar steps outlined in Section 3.5.1 for the fuel
oxidation model and Section 3.5.3 for the plane strain solid mechanics model. In this model
there were atotal of 6,734 mesh elements and 90,889 degrees of freedom. The model was
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solved on an Intel Xeon® duo quad core (8 CPUs) HP work station operating at 2.66 GHz on
aWindows XP 64 bit Professional® platform. 5-6 days of computer operation was required to
solve this model. The results of the simulation are detailed in Section 4.4.

3.5.5 Theln-Reactor 3D Fuel Oxidation Model Numerical | mplementation

A 3D fuel oxidation model was constructed that simulates an in-reactor defective fuel
element with similar operating parameters recorded for fuel element X5 (XC9179Z-5) from
Darlington Nuclear Generating Station [29]. COMSOL ® version 3.5awas used in this case.
The purpose of this model was to compare model oxidation results to actual oxygen
stoichiometric deviation measurements of an in-reactor defective fuel element (post
irradiation examinations (PIE) that includes coulometric titration measurements [24]). Thein-
reactor defective fuel oxidation model includes fission heating and burn-up. This model
contains discrete radial fuel cracks similar to the 2D r-6 fuel oxidation model discussed in
Section 3.5.1 and generally discussed in Section 3.3.1, but only cracks immediately in the
vicinity of the sheath defect are considered. Furthermore, the radial cracks only run a partial
length of the fuel element. The reasoning for these two points will become clear in the results
section. The sheath defect size in this model is specified to be similar in surface areato the
sheath defect actually observed (see the yellow patch in Figure 27 (a)). Also included in this
model isasingle pellet-pellet gap beneath the sheath defect where steam ingress and

additional surface oxidation is believed to occur [80].

The peak fuel element linear power, the approximated largest sheath defect size, the fuel
burnup, and the estimated post defect residence time were provided by [24]. The largest
sheath defect was estimated to be 8 mm? but more than one sheath defect was observed.
Specificaly, at one end of the fuel element an open blister was observed. At the fuel e ement
mid section severa blisters near bearing pads as well as a sheath crack were observed. Lastly,
at the other end of the fuel element an incomplete endcap to sheath weld was observed [24].
Hence the actual total sheath defect surface areawas larger than 8 mm?. A single sheath
defect may not be representative of multiple sheath defects, but for smplicity purposes a
single 12 mm? sheath defect was selected and was positioned at the fuel element axial centre.
The actual average bundle burnup was 45-139 MWh kgU™ at the time the bundle (and the
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defective fuel element) was removed from the reactor, which is equivalent to arelative burnup
of 0.200 to 0.617 atom%. For simplicity purposes a constant relative burnup value was used

in the model equal to 0.5 atom%. L astly, a post sheath defect residence time of 126 days was
used, as determined by **!1 measurements [24]. Table 24 at the end of this section provides
the remaining parameters used in the fuel oxidation model of the in-reactor defective fuel
element XC9179Z-5.

A Yamodel was sufficient to represent afull length fuel element due to symmetry (i.e.,
the model is reflected about the Z axisin the axial direction, and reflected again about the
Z axisbut inthe y axisdirection. Model reflection about the X axis could not be done due to
non symmetry of the defect surface in this direction, see Figure 55 (a). The sheath surface

defect was defined by the silhouette of acircle equal to approximately 12 mm? in area (or a
dashed circle with aradius of 2 mm), see Figure 55 (b).

7 @ closeup view (b) fuel crack and
sheath defect location pellet-pellet gap

_ )

" 2mmradius
>
P boundary
representing a
sheath defect
(=12 mm?)

fuel crack opening

Figure 55: Sheath defect location and geometry in 3D in-reactor fuel oxidation model

The green thin surface areas Figure 55 (b) are the crack and pellet-pellet gap opening surface

areas under the 2 mm radius sheath defect circle.

The fuel crack and pellet-pellet gap geometry location and identification in the model is
provided in Figure 56. In this¥2model only two radial cracks were created: one vertical crack
(a) at themodel Z axis of reflection and one crack (b) rotated 16.2° degrees from vertical
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crack (4). Again, since the model is reflected about the Z axis the number of radial cracksis
thismodel is actually three. The width of crack (a) was set to 15 um, but since the model is
reflected this width is equivalent to 30 um. The width of crack (b) was set to 30 um. The
pellet-pellet gap near the sheath defect, where in deuterium gas diffusion also occurs, was set
to 25 um and due to model reflection this gap is equivalent to 50 um in width. The depth of
the fuel cracks was set to 4.575 mm from the surface (or 1.5 mm from the centre of the fuel
element). This dimension was chosen so that the root of the crack was positioned at a
temperature of ~1250°C (based on the applied fuel element power) for the reason explained in
Section 1.5.

X1

| >
/ \ fuel domian
steam domains "\ | T (®)
in fuel cracks —t— T~ <~ steamdomain
_ \ in the pellet-

pellet gap

Figure 56: In-reactor fuel crack geometric locations and width identifications

The fuel element model consisted of two partial or sub geometry models - forming an
“assembly model’. This was done so different meshes (that do not share common nodes at a
common interface) could be used in each partial or sub-geometry. This allowed the modeling
of the slender fuel cracks using swept mesh in the first sub-geometry and regular free
tetrahedral mesh in the second sub-geometry. The reason why the entire length of the model
was not meshed with swept mesh was because the generated prism and hexahedron cellsin
the swept mesh increases the model’ s degrees of freedom from 1.4-8.5 times as compared to

al tetrahedrons [159]. Hence, using this modeling approach conserved available computer
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resources (especialy computer memory). To allow for physics continuity between the two sub
model geometries an ‘identity pair’ was defined between model boundaries that occupied the
same interfaces. Thisis shown in Figure 57. Sub geometry 1 contained the slender fuel cracks
and pellet-pellet gap and sub geometry 2 contained only solid fuel with no cracks. In
COMSOL® version 3.5a the identity pair was activated from the Options/I dentity
Conditiong/Identity Boundary Conditions pull-down in the software toolbar. The dependent
variables used in the identity pair are the temperature variable T and the solid state oxygen
stoichiometry deviation variable Xdev (or x). The deuterium-to-steam ratio (deuterium and
not hydrogen, since it’s an in-reactor case) diffusion dependent variable g was not used in the
identity pair, since its equation was not used in sub geometry 2. In the identity pair the
dependent variables T and Xdev are applied as the ‘ source’ expressions in sub geometry 2 and

as ‘destination’ expressions in sub geometry 1.

boundaries used to | ~
define identity pair = y ‘\I <

sub geometry 1

sub geometry 2

Figure 57: Identity pair boundaries used for physics continuity

Transport and generation of deuterium gas within the fuel cracks and pellet-pellet gap
near the sheath defect is governed by the hydrogen (or in this case - deuterium) diffusion
equation, Eq. (27), or in COMSOL® formin Eq. (167) and in expanded form in Eq. (67).
Deuterium generation due to sheath oxidation by the steam is neglected. Theinitial deuterium
mole fraction g in the fuel cracks and pellet-pellet gap is equal to constant . where 7 isthe
model length (see Table 24):

q=0, ¢ -0013[m]<Z </, at=0 (176)
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The boundary conditions for the deuterium diffusion equation are similar to Eq. (168), with
the difference that in thismodel fewer radial cracks are defined. The boundaries that
participate in fuel oxidation and hydrogen generation are highlighted in red in Figure 58.

These boundaries lie between the steam and fuel domains.

sub-geometry 2
crack surfaces
Z

— y S sub-geometry 1
X -

identity pair \ gtjelr:c;t(;;ellet gap

location

Figure 58: Flux surfaces active at fuel crack surfacesand at a pellet-pellet gap surfacein an

in-reactor fuel oxidation model

The inward fluxes N, for the deuterium diffusion equation at the indicated surfacesis given

by Eq. (177), where internal volume fluxes N are expressed as well.

at the surface: No =-n - N = Ri®* =" flux"

(177)

c,D
and within the gas domain: N = -—-2Vvq
T

For the surfaces that were very slender, such as crack edges or tips, or that did not share
common interfaces between the steam and the solid domains, such as the crack surfaces at
reflection boundaries, the inward flux was set to zero. The boundary condition for the sheath

defect, see the green dender areas in Figure 55 (b), was set to value q..

For interstitial oxygen diffusion Eqg. (18), expanded as Eq. (66), was applied. Before the
onset of fuel oxidation (i.e., intact fuel and zero burnup) the fuel pellets were assumed to be
essentially stoichiometric, where aqie (Or a_pellet in model) isthe pellet radius:
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X~0(x=1x10%,at=0, for

0< X </
(178)

- Apdlet < y < Apellet

- Apdlet < Z < Apgllet

Boundary conditions for the solid state oxygen diffusion equation (Eg. (66)) is zero at all
external boundaries of the model (i.e., zero flux) except for fuel crack and pellet-pellet gap
boundaries where the fuel domains share gas domain boundaries (Figure 58). The inward
fluxes Gs for the solid state interstitial oxygen diffusion equation, at these surfaces, are given
by Eg. (179), where internal fluxes are expressed as well:

react

at the surface: Gs=-n-T' = (f:— =" flux"
U
(179)

and within the solid domain: T = — D(Vx+ X%VT)

The heat conduction equation, Eqg. (32) (and in an expanded form in cylindrical
coordinates as Eq. (68)), with a volumetric fission heating source term Q, provided by EQ.
(33) (which employsfirst order modified Bessel functions) was used in this model. The linear
power Piinear Was set to 44 kW m™*. The boundary conditions for this equation areillustrated in

the following figure:

g
S
Q
g
3
o
<
N
Xl

\ thermal insulation
W \ sub-geometry 1

0.24m

thermal insulation

Figure 59: Heat conduction equation boundary conditionsfor in-reactor model
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The fuel outer surface temperature is provided by the Dirichlet boundary condition:
at thefuel surface: T =T,,; (=645K and 706 K) (180)

The former temperature boundary condition is an estimated value. See Table 24 at end of
section for additional information on the latter value. The temperature gradient at the fuel
element model ends as well as across the model reflected about the Z axisis given by the

Neumann boundary conditions:

oT ot

—_— —= 0

x oy (181)
As explained earlier, an identity pair (Figure 57) was used in order to conserve

computer memory during the computation. Specifically, the fuel element end, half-circle,

outer surface (see Figure 60 (a)) was meshed in 2D using ‘free’ mesh triangles in the fuel

domains and rectangles (also called quadrilaterals) in the slender fuel cracks domains using

‘mapped’ mesh.

@)

sub-geometry 1 (D)

swept mesh
AN

N

fuel cracks

2D meshed outer face,

used for swept mesh sub-geometry 2

free tetrahedrons mesh

Figure 60: (a) 2D meshed surface used to sweep 3D sub-geometry 1 and (b) two meshed 3D sub-
geometries where sub-geometry 1 consisted of prism and hexahedron cells and sub-geometry 2
consisted of tetrahedrons.
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Once this was done this outer meshed surface was swept along the fuel element axis

(Figure 60 (b)) producing prism mesh elements with triangular bases in the fuel domains and
hexahedronsin the crack domains, which constituted sub-geometry 1. In sub-geometry 2 free
tetrahedral mesh elements were used exclusively. In both sub-geometries the mesh at the
centre of the fuel element was made denser than the mesh at the fuel element periphery (in the
radial direction). Thiswas done so that sufficient mesh was avail able to compute the solution
at steep radial temperature gradients where accel erated reaction rates occur (near the fuel
centre) but to conserve computer memory where gradients and reaction rates were relatively
small (in the fuel periphery). In the axial direction a sufficient distribution of swept mesh and
free tetrahedron mesh elements was generated to model concentration gradients and to

achieve improved convergence.

The mesh used in the out-reactor model depicted in Figure 60 was designed to conserve
computer resources. However, it was necessary to check if using an assembly model with an
identity pair (combining the two fuel element domains) as well as a partia length crack
domain in the axial direction (a0.013 m long domain in Figure 58 rather than a full length
crack domain), still achieved a reasonable prediction of oxidation in a defective fuel el ement.
To do this the following single solid model and mesh was designed (i.e., not an assembly
model as shown previously in Figure 60 (a)). In this model the same number of radial cracks
was modeled (two actual, which is equivalent to threein total considering model reflection),
except that in this case the cracks ran the full length of the model (i.e., 0.240 m long instead of
only 0.013 m long). Figure 61 shows the full length meshed model consisting of prism and
hexahedron mesh elements. Asfor axial mesh density, the mesh was made denser near the
sheath defect and pellet-pellet gap location and |ess dense near the other end of the model.
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Figure 61: A 3D swept mesh geometry consisting of prismswith triangular basesand
hexahedrons mesh elements

The geometric discritization (i.e., order of shape functions) used in solving the heat
conduction eguation, the solid state oxygen diffusion equation, and the hydrogen mole
fraction diffusion equation, for both models shown in Figure 60 and Figure 61, was set to
quadratic (i.e., 2" order shape functions). For the model with mesh illustrated in Figure 60 a
direct method solver called PARDISO was used, aso known as a Gaussian Elimination or LU
factorization solver. PARDISO is afast multi-core capable solver, which also requires
increased computer memory. A Spark-9000 mainframe computer at HPCVL (High
Performance Computing Virtual Laboratory) at Queens University operating on a Linux
platform was used to perform this computation with COMSOL® 3.5afinite element analysis
software. The same direct solver (PARDISO) was used to compute the model with the mesh
illustrated in Figure 61, except that here the model was solved on COMSOL ® 4.3b software
using a duo hex core (12 processors) Xeon, 96 GB RAM HP Z800 workstation computer

operating on a Windows 7 platform.

The computer resource requirements to solve each model were markedly different. The
degrees of freedom of the model shown in Figure 60 (using the identity pair) was 1.24x10°
and the computer memory required was about 32 GB. The degrees of freedom of the model
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shown in Figure 61 was 3.11x10° and the computer memory required was about 95 GB.

Hence the fully swept meshed model required more computer resources to solve.

Lastly, for the purpose of comparison a numerical implementation description for a
model based on the Higg's modeling approach [24][29], as explained in Section 1.6 and
Section 4.5.2, is briefly illustrated in Figure 62.

12 mm? sheath 2n sheath defect in
defect surface area previous modeling
approach
cracked fuel
_ domain cracked fuel domain used
2 in previous modeling
approach
I

elagtic to plastic fuel

fuel domains active in boundary

hyperstoichiometric
oxygen diffusion

X1

Figure 62: Using the previous modeling approach [24][29] in 3D wherethe red domain

represents cracked fuel whereradial gas diffusion occurs

The red domain in the figure represents cracked fuel where both solid state
hyperstoichiometric oxygen diffusion (Eq. (18)) and hydrogen gas diffusion (Eg. (27)) occur.
The blue domain in the figureisidentical to the red domain - in the Higgs axisymmetric

2D r-zmodel for a sheath defect that is 2x in circumference — with the exception that the
sheath isintact and only solid state oxygen diffusion is considered. To be consistent with the
2D r-z Higgs model [24][29] the gas diffusion in the figure was set to be anisotropic in the

Z direction (i.e., approximately equivalent to the radial directionin cylindrical coordinates). It
can be noted that alowing the gas diffusion in all principa directionsin the red domain
inceases the maximum Xdev result by ~10%, which is not significant. The sheath defect area
was set to be 12 mm? to be consistent with the current 3D in-reactor fuel oxidation model
(representing fuel element XC9179Z-5) described in Figure 55 at the beginning of this
section. Finally, the previous 2D r-z model approach [24][29] used what is called the weak
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and dweak form terms to simulate gas diffusion in the fuel-to-sheath gap but these terms were
not used in this model. See explanations given in Section 1.6 and Section 3.3.1.

Table 24: List of constants used in the 3D In-Reactor Fuel Oxidation M ode

Symbol COM SOL® constant name Description Value
. . the theoretical fuel pellet 3
PTD theoretical_density density 10.96 [g cm™]
Ps new density_manf Manufactured fuel density 10.63[g cm™]
] ) density_manf
NA porosity _manf Manufactured fuel porosity | 1- : :
theoreticd _density
Pt PT Coolant pressure 100 [atm]
, 8.205x10°
R
Rgas Universal gas constant [atm m gmol'l K‘l]
inverse neutron diffusion
K kappa length 110 [1/m]
B Beta Fractional burnup (atom %) 05
Oz sigmaH?2 H, collision diameter 2.827[A]
Oi20 sigmaH20 H.0 collision diameter 2.641[A]
M2 MH2 D, molecular weight 4.028204 [g mol™]
Mhz0 MH20 D,0O molecular weight 20.020004 [g mol Y]
T tau Tortuosity factor 1
Hydrogen mole fraction in 5
G qdef CANDU coolant 4.1x10
Stoichiometry deviation at 4
X
s Xsurf pellet crack surfaces 110
Kl Oag koverepsilon '”Verfse of Lenard-Jones 0.00454959 K
orce constant
a a 0.033107007
b b 0.268984735
Cx c 0.008679485
Oy d -0.000622197
e e . o -5.18804E-05
£, f Constant |?O[:r)olynom|al fit 0.020038397
O g X 0.000450165
K¢ k -7.83442E-06
m m 1.84196E-08
Ng n -7.45197E-05
o p 1.39057E-07
Teurt Tsurf Fuel surface temperature 645 [K] and 706 [K]
Plinear P_density Linear power 447 [kwW mY
l I Fuel element length half 0.241 [m]
NA a pellet Fuel pellet radius 0.006075 [m]
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Table 24: List of constants used in the 3D In-Reactor Fuel Oxidation M odel

Symbol COMSOL® constant name Description Value
Na N_Avogadro Particles/molecul es per mol 6.022x10%
28
N . 2.444x10
uo, N_UO2 number density of UO, [particles m?]
Fual fuel_element_vol_quart Quarte\r/(l;luuelmeezl ement pi* (a_pellet"2)/2* ¢ [m?)]

Note: The fuel surface temperature” and linear power™ of fuel element XC9179Z-5 was taken from [29].

3.5.6 The Out-Reactor 3D Fuel Oxidation Model Numerical | mplementation

A 3D geometry for computing fuel oxidation is computationally more expensive than a
2D model (described in Section 3.5.1) but represents more accurately the extent of fuel
oxidation for the actual size of sheath defect and the actual fuel element length. Incorporating
all the 2D r-0 model features into the 3D model was not feasible with the available computer
power and not really necessary. These extra features included: Fully cracked fuel pellets, solid
mechanics thermal stress computations (described in Section 3.5.3), fuel and sheath contact
force computations using the penalty method, and electrical (or Joule) heating computations.
It will be seenin results Section 4.2.1, using the 2D r-0 fuel oxidation model, that modeling
only afew of theradia cracks near the sheath defect yields a similar result when all the radial
cracks are modeled. Thus, the 3D out-reactor fuel oxidation model included only some of the
pre-defined radial fuel cracks near the site of the sheath defect (similar to the in-reactor model
described in Section 3.5.5). Also included in the model was a fuel-to-sheath gap, covering
only part of the fuel element near the sheath defect site. Electric-Joul e heating was not
included in the model, instead boundary temperature conditions were used at the fuel central
annulus and the fuel outer surface, which are based on the 2D r-0 model results (refer to
Sections 3.5.1 and 4.2.1). Two power cases were selected for simulating the out-reactor fuel
oxidation experiment, a high powered case (23 kW total) and alow powered case (17 kW
total). The high powered case was the ideal setting in order to accelerate fuel oxidation but in
case this power was not feasible to achieve in the experiment alower powered case was also
modeled. Table 25 at the end of this section provides the model parameters used in the out-
reactor fuel oxidation model. The two power cases are determined by the selection of
parametersin Table 25: the fuel inner annulus surface temperature Theaer and the crack tip

position dimension crack_tip_radius.
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Asin thein-reactor model described in Section 3.5.5, a%2 model was sufficient to
represent afull length fuel element due to symmetry. The sheath surface defect was defined
by a slim surface strip 0.5 mm wide and 7.5 mm long, seen in blue in Figure 63. Due to the

model’ s double reflections the actual sheath defect surface areaiis 1x15 mm?>.

5 @) closeup view (b) fuel crack and pellet-
sheath defect location pellet gap openings

0.5x7.5 mm?
(1x15 mm?
, 1 actual) outer
y, Y surface area
/ ' representing a
out-reactor fuel element sheath defect radial fuel crack crack tip (or root)

Figure 63: Sheath defect location and geometry in 3D out-reactor fuel oxidation model

The fuel crack and pellet-pellet gap geometry position and identification in the model is
provided in Figure 64. In this¥2model three radial fuel cracks were included: one vertical
crack (a) at themodel Z axis of reflection and two cracks (b) rotated 30° and 60° degrees
from vertical crack (a). Again, since the moddl is reflected about the Z axis the number of
radial cracksin this model is actualy five. The width of crack (a) was set to 12.5 um, but
since the model is reflected, this width is equivalent to 25 um (crack_width in Table 25). The
width of cracks (b) was set to 25 um. The pellet-pellet gap near the sheath defect, where
hydrogen gas diffusion also occurs, was set to 25 um (ppg in Table 25) and due to model
reflection this gap is equivalent to 50 um in width. The depth of the fuel cracks was set to
3.785 mm and 4.201 mm from the pellet surface (or 2.290 mm and 1.874 mm from the centre
of the fuel element), for the two modeled power cases. These dimensions were chosen so that
the tip (or root) of the crack was positioned at a temperature of ~1250°C (based on the applied

fuel element power) for the reason explained in Section 1.5.
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N

fuel domian

steam domains

in fuel cracks steam domain

in the pellet-
pellet gap

Figure 64: Out-reactor fuel crack geometric locations and width identifications

Asin the in-reactor defective fuel element model in Section 3.5.5, the out-reactor
model consisted of two partial or sub geometry models - forming an assembly model for the
reasons explained earlier. To alow for physics continuity between the two sub models an
identity pair was defined between the boundaries that occupied the same interface. Thisis
shown in Figure 65. Sub geometry 1 contained the slender cracks and pellet-pellet gap and
sub geometry 2 contained only solid fuel with no cracks. In COMSOL® Multiphysics version
4.2atheidentity pair is activated by inserting in the *definitions’ an ‘identity boundary pair’.
The dependent variables used in the identity pair are the temperature variable T and the solid
state oxygen stoichiometry deviation variable Xdev (or X). The hydrogen-to-steam ratio
diffusion dependent variable g is not used in the identity pair, sinceits equation is not used in
sub geometry 2. In the identity pair the dependent variables T and Xdev are applied as the

‘source’ expressionsin sub geometry 2 and as ‘destination’” expressions in sub geometry 1.
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sub geometry 2

sub geometry 1

il boundaries used to
define identity pair

Figure 65: Identity pair boundariesused for physics continuity

Transport and generation of hydrogen gas within the fuel cracks and the pellet-pellet
gap near the sheath defect is governed by the hydrogen diffusion equation, Eq. (27), or in

expanded formin Eq. (67), or in COMSOL® form in Eq. (167). Hydrogen generation due to

sheath oxidation by steam is neglected. Theinitial deuterium mole fraction g in the fuel

cracks and pellet-pellet gap is equal to constant g. where 7 isthe model length (see Table 25):

=0,/ -0025[m]<Z </,at=0

The boundary conditions for the hydrogen diffusion equation in the fuel cracks are similar to

Eq. (168), with the difference, when compared to the 2D r-0 model, that in the 3D model
there are fewer defined radial cracks. The boundaries that participate in fuel oxidation (and

hence hydrogen generation) are highlighted in blue in Figure 66.
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pellet-pellet gap

\\ surfaces
0.025m |

Figure 66: Out-reactor model flux surfaces active at fuel crack surfacesand at a pellet-pellet gap

surface

The indicated boundaries in Figure 66 lie between the steam and fuel domains. The inward
fluxes N, for the hydrogen diffusion equation at these surfacesis given by Eq. (177). The
inward fluxes were set to zero for those surfaces that were very small, such as crack edges or
tips, or that did not share common interfaces between the steam and the solid domains, such
asthe crack surfaces at reflection boundaries. The boundary condition for the sheath defect

itself, see the blue strip surface areain Figure 63 (b), was set to the value g, see Table 25.

For interstitial oxygen diffusion Eqg. (18), expanded as Eq. (66), is applied. Before the
onset of fuel oxidation (i.e., intact fuel and zero burnup) the fuel pellets are assumed to be
essentially stoichiometric, specificaly Eq. (178) is applied. Boundary conditions for the solid
state oxygen diffusion equation (Eq. (66)) are zero at all external boundaries of the model
(i.e., zero flux) except for fuel crack and pellet-pellet gap boundaries where the fuel domains
share gas domain boundaries (Figure 66). The inward fluxes G for the solid state interstitial

oxygen diffusion equation, at these surfaces, is given by Eq. (179).

In the out-reactor fuel element the UO, fuel is headed by a central electrical heater
element. The power and expected temperature distribution in the fuel are computed with the
2D r-6 model, as explained in Chapter 2. Hence, in the heat conduction equation, Eq. (32) (or
Eq. (68) expanded in cylindrical coordinates), the volumetric heating source term Q, is
neglected (is set to zero). Instead surface boundary conditions are utilized, which are derived
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from the results of the 2D r-0 model. The heat conduction equation boundary conditions are

illustrated in the following figure:

Tsurf

thermal insulation

/ ’
T

sub-geometry 2 ———— [ o

thermal insulation

/>\ sub-geometry 1

/

Theater

Figure 67: Heat conduction equation boundary conditionsfor the out-reactor model

The Dirichlet boundary conditions for the surface temperature at the iridium bar to inner UO,
interface was set to Theaer (red) and the UO; to fuel-to-sheath gap interface was set to Tey
(blue), see Table 25 for the values used. The remaining of the model’ s exterior and interior
surfaces were set to thermal insulation, or Eq. (181). However, it should be mentioned that
ignoring the fuel element edge-effects at the fuel element ends (by setting there thermal
insulation boundary conditions) is not quite representative. This is because the fuel element
ends will berelatively cooler due to heat conductance through connected electrodes. Hence in

reality the fuel stack end pellets are expected to oxidize | ess.

The applied mesh used in the out-reactor fuel oxidation model is shown in Figure 68.
Since applying the swept mesh is more computationally expensive than using afree
tetrahedral mesh the crack domain in the current model extends to only part of the axial length
of the model. Like in thein-reactor fuel oxidation model, afuel element end, half-circle, outer
surface (see Figure 68 (b)) was initially meshed in 2D using ‘free’ triangle mesh elementsin
the fuel domains and quadrilaterals in the slender fuel cracks domains using ‘ mapped’ mesh.
Also meshed was a partial section of the fuel-to-sheath gap, between the fuel radial cracks,
with quadrilaterals. To mesh sub-geometry 1 this outer 2D meshed surface was swept 3.3 cm
along the fuel element axis (or a distance of 6.6 cm for the model with areflected boundary
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condition) producing prisms with triangular bases in the fuel domains and hexahedronsin the
crack and fuel-to-sheath gap domains.

For sub-geometry 2 (the remaining 20.7 cm length of the model) the mesh consisted
entirely of tetrahedron mesh elements. Three concentric domains were created in sub-
geometry 2 so that varying tetrahedral mesh densities could be defined: highest mesh density
near the inner UO, annulus (or near the iridium bar heater) and lowest mesh density at the
UQO, outer regions. Thiswas done in order to conserve computer resources, while at the same
time providing enough mesh density to capture the steep radial temperature gradients, which
in turn affects oxidation and diffusion rates, especially near the fuel centre. This configuration
also provided sufficient distribution of swept and free tetrahedrons mesh elementsin the axial
direction so that oxidation gradients could be observed and stable convergence could be

achieved.

tetrahedron mesh  transition
(remaining) mesh (@)

2D surface for
creating swept
_—<_08cm mesh —

sub-geometry

/1

inner annulus

A
sub-geometry 5
2 < "x
. K%
identity pair i <« .
location ORI
NS

7

Ny
W
5
B
Lt

T

T
A
%

swept mesh (with
crack domains)

Figure 68: (a) Swept mesh in the 3D out-reactor model and (b) the original meshed 2D plane
used for the 3D sweep in sub-geometry 1

A final feature to discuss in the applied mesh shown in Figure 68 is the transition mesh
sections: one section being a swept mesh in sub-geometry 1 (that is 0.8 cm long) and one

section being afree tetrahedral mesh in sub-geometry 2 (that is 1 cm long). Since the sub-
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geometries are not actually connected as single solid, as mentioned earlier, an identity pair
was used to communicate the dependent variables across this common interface. Thusto
reduce numerical errors the density of the two separate meshed surfaces at this common
interface was increased. Also the hydrogen diffusion equation domain (of the fuel cracks) was
not extended right up to the identity pair (at 3.3 cm from the model end) but only up to the
beginning of the swept transition mesh (up to 2.5 cm from the model end). Thiswas done in
order to eliminate the additional physics (the hydrogen diffusion equation) at the identity pair

to reduce numerical difficulties for the solver.

For the physics solved in this model the geometric discritization (or polynomia shape
functions) were set to quadratic. Thisfull length fuel element model was solved with
COMSOL® 4.2ausing a 12 core Xeon, 96 GB RAM HP Z800 workstation computer
operating on a Windows 7 platform. The degrees of freedom of the model with the mesh
shown in Figure 68 was 1.545x10° and the computer memory required was about 52 GB. The

following table provides the model parameters used in the out-reactor fuel oxidation model.

Table 25: List of parameters used in the 3D out-reactor fuel oxidation model

Symbol COMSOL® constant name Description Value
. . the theoretical fuel pellet 3
PTD theoretical_density density 10.96 [g cm™]
Ps new density_manf Manufactured fuel density 10.6 [g cm]
NA : Manufactured fuel density_manf
porosity _manf X - - -
porosity theoretical_density
Pt PT Coolant pressure 100 [atm]
. 8.205x10°
Rgas Universal gas constant [atm e gmol K
Fractional burnup
B Beta (atom %) 0.00001
Oz sigmaH?2 H, collision diameter 2.827[A]
Oh20 sigmaH20 H.0 collision diameter 2.641[A]
M2 MH2 H, molecular weight 2.01594 [g mol ]
Mis20 MH20 H,O molecular weight 18.01594 [g mol™]
T tau Tortuosity factor 1
Hydrogen mole fraction in &
Ge qdef CANDU coolant 4.1x10
Stoichiometry deviation at 4
X
s Xsurf pellet crack surfaces 1x10
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Table 25: List of parameters used in the 3D out-reactor fuel oxidation model

Symbol COMSOL® constant name Description Value
xlong koverepsilon Inverse of Lenard- Jones 0.00454959 K *
orce constant
ay a 0.033107007
b b 0.268984735
Cy c 0.008679485
dy d -0.000622197
e e . g -5.18804E-05
£, f Constant |rf1op;olynom|al fit 0.020038397
O g Xe 0.000450165
ke p -7.83442E-06
m, m 1.84196E-08
Ny n -7.45197E-05
Px k 1.39057E-07
T T surf Fuel outer surface 583 [K]
surf = temperature
Fuel inner surface + +
Tt T_heater temperature 1816' [K] and 2176* [K]
¢ I Fuel element length half 0.241[m]
NA a pellet Fuel pellet radius 0.006075 [m]
NA Ir_bar_radius Iridium bar radius 0.00145 [m]
N N_Avogadro Pa”'c'w”r:]‘z)'lec“'%per 6.022x10%
28
N . 2.444x10
uo, N_UO2 number density of UO, [perticles m]
; o
Fuol fuel_element_vol_quart Fuel element volume Ir_i)j_l:a(gﬁjlz()ei £2[m3]
. . Crack tip distance from 0.001874" [m] and
NA
crack_tip_radius centre 0.00229* [m]
NA crack_width fuel crack width 25x10° [m]
NA ppPg pellet-pellet gap 25x10° [m]

Note: The hydrogen mole fraction™ of the coolant was set to the hydrogen mole fraction that occursin CANDU

heavy water coolant. In reality the hydrogen mole fraction in the test loop at Stern Labs s that of high purity

light water, which is lower than CANDU heavy water coolant. A lower g. value does not change the oxidation

results as discussed in Section 4.6. The Thexer temperature and the crack_tip_radius for the low" power case and

for the high* power case.

For further details on the 3D out-reactor fuel oxidation model see COMSOL® model

report in Appendix C.
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3.5.7 The Fue Oxidation Model Applied to a Modified UO, Fuel Pellet Sintering

Process Numerical | mplementation

It is shown in Section 5.5 how hyperstoichiometric oxygen in UO, fuel in powder form
(mixed with graphite) can have a protective effect on Zircaloy-4 loaded S otted rings exposed
to iodine corrodant. This section shows how the fuel oxidation model is modified in order to
compute specific superficial oxygen uptake into fully reduced UO, fuel pellets as a mitigation
approach to I-SCC in CANDU fuel. The reason that ‘ superficial’ oxygenisdesired, i.e, the
hyperstoichiometric oxygen is deposited on the pellet outer surface rather than distributed
evenly in the fuel pellet volume, istwo fold: 1.) It is desired to have the hyperstoichiometric
oxygen positioned as near as possible to the graphite layer on the sheath inner surface to
utilize the carbon’ s chemical reducing properties as explained in Sections 1.4 and 5.2, and 2.)
It isdesired to keep O/U stoichiometry of the inner regions of the fuel close to 2.00 in order to
maintain optimal fuel thermal and mechanical properties. It will be shown though in model
results (Section 4.5.2) that the stoichiometry deviation needs to be significant in order to
degrade the thermal conductivity properties of the fuel in order to substantially raiseits
temperature. The following superficial pellet oxidation process adds only a minor amount of
hyperstoichiometric oxygen to the fuel, which does not degrade the fuel thermal properties.
Hence this pellet sintering process modification should not impact fuel safety.

In the experimental part of thiswork in Chapter 5 the amount of oxygen added to UO,
powdered/granule batches, which was shown to have a mitigative effect on the 1-SCC of
Zircaloy-4 specimens (Figure 141 and Figure 144), ranged from 0.4-8.7x10°® moles O, per
cm? of Zircaloy specimen surface area. If the quantity 2x10° mol cm™ is selected as a starting
point quantity for superficial molecular oxygen (O,) to be added to CANDU fuel pelletsto
mitigate I-SCC, the total amount of hyperstoichiometric oxygen per pellet can be calculated.
Thetotal internal surface area of Zircaloy in afuel element is:
Azircaoy=2nr|=2r-0.6115[cm]-48.2[cm]=185.19 [cm?], so the total atomic mole amount of
oxygen added to afuel pelletis:

atom | mol 2 1 | mol
=2 ———|-2x10 -185.19,cm” [ ———==2.469%x10"°| ———
"o [molecule} ) [cmz} [ ] 30[pellet] * {pellet} (183)
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The following model description uses the same techniques used to model the in-reactor
and out-reactor fuel oxidation described in Sections 3.5.5 and 3.5.6. In this case the fuel
oxidation model applied in Figure 69 describes a reflected fuel pellet cross section (red

a_, T _p N
furnace gas flow reflected boundary oy oy y
domain \ 2 l
1= Theair \ 8cmx3cm X
\ model domain 3
Inlet flow _ no-slip flow boundary outlet flow
Uy 1’ ay /J Po
\ y Y \ / \ T _ .
UQO; fuel pellet cross section domain reflected boundary ar =0 ox
that is 12.15 mm in diameter oy

Figure 69: Schematic of the modified UO, sintering process model

domain) exposed to steam flow from left to right (grey domain). Eq. (18) in Section 3.2
describes the solid state diffusion of oxygen in the fuel pellet domain. The pellet O/U
stoichiometry initial condition isthat it isfully reduced and isequal to 2 (or x or Xdev = 0).

Eq. (27) describes the hydrogen mole fraction diffusion in the steam gas domain, where the

X

Zircaloy oxidation sourceterm R37. ., in the equation equals zero (i.e., not applicablein

this model). A Dirichlet boundary condition for the hydrogen mole fraction, qqe, iS applied on
boundary 1, which was determined using Gibbs energy minimization FactSage 6.4 software
knowing Theaing and p of the water vapour. Eq. (32) describes the temperature distribution in
the steam gas domain as well asin the solid pellet domain, where the heat source term Q,
equals zero. A Dirichlet temperature boundary conditions, equal to Theaing, IS 8pplied on
boundary 1 while Neumann temperature boundary conditions equating to zero are applied on
boundaries 2, 3 and 4. Theinward flux terms acting in Equations (18) and (27) (for the
production of hyperstoichiometric oxygen in the fuel domain and the production of hydrogen
in the superheated steam domain), active on the fuel-to-steam boundary in the Figure 69, is
given by Table 2.
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In the typical pellet sintering process a flow of reducing gas passes over the pellets. In
the presented model thisis simulated by including laminar flow physics. Laminar flow was
selected (rather than turbulent flow) based on the dimensionless Reynolds number calculation
for water vapour flow over aflat plate, knowing the water vapour density, the viscosity, the
velocity and the flow length [160].

The momentum transport of the flow is described by the weakly compressible Navier-
Stokes equation, applicable for flow velocities less than Mach 0.3 (or 0.3 times the speed of
sound at sea level - approximately 100 m s* in atmospheric air). Below this speed pressure
expansion work done by the gasis negligible [160]. The Navier-Stokes equation (also the
momentum balance equation) is given by the following:

pg%erg(VU)oU:—Vp+,uV0(VU)+ f (184)

where U is the velocity vector field, pq is the density of the fluid, p is the pressure, u isthe
viscosity, and f isabody force (typically gravity). Thefirst term on the LHS of Eq. (184) is
the unsteady acceleration term, the second term on the LHS is the convective acceleration
term, the first term on the RHS is the pressure gradient, and the second term on the RHS is the
viscosity term [161]. In COMSOL Multiphysics® [71] this equation is expanded somewhat

andisgiven as.

Py %J +p, (eV)u=Ve {— pl + /J(VU +(va) )—%u(v . U)T} +f (185)
where | istheidentity tensor. If the flow was considered incompressible the second viscosity

term with the 2/3 factor would disappear. Lastly the flow mass balance is expressed as:

P v e(p)=0 (186)

Neumann velocity boundary conditions equating to zero are applied on boundaries 2
and 4. A Dirichlet velocity boundary condition, equal to uy, is applied at the inlet of the model
on boundary 1, and an ambient pressure boundary condition, po, is applied at the outlet of the
model on boundary 3.
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The oxygen mole upatake into the fuel pellet is calculated using Eq. (163), (164), and
(165).

The applied mesh used in the modified UO, pellet sintering process model, which is

composed of triangular mesh elements, is presented in Figure 70

AVAVAVAVAVAN

Figure 70: Applied mesh in modified UO, pellet sintering process model

where the number of triangular elementsis 1,202. The simulated time in this model was
1000 s. The direct solver in COMSOL® called PARDISO was used.

The geometric discritization (or polynomial shape functions) applied to al computed
physicsin this model were set to quadratic. COMSOL® 4.3b finite element analysis software
operating on a Windows 7 platform on a Sony VIAO laptop with an Intel 17-2640M CPU at
2.8 GHz with 8 GB RAM was used for this simulation. The model degrees of freedom with
the mesh shown in Figure 70 was 9,873 and the computer memory required was about
882 MB.
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The following table provides key model parameters used in the modified UO, fuel pellet

sintering process:

Table 26: Parametersused in the modified UO, fuel pellet sintering process

Symbol COM SOL® constant name Description Value
. . the theoretical fuel pellet 3
PTD theoretical_density density 10.96 [g cm™]
Ps new density_manf Manufactured fuel density 10.6 [g cm™¥]
density_manf
NA porosity_mant Manufactured fuel 1- : y_| _
porosity theoretica _density
Pt PT Gas pressure 1[atm]
Po pO Ambient pressure 101325 [Pa]
5
R : 8.205x10
Rgas Universal gas constant [atm e gmol K
NA Rsteam Steam gas constant 461.52 [Jkg™ K™
Fractional burnup
B Beta (atom %) 0.00001
Oz sigmaH2 H, collision diameter 2.827 [A]
OH20 sigmaH20 H,O collision diameter 2.641[A]
M2 MH2 H, molecular weight 2.01594 [g mol ]
Mo MH20 H,0O molecular weight 18.01594 [g mol™]
Hydrogen mole fraction in a
% qdef the oxidizing steam 24x10
Stoichiometry deviation at 4
X
fs Xsurf pellet surface 1x10
Kl Oag koverepsilon '”"erfse of Lenard-Jones 0.00454959 K
orce constant
a a 0.033107007
by b 0.268984735
Cx c 0.008679485
dy d -0.000622197
e e . N -5.18804E-05
£, f Constant |rf1oeolynom| al fit 0.020038397
O g Xe 0.000450165
K¢ k -7.83442E-06
m m 1.84196E-08
Ng n -7.45197E-05
Dy p 1.39057E-07
Thesting T_heating Steam inlet temperature 1523 [K]
Y ratio_steam Specific heat ratio 1.327
N N_Avogadro Particl wmlec“'% per 6.022x10%
28
N . 2.444x10
uo, N_UO2 number density of UO, [particles M|
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Table 26: Parametersused in the maodified UO, fuel pellet sintering process

Symbol COMSOL® constant name Description Value
Uy u_flow Fluid velocity 0.4[ms?
NA pellet_radius Fuel pellet radius 0.006075 [m]
NA pellet_length Fuel pellet length 0.016 [m]
Fual pellet_vol Fuel pellet volume 1.855%x10° [m’]

Note: The hydrogen” mole fraction of the oxidizing steam was determined by using Gibbs energy minimization

software FactSage 6.4 with parameters Theaing and py.

Summary of Chapter 3:

The out-reactor experimental set-up at Stern Laboratories and the design of the out-
reactor defected fuel element were described and discussed (Section 3.1).

The fuel oxidation model, adapted to the out-reactor defected fuel experiment, was
then discussed (Sections 3.2 and 3.3). The thermal properties of the out-reactor fuel
element were defined and details of the 2D r-6 and 3D model geometries were
provided. Information on modeling the discrete fuel cracks and fuel-to-sheath gap
was given. Also, the ohmic heating theory applied in one of the 2D r-6 models was
explained.

Next, a solid mechanics model with discrete fuel cracks was discussed (Section 3.4).
The theory of the J integral was explained, and was used as a way to assess the
stress intensity factor around afuel crack tip. By comparing to the fracture
toughness of the fuel material (a material property), conditions suitable for crack

propagation could be determined.

Lastly, the finite element analysis theory was briefly introduced and explained
(Section 3.5). Each model (six modelsin al) was numerically implemented using
COMSOL Multiphysics®.
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CHAPTER 4 MODEL RESULTS

4.1 Modeled and Measured UO, Thermal Conductivity

The thermal conductivity of the fuel is an important parameter to accurately model the
temperature distribution in the fuel. The amount of fuel oxidation isto agreat extent
temperature dependent and so temperature distribution in the fuel isimportant. As such, for
reference purposes and as a ‘ sanity check’ the model used for the uranium dioxide thermal
conductivity is compared to the experimental data shown in areview by Carbajo et al. [100]

in Figure 71. A similar plot isprovided in areview by Fink [162].

-------- Wiesenak, 1997
==s+== | ycuta & Ronchi, 1996, Eq. (32)
Fink, 2000, Eq. (31)
= Harding & Martin, 1989
Ronchi, 1899
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Godirey
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Grenoble
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Figure 71: Comparison of UO, thermal conductivity in the fuel oxidation model with no burnup
to experimental data asa function of temperature, at 95% theoretical density and with no
burnup, taken from [100]

It can be seen from the plot that the modeled thermal conductivity (blue curve), as taken from
the work of Higgset al. [29] and Lucuta et al. [97], is ~8-10% above the thermal conductivity
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provided by other workers. The modeled blue curve was generated from the fuel oxidation
model when the UO, fuel theoretical density was set at 95% with zero fuel burnup.

A comparison was made between the Higgs formulation for UO, thermal conductivity
[29] (that considers temperature, oxygen stoichiometric deviation, fuel burnup, and fuel
porosity) and the MATPRO formulation [110] (that considers only temperature and fuel
porosity). Generally, MATPRO is areport that describes the material properties, correlations,
and computer sub codes devel oped for use with various light water reactor accident analysis
computer programs. MATPRO is often referred to as an ‘industry standard’ though it was not
formally developed as such. In using the Higgs approach (which is based on the work by
Lucutaet al. [97] and Ellis et al. [98]) the UO; fraction from theoretical density was set to
~0.97 and the fractional burnup was set to 1x10°® (=0). The linear power of the fuel element
was set to 75 kW m™ and the fuel surface temperature was set to 580 K. The latter two values
are not necessarily realisticin CANDU fuel but were used in amodel similar to that in [29],
or that described in Section 3.5.5, to plot UO, thermal conductivity as afunction of

temperature with an extended temperature range.

As can be seen in Figure 72 the thermal conductivity of unirradiated UO, isdlightly
higher at the cooler end of the graph (near 580 K) using the Higgs formulation (blue curve)
compared to using the MATPRO formulation (yellow curve); a difference of about 10%. At
the warmer end of the graph both formulations for UO, thermal conductivity agree quite well
in the temperature range of 1500-1800 K. At a higher temperatures range between 1800 K and
2300 K the Higgs and MATPRO formulations start to diverge from one another. Furthermore,
when the UO, thermal conductivity (Eq. (35)) includes k.o (EQ. (39)), which isthe radiative
contribution to the fuel thermal conductivity, thereis an increase in the fuel thermal
conductivity between ~1200-2300 K, as shown by the red curve. Thus, the fuel thermal
conductivity, which considers the Higgs formulation and ko (the latter previously neglected
by Higgs[29]), is dightly higher than the MATPRO formulation and the experimental
measurements (Figure 71), through the whole temperature range (580-2300 K). Although this

thermal conductivity curve (used in the fuel oxidation models presented in this work) may be
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higher than in readlity, this difference is not substantial and is not expected to substantially
affect the outcome of the fuel oxidation computation.
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Figure 72: Thermal conductivity of UO, using Higgs [29] for mulation (blue curve) and
MATPRO [110] formulation (red curve) for fuel at 97% theoretical density

Nevertheless, the following correction quantity Seor in kW m™ K™ can be subtracted from k
for UO, (Eg. (35)) so that the red curve matches the MATPRO formulation more closely in
Figure 72 for the temperature range of 535-2300 K. This correction quantity is added for

reference purposes only and was not used in this work.

)

corr

=-2.784x107"°T° +1.637x10°T? - 2.963x10°T +1.82 (187)

4.2 Fud Oxidation Modea Results

The following simulation solves for the fuel oxidation in a2D r-0 geometry. This
geometry was less computationally expensive than a 3D one, however it tends to over-predict
the extent of fuel oxidation as the defect length is not specified in the axial direction (wherein

the 2D representation, it isadlit aslong as the simulated element length).



162
4.2.1 Closed Fuel-to-Sheath Gap 2D r-0 Fuel Oxidation M odel Results

The temperature distribution and oxygen stoichiometric deviation (x or Xdev)
predictions using the 2D »-0 model, after 2 weeks of heating, are shown in Figure 73 (a) and
(b), respectively. Theradial gradient in the temperature and Xdev plots can be observed in
these 2D plots as well as small azimuthal variations. As can be seen the maximum oxygen
stoichiometry deviation occursin the fuel that is nearest the iridium bar heater (red area),
while near stoichiometric fuel resultsin the coolest regions away from the fuel centre (dark
blue area).
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Figure 73: Temperaturedistribution plot (a) and oxygen stoichiometry deviation distribution
plot (b) at 2 weeks of simulated heating timein the 2D r-6 closed fuel-to-sheath gap fuel

oxidation mode

Two temperature radia plots, after two weeks of heating, are provided in Figure 74. The
purple dashed line runs through the ungrounded Type-R thermocouple nearest the iridium bar
heater (TC1 in Figure 18) and the solid blue line runs through the fuel element without the
presence of athermocouple. The plot demonstrates a nearly homogenous temperature
distribution in the iridium bar heater, a steep temperature gradient in the UO, fuel and asmall
temperature drop in the sheath. Observing the sheath location more carefully one notices the
slight concave facing down temperature profile, which is due to the model ed sheath electrical

power generation.
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Figure 74: Radial temperatur e profile running though the fuel element with a thermocouple
(dashed purpleline) and without a thermocouple (solid blueline) in the 2D r-@ closed fuel-to-
sheath gap fuel oxidation model

The small but steep temperature drop in the fuel-to-sheath gap is depicted more closely in
Figure 75 (a). The temperature drop is small, less than 15 degrees, due to the fuel-to-sheath
gap being considered closed, or set to 1 um wide, and filled with 100 bar steam. In this
situation the heat conductivity of the gap is acombination of both solid and fluid heat transfer,
as explained in Section 3.3.2. The temperature through the thermocoupleis presented in a
close-up plot in Figure 75 (b), where there is a stepwise drop through the thermocouple. The
thermocoupl e sheath is a combination of platinum and rhodium, which conduct heat relatively
well so thereisonly adight drop in temperature. MgO is used to electrically isolate the
thermocouple from the UO, material, which is arequirement of the experiment. This creates
the steeper temperature drop in this material than in the metallic regions of the thermocouple.
The temperature difference of the two thermocouple wiresis over 20 degreesin this
configuration. This may be important to consider when analyzing the experimental
temperature measurements because the temperature increase due to fuel oxidation can be less

than this temperature difference for the given duration of the experiment.
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Figure 75: Closeup view of (a) fuel-to-sheath gap temperature profile and (b) thermocouple
temperature profile nearest theiridium bar heater in the 2D r-6 closed fuel-to-sheath gap fuel

oxidation mode

Before completing the description on the fuel element radial temperature profile model
results, the effect of the gap between the fuel pellets and the iridium bar heater is briefly
discussed. The temperature distribution and profile model results shown in Figure 73 (a) and
Figure 74, respectively, assume there is no gap between the iridium bar heater and the fuel
pellets. In reality though, a gap does exist. Based on the engineering dimensions and
tolerances between these two manufactured parts, a maximum possible gap was estimated to
be ~60 um, without considering thermal expansion effects (i.e., in its room temperature state
with a change in the component dimensions). Figure 76 shows the radial temperature profile
in the fuel element when this gap isincluded in amodel that considers heat transfer by
conduction only. In the plot it can be observed that there is a >400 degree increase from the
fuel inner annulus surface to the iridium bar heater surface. This though does not have a
substantial impact on the 2D r-0 fuel oxidation model described in Section 3.5.1 that does not
include this gap. Thisis because the temperature of the fuel inner annulus in the model that
does include this gap (Figure 76) is similar to the temperature of the fuel inner annulusin the
model that does not consider this gap (Figure 74). Since it isthe fuel temperature (and not the

iridium bar heater temperature) that determines the extent of oxidation in the fuel, the fuel-to-
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iridium gap was neglected in the numerical implementation of the 2D r-6 fuel oxidation
model (Section 3.5.1) aswell asin the fuel solid mechanics and crack propagation model
(Section 3.5.3).
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Figure 76: Radial temperature profilein the 2D r-0 closed fuel-to-sheath gap that considersa
60 um fuel-to-iridium heater bar gap

Nevertheless modeling the iridium bar heater and the fuel-to-iridium gap may be very
important from an engineering standpoint of the experiment. Allowing the Ir central heater to
reach such high temperatures can shorten its lifespan, which is undesirable. The computation
of this temperature jump in the gap was achieved using COMSOL® 4.3b heat transfer with
surface-to-surface radiation physics, since at high temperatures a greater fraction of the heat is
transported via radiation (without which the model ed temperature of the iridium bar heater
would be higher than that shown in Figure 76).

Recall that Figure 73, Figure 74 and Figure 75 show the radial temperature profilesin
the out-reactor fuel. The radial temperature is plotted at three different timesin Figure 77:
6 hours, 1 day, 4.6 days, and 2 weeks of heating. In Figure 77 (a), the temperature varies
dlightly with time, especialy in the fuel element interior, while the temperature in the
peripheral region is steady due to a constant coolant boundary condition. Figure 77 (b) isa
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closeup plot near the location of the thermocouple (TC1 in Figure 18 and Figure 20)
nearest theiridium bar heater indicated by the vertical dotted line.
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Figure 77: Radial temperature plotsat different times

During the first 6 hoursto one day of heating, the temperature at the first thermocouple
position reaches 1310 K (blue and yellow curves) but then drops to just above 1300 K (green
curve) after four days. As the simulation continues to two weeks, the temperature rises again
to just above 1320 K (red curve). Theinitial drop in temperature is not expected when
considering that the fuel is being oxidized throughout the simulation. However, this behavior
can be explained where Figure 78 shows the UO,.4 thermal conductivity and oxygen
stoichiometric deviation at aradial location (where the innermost thermocouple is positioned
at a~2.75 mm radius) versus a 2-week heating simulation. As can been seen, the thermal
conductivity in the UO, pellet at thislocation (solid blue curve) initialy rises to 3.16x107
kW m™ K™ for 3.5 heating days but then starts to decay after this time. The oxygen
stoichiometric deviation is also plotted (dashed purple curve), which shows that the oxygen
deviation content in this location continuously increases, faster in the beginning but then
slower at the end of 14 days of simulation. The reason the thermal conductivity initially rises
and then fallsis due to the nature of the phonon contribution (lattice vibration) equation (see
Eq. (36)).
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In Figure 73 (b) it appears that the stoichiometric oxygen deviation is symmetric in the

azimuthal direction but a closer look shows some variation. This small azimuthal non-
symmetry is shown Figure 79, where the solid blue line represents the radial oxygen
stoichiometry deviation in the fuel and the dashed purple line represents the radial oxygen

stoichiometry deviation in the fuel while passing through a thermocouple nearest the iridium

bar heater. Interestingly, the results show higher oxygen deviation valuesin the vicinity of the

thermocouple, away from the pellet centre, due to the higher thermal conductivity of the

thermocoupl e causing higher local fuel temperatures.



Figure 79: Oxygen stoichiometry deviation radial plot, through fuel only and through the

The amount of fuel oxidation after two weeks of heating is summarized in Table 27.
Here the maximum stoichiometric deviation is provided as well as the molar number of
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oxygen atoms that have been taken up by the fuel in Eq. (165). The maximum temperature at
the iridium bar heater isalso indicated at 1 day, 4.6 days, and 2 weeks of heating.

Table 27: Closed fuel-to-sheath gap 2D r-6 fuel oxidation model result at 2 weeks of heating

providing maximum Xdev and T values

X 0V at 2 Tre@l | Toopnal | Togatd6 | Togat?2
weeks | Molmolla2wesks | g day[K] | days[K] | weeks[K]
0.095+000 0.068+0 000 21705, | 215045, | 2150+, | 2180+

As can be seen there is a~20 degree drop in the max temperature at the iridium bar centre

between 1 day and 4.6 days of heating. The temperature then rises by ~30 degrees at 2 weeks.

This change in temperature, due to fuel oxidation, was aso seen in the vicinity of the

innermost thermocouple as plotted in Figure 77 (b). The computed mole uptake of oxygen

atomsinto the fuel matrix of the full length out-reactor fuel element is also indicated in the

table (which is equivalent in massto ~1 g).
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The computed electrical powers generated in all three conductors (where UO; is
considered as an electrical semi-conductor at the planned operating temperatures of the test) is
provided in Table 28. The electrical power isindicated as the total power in KW and power
density in kW m (for a0.482 m fuel element length) after 2 weeks of electrical heating.

Table 28: Computed electrical power used to heat the modeled fuel element simulator

Prrigium [KW] | Puoz [kW] Pzircaioy [KW] Pirigium [KW m] Puoz [KW m?] Pzircaoy [KW m?]

120+, <01 105+" (3549, )x10° <0.1x10° (L4£2%)x10°

For comparison to in-reactor fuel element linear powers, the electrical power is
indicated for each conductor separately and as atotal linear power in Table 29. Generally the
heating power levels were stable throughout the simulation though there was a slight increase
in the Zircaloy sheath electrical power as the model simulation progressed.

Table 29: Electrical power in fuel-element expressed aslinear power

Plinear tota [KW m™'] Plinear iricium [KW m™] Plinear_uoz [KW m™] Plinear_zircaloy [KW m™]

2 0 2
4742 25+ <0.1 2+2

From the above tables, the expected heat generation in the UO, fuel is negligible and the
main heating power occurs in the iridium bar and Zircaloy sheath. Since the power generated
in the Zircaloy sheath is mostly released to the coolant, the main heating of the UO, fuel is
provided by the iridium bar heater. The actual linear power of the out-reactor fuel element is
thus expected to be ~25 kW m™* and not the total linear power of ~47 kW m'™. It should be
noted here that the model assumed a constant electrical current input of 1085 A. In redlity this

may vary somewhat.

Before continuing on with the model results afew words are given on model result
uncertainties. There can be many sources of uncertainties in the out-reactor fuel oxidation
model, such as the uncertainties in the thermal properties of the modelled materials (such as

the fuel thermal conductivity) or the uncertainties in the fuel oxidation equations, some of
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which are not known or not published. As aresult best estimate model results are
presented. Nevertheless, two sources of error were quantified to provide the uncertaintiesin
the 2D r-60 fuel oxidation model results shown in Table 27, Table 28, and Table 29. (i) The
first source of error considered was the Zircaloy electrical conductivity. In Section 3.3.3 three
equations were presented for this quantity (Egs. (83), (85), and (86)). EqQ. (86) provided the
lowest electrical conductivities for the Zircaloy sheath, which promoted increased electrical
current flow through the iridium bar heater and thus increased the inner fuel temperature and
hence fuel oxidation. To derive alower-bound for fuel oxidation Eqg. (83) (for zirconium) was
selected instead, which provided the highest electrical conductivities for the sheath. (ii) The
second source of error considered was the crack depth, which was used to derive an upper-
bound uncertainty for fuel oxidation. In the regular model the crack depth was set so that
crack tips were located in the fuel at atemperature equal to 1250 °C. To increase fuel
oxidation the crack depth was modified so that the crack tips were located at the increased
temperature of 1300 °C. This can bejustified, since the transition between elastic fuel (where
there are fuel cracks) to plastic fuel (where no cracks are believed to exist) occurs between
1200-1400 °C (refer to Sections 1.5, 3.2, and 3.5.1).

For the results presented in Table 27, all of the radial fuel cracksin the model provide a
pathway for fuel oxidation; specifically, the flux terms, specified in Table 2 in the solid state
oxygen diffusion equation Eq. (18) and in the gas diffusion equation Eq. (27), are active at all
of the fuel-to-gas interfaces in the twelve radial cracks. But to define all the radial cracksin
the model is labor intensive and can be complicated to mesh and to compute in a 2D model,
and even more so in a3D model. The question then arose what would be the extent of fuel
oxidation in the 2D -6 model if only some of the radial cracks near the sheath defect
participated in fuel oxidation. Figure 80 provides the oxygen stoichiometry deviation
distribution result using the 2D -6 fuel oxidation model when only five of the 12 radial

cracks were included.
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Figure 80: The oxygen stoichiometry deviation distribution plot after 2 weeks of simulated
heating in a closed fuel-to-sheath gap fuel oxidation model with only five active radial fuel

cracksin thefuel oxidation

Table 30 provides the oxidation and maximum temperature results for this 2D -6 model. As
can be seen, when compared to the results in Table 27, the maximum stoichiometry deviation
was 7.4% higher and the average oxygen molar uptake was 22.1% higher than the case where
all radial fuel cracks were included in the model (i.e., that included flux terms).

Table 30: Closed fuel-to-sheath gap 2D r-6 fuel oxidation model results when only five radial

cracks near the sheath defect include oxidation flux terms

Xdevyx at 2 no [mol] at 2 Tt 1 Tmax at 4.6 Trnax L 2
weeks weeks day [K] days[K] weeks [K]

0102435 | 00831000 | 2160+, | 2140+, | 220043,

Also observed was that the maximum temperature after 2 weeks of heating was ~20 degrees
higher than the case where all 12 radial cracks were included in the model (Table 27), due to
the increased fuel oxidation. Initially this result may seem counter intuitive. But when
consideration is made that the UO, fuel is being reduced as well as being oxidized, it can be
shown that more oxidation is occurring in this case, since there are no active cracksin the
hydrogen rich domain away from the sheath defect. The following elaborates on this

observation.
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The kinetic reaction rate for either fuel oxidation or reduction is computed by
solving Eg. (25), which can be compared graphically at different azimuthal locations and at
different times. Figure 81 (a) shows the computed reaction rate in the radial fuel crack right
under the sheath defect at the 12 o’ clock location (refer to Figure 38) at two different times.
At 6 hours of heating (blue solid line), the maximum reaction rate was as high as 1.12x10

moles O or H, m? s™ at the pre-set crack tip.
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Figure 81: Reaction rate comparison in the fuel element at two different timesin theradial

crack positioned at (a) 12 o' clock near the sheath defect and at (b) 6 o’ clock

The reaction rate decays quickly to values approaching zero as the distance increases aong
theradial crack away from the fuel element centre. The reason for this drop off is due to the
steep radial temperature gradient in the out-reactor fuel element and due to the nature of the
reaction rate, which is an Arrhenius exponential decay function in Eqg. (22). At two weeks of
heating at the 12 o’ clock radial crack over aradial distance of only 0.36 mm away from the
crack tip, there was >200° degree drop, which reduces the oxygen surface exchange rate
coefficient o by about 90%.

Referring again to Figure 81 (a), as the simulation heating time increases to 2 weeks

(purple dashed line), the maximum reaction rate drops to only 6.24x10* moles O or H, m? s*
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and the radia distance in the crack over which oxidation is occurring (positive values)
becomes more limited to the immediate crack tip location. This can be compared with the
reaction rate at the 6 0’ clock location in Figure 81 (b) (refer again to Figure 38). It can be
noticed at this remote crack location (the most distant radial crack from the sheath defect) the
reaction rate is almost an order of magnitude lower than at the 12 o’ clock location (Figure 81
(@), for both 6 hours and 2 weeks of heating.

To illustrate the reducing reaction rates, which were not as clear as the oxidation rates
plotted in Figure 81, the reaction rates in the radial cracks at the 12 and 6 o’ clock positions for
2 weeks of heating are plotted in Figure 82. The y axis range was reduced in order to
emphasize reducing reaction rates, which are negative in value. As expected, the reaction
taking place in the 12 o’ clock position (solid blue curve) is a combination of two reaction
zones. athin but relatively sharp oxidation rate zone very close the crack tip and a broader

reducing rate zone further away from the crack tip indicated by alocal minimum.
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Figure 82: Comparison of reaction rates at two different locationsin theradial cracks positioned
at 12 o’'clock near the sheath defect (blue curve) and at 6 o' clock away from the sheath defect
(purple dashed curve)

The 6 0’ clock crack (dashed purple curve) shows similar behavior to the 12 o’ clock but the 6

0’ clock crack shows a broader and deeper reducing reaction zone. In other words more fuel
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reduction is occurring in the more distant 6 o' clock position radial crack. Thusthe 2D r-6
model shows that the fuel oxidation reaction rates are azimuthal and radial crack position
dependent in relation to the defect location.

The reason for the reduced oxidation / increased reduction reactions away from the
sheath defect is due, in part, to the high hydrogen mole fraction. When the g value (or the
hydrogen mole fraction in the cracks) is high the reaction rate for fuel oxidationin Eq. (21) is
low and for fuel reduction in Eq. (23) ishigher. In Figure 83 q is plotted along the 12 o’ clock
and 6 o’ clock positioned radial cracks at 6 hours and 2 weeks of heating times. In Figure 83
(a) the hydrogen mole fraction in the 12 o’ clock position, at the crack tip, is generally 2-4
orders of magnitude greater than the boundary condition ¢ (see Table 12) at the sheath defect
location. In the 6 0’ clock position in Figure 83 (b) the hydrogen mole fraction is relatively
high and is constant along the crack length. In both figures the hydrogen mole fraction is aso
higher at the start of the ssimulation (at 6 hours) than at the end of the simulation (at 2 weeks).

() (b)
1.E-01 1.E-01

——crack at 12 o'clock at 6 hrs
— -crack at 12 o'clock at 2 weeks

1.E-02 1.E-02

1.E-03 1.E-03
= o
1.E-04 1.E-04
o ——crack at 6 o'clock at 6 hrs
sheath defect location ! — —crack at 6 o'clock at 2 weeks
1.E‘05 T T T T 1 E'05 T T T T
2 E-03 3.E-03 4 E-03 5.E-03 6.E-03 2.E-03 3.E-03 4 E-03 5.E-03 6.E-03
radial position in the fuel crack [m] radial position in the fuel crack [m]
crack tip location crack tip location

Figure 83: The hydrogen mole fraction plotted along the radial cracksat positions (a) 12 o’ clock
and (b) 6 o’clock in the 2D r-6 (closed fuel-to-sheath gap) fuel oxidation model
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Thisis because the oxidation processis faster in the beginning of the simulation and so the

hydrogen production is aso increased. Although the model does not reach steady-state
equilibrium in two weeks of heating, the oxidation rates do slow down as was observed in
Figure 81 (a).

The effect of the non-azimuthal symmetric reaction rate can be demonstrated by plotting
the oxygen deviation distribution during the first few minutes of the heating/oxidation
simulation. Figure 84 provides the oxygen stoichiometric deviation after 135 seconds into the
simulation. As can be seen the oxygen deviation is at a maximum near the sheath defect (at

the 12 o’ clock position) where Xdev=4.3x10",

radial fuel crack at 12 o’ clock
Xdev 4.32x10™

I4

area of increased fuel oxidation

7.92x10°

radial fuel crack at 6 o’ clock

Figure 84: Oxygen stoichiometry deviation distribution result after 135 seconds of heating time
in the 2D r-0 (closed fuel-to-sheath gap) fuel oxidation model

The model simulation provides the temperature distribution in the out-reactor fuel
element while predicting the required electrical power distribution in the element that will
ensure a measureable fuel oxidation in the test. With the fuel-to-sheath gap closed, the
thermal resistance between the fuel and the sheath will be at its lowest level requiring an

optimal electrical heating power (25+% kW m™, see Table 29). The amount of fuel oxidation
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is over-predicted, since the sheath defect in the 2D r-6 model extends over the element
length (as an artifact of the 2D r-0 representation). Nevertheless, this model provides an
upper-bound assessment and it is useful in showing the azimuthal effectsin relation to the
sheath defect location. The effect of fuel oxidation on the thermal conductivity of the fuel is
demonstrated in the radial-temperature plots. As the fuel oxidizes, the thermal conductivity is
reduced, resulting in an increase in the fuel temperature. Lastly, it is shown that if only part of
the radial cracks near the sheath defect participate in the fuel oxidation, the overall outcomeis

adlight increase in the amount of fuel oxidation.

4.2.2 Open Fuel-to-Sheath Gap 2D r-0 Fuel Oxidation Model Results

For the open gap model, two parametric case studies were performed:

M) A study case including four different fuel-to-sheath gap (ftsg) dimensions with a

common crack width dimension was modeled.

(i) A study caseincluding four different crack width dimensions and a common fuel-to-

sheath gap dimension was model ed.

Both study cases change the geometry of the steam domains, and hence the hydrogen
diffusion rates are changed. Thisin turn can affect fuel oxidation. The radial temperature

distribution and resulting oxidation are presented for these two cases.

The purpose of case study (i) isto compare the effect of different gap sizes on the
amount of fuel oxidation, since the gap size affects hydrogen gas diffusion. In this case, the
radial crack dimension was pre-set to 20 m wide (as compared to the 15 um wide fuel cracks
in the closed gap model in Section 4.2.1). The ftsg was set to 1, 3, 10, and 20 um, the crack
depth was set to 2.29 mm (the distance from the pellet centre and the crack tip), and the
iridium bar heater power was set to various powers. Figure 85 (@) shows the temperature and
(b) the oxygen stoichiometric deviation results after two weeks of heating for the case where

the ftsg was set to 3 um and the I heater power was set to 3.26x10° kW m™.
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Figure 85: (a) Temperaturedistribution plot and (b) oxygen stoichiometry deviation distribution

plot at 2 weeks of simulated heating timein a 2D r-6 fuel oxidation model with a 3 um open ftsg

Theradia temperature plot of the above mentioned model with a3 um ftsg is given by
the purple curve in Figure 86. The vertical dotted line in the plot shows the location of the
common radial crack tips and the horizontal dotted line indicates the common crack tip
temperature. The remaining 1, 10, and 20 um ftsg modeled radia temperatures for this case
study are also plotted in Figure 86. Oxidation and reduction reactions occur to the right side of
the vertical dotted line where the radial cracks exist, where the temperature is approximately
the same in the immediate vicinity of the crack tip (1523 K). However, further away from
the crack tip (nearer the fuel pellet surface) the fuel temperature changes. In the 20 um ftsg
model (yellow curve) the temperature is higher in the pellet outer regions compared to the
1 um ftsg model (blue curve). But this change in temperature in the fuel outer regionsis not
significant as far as fuel oxidation is concerned, which is discussed in Section 6.1. On the left
side of the vertical dotted linein Figure 86, no reactions occur (due to alack of fuel cracks),

except for solid state oxygen diffusion in the fuel.
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Figure 86: Radial temperature plotsfor four fuel-to-sheath gaps, all considered open gaps except

for the 1 um gap

The results of case study (i) are summed up by Table 31, which provides the maximum

fuel oxidation value and the average oxygen molar uptake after two weeks of heating.

Table 31: Resultsof a 2D r-@ fuel oxidation model when varying the open ftsg dimension while

maintaining a similar crack tip depth and temperature

ftsg [um] Prricium [KW M) Xd&Vimex oo at 2Weeks | No Fooeo [mol] at 2 weeks
1 3.355x10° 0.094 0.0684
3 3.260x10° 0.097 0.0772
10 2.990x10° 0.103 0.1041
20 2.686x10° 0.107 0.1294

Note: The crack width was maintained at 20 um for the four models. In these models the iridium bar heater
radius was set at 1.5 mm.

As seenin Table 31 when the fuel-to-sheath gap is at its minimum value (i.e., 1 um), the
oxygen stoichiometric deviation is also at its lowest value. On the other hand the oxygen

molar uptake doubles when the fuel-to-sheath gap is at its maximum value (i.e., 20 um).
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For case study (ii), the ftsg dimension was pre-set to 3 um and the radial crack width
was varied. The purpose in this case was to compare the effect of fuel crack widths on the
amount of fuel oxidation, since this dimension aso affects the hydrogen gas diffusion mass
transport. Since the ftsg was maintained at the same value for the four crack width models, the
applied power density was the same in each crack width simulation. The crack tip was
positioned at 2.29 mm from the element radial centre so that the crack tip temperature was
~1523 K. Table 32 provides the maximum oxygen stoichiometric deviation and the average
oxygen molar uptake results after two weeks of fuel heating and oxidation. A plot of Table 32
datais also given in Figure 87, which shows that as the radial fuel crack width was increased
from 1 umto 20 um, so did the maximum oxygen stoichiometric deviation (blue diamonds).
This was more clearly demonstrated when the average oxygen molar uptake into the fuel

element was plotted against the radia fuel crack widths (magenta squares).

Table 32: Resultsof a 2D r-6 fuel oxidation model when varying the crack width dimension

while maintaining a common fuel-to-sheath gap dimension

Crack width [uim] Prricium [KW m¥] XdeVimax oo at 2Weeks | No Toot0 [mol] at 2 weeks
1 3.2x10° 0.072 0.030
3 3.2x10° 0.077 0.037
10 3.2x10° 0.086 0.053
20 3.2x10° 0.094 0.070

Note: The fuel-to-sheath gap dimension was maintained at 3 um in the four modeled cases.
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Figure 87: Maximum oxygen stoichiometric deviation Xdev and oxygen mole uptake ver sus

radial fuel crack width

For the testing of the mesh and mesh-type independence, the second simulation case in

Table 32 was repeated with a difference mesh; changed from the from a‘hybrid’ mesh
(quadrilateral and triangular mesh) shown in Figure 44, to an al-triangular one shown in

Figure 45 in Section 3.5.1 (except for the radial fuel cracks and the fuel-to-sheath gap

domains that used a quadrilateral mesh). Additionally, the mesh density was increased on

average by afactor of >4, with an emphasis of mesh density increasesin the radial fuel cracks
and the fuel-to-sheath gap. Table 33 provides the fuel oxidation result for the increased mesh-

density model.

Table 33: Results of a 2D r-0 fuel oxidation model with increased mesh density

+0.005 +0.010
Crack width [um] | Prrciun [KW mi?] X deVimax £ 005 2 2 Mo %0000 [MOl] & 2
weeks weeks
3 3.2x10° 0.076 0.037

Note: The fuel-to-sheath gap dimension was maintained at 3 um.

As observed, the fuel oxidation results between these two meshed models were very similar
(the second row resultsin Table 32 and the result in Table 33). Specifically, there was a 1.3%

decrease between the maximum oxygen stoichiometry deviation and a 0.0% decrease in the

average oxygen molar uptake into the fuel, between the all-triangular (high density) model
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and the hybrid (lower density) one. The results varied only within a small percentage so

that the results are independent of the mesh structure.

These model results show that the fuel-to-sheath gap dimension and radial crack width
dimension can have an effect on the extent of fuel oxidation, which is elaborated on further in
discussion Section 6.1. With this point made the following results section assesses the
expected radial crack geometry (crack width dimensions) due to thermal expansion of the fuel

and the assessment of conditions for radial crack propagation.

4.3 The 2D r-0 Plane Strain Solid M echanics M odel Results

Theradial fuel crack geometries used in the 2D r-6 fuel oxidation model, described in
the Section 3.5.1, with the results discussed in Sections 4.2.1 and 4.2.2, were simple pre-
defined slender rectangles that did not change shape throughout the simulation (i.e., did not
expand due to thermal stresses). The following 2D r-6 plane strain models considers these
geometries while investigating thermal stress (providing the crack geometry) and conditions

for fuel crack propagation.

In order to study afew possible scenarios, the following results section is divided into

two parts:

i.) In thefirst scenario, amodel with five (5) pre-set radia cracksthat wereinitially 3 um
in width and with one surface pellet flaw that was initially 0.175 mm deep was
considered. Also, the model assumed the iridium bar heater and the UO, pellet inner
annulus were in contact. Thus, these two materials were modeled as a solid continuity

in the solid mechanics physics module.
ii.)  Inthe second scenario, two models were considered:

a) A model that had five (5) pre-set radial cracksthat wereinitially 3 umin width
with one surface flaw that was initially 0.175 mm deep.
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b) A model that had one (1) pre-set radial crack that wasinitially 3 umin
thickness with one surface flaw that was initially 0.175 mm deep.

In both models a) and b) of scenario ii.) the iridium bar heater domain was not included
in the model solid mechanics physics computation, i.e., in this case it was assumed thereis no
physical contact between the iridium bar heater and UO, pellet annulus (i.e., the iridium bar
heater expansion and contraction forces are neglected). This scenario was considered in order
to investigate the case of no physical contact between the iridium bar heater and the UO,
pellet and how this effects fuel crack growth conditions. The effect on the number of pre-

existing fuel cracks on fuel crack growth conditions was also investigated.
Smulation Results
Parti.)

The following figure provides the cal culated von Mises stress distribution based on the
2D r-6 plane strain model using COMSOL ' s steady state numerical solver. In this plot, the
surface flaw is 0.175 mm deep. As observed, al fiveradial fuel cracks have thermally

expanded.
12 o' clock crack

thermally 4000
expanded radial
crack

- - 3000

i MPa

- - 2000
fuel pellet surface 1000
flaw location

147

plastically deformed —

fuel sheath crack tip

Figure 88: von Mises stressdistribution in a thermally expanded out-reactor fuel pellet
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The von Mises stress, also known as the equivalent tensile stress, is an expression that
includes all principle stresses. Generally it is used to predict the yielding of materials under
multiaxial loading conditions. In this case though it is used to visualize the stresses present in

the pellet. The von Mises stressis provided by Eq. (188) for plane strain conditions[79].

O von_Mises = \/%((Gx N Gy)z + (Gx - Gz)z + (Gy - Gz)z) (188)

It can be observed in Figure 88 that the regions of highest von Mises stress are at the fuel
element centre (red areas) and this stress gradually subsides as the pellet surface and sheath
(blue areas) are approached. Also observed isthat the five expanded radial cracks are wedge
shaped and at their crack tips higher von Mises stresses are present. A closeup view of the
radial crack opening and crack tip of the 11 o’ clock crack is provided in Figure 89 (a). The
crack opening after thermal expansion is shown to be ~100 um wide, which is 5 times wider
than the widest radial crack modeled in the 2D r-6 fuel oxidation model in Section 4.2. This
would suggest that the 1-20 um radial crack widths used previously (Section 4.2) may have
been conservative values. Figure 89 (b) shows the von Mises stress concentration at the

11 o' clock crack tip, which is observed to be non symmetrical about the crack tip, due to the

non symmetry of the local stresses.

~100 um crack width @ (b) MPa

. 4000

= - 3000

- - 2000
I 1000
147

Figure 89: von Mises stressdistribution in closeup view of (a) crack opening and (b) crack tip of

the 11 o’clock radial crack beforethe 9 o' clock radial crack has opened
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The horizontal ‘figure eight’ areain Figure 89 (b), which isred colored indicating areas of
high stress at the crack tip, is characteristic of crack tip stressfields as discussed by Anderson
[79].

There was a substantial difference in the von Mises stress between the inner and outer
fuel element regions as seen in Figure 89 (a) and (b). Thiswas partly because the outer fuel
regions were at alower temperature and because the sheath was allowed to plastically deform
upon contact with the fuel pellet after the sheath transverse stress reached 150 MPa. The
contact pressure that acted as a boundary condition on the internal sheath surface and fuel
pellet outer surface was computed with the penalty method as explained in Section 3.5.3.
Figure 90 shows the contact pressure plotted as afunction of azimuthal position on the pellet-
sheath interface, and it ranges between 1x10° to 2x108 Pa. Hence, every point on the
circumference of the sheath received a different pressure based on how much the sheath and
pellet surfaces/boundaries penetrated each other. The average contact pressure was computed
as 7.78x10" Paand isindicated in the figure by the red dashed line.
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Figure 90: The simulated contact pressur e between the sheath and the fuel pellet vs. the

azimuthal position of the contact surface
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Since the current model has a 2D r-6 geometry, it is more intuitive to express the
stresses acting in the plane strain model in cylindrical coordinates. Furthermore, the von
Mises stress only gives the absolute combined stress field, and not the principle stresses.
Thus, Eq. (189) provides the conversion of stresses from Cartesian to cylindrical coordinates
[138], where oy and oy are the stresses in the x and y directions and 7 is the shear stress

perpendicular to the x direction and parallel to the y direction.

o, =0,c08’0+0,sin’0 +2r,,sinf cosH (159)
o, = 0,86 +0,cos’ 0 —2r,, sinf coso
In aclassic crack analysis problem, one can consider a remote stress acting on a surface crack
of length a (i.e., seethe Mode | loading in Figure 30). Compressive stresses can also create
conditions for crack propagation, called ‘wing cracks' [163], but a specific treatment is
needed for this analysis, which is not included in thiswork. Using Eg. (189), the radial and
azimuthal stresses are plotted in Figure 91. The vertical dashed orange line in the figure
represents the inner UO, annulus. Due to thermal expansion, the radial stress (blue curve)
starts at zero and is then compressive (negative) throughout until it arrives at the pellet surface
flaw.
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Figure 91: Radial and azimuthal stressesvs. radial position through the fuel pellet, fuel pellet

surface flaw, and sheath
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The azimuthal stress (purple curve) on the other hand isinitially compressive at the pellet
inner annulus with a calculated stress as high as 3.5 GPa. The azimuthal stress then becomes
tensile (positive) when at the radial position of ~2.65 mm from the fuel element centre and
rises to a maximum value of 260 MPa. The stress then decreases but remains in the tensile
state all the way to the surface flaw, which is 0.175 mm from the pellet surface. The gap in
the stress plot (green circle) is due to the presence of the pellet surface flaw. The stressin the
sheath is basically a hoop stress, which reaches a maximum value of ~200 MPa after strain

hardening from an initial pre-defined Zircaloy yield stress oy of 150 M Pa.

For the case when the developing radial crack isat full length (i.e,, it isaslong as the
remaining radial cracks) the radial and azimuthal stresses are plotted in Figure 92. At this
point the crack has grown to alength in the fuel pellet where the crack tip temperature reaches
1473-1673 K (i.e., at atemperature range where fuel cracks self heal), at which point the
parametric solver stops. The final crack tip is set to a distance of 2.29 mm from the fuel
element centre (where the fuel element temperature reaches ~1523 K, see Section 3.5.1). Here
the azimuthal stress (purple curve) is compressive at the pellet inner annulus as before but
quickly changes to tensile stress as the crack tip is approached. The change from compressive
to tensile stress occurs at 2.2 mm from the fuel element centre rather than at 2.7 mm when the
crack is only a surface flaw, as shown in Figure 91. At the region near the crack tip the
azimuthal stress jumps substantially to ~10 GPa, which is about three times above the
theoretical fracture stress of UO..
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Figure 92: Radial and azimuthal stressesvs. radial position through the fuel pellet, fuel pellet

radial crack, and sheath when the crack isfully extended

For analyzing the conditions for crack propagation in the sixth crack that startsasa
pellet surface flaw, the stress intensity factor K| is computed and compared to the calcul ated
fracture toughness K| of the UO, ceramic (Eq. (118)), as provided from Table 21. It isaso
compared to an experimental measured fracture toughness by Kutty [135], as provided from
Table 20. Figure 93 plots K, as a function of the crack length a. The crack length increases
from a surface flaw length of 0.175 mm to 3.36 mm in length, the computed stress intensity
factor K, around the crack tip increases from 3.00x10° Pam®® to 4.46x10” Pam®. After this
point, K, decreases somewhat to 3.82x10" Pam®, at which point the parametric solver is pre-
set to stop where fuel plasticity is believed to occur (i.e., at about 2.29 mm from the pellet

centre where the temperature is ~1250°C).

Comparing the computed K, curve to the fracture toughness K. valuesin Figure 93 for a
surface flaw similar in size to a pellet pore (yellow triangle provided by Table 21 in Section
3.5.3), or to ameasured value (green square [135]), the stress intensity factor K, is aways
greater than the fracture toughness of the material. Thisresult would indicate that crack
propagation conditions are favored throughout the length of the crack.
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Figure 93: Thestressintensity factorsaround crack tip vs. crack length in a model with six
crackstotal with iridium bar and UO, domain mechanical continuity, and UO,fracture

toughness

In Figure 94 (@), the width of the 11 o’ clock crack is shown to be 44.7 um (at the crack
opening), which islessthan half aswide asit wasin Figure 89 (b) when the 9 o’ clock crack
was still a surface flaw (i.e., ashort crack). It is observed that the 11 o’ clock crack tipin
Figure 94 (b) has similar maximum von Mises stress of 4000 MPa asin Figure 89 (b) but has
greatly reduced its surface area. Thus, the growth of an extraradial crack, specifically a 6™
radial crack at the 9 o’ clock location, is accompanied by areduction in the local stressesin

neighboring fuel crack tips and areduction in crack width openings.



189

~44.7 um crack width E)] (b) MPa

. 4000

= -3000

- -2000

I 1000
147

Figure 94: von Mises stressdistribution in closeup view of (a) crack opening and (b) crack tip of

the 11 o'clock radial crack after the 9 o’clock radial crack hasfully opened

Theradial stressin Figure 92 was not zero or compressive (negative in sign) at the inner
UQO, pellet annulus surface as would otherwise be expected. Thisresult isbecause in this
2D r-6 plane strain model, the iridium bar and the UO, fuel pellet surrounding it were
modeled as solid continuity between these two domains. In reality, the UO, pellet central
annulus and the iridium bar surfaces, when heated in the experiment, can slip and dide and
possibly separate from each other (i.e., theinitial gap between these two materials may
increase), thereby reducing any stress build up in the pellet. In other words, modeling these
two materials with solid continuity may over ssmplify the problem. Thisin turn can affect
conditions for fuel cracking. Hence, the following Results Part ii.) sub-section addresses this

issue.
Partii. a)

In this section the iridium bar was excluded from the solid mechanics computation.
Instead, only heat transfer physics was solved-for in the iridium bar domain. In this manner,
the UO; pellet was free to expand without being ‘tethered’ or ‘pushed’ by the iridium bar.
Figure 95 provides the von Mises stress distribution for the 2D r-6 plane strain model where
five pre-set radial cracks are alowed to open due to thermal expansion. A sixth radial crack

opens up parametrically at the 9 o’ clock position from a surface flaw that is 0.175 mm deep.
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As one observes, the areas of highest von Mises stressin the pellet are near the UO,-to-
iridium interface and at the pre-set crack tips.

12 o' clock crack

expanded radial .
crack
3000
fuel pellet surface
flaw location MPa
- 2000
1000
plastically deformed —
fuel sheath
147

7:30 o' clock position

Figure 95: von Mises stressdistribution in a thermally expanded out-reactor fuel pellet where

theiridium bar isexcluded from the solid mechanics computation

If these results are compared with those in Figure 88, it is possible to discern slight
differences in the von Mises stress distribution, however clearer differences can be
distinguished when plotting the radial and azimuthal stresses in two different azimuthal
locations (or clock positions). The azimuthal stressis plotted as light blue and blue curvesin
Figure 96. The light blue curve is the azimuthal stressin the pellet plotted at the 9 o’ clock
position from the centre of the pellet, through the pellet, pellet surface flaw, and the sheath.
The blue curve is the azimuthal stress plotted at the 7:30 o’ clock position (i.e., a45° angle
away from the developing radial crack asindicated in Figure 95). Similarly, the red and
orange curves are the radial stresses plotted at the 7:30 and 9 o’ clock positions, respectively.
The green dashed vertical line indicates the pellet inner annulus location. Generally, the stress
plots at the two different clock positions were similar, except at the crack tip where there was

astressriser.

Theradia stress at the inner pellet annulusis zero as expected (as compared to the
previous model result in Figure 92 that considered solid continuity between the Ir and UQO,).
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Thered curveisless smooth due to the coarser mesh at this location. These stress profiles
can be compared with those of Figure 91, where the iridium bar heater was included in the
stress computation. It is also noticed that the light blue and orange curves for the azimutahl
and radial stresses, respectively, rise sharply in magnitude and were highly compressive (i.e.,
negative in sign) near the surface flaw crack tip region (in the green ellipse). This stress
concentration behavior, as was seen earlier in Figure 92, is typical when discontinuities such

asavoid or crack are present in aloaded material.
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Figure 96: Radial and azimuthal stressesvs. radial position through the fuel pellet, fuel pellet

surface flaw and sheath, in a model with five preset radial cracks and one surface flaw

Asdiscussed in Section 3.4.2 the type of cracking investigated in this thesis was Mode |
cracking (Figure 30) where amaterial isforced apart by applying atensile stress normal to the
plane of a crack. However, the plot in Figure 96 shows that when the surface crack or flaw is
only 0.175 mm in length the azimuthal stress (light blue curve) is compressive (negative in
value) down to a depth of ~1 mm below the pellet surface. Hence, Mode | cracking acting on
asurface flaw is not represented in this case. In other words, the surface flaw may not develop
into afull length fuel crack with five pre-set radial cracks aready present. The azimuthal
stress though becomes tensile at a depth greater than 1 mm into the pellet, which can promote

Mode | internal cracks. However, this was not considered in this work.
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Partii. b.)

The following results consider the case when thereis only one pre-set radial crack and
one surface flaw in the out-reactor fuel pellet. The other pre-set radial cracks, at 11, 12, 1, and
6 0’ clock positions, as indicated Figure 97, were disabled and not allowed to open.

disabled fuel
cracks
= - 3000
B MPa
fuel pellet surface
flaw location ” > T 2000
1000
disabled
7:30 o' clock position crack 107.3

Figure 97: von Mises stressdistribution in a thermally expanded out-reactor fud pellet where
theiridium bar isexcluded from the solid mechanics computation. Only one pre-set radial crack

(right) and one surface flaw (left) are allowed to open

As before, the radial and azimuthal stresses are plotted in Figure 98. The dashed green vertical
line in the figure represents the inner UO, annulus surface. The blue and light blue curves
represent the azimuthal stress in the pellet plotted at the 7:30 and 9 o’ clock positions,
respectively, were generally similar except at the crack tip where thereis astressriser.
Furthermore, the radial and azimuthal stressesin Figure 98 are similar to the previous radial
and azimuthal stressresultsin Figure 96 (from a model with five pre-set radial cracks and one
surface flaw) except that in this case the azimuthal stress near the pellet surfaceistensile,

including the stressriser at the surface flaw crack tip.
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Figure 98: Radial and azimuthal stressesvs. radial position through the fuel pellet, fuel pellet
surface flaw, and sheath, in a model with one pre-set radial crack and one surface flaw, when the

iridium bar isexcluded from solid mechanics computation

The stress intensity factor K; was computed for the second scenario case where the
iridium bar heater was neglected from the solid mechanics computation. Figure 99 presents K
values for the two cracked fuel configurations: (a) a model with five pre-set radial cracks and
one surface flaw (six cracksin al) represented by the purple curve and (b) a model with one
pre-set radia crack and one surface flaw (two cracksin all) represented by the blue curve. As
can be seen the stress intensity factor around the crack tip of the developing fuel crack is
higher when fewer pre-existing radia cracks are present. Additionally, the stress intensity
factor K, iswell above the fracture toughness K| of the UO, ceramic (the calculated value
indicated by the orange triangle provided by Table 21 in Section 3.5.3 and the green square
value provided by Kutty et al. [135]). Since the stress at the pellet surface was shown to be
tensile (Figure 98) in amodel with one pre-set radial crack and one surface flaw, it can be
deduced that conditions for crack propagation are favored.
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Figure 99: The stressintensity factor around crack tip vs. crack length for two crack number

cases, when theiridium bar is mechanically neglected in the model. The analytical and measured

fracture toughness of UO, ceramicisgiven for specific crack lengths.

A comparison can be made between the computed K, curves from models with six radial

cracksin total (five pre-set radial cracks with one growing crack from a surface flaw), when

including and excluding the iridium bar as solid continuity with the fuel. Specifically the K|

curve in Figure 93 with solid continuity and K; curve in Figure 99 without solid continuity

(purple curve), show that former stress intensity factor curve is generally lower at the pellet

surface and higher in the pellet interior where the crack is=2.2 mm in length. Since thereis an

initial gap between theiridium bar and the UO, pellet (refer to Section 4.2.1) the purple curve

in Figure 99 may be more representative of the out-reactor fuel oxidation test conditions (i.e.,

no intimate contact between the iridium bar and the UO; pellet). Assuming cracking is

initiated only from the pellet surface the purple K, curve in Figure 99 shows more favorable

conditions for crack initiation if the azimuthal stressin thislocation is also tensile.

From these results it seems that between one and <five radial cracks will develop from

pellet surface flaws. Cracks can also grow from internal pellet pores/flaws, which could lead

to a higher number of cracks. Thisthough was not modeled in this work.
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Before continuing further, a comparison is made between the stress intensity factors
computed with two mesh types. A mesh consisting of 77% triangular elements and 23%
quadrilateral elements (Figure 50) and a mesh consisting of 24% triangular elements and 76%
guadrilateral elements (Figure 51). From Figure 100 there does not seem to be a differencein
the stress intensity factor values computed using the regular J integral (Eg. (125)) with these

two different mesh configurations.
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Figure 100: The K, computed valuesfor a model with mostly triangular mesh (blue curve) and a

model with mostly quadrilateral mesh (red squar es)

Furthermore, the J integral contour for the triangular meshed model was circular and for the
quadrilateral meshed model it was rectangular, of approximately the same size. These results

indicate contour shape independence, as expected.

Analysis of the J and J° integrals considering two contour shapes of two sizes

Previously the J integral was computed and the stress intensity factor K; was determined
by solving Eq. (124). This was then compared to the fracture toughness values K¢ of the UO,
ceramic for the purpose of determining fracture propagation conditions. But for situations
where there is a temperature gradient in the material parallel to the crack growth direction J°

is also computed, as explained in Section 3.4.2.
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A comparison is made between the J and J° integral (for J° using Eq. (134) for a
homogeneous material and Eq. (135) for a non-homogeneous material) using two contour
shapes and sizes. The reason thisis done isto seeif the computation of J is sufficient in
assessing conditions for fuel cracking or if J° provides additional information that needs to be
taken into consideration. Testing different contour shapes and sizes verifies computation path

independence.

Aswas seen earlier in Figure 100 the stress intensity factors using the conventional J
integral, seemed to be independent of contour shape and size as well as mesh type. Yet the J'
computation was alittle sensitive to mesh type, as explained at the end of Section 3.5.3.
Hence, the mesh type used for the following plots was all quadrilateral mesh elements. For the
case that the integration contour was a 0.1 mm radius contour and a small 0.25 mm sided
sguare contour, i.e., essentially the same contour size but different shapes (see applied mesh
and contoursin Figure 52 (a) and (b)), Figure 101 shows the stress intensity factorsas a
function of crack length a. K, assessed by computing the J integral isidentified as Kl in the
plot legend and the purple squares. K, assessed by computing the J° for homogeneous
materials (Eq. (134)) isidentified asKI_1 star in the plot legend and the blue diamonds. And
lastly K, assessed by computing the J° for non-homogeneous materials (Eq. (135)) is
identified asK1_1_star_2 in the plot legend and the yellow triangles. As can be observed in
the figure KI_1 and KI_1_star are essentially the same, with a maximum value of ~1.1x10®
Pam® occurring at a crack length of 3.5 mm. KI_1_star_2 though (yellow triangles) was
higher and had a maximum value of ~1.6x10% Pam®>. In Figure 101 (a) it is observed that the
KI_1 star 2 curveisalittle less smooth when the small round contour was used as compared
to Figure 101 (b) where a square contour was used. It was not concluded what led to this

result difference.



(a
1.8E+08 -
- KI_1
1.6E+08 +— — KI_1_star
KI_1_star_2
1.4E+08
1.2E408 =
o) e & ]
S 1.0E+08 o
E >
x i
5 8.0E407 /_,
6.0E+07 i =
A0E40T {— A small round |
/ contour
2 0E+07 -4
0.0E+00 : . .
0 1 2 ) 4

crack length [mm]

mA0.5]

*

[Pa

1.8E+08 +

1.6E+08

1.4E+08

1.2E+08

1.0E+08

8.0E+07

6.0E+07

4 0E+07

2.0E+07

0.0e+00

(b)
w KI_1
T-| —+ KI_1_star
Kl_1 star 2
ety
(.l’
—
.
-
o
f'./,'/'
o small square |
/)’ contour
0 1 2 3 4

crack length [mm]

197

Figure 101: Stressintensity factors K, computed using (a) a 0.1 mm radius contour and (b) a

For the larger integration contours shown in Figure 53 (a) and (b) the stress intensity

0.25 mm sided sguar e contour

factorsK, (KI_1, KI_1 star and Kl_1_star_2) are plotted in asimilar fashion as a function of

the crack length ain Figure 102. In this case the integration contours were increased in size:

from 0.1 mm to 0.25 mm radius contour and from 0.25 mm to 0.5 mm sided square contour. It

can be observed that the K, plots using the larger round contour, Figure 102 (a), or the larger

square contour, Figure 102 (b), yielded similar values, specifically, the maximum Kl_1 and

KI_1 star values were ~1.2x10° Pam®° and the maximum K1_1_star 2 values were

~1.5x10% Pam®®.1.e., the J or J° computations are independent of contour shape, as they

should be.
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Figure 102: Stressintensity factors K, computed using (a) a 0.25 mm radius contour and (b) a

0.5 mm sided squar e contour

If the K, plots (KI_1, KI_1 star and KI_1 star_2) in Figure 101 using the small
integration contours, are compared to K, plotsin Figure 102 using the larger integration
contours, it is noticed that the curves are generally very similar as well. Thiswould indicate
that the J and J° computations, in a centrally heated (electrical heating) UO, fuel pellet with
thermal expansion, with one fully developed radial crack and one surface flaw that devel ops

into afull length radial crack, are independent of integration contour shape and size.

Thus the computed stress intensity factors K, presented in figures Figure 101 and
Figure 102 (KI_1, KI_1_star) show the Jand J' integrals (the |atter for homogeneous
materials) produce similar result and are independent of integration contour shape and size.
The assessment of the stress intensity factor K; (KI_1_star_2) by computing J* for non-
homogeneous materials yielded somewhat greater stress intensity factors compared to the
previous two cases. Although the assessment of K; using J* for non-homogeneous materialsis
more applicable in the out-reactor fuel pellets, the use of the J integral gave K, values over an
order of magnitude greater than the fracture toughness K. of UO,. In other words the J
integral (Eq. (125)) should be sufficient for assessing K; for predicting conditions suitable for
crack propagation from a surface flaw of athermally expanded UO, fuel pellet. Also, the J
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integral is easier to numerically implement than J°". However, if amore conservative
estimate is required for the onset of crack propagation conditionsin a non homogeneous
material, the J” integral (Eq. (135)) should be used, sinceit yields a higher K; value.

4.4 The 2D r-0 Fuel Oxidation Model Coupled with the Solid M echanics Plane Strain
Model Results

In this model results section the 2D r-6 fuel oxidation model was coupled to the solid
mechanics plane strain model using the Arbitrary Lagrangian Eulerian (ALE) moving mesh
method (or a deformed mesh method). Since the solid mechanics part of the model included
fuel-to-sheath contact modeling (as explained in Section 3.5.3) the solid mechanics model
was configured to the first model scenario described in Section 4.3. Specifically the iridium
bar heater and the fuel pellet were modeled as a solid continuity (with no gap). This approach
ensured better convergence. Figure 103 provides the model resultsfor: (a) the temperature
distribution, (b) the oxygen stoichiometric deviation distribution and (c) the von Mises stress
distribution, after two weeks of heating. The hydrogen mole fraction distribution (q in Eq.
(27)), inthe fuel cracks and in the fuel-to-sheath gap, is not shown here, since the solution
distribution it istoo slender to present as a 2D plot but it would show a minimal value at the
sheath breach area and an increasing value (in hydrogen fraction) in the fuel cracks and fuel-
to-sheath gap as the distance from the sheath breach isincreased. The maximum crack
opening expansion was about 100 um (bottom 6 o’ clock crack in Figure 103) due to its more
remote azimuthal location with respect to the other radial cracks. The oxygen deviation from
stoichiometry in Figure 103 (b) is highest near the centre of the fuel, x = 0.088, whereit is
hottest and lowest at the fuel periphery whereit is coolest, keeping in mind that crack widths
can affect the extent of fuel oxidation (as was shown in Section 4.2.2). This maximum x result
issimilar to the maximum oxidation result (x = 0.095) in the solely 2D r-6 fuel oxidation
model shown in Figure 73 (b) though hereit isalittle lower. Thisresult is possibly due to the
smaller number of modeled radial cracks and their azimuthal distribution in the fully coupled

model (6 versus 12 radial cracks), and because in the fully coupled model the iridium bar
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heater volumetric power was 3.19x10° kW m™ whereasin the solely 2D r-0 fuel oxidation

model in Section 4.2.1 the volumetric power was higher at 3.52x10° kW m.
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Figure 103: Coupled fuel oxidation and solid mechanics model resultsthat includes:
(a) temperaturedistribution, (b) oxygen stoichiometric deviation distribution and (c) von Mises

stress distribution

The contact pressure between the sheath and the thermally expanded fuel pellet (using
the penalty method explained in Section 3.5.3) can be compared between this model and the
solely solid mechanics model computed in Section 4.3. Figure 104 shows the contact pressure
versus the azimuthal position on the pellet-sheath interface in this fully coupled fuel oxidation
model and the solid mechanics model after two weeks of simulated heating. The pressure
acting on the sheath and pellet is not numerically smooth but varies from nearly zero to as
high as 3x10° Pa. The contact pressure on the other hand computed for the solely solid
mechanics model, shown in Figure 90 in Section 4.3, is smoother and ranges between 1x10°
to 2x108 Pa. The average contact pressure here was 1.25x10° Pa, which is slightly more than

the solely solid mechanics model’s 7.78x10" Pa average contact pressure. This was because in
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this model the sheath was not allowed to mechanically yield as was done in Section 4.3,
causing the contact pressure to increase and vary more using the penalty method.
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Figure 104: The simulated contact pressure between the sheath and the fuel pellet versusthe
azimuthal position of the contact surfacein the coupled fuel oxidation and solid mechanics

model after 2 weeks of heating

In this time dependent model the fuel is heated from coolant temperature, set in this case
to 573 K, which risesin the interior to 2200 K as shown in Figure 103 (a). Since the radial
cracks thermally expand and Arbitrary Lagrangian Eulerian (ALE) moving mesh ensures the
crack boundaries follow the fuel boundaries it was possible to compute the total radial cracks
cross sectional surface area as afunction of time. Figure 105 shows that after 40 seconds of
simulated heating the total radial cross section surface area of the fuel cracks stabilizes at just
under 1 mm? Thisis an important observation because this value is about 25 times greater
than the fuel-to-sheath gap cross section surface area (assuming a closed 1 um fuel-to-sheath
gap). Hence, this model result supports the idea that gas diffusion in the expanded fuel cracks
isamore dominant pathway than in the fuel-to-sheath gap in CANDU fuel element (the latter
as suggested by Higgs [24][29]). This gas diffusion passageway is utilized in the 3D fuel
oxidation models dicussed later.
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Figure 105: Total radial fuel cracks cross section surface area vs. timein the coupled fuel

oxidation and solid mechanics plane strain model

The model results show that the time dependent solid mechanics model with the
thermally expanded fuel cracks can be coupled with the time dependent fuel oxidation model
ina?2D r-0 model configuration. The computation time though was relatively long.
Specifically, for solving this model having a 90,889 degrees of freedom model it took about
5-6 days to converge to a solution. Considering that the time it took for the 2D r-0 fuel
oxidation model (on its own) to converge was only 1-2 hours (Sections 3.5.1 and 4.2) and the
time it took for converging a similar but steady state 2D r-6 solid mechanics model (on its
own) was about 30 minutes, the convergence time for the fully coupled model is considerably
longer. Thisis partly due to the nature of solid mechanics contact modeling in the current
model where the solver continuously computes the contact pressure that ensures minimal
sheath and fuel domain penetration. The model never actually convergesto afinal contact
pressure in the simulated time. Instead the contact pressure varies with time. In other words
the contact pressure, plotted in Figure 104 after two weeks of heating, would be different if
plotted after one hour, one day or one week of simulated heating. Changes in fuel and sheath
displacement on the other hand would be hardly discernable.
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45 Fuel Oxidation Model Validation

The following section provides a benchmark of the fuel oxidation model against two
experimental results. Section 4.5.1 compares the model to the first out-reactor commissioning
test where modeled and measured temperatures and heating powers are compared.

Section 4.5.2 makes a comparison between fuel oxidation model results to an in-reactor

defective fuel element measurements.

4.5.1 Comparison of Model to the Stern Laboratories Commissioning Test

A 1% FES (fuel element simulator, from here on refered to as FES1) commissioning test
was performed on May 7, 2012 at Stern Labroratories in Hamilton Ontario. In thistest afull
length out-reactor fuel element (UO, pellet filled, thermocouple instrumented, and heated
with acentral iridium bar heater), as detailed in Figure 20, was used. The purpose of the FES1
commissioning test, was to learn how the iridium bar heater and the Type-R thermocouples
would behave in the planned out-reactor fuel oxidation experiment and if the intended test
parameters (such as the applied electrical power) would be suitable for a successful test.

Since this fuel element was instrumented with thermocouples the temperature
measurements of this test were used to validate part of the fuel oxidation model. Specifically,
the model’ s thermal properties such as the thermal conductivity of the UO; pellets and the
Zircaloy sheathing, as well as the thermal resistance across the fuel-to-sheath gap were
modeled. This was done so that model ed temperatures could be compared to thermocouple

temperature measurements.
Experimental Measurements

During the FESL test the electrical power was increased to a maximum of 17 kW (total)
and held at steady state. Temperature readings were then taken over al80 s duration. The
power was then reduced and turned off. The logged temperature and power readings are
presented in Figure 106. Plane A represents the thermocouples plane at SECTION C-Cin
Figure 20 (i.e., at the 8" pellet from FESL1 outlet side) and plane B represents the
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thermocouples plane at SECTION B-B in Figure 20 (at the 4™ pellet from FES1 outlet
side) [164]. One can observe that the temperature measurements at these two axial planes
were not identical. For example TC1 (the inner most thermocouple) at plane A and B differed
on average by 41.85 degrees Kelvin. Nevertheless the reading of each thermocouple was quite
stable with time. For exampl e the mean temperature and error due to noise, at three standard
deviations (99.7% confidence of the mean) of TC1, plane A, was 1154.50+0.45 degrees

Kelvin. Thermocoupl e reading uncertainty is discussed further later in this section.
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Figure 106: Thermocouple temperature measurementsin FES1 at two axial planes A and B.
Data provided by Stern Labs.

There are afew reasons the thermocouple temperature reading at the same radial
position but at different axial planes read noticeably different temperatures. The first reason
could be because the radial positions were not exactly identical and differed slightly in
dimensions. This could be expected given that the thermocouple drill holes were made prior
to the pellet sintering process. Since the pellets shrink in the sintering process (Figure 19) it is
possible that uneven shrinking occurred, which could potentially shift the final radial position

of the thermocouple holes. A second possible reason could be that the fitted thermocouple in
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the pellet drill hole itself (even though very small) may have been positioned closer to a
specific side of the hole. Based on the dimensions of the thermocouples and drill holes a shift
of 20-30 um of the thermocouple either towards or away from the pellet centre of the pellet or
away from the pellet centre was possible, which in turn could cause a change in the

temperature reading.
Model Comparison

The model used to validate the heat transfer properties of the fuel oxidation model
included the heat transfer equation, Eq. (174) (used previously in Section 3.5.3), and the solid
mechanics equation, Eq. (93) (also used previously in Section 3.5.3), using COMSOL’s
Thermal Stress interface (or module), were solved with a steady state solver. The level of fuel
oxidation was pre-set to a near zero constant. Included in the model are the thermal properties
of the thermocouples as discussed in Section 3.2.4 and electrical heating of the fuel element
model using the electrical power computations discussed in Section 3.3.3. In this model
though only the electrical current flowing through the iridium bar heater and the Zircal oy
sheath were considered. The fuel pellet electrical conduction was neglected, sinceits
contribution to ohmic heating is negligible at the designed heating temperatures. Solid
mechanics physics was implemented in this model, since it was aready set up in the crack
propagation model in Section 3.5.3 and also because it computed the small changesin the
thermocouples’ positions (for TC1 and TC2) due to pellet thermal expansion (for reference

purposes).

The constants (COMSOL ® parameters) used in this Thermal Stress steady state model
that represents the FES1 test are provided in Table 34. Two important constants (or
parameters) in the table need to be mentioned. The first constant was the total electrical
current set to flow through the fuel element, I, which was set to 990 A (near the 930 A actual
measurement). The second constant was the fuel-to-sheath gap distance (ftsg_thicknessin
COMSOL ® model), which was set to 5.1 um. The higher the electrical current I (or the
voltage applied on the FES) the more power will be generated and the hotter the fuel will get.
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Conversely the fuel-to-sheath gap dimension is also very important. The greater this
dimension the higher the thermal resistance across this gap, and the higher the fuel
temperature will become. In CANDU fuel the coolant pressure and the ability of the sheath to
creep down eventually causes the fuel-to-sheath gap to close. Since the FESL test ran for a
relatively short period of time (2-3 hours for heating up the system and another 0.5 hours for
steady state heating operation) and since the outside coolant pressure (loop pressure) was 5.9
MPa and inside element pressure was 5.3 MPa (i.e., only 0.6 MPadifferential pressure was
applied onto the sheath) [164], the fuel-to-sheath gap was expected to have remained open.
Thiswould mean agap greater than 1 um. The electrical current and the fuel-to-sheath gap
parameters used in the model were determined by trial and error to simulate as close as
possible the FES1 temperature readings shown in Figure 106. This was done by running
several model cases of increasing fuel-to-sheath gap dimensions. As this dimension was
increased the fuel element temperature increased for the same applied electrical current
(electrical power). Thiswas followed by lowering the electrical current in the model, which
caused adrop in the fuel element temperature, especialy near the fuel centre. The temperature
of the fuel periphery however was higher compared to the previous model result. In this
manner the model temperature profile was made to fit the three thermocoupl e readings and

the total FES1 power reading as close as possible.

Table 34; List of selected constants used in the validation of the Thermal Stress model

Symbol COMSOL® constant name Description Value
. . The theoretical fuel pellet 3
PTD theoretical_density density 10.96 [g cm™]
Ps new density_manf Manufactured fuel density 10.63[g cm™]
i i density_manf
NA UO2 frac_theo_dens uo, fractlona! theoretical . y_| :
density theoretica _density
density_manf
NA porosity_manf M anufactured fuel 1- : y_| .
porosity theoretica _density
_ . Average oxygen
Azire delta zirc concentration le4
C cold_work_zirc Unitlessratio of areas 0.001
¢ phi_fluence Fast neutron fluence 1[nm?
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Table34: List of selected constants used in the validation of the Ther mal Stress model

Symbol COM SOL® constant name Description Value
X Xdev Stoichiometric deviation 0.000001.
value
To T ref Strain reference 300 [K]
temperature
NA T surf Outside sheath surface 523 [K]
temperature
B Beta Burnup in atom % 0.00001
NA sheath wall Sheath wall thickness 0.0004 [m]
NA sheath R_inner Sheath inside radius 0.006116 [m]
I . sheath R _inner +
NA —
sheath R outer Sheath inside radius sheath wall
Ro pellet_radius Pellet radius 0.006075 [m]
NA ftsg_thickness Fuel-to-sheath gap 5.1e-6 [m]
R Ir_radius Iridium bar radius 0.00145[m]
Pzt rho_zircaloy Density of Zircaloy 6.44 [gcm?
Pir rho_Ir Density of iridium 22.5[gcm?
R 1.32*(1-
Yuo2 nu_UO2 UO, Poisson'sratio 0.26* porosity_manf)-1
Vo nu_lr Iridium Poisson's radio 0.27
V_zirc nu_zirc Zircaloy Poisson'sradio 0.37
o alpha Ir Ir|<|j|um coefﬂmgnt of 6.46.6
inear expansion
Er Elr Y oung's modulus of Ir 528€e9 [Pa)
NA coolant_p Coolant pressure 10e6 [P4]
Tota fuel element
|
e |_current dlectrical current 990 [Amp]

A value for stoichiometric deviation (x) and fractional burnup () isalso givenin Table 34,

since they are called for in Eq. (42a) for porosity and in Eq. (36) for kpn (heat transfer via

lattice vibration). These values were set close to zero, since in FES1 no fuel oxidation or fuel

burnup occurred. Note: The x and g values could also have been set to zero achieving the

same result.
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The fuel element back-fill gas used in the FESL test was not helium (or steam) but
argon. The thermal conductivity of argon at 10 M Pa pressure was derived from tabul ated data
[165] and is given as a function of temperature and has the units of kW m™* K™

K, =7.078x10"T°%® (190)

argon

It is noted that although the FES1 experiment coolant and fuel element pressure were at
~5 MPa, the difference in argon thermal conductivity at 10 MPa at fuel-to-sheath gap
temperaturesis very small. So Eg. (190) remains applicable.

Expressions for density and specific heat at constant pressure for argon are not needed
for models solved in steady state, unless momentum terms are included in the heat transfer
treatment (which is not the case here). Nevertheless they are added here for completeness.
Using the ideal gaslaw the density of argon in kg m™ at 10 MPa as a function of temperature
isgiven by Eqg. (191) where T isin K.

_ 48680

Y argon T

(191)

The specific heat of argon in k kg K™ at constant pressure at 10 MPain the temperatures
range 280<T<500 K is given by [166]:

C, oo = —1.775x10°T2 + 2.356x10°T2 ~1.063x 10°T + 2.196 (192)

p_argon
and in the temperature range 500<T<1000 K is given by:

C =1.154x107"T? - 2.24x10T + 0.6364 (193)

p_argon

The 2D r-6 heat transfer and solid mechanics steady-state FES1 commissioning test
model that considered applied electrical power, coolant temperature, fuel-to-sheath gap, and
thermocouples TC1 and TC2, was prepared on COMSOL® 4.3a platform. The following plot,

Figure 107, provides a temperature solution distribution plot.
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Figure 107: Out-reactor fuel element radial cross section temperature distribution plot of 1% fuel

element simulator commissioning test model

The thermocoupl e temperature measurements of FES1, provided in Figure 106, are
compared to the modeled temperatures, which are provided by the radia temperature plotsin
Figure 108. The measured temperature values in Figure 108 are provided with uncertainty
bars, which were estimated using the temperature readings of the the two FES1 thermocouple
axia planes. Specifically, the error bars are equal to the difference in the two TC readings
from similar radial positionsthat are at two different axial planes, divided by two, plusthe
uncertainty of an individual type-R thermocouple, whichis+1.5 K [167], rounded up to the
nearest decade, gives atotal uncertainty of +30 K. A similar result is obtained by taking one
standard deviation of these two TC readings. The blue and purple curvesin Figure 108 in the
2 and 10 o' clock positions, respectively (Figure 107), are the modeled radial temperatures
originating from the centre of the model, passing through the inner-most thermocouple (TC1)
and the intermediate thermocouple (TC2) in Figure 107. The outer thermocouple (TC3) was
not modeled, since this required additional mesh design, which was not conducted. Also,
although the model ed temperatures at the edges of athermocouple in the radial direction are
different in the pellet at similar radial locations when there is no thermocoupl e, the modeled
temperature at the centre of the thermocouple is generally similar in a pellet without a
thermocouple (at the same radial position). From Figure 108 the measured pellet temperatures
and modeled temperatures agree within uncertainty.
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Figure 108: Model radial temperature curvesthrough TCsat 2 and 10 o’clock positionswith

corresponding FES1 measured temperaturevaluesTC1, TC2and TC3

The measured and model ed temperatures are compared in Table 35. The uncertainty of
the model ed temperature was estimated by shifting the thermocoupl e position in the model by
+30 um in theradia direction (to represent thermocouple location uncertainty). Note that
modeling the effect of shifting the thermocouple within the thermocouple drill hole itself was

not assessed in this work. This though could be another source of uncertainty.

Table 35: Measured FES1 temperature values compared to modeled values

measured temperatures [K]
thermocounle modeled temperatures and
p plane A and plane B Average vql ue and uncertainty [K]
+15C uncertainty
TC1 1154.5 and 1196.5 1180+30 115710
TC2 851.0 and 873.0 860+30 886+6
TC3 692.0 and 737.0 710+£30 718t4

As can be seen in the table above, the measured and modeled temperatures agree within

uncertainty. The estimated total uncertainty in the thermocouple measurement of +30 K could
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be reduced by manufacturing the out-reactor fuel pellets, the thermocouple drill holes, and
theiridium bar heater to tighter tolerances. Thisis mentioned in the recommendations section.

4.5.2 Comparison of Fuel Oxidation M odel Resultsto In-Reactor Measurements

The following results section provides model simulation results using the fuel oxidation
model to represent an in-reactor defective fuel element and makes a comparison to
coulometric titration measurements of the oxygen stoichiometric deviation levelsin the
defective fuel element. A model with fuel cracks running down the full length of the fuel
element with fully swept mesh (where no continuity identity pair is used) is then presented
and is compared to amodel with the swept and free mesh with shorter cracks (in the axial
direction) that includes an identity pair. This comparison is presented to show that full length
axial cracks do not necessarily need to be modeled to achieve aredlistic result, which saves
computer resources. Finally a comparison is made between the fuel oxidation model that uses
discrete fuel cracks presented in this thesis and the modeling approach used by Higgs [29].
The latter approach combines the fuel (solid) domain with steam vapour (gas) domain (fuel
cracks) into asingle domain using scaling parameters (or coefficients) in the diffusion PDEs,
as explained in Section 1.6. Another difference between the two modelsiis that the sheath
defect surface area used in the 3D model presented in this thesis was defined as sheath defects
approaching those seen in redlity. |.e., not a‘ring defect’ that is about 10-100 times larger in
surface area than the actual fuel element sheath defect using Higgs [24] 2D r-z axisymmetric
modeling approach (refer to Figure 13 (b)). In other words the 3D models presented in this
thesis attempt to match the extent of fuel oxidation to realistically sized sheath defect surface

areas.,

Figure 109 (@) provides the modeled temperature distribution result and Figure 109 (b)
the model ed oxygen stoichiometric deviation Xdev (or x) distribution result for the in-reactor
defective fuel element XC9179Z-5 [29][88] with burnup, power and temperature boundary
conditions defined in Table 24, after 126 days of heating (or 126 days post defect residence

time).
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Figure 109: (a) Temperaturedistribution and (b) oxygen stoichiometry deviation after 126 days

of simulated heating using a partial axial length cracks model

From Figure 109 (b) the highest concentration of hyperstoichiometric oxygen occurs at the
fuel element radial and axial mid sections, the latter being a result of model reflection and the
position of the modeled sheath breach. As the position moves away from this point in the

axial direction the Xdev concentration decreases.

The effect of the hyperstoichiometric oxygen (Figure 109 (b)) introduced into the fuel
on the fuel thermal conductivity (and hence the fuel temperature distribution) can be
demonstrated in the following figure. In this figure the fuel element centre-line temperature at
the sheath defect location (at the model axial mid section) is plotted versustime. The
temperature starts at 645 K (the model’ sinitial temperature condition, not shown), then rises
to ~1605 K. The temperature then drops to 1590 K over the next 50 simulated days. At this
point the temperature starts to increase due to fuel oxidation and reaches 1595 K at the end of
the 126 simulated days. Thisinitial temperature decrease and then increase in the modeled
defective fuel temperature occurs for the reasons already explained in Section 4.2.1in

Figure 78.
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Figure 110: Modeled in-reactor XC9179Z-5 fuel element centre-line temperature at sheath

defect location ver sustime

Hence it can be noted that the maximum oxygen deviation result of 0.076 (Figure 109 (b)) in
the 3D fuel oxidation model does not substantially change the fuel thermal conductivity and

thus the temperature distribution in the fuel. Only when the maximum oxygen stoichiometry
deviation reaches 0.085-0.090 and above does the degraded fuel thermal conductivity start to
noticeably increase the fuel temperature. Thisis not shown in the presented 3D model, but it
was shown in Higgs axisymmetric 2D r-z fuel oxidation model, where increased fuel

oxidation was computed due to the oversized modeled sheath defect surface areas [24].

The above model results are compared to coulometric titration (CT) measurements of an
in-reactor defective fuel element (element number XC9179Z-5 [29]). These measurements
[88] were taken by extracting powder samples from the defective fuel element, which were
prepared from ~2 mm diameter drilled holes (indicated by the ‘drill diameter’ in Figure 111)
that were about 5 mm in depth. In CT the sample hyperstoi chiometric oxygen content was
determined by heating the samplesin areducing atmosphere (2% H,+Ar), where a carefully
controlled and monitored flow of oxygen introduced in the downstream part of the CT
apparatus is used to burn off the remaining hydrogen not consumed by the sample [22][80].
As can be seen in the CT measurements, in Figure 111 (a) and (b), the highest and lowest

concentrations of hyperstoichiometric oxygen in the samples occurred in the radial centre and
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peripheral regions of the fuel, respectively. Note that Figure 111 is not atypical histogram
rather the *bars’ in the plots represent the CT measurement as well as the drilled hole diameter

from which the CT sample was prepared.
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Figure 111: Modeled oxygen stoichiometric deviation radial distribution compared to actual in-
reactor defective fuel element XC9179Z-5 coulometric titration measurementsat (a) the fuel
element mid section and (b) at 12 cm from the fuel element Non-Reference End [24][29].

Modeled Xdev (or x) distribution of fuel element XC9179Z-5 are given as radial
profilesin Figure 111, shown as solid blue curves at (@) the fuel element midsection and (b)
12 cm from the *Non-Reference End’ of the fuel element [29][88] after 126 days of simulated
oxidation (see Figure 112 further down for these locations). In this case the surface fuel
temperature was set to 645 K. Generally the model ed oxygen stoichiometric deviation results
approached the CT measurements though the experimental results were higher. Specifically it
is observed that there was no agreement, within error, between the CT Xdev experimental
measurements and model predictions, except at the pellet peripheral CT measurement (5 mm
from pellet centre) in Figure 111 (a) where there was agreement. This discrepancy may be
partly explained if the actual and modeled sheath breaches (or defects) are compared. In the
actual fuel element several sheath defects were observed (see Figure 112). From the *Non-
Reference End’ of the fuel element there was aleaking end-cap, at the fuel element mid

section there was an axial sheath crack and two open blisters and at the ‘ Reference End’ of the
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fuel element there was an open blister [29][88]. Furthermore, fuel element XC9179Z-5
[88] broke in two when it was transported from DNGS to CRL for PIE analysis, indicating
that the fuel element sheath was quite brittle and probably had additional sheath breach sites.
In the model on the other hand only one axial mid section sheath breach was considered. It is
reasonabl e to suggest then that the presence of additional sheath breaches that are distributed
over the fuel element have a greater oxidizing effect than a single point sheath breach. Thisis
so even if the sum of the multiple breaches surface areais similar or lessthan asingle
model ed sheath breach surface area, which is the case for this model and defective fuel
element.

12 cm from Non Reference End fuel element mid section

| |

— [
3 — —m
Il b = — » O I
Non- . . Reference
ial crack Open blisters
Reference Axial crack pen blisters findd
End Leaking end cap

Figure 112: Sheath defect typesand their locations recorded on fuel element XC9179Z-5 [29][88]

Other possible reasons for the lower modeled oxygen stoichiometry deviation results
compared to the experimental measurements include: (1) the temperature selection of 1250 °C
(1523 K) for the elastic-to-plastic boundary istoo low and should have been set to a higher

value in the current model, and (2) the CT uncertainty is not conservative enough.

Selecting a suitable fuel surface temperature in the model can also have an effect on the
extent of fuel oxidation. In Figure 111 (a) and (b) the purple dashed curves represent the
oxygen stoichiometric deviation radia distribution model results for when the fuel surface
temperature was changed from 645 K set to 706 K, the | atter temperature taken from [29] for
this defective fuel element. This had the effect of raising the fuel centre line temperature from
~1600 K to ~1700 K. Since by doing this the fuel temperature radial profile was higher, the
position of the fuel elastic-to-plastic boundary (i.e., the cracks tips or crack root) needed to

moved from 1.5 mm to 2.25 mm from the pellet centre so that this boundary remained at
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~1523 K at the same power of 44 kW m™. In both Figure 111 (a) and (b), for the two axial
locations in the modeled fuel element, there was a marked increase in fuel oxidation (as high
asal3% increasein certain radial locations). Thus, increasing the fuel surface temperature
(which is dependent in part on the fuel-to-sheath gap distance and on the composition of the

gas in the gap) directly influences fuel oxidation.

In the previous model results shown in Figure 109 and Figure 111 the radial cracks
extended only 3 cm (or 6 cm actual) in the axial direction as discussed in Section 3.5.5. This
was done in order conserve computer resources. Conversely in model results presented in
Figure 113 (a) and (b) the radial fuel cracks were extended to the full 0.241 m axial length of
the model (or 0.482 min afull length fuel el ement).
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Figure 113: (a) Temperaturedistribution and (b) oxygen stoichiometric deviation after 126 days
of simulated heating using a model with full length axial crackswith fully swept mesh

When the maximum model ed temperature and the oxygen stoichiometric deviation resultsin
Figure 113 for defective fuel element XC9179Z-5 using the full length cracks model are
compared to the partial length cracks model resultsin Figure 109, it can be observed that there
are only dight differences between these two results. Thisisillustrated more clearly in

Figure 114, where Xdev results are compared as radia profiles between these two models,
specifically at (a) the sheath defect location (at the fuel element mid section) and at (b) 12 cm
from the fuel element sheath defect.
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Figure 114: M odeled oxygen stoichiometric deviation radial distribution comparison between a
model with partial crack lengthsthat are 6 cm in the axial direction and a model with full length
cracksin the axial direction at (a) the fuel element mid section at the sheath defect and (b) the
fuel element model middle (or 12 cm from the sheath defect)

As can be observed in Figure 114 (@) there is essentially no difference between the two Xdev
profile results right at the sheath defect location, in these two models. In Figure 114 (b) there
isadlightly higher concentration of hyperstoichiometric oxygen using the model with full
crack lengthsin the axia direction (purple dashed line) compared to the model with partial
crack lengthsin the axial direction (blue solid line). The difference though is small. The
coulometric titration measurement results of defective fuel element XC9179Z-5 [88] seen in
Figure 111 arere-plotted in Figure 114 for reference purposes.

A comparison is made between the 3D fuel oxidation model that uses discrete radial
cracks running down the length of the fuel element in the axial direction (the current model in
thisthesis) to amodel that uses the previous Higgs modeling approach [24][29]. The reader is
reminded that the Higgs model does not use discrete fuel cracks but scaling parametersto
represent fuel cracks (refer to Section 1.6 and to Section 3.5.5 and Figure 62 for details of the
Higgs modeling approach). As can be seen in Figure 115 (a) there is a marked differencein
the Xdev radial profiles (at the sheath defect location) between the two models. Specifically
after 126 days of simulated oxidation the current fuel oxidation model (blue solid curve)
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produced Xdev values more than twice that of the model using the Higgs approach (red
dashed curve). The coulometric titration measurement results of defective fuel element
XC9179Z-5 [88] seenin Figure 111 are re-plotted in Figure 115 (a) for reference purposes.
The reason for these different results is that the current model allows hydrogen diffusion
through the discrete fuel cracks along the length of the fuel element where the Higgs model
allows hydrogen diffusion only in the radial direction from the site of the sheath defect (refer
to the red domain in Figure 62). In other words the fuel domains that contribute to the source
term in Eq. (18) and (27) are smaller using the Higgs modeling approach.
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Figure 115: (a) Xdev profilesmodel comparison at the fuel element mid section using the current
and previous modeling approaches and (b) the total computed moles of hyper stoichiometric
oxygen introduced into the fuel and hydrogen gasliberated at the fuel cracksand gapsin thein-

reactor fuel element

A comparison between the computed oxygen mole uptake (Eg. (165)) into the fuel element
can also be made using the three different in-reactor fuel oxidation models, see Figure 115

(b). Asisclearly seen from the figure the oxygen mole uptake in the two cracked fuel
oxidation models (the blue and purple curves for the models with partial and full length cracks
in the fuel element axial direction, respectively) after 126 simulated oxidation days are very
similar and reached a value ~0.05 moles. On the other hand using the Higgs modeling

approach yielded only ~0.012 moles of oxygen uptake in the defective fuel element after the
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same amount of time. It isworth noting from Figure 115 (b) that after 126 simulated
oxidation days, in al three models, oxidation/reduction equilibrium has not yet been reached
and that the defective fuel element models showed continued oxygen uptake.

Hence, considering the CT measured valued shown in Figure 115 (a), the fuel oxidation
model using discrete fuel cracks and a sheath defect approaching readlistic surface areas
provides a more accurate prediction of fuel oxidation in defective fuel.

4.6 3D Out-Reactor Fuel Oxidation Simulation

High Power Case (optimal power case for experiment)

As explained earlier in the numerical implementation section for this model (Section
3.5.6) temperature boundary conditions were used on the fuel inner surface (instead of
modeling the iridium bar heater) and on the fuel outer surface (instead of modeling the fuel-
to-sheath gap and sheathing) of the out-reactor modeled fuel. Similar temperature values, to
those computed in 2D r-0 model in Section 4.2.1 (see Table 27), were used for the boundary
conditions in the current 3D model. These applied temperature boundary conditions on the
modeled fuel was equivalent to approximately 23 kW of total power in the fuel element or
approximately 47.7 kW m™ of linear power (see Table 28) generated in both the iridium bar
heater and in the fuel sheathing.

Figure 116 (@) and (b) show an isometric view of the temperature distribution and the
oxygen stoichiometric deviation distribution modeled result, respectively, both after two
weeks of heating. As can be seen in Figure 116 (b) the oxygen stoichiometric deviation was
highest near the UO, heated annulus, at the axial location beneath the sheath defect, where it

reached a maximum value of x = 0.062.
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Figure 116: (a) Temperaturedistribution and (b) oxygen stoichiometric deviation after 2 weeks

of heating in the out-reactor fuel element at 47.7 kW m™ (23 kW total power)

As one moves away from the sheath defect areain the axial direction the local maximum
oxygen stoichiometric deviation value drops and an axial x (or Xdev) gradient can be
observed.

To view thisaxial gradient in x more carefully, the following figure provides radial
plots of the oxygen stoichiometry deviation at three axial locations aong the model: at the
sheath defect location, at the centre of the model (or 12 cm away from the sheath defect
location), and at the end of the model (or 24 cm away from the sheath defect location). As can
be seen in Figure 117, the solid yellow curve, which givestheradial x (Xdev) values at the
sheath defect axial location, shows the highest x axial and radial values in the model. The
dashed purple curve provides the radial x values at the end of the model (near the fuel element
end-caps, 24 cm away from the modeled sheath defect). The dashed red vertical line provides

the location of the UO, pellet inner annulus surface.
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Figure 117: Radial plots of the oxygen stoichiometric deviation in modeled out-reactor fuel

element at 23 kW at three axial locations after 2 weeks of ssimulated heating time

As can been seen thereisadrop in the radial x values as one moves away axially from the
sheath defect area at the fuel element centre to the edge 24 cm away, where the highest x
value was 0.041.

In the current fuel oxidation model representing a defected fuel element in the out-
reactor experiment the thermal conductivity of the fuel is expected to be affected by the
oxidation process, which in turn can affect the temperature distribution in the fuel. Figure 118
(a) shows radial temperature plots from the pellet annulus to the pellet outer surface at three
different times: at 5.5 hours, at 1 day, and at 2 weeks of simulated time. In thisfigure the three
curves are very similar and almost coincide with one another. Figure 118 (b) isa close-up
view of Figure 118 (@) near the radial position of 2.6 mm from the fuel centre, which reveals
dight differences in the temperature curves. After 5.5 hours of simulated heating time the blue
dashed line shows the lowest temperature value. After 1 day of simulated heating time thereis
adlight increase in temperature (<10 degrees K), as shown by the purple dotted curve. Asthe
model simulation is continued the temperature increases (>21 degrees K), as shown by the

solid yellow line.
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Figure 118: Radial temperature plots near the sheath defect at three different times; (a) for a

completeradial span and (b) in a close-up view near the position of TC1

To demonstrate that fuel oxidation occurs at an accelerated rate at the fuel crack tips

(where the temperature is highest) Figure 119 shows the oxygen stoichiometric deviation

distribution in the vicinity of the fuel cracks after only 10 seconds of simulated heating.
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Figure 119: Oxygen stoichiometric deviation after 10 seconds of simulated heating



As can be clearly seen the highest fuel oxidation (red color) occurs at the junction between
the bottom of the radial fuel crack domains and the pellet-pellet gap domains immediately

under the sheath defect. The reason for the accelerated oxidation at this location in the fuel
for two reasons: (i) the steam at the crack tipsis at the highest temperature and (ii) the
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is

hydrogen mole fraction is at arelatively low value due to proximity to the sheath defect. This

latter point is shown in Figure 120 (&) and (b) where the blue areas indicates the lowest

hydrogen mole fraction occurring in the fuel cracks, the pellet-pellet gap, and part of the fuel-

to-sheath gap.
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Figure 120: (a) Hydrogen mole fraction distribution seen facing the model with sheath defect

(blue area) and (b) facing away from the model

In asimilar model the boundary condition of the hydrogen mole fraction equation (i.e.

the hydrogen diffusion equation, Eq. (27)) at the sheath defect location was set to 1.67x10™,
See again Figure 63 for the sheath defect location and Table 24 for the original g. value. This

value was calculated using FactSage 6.1 Gibbs energy minimization software for pure light

water at 573 K. This smaller value for . (essentially zero) did not change the fuel oxidation

result shown earlier in Figure 116 (b). Thisis mentioned since the coolant of the out-reactor

loop islight water, while the in-reactor coolant is heavy water with a higher g value.
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Figure 121 shows the total hyperstoichiometric oxygen mole uptake into the fuel
element after two weeks of heating by computing Eq. (165) in Section 3.5.1.
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Figure 121: Total moles of hyper stoichiometric oxygen introduced into the fuel and hydrogen

gasliberated at the fuel cracksand gapsfor the 23 kW case

Computing the mole amount of hyperstoichiometric oxygen uptake into the fuel gives

another quantity to describe the extent of fuel oxidation. For example, in the 2D r-6 closed
fuel-to-sheath gap fuel oxidation model the maximum Xdev value was 0.095 (Figure 73 (b))
and the oxygen uptake no was 0.068 moles (Table 27). On the other hand in the 3D fuel

oxidation model the maximum Xdev value was 0.062 (Figure 116 (b)) and the oxygen uptake

no was only slightly above 0.010 moles. Thus the no computed result varies to a greater extent

than the maximum Xdev value for the same amount of oxidation.

It isevident from Figure 121 that after introducing >0.010 moles (160 mg) of

hyperstoi chiometric oxygen,

or when the maximum Xdev valuein 0.062, that the oxidation

process after two weeks of heating hasn’t reached equilibrium in this out-reactor defected fuel

element model!.
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Lower Power Case

In the lower power case only 17 kW of total power, or 35.3 kW m™ of linear power, was
applied in the model to see the effect of the lower fuel temperature on the extent and
distribution of fuel oxidation. The temperature and oxygen stoichiometric deviation
distribution model result, after two weeks of heating, is shown in Figure 122. This heating
power, computed from the supporting 2D r-6 model, provided a temperature boundary
condition of 1816 K for the inner annular surface of the 3D fuel oxidation model. Since the
fuel temperature was lower in this model the crack depth was made deeper in the pellet.
Specifically, the crack depth was set to 1.874 mm from the pellet centre (or 4.201 mm from
the pellet surface) to achieve a crack root temperature of 1523 K (1250 °C). It can be noted
that the supporting 2D r-6 model yielded 1135 K (862 °C) at the inner most thermocouple
(TC-1) location. In this 3D model the resulting maximum stoichiometric deviation was alittle
higher, Figure 122 (b), than in the higher powered fuel element in Figure 116 (b) after two
weeks of heating, reaching a value of x (or Xdev) = 0.068. Thisresult wasinitially
unexpected. But if x radial plots are compared at three different axial locations in the fuel
element, a steeper x gradient in the model axial direction can be observed in Figure 123, as

compared to the optimal power casein Figure 117.
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Figure 122: (a) Temperature distribution and (b) oxygen stoichiometric deviation after 2 weeks

of heating, in the out-reactor fuel element at 35.3 kW m™ (17 kW total power)
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Specifically, for the lower power case the maximum x at the sheath defect (and near the
heater in the radial direction) was 0.068 but drops to 0.03 when only 12 cm away from the
sheath defect, unlike in the higher power case where x drops to just under 0.05 the same
distance away from the sheath defect location. 1.e., less oxygen diffusion (slower interstitial
oxygen atom diffusion) occurs due to the lower internal temperature of the fuel element. This
may be important to consider when interpreting the post test coulometric titration

measurements.
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Figure 123: Radial plots of the oxygen stoichiometric deviation in the modeled out-reactor fuel

element at 17 kW power at three axial locations after 2 weeks of simulated heating

Thetotal hyperstoichiometric oxygen mole uptake into the fuel element for the lower
power case after two weeks of heating is provided by Figure 124. Here, only 0.006 moles
(96 mg) of hyperstoichiometric oxygen were introduced into the fuel element. Keeping in
mind that the maximum oxygen stoichiometric deviation values in both the high and low
power models were similar, thisis ~40% drop in the oxygen uptake compared to the high

powered case (Figure 121).
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Figure 124: Total moles of hyerstoichiometric oxygen introduced into the fuel and hydrogen gas

liberated at the fuel cracksand gapsfor the 17 kW case

Thus, both the high powered (23 kW) and the low powered (17 kW) out-reactor fuel
element modeled cases, with crack tip positions set at 1523 K (1250 °C), can generate the
same maximum oxygen stoichiometric deviation in the oxidized fuel. But the higher powered
fuel element model showed that more of the fuel was oxidized, and oxidized more evenly,
away from the sheath defect, since interstitial oxygen diffusion is accelerated at increased
temperatures. For validating the fuel oxidation model both the high and low powered cases
applied in the experiment will generate enough oxygen stoichiometry deviation in the fuel to
be measured in post test coulometric titration measurements. The temperature increase though
in the fuel due to the fuel oxidation, for the planned experiment duration, may be too small to

distinguish due to measurement uncertainty.
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Summary of Chapter 4:

e A comparison was made between measured and modeled UO, thermal conductivity
(Section 4.1). The modeled thermal conductivity comprised of aMATPRO
formulation and the fuel oxidation model formulation (the latter where x = 0). Both
model formulations were similar, however the fuel oxidation model thermal
conductivity was alittle higher; no more than 10% higher than the MATPRO
formulation. Since the MATPRO formulation agreed more closely with
experimental measurements of various investigators, a correction quantity was
estimated for normal operating temperatures of the fuel and was provided for the

reader. It was not used in this thesis.

e Ina2D r-0fue oxidation model (Section 4.2.1) with a closed fuel-to-sheath gap, it
was shown that the fuel oxygen stoichiometric deviation of x = 0.095 resulted after
two weeks of heating the defected FES. This was an overestimate of oxidation since
the modeled sheath defect area was many times larger than the expected FES sheath
defect.

e Inasimilar 2D r-6fuel oxidation model (Section 4.2.2) the fuel-to-sheath gap
dimension and then the discrete fuel crack width dimension were varied
independently to demonstrate their effect on the extent of fuel oxidation. This
indicated the hydrogen gas transport was sensitive to these dimensions and that it

was important to select suitable values for these two dimensions in the 3D model.

e Usingthe Jintegral (Section 4.3) conditions for fuel crack propagation developing
from a pellet surface flaw was computed. By analyzing the azimuthal stressin the
pellet (i.e., if mode | loading occurs) the number of radial cracks was assessed.

e Inamore sophisticated 2D r-6 model (Section 4.4) the fuel oxidation physics was
coupled with solid mechanics physics and Arbitrary Lagrangian Eulerian (ALE) to
simulate fuel oxidation and both the thermal expansion of the six preset radial fuel
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cracks and fuel and sheath contact using the penalty method. The model results
provided the dimensions of the expanded radial fuel cracks (width and length) and
also showed that the amount of fuel oxidation achieved in two weeks of heating

would not affect the fuel crack dimensions.

Initial validation of the fuel oxidation model (Section 4.5) was accomplished with
two models: (i) A 2D r-6 model ssimulated the first prototype test (FES1) conducted
at the Stern Laboratories. The modeled fuel temperatures agreed within uncertainty
with measured temperatures, confirming the validity of the thermal properties of the
fuel oxidation model (without oxidation). (ii) The fuel oxidation model was initially
validated with amodel of in-reactor defected fuel element. It was found that the

oxidation model results and measurements were approaching agreement.

With the guidance provided by the previous model results (temperature boundary
conditions and fuel crack dimensions and number) a 3D out-reactor defected fuel
element was modeled (Section 4.6), where a maximum oxygen stoichiometric
deviation of x = 0.062 was achieved after two weeks of heating and oxidation.
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CHAPTER S THE ROLE OF OXYGEN IN FUEL SHEATHING
STRESS CORROSION CRACKING

5.1 Background

Pellet-cladding interaction (PCI) failures in nuclear fuel were first observed in the 1960s
in Boiling Water Reactors and in CANDU type reactors. PCI occurs when the expanding and
cracked fuel pellets make contact with the cladding in BWR fuel and collapsed sheathing in
CANDU fuel. To reduce the effects of PCI, BWR fuel adopted a pure zirconium barrier, also
called ‘liner’, in the 1980’ s on the inside surfaces of the Zircaloy cladding [168]. This extra
layer of pure zirconium acted as a stress reliever but it also increased susceptibility of the
cladding to corrosion. Canadian reactors solved their PCI issuesin the 1970’ s using athin
layer of graphite, called “CANLUB?”. Since then PCI has received little attention with the
incorporation of strict reactor operation limits, except during times of power transient
conditions and potential accident scenarios [169].

lodine induced stress corrosion cracking (I-SCC) is usually the cause of PCI failures of
unlined Zircaloy cladding containing UO, reactor fuel pellets. PCI failures usually occur in
fuel rods with over 10 GWd tUO, ™ burn-up and rapid reactor power ramps. Fission products
must also be present above alocal threshold concentration to cause I-SCC [61].

The following minimum conditions are required for 1-SCC:
a) Critical stress (critical strain) in sheathing
b) Critical iodine concentration
€) Minimum of time and temperature

Fission product iodine in nuclear fuel is not the only corrodant that can cause SCC in
Zircaoy cladding/sheathing. Cesium/cadmium vapours have also been shown to cause
corrosion in the form of aliquid metal embrittlement process [30][47]. Fractographic
evidence though has shown that PCI cracksin CANDU fuel isusualy amix of both
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integranular and transgranular cracking, whereas the cracking in cesium/cadmium vapours
isaways transgranular (examples of such cracking is given later in Section 5.5). Thus,
evidence suggests that iodine is the main cause of SCC in Zircaloy cladding/sheathing [47].

In light water reactors as the fuel burn-up proceeds, the diameter of the fuel pelletis
increased so that the pellet and the cladding contact each other typically in the third fuel cycle.
In CANDU fuel, this contact occurs even sooner, since the sheathing is thinner than in BWR
and PWR fuel and since sheath creep down occurs. During this time, the concentration of
iodine inside the fuel rod increases. With a power ramp, the ceramic fuel additionally expands
and cracks due to thermal gradients. The cladding or sheathing in contact with the fuel is put
under hoop stress and the cracks allow access of corrosive fission products to the Zircaloy
internal surface. With the chemical and mechanical interaction present, I-SCC failures
typically occur in the cladding near fuel pellet radial cracks [55][168]. Thisis because the
radial cracks act as conduits for gas transport that allows volatile iodine fission products to
reach the fuel-to-sheath gap and make direct contact with the exposed sheathing.

Thetotal production of cesium is about tens times that of iodine in the fuel rod
[61][170]. lodine reacts with cesium to form stable Csl. Cox et al. [171] and Hofmann et al.
[172] showed that Csl on its own does not necessarily cause I-SCC in Zircaloy, but in the
presence of radiation [171] or oxygen [172], Csl can be dissociated to release iodine. Thus
many previous studies have focused on iodine as the main corroding agent in the SCC of

Zircaloy yet new approaches to reduce or prevent I-SCC have been lacking.

Today, most new reactor builds are adopting a high burn-up operation to increase fuel
economy. Future CANDU type fuel may include slightly enriched uranium for increased
burn-up (up to ~20,000 MWd/tUO,). With higher burn-up and longer in-core residence times,
higher fission product gas pressures are expected, which can lead to increased susceptibility to
|-SCC defects. For current CANDU reactors with natural uranium fuel elements that have
lower burn-ups, I-SCC of the fuel sheathing isless of aconcern but increasing the fuel safety
margins, especialy during power ramps, would be highly beneficial to the industry. The
Zircaloy sheathing corrosion problem needs to be better understood so that more effective
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solutions can be designed to prevent I-SCC and to find possible alternativesto CANLUB
DAGI154N that is currently used, especially considering current concerns for its replacement.
It is believed that a dlightly oxidized fuel pellet surface could provide a possible remedy or
reduction of the I-SCC phenomenon in CANDU fudl.

5.2 Goal and Premisefor 1-SCC Experiments

The goal of the experiments conducted in this thesis is to investigate the affect of
oxidized UO; fuel material in contact with graphite on the iodine induced stress corrosion
cracking (1-SCC) processin Zircaloy sheathing (if any) and to seeif it possesses any
mitigation properties to this corrosion mechanism as suggested by Bruni [173] with atest
apparatus briefly described by Kleczek [174], based on early 1-SCC work by Wood [175]. It
has been demonstrated that zirconium oxide plays arole in protecting the zirconium sheathing
from 1-SCC attack [61][62]. The reaction of zirconium and oxygen is highly product favoured
as expressed:

Zr(s) + Ox(g) — ZrOx(9) (194)

with 4G =-977 kJ per mole Zr for this reaction at 350°C . The brittle monoclinic oxide layer
may crack though, at strains below 0.5% during fuel element power transients, thereby
exposing the underlying zirconium to the iodine corrodants [176]. One suggested remedy to
this problem isto use a surface layer of dightly oxidized fuel to repair the protective oxide on
the Zircaloy sheathing [177].

Une [60] and Yang et al. [62] showed that a zirconium oxide layer in the sub
micrometer range in thickness had protective properties to iodine corrodants. The thickness of
the oxide layer can vary greatly depending on atmosphere temperature and oxygen content. At
room temperature atypical Zircaloy-4 machined component exposed to air will have an oxide
layer of about ~4 nanometers [178], or about 15 monolayers. At elevated temperaturesin air
or in other oxygen containing atmospheres the oxide layer thickness can be increased. The

zirconium oxide surface, when 5 to 250 nanometers thick, can have various colors.
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Figure 125 (@) gives a coloring spectrum key for the oxide layer thicknesses, whichis
reinforced by submerging specimensin an anodizing 1% KOH solution [179]. The anodizing
process is an electrolytic passivation process used to increase the oxide layer thickness, in this
case to emphasize the colors. It is assumed that the oxide thickness in Figure 125 (a) was
measured before applying the anodizing process. Figure 125 (b) gives asimilar oxide
thickness spectrum key (possibly without the anodizing process) [179], which shows that

when the oxide is 380 nanometers in thickness and higher it isgrey in color.
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Figure 125: (a) Anodic oxide film on Zircaloy-4 spectrum key (anodized in 1% KOH) and (b) a
Zircaloy oxide layer thickness spectrum key without anodizing [179]

The premise for this remedial technique considers that carbon from CANLUB graphite,

when put in direct contact with UO,.x, may produce carbon dioxide in a reduction reaction as
shown in Eq. (195).

2U05x(9) + XC(9) — 2UOx(S) + xCOx(Q) (195)

Hyperstoichiometric UO, can be thought of as a solid solution of UO, and a hypothetical form
of UOs in the fluorite structure as expressed [24]:

(1-X)UOx(S) + XUOs() — UOsx(9) (196)
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For example, if the stoichiometric deviation in the fuel is x=0.05, one can rewrite Eq.
(295) using Eqg. (196) to give Eq. (197). The top right hand side of Eq. (197) can now be
explored with FactSage® 6.1 Gibbs energy minimization software [21] computation. The
temperature at equilibrium was set to 623 K at 1 atm. The temperature 623 K was chosen,
sinceit isjust under the calculated average fuel-to-sheath gap temperature of selected
modeled fuel elementsin [24]. The resulting Gibbs free energy change is computed to be
AG = -2.31227x10° kJ.

2UO,05(S) + 0.05C(s) = 1.9U0,(s) + 0.1U0Os(s) + 0.05C(s)
N (197)
2U05(s) + 0.05CO(g)

Thus, the the reaction is thermodynamically favorable and the products are basically
stoichiometric UO, and carbon dioxide. The FactSage® 6.1 computation for Eq. (197) is
provided in Appendix D-1.

Another possible outcome is the reaction between hyperstoichiometric uranium dioxide

and carbon, given by Eq. (198):
UO2:x(S) + XC(s) — UOy(s) + xCO(g) (198)

This reaction gives the production of carbon monoxide if carbon dioxide does not fully form
in the given time. From work by Lawrence et al. [69] it would seem that CO; is favoured over
CO asaproduct at and below 923 K (700°C), though data at 623 K (350°C) was not provided.

The reduction of U4Oq, the second possible phase in hyperstoichiometric uranium

dioxide, at low temperatures up to x = 2.25 (see Figure 9) with carbon, can be written as:

U4Og(9) + C(5) — 4UO,(S) + 0.49938C(s) + 0.5CO,(g) + 0.0012CO(g)  (199)

The Gibbs free energy change for this reaction was computed to be 4G =-71.9 kJ at 623 K
(350°C) and 1 atm.
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Since the produced carbon dioxide or carbon monoxide isagas, it isfree to move
around in the fuel element viathe fuel cracks, the pellet-pellet gaps, and the fuel-to-sheath
gap. When it makes contact with the Zircaloy, it can oxidize any exposed/bare zirconium
metal where the zirconium oxide layer has been damaged previously by cracking. Eq. (200)
provides the reaction of zirconium and carbon dioxide where the Gibbs free energy change for
thisreactionis4G =-582 kJ at 623 K (350°C) and 1 atm, indicating it is afavorable reaction.

Zr(s) + CO4(g) — ZrOy(s, monoclinic) + C(s, graphite) (200)
The following reaction with carbon monoxide shows a similar product favored tendency:
Zr(s) + CO(g) — 1/2 ZrOx(s, monoclinic) + 1/2 C(s, graphite) + 1/2 ZrC(s)  (201)

where the Gibbs free energy change for thislatter reaction is4G =-417.5kJ at 623 K and 1
atm. The reaction between zirconium and carbon dioxide though is expected to be slower than
the reaction between zirconium and oxygen (Eg. (194)). But the oxidation rate of the
zirconium in EqQ. (200) is probably accelerated when radiolysis of CO, to CO + O in agamma
field and in the vicinity of metalsis considered (i.e., in areactor irradiated fuel environment)
as discussed by Yoshida et al. [180] and Watanabe et al. [181].

Some important notes on the zirconium oxide should be mentioned here beyond the
chemistry discussed above. The texture of the underlying Zircloy sheathing is very important
in determining the crystal structure, growth rate and thickness of the protective zirconium
oxide [182]. Peehs [183] showed that SCC of Zircaly sheathing (or clad) is sesnsitiveto its
texture. It has al'so been shown that the crystal structure and thickness of the zirconium oxide
can be affected by fission fragment recoils while in reactor as demonstrated by Yee et al.
[184]. Thisin turn may also affect the oxide' s corrosion resistance to fission products. It is
also possible that the CANLUB layer may offer some protection from fission fragment

recoils.

Increased fuel oxygen potential has been shown to have an effect of PCI frequency in
in-reactor fuel. For example, in in-reactor ramp experiments using BWR fuel with Zircaloy-2
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cladding [185], that used prepared fuel pellets with average O/U ratios of 2.05 (x=0.05)
resulted in no PCI failures. Although only two sectioned fuel rods with increased oxygen
potential were used in these tests, regular fuel subjected to similar test conditions would fail
with high probability [185]. The relatively high amounts of hyperstoichiometric oxygen in the
pelletsis believed to interact with the fuel cladding without pre-existing reducing agents (such
as graphitein CANDU fuel) in the fuel rods. Since these fuel rods were irradiated to over
20,000 MWd tU™ prior to the ramp testing it is reasonable to believe that sufficient amount of

reducing agents (hydrogen, carbon or other) could have been provided as fission products.

The repair process of the zirconialayer in CANDU fuel sheathing may account in part
for the effectiveness of the CANLUB layer in hindering the I-SCC phenomena. The oxygen
excess in the UO, fuel may be occurring due to inadvertent oxidation of the fuel pelletsin the
current sintering process during pellet production. Superficial pellet oxidation is not currently
well controlled and if the current exploratory experimentsin this work show positive results,
i.e., areduction in the Zircaloy sheathing failure rate and/or corrosion extent, then this
approach for mitigating 1-SCC should be investigated more closely.

Thus, the fuel oxidation model can be easily modified to compute the ideal heating and
oxidizing parameters needed to sufficiently oxidize the external surface of the UO, fuel
pellets. Another benefit of slightly superficial hyperstoichiometric fuel is the possible
prevention of another type of Zircaloy sheath corrosion process. During fuel oxidation at the
hotter regions of the defective fuel, hydrogen is liberated from the water coolant in an
oxidation reaction. If this hydrogen builds-up at the fuel-to-sheath gap to high enough levels,
delayed hydride cracking of the Zircaloy sheathing may occur [186][187]. This hydrogen
though could be consumed in a reduction reaction at the UO,.« fuel surface producing water

vapour thereby preventing a critical hydrogen-to-steam ratio from being reached (see Eqg.

(17)).
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5.3 Experimental Setup

In the following study Zircaloy-4 dotted ring specimens were used in [-SCC
experiments using a similar test setup uitilized by Wood [175], with some new experimental
techniques, to investigate the effect of oxygen and oxidized UO, on the corrosion behavior of

this material with iodine.

Zircaloy dotted ring specimens were cut out of CANDU fuel sheathing, which were
then cut longitudinally so that the resulting slot could be wedged open to impart stresses in the
specimens. Two types of Zircaloy wedges were used: Static wedges and impact tightened
in-situ wedges. Material composition of the Zircaloy-4 impact tightened wedges [188] is
provided in Appendix E. Figure 126 shows a picture of slotted ring specimens and a static
wedge before they are used in an experiment.

static

o0 N
il ) : wedge
slotted ring ~ \ ),
Zircaloy-4/O Y

specimens )

Figure 126: Zircaloy slotted rings and a static wedge prepared for 1-SCC testing

Figure 127 (a) shows the sliding wedges before mounting the specimen and Figure 127 (b)

shows two slotted ring specimens mounted on assembled sliding wedges.

@ impact edge (b)
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Figure 127: (a) diding wedges befor e specimen mounting and (b) two dotted ring specimens

mounted on sliding wedgesready for installation in a glass ampoule



238
The natural zirconium oxide layer that forms on Zircaloy surfaces has protective
abilities against corrosion as mentioned earlier [60][61]. Thus, the purpose of the dliding
wedges was to increase the susceptibility of the specimens to corrosion by disturbing the
zirconium oxide layer in an oxygen free environment, so that a new oxide layer would not be
formed.

5.3.1 Identification, Dimensions, and Hardness M easur ements of the Zircaloy Specimens

Two types of Zircaloy specimens were available for performing the I-SCC tests: Type-1
Pickering 28-element sheath slotted ring specimens and type-2 Cameco 37-element sheath
slotted rings specimens. Type-1 specimens were provided by the Chalk River Laboratories as
ready made slotted rings. The type-2 specimens were prepared from current ~480 mm long,
37-element CANDU-6 fuel sheathing, manufactured by Cameco Fuel Manufacturing.
Zircaloy dotted rings were first cut from tube sheathing and were then dotted with an
additional cut or two. The preparation procedure used to make the Cameco 37-element sheath
slotted ring specimens (of type-2) is described in more detail in Appendix F. Table 36

provides designation and dimensional information of the two types of specimens.

Table 36: Identification and basic dimensions of Zircaloy specimens

Specimen type # | dentification number Outside diameter | Wall thickness| Axia width
[mm] [mm] [mm]
1.) Pickering 28-element
type sheath (early batch) MLI-790, 7A3-393-4A 15.50+0.25 0.40+0.01 5.0+0.1
2.) Cameco 37-element .
type sheath 248389-5 DAC 18787 12.50 +0.05 0.40+0.01 5.0+0.1

Note: Specimens of type-1 were provided in finished form and dimensions were taken using a Mastercraft
electronic caliper. The dimensions’ of the type-2 Cameco specimens were taken after the cutting procedure.

An additional specimen type was provided by Chalk River Laboratories as finished
dotted rings from CANFLEX sheathing materia (type-3). Since the type-3 specimens were
similar in texture to the type-2 specimens it was not included in this work. However, the
dimensions, hardness, and texture characterization of the type-3 specimens can be found in

the appendices for reference purposes.
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Hardness measurements were taken of the Zircaloy sheathing using a Rockwell
Hardness indentation tester. Thistester is essentially an instrument that measures hardness by
determining the depth of a penetrator into a specimen. The penetrator is either asteel ball or
diamond. The hardness of Zircaloy-4 sheathing falls under the Rockwell Hardness B scale
where the B scales are suitable for materials of medium hardness, like low to medium carbon
steelsin the annealed condition [189]. Indentation tests are commonly used as an inexpensive
material characterization test, since the tests are quick to perform and the hardness
measurements typically correlate linearly with the tensile strength of the material. A Clark
Instrument Inc. model CR-8, dial operated Rockwell Hardness indentation tester with a 1/16”
diameter steel ball indenter and a 100 kg load, was used for this purpose. Slotted ring
specimens for hardness measurements were cut into two pieces, one short and the other long
in length. The long piece was partially flattened into a strip, which could then be loaded onto
the indentation tester. Table 37 provides the hardness measurement of both types of

specimens with no preliminary heat treatment in the lab (as received).

Table 37: Hardness Rockwell measurements of asreceived type-1 and type-2 Zircaloy sheathing

specimens
hardnes scale specimen type mean SD SDOM (error)
HREB type-1 (Pickering) 88.1 1.0043 0.3
type-2 (Cameco) 86.3 1.1543 04

The average hardness of the as-received type-1 Pickering specimen was measured to be
88.1+0.3 HRB and the average hardness of the as received type-2 Cameco specimens was
measured to be 86.3+0.4 HRB. From these measurementsit is observed that the hardness of
the two specimen types was quite similar, though the Pickering type specimens were dlightly
harder. The quoted hardness of Zircaloy-4 by the manufacturer ATl Wah Chang is 89 HRB
averaged [190], which is dlightly higher than the measured hardness of both as-received type

specimens.
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When both types of specimens were heat treated and stressed in the transverse
direction, after which they were hardness measured, there was a slight increase in specimen
hardness (about 2% on average). In other words there was a dlight increase in the specimen
tensile strength (and possibly a dlight decrease in specimen ductility). See Appendix G for
more detail s on specimen hardness measurements.

5.3.2 Characterization of Zircaloy Specimens - Crystallography

Zircaloy isan aloy of zirconium. The nominal Zircaloy-4 composition (as previously
mentioned in Section 3.2.3) is Zr and 1.5% Sn, 0.2% Fe and 0.1% Cr with some impurities,
such as 270 ppm C, 200 ppm Hf, 120 ppm Si, 100 ppm W, and 75 ppm Al [111][188]. In pure
zirconium, a S-phase crystal structure exists between the temperatures 1855°C and 863°C,
which is body centred cubic (bcc). Below 823°C to room temperature, the crystal structure
changesto a-phase that is hexagonal close-packed (hcp). Thetin additive is an a-phase
stabilizer and helps increase the upper a + S to S transition temperature. The iron and the
chromium additives are p-phase stabilizers, which help suppressthe lower o + fto o +
intermetallic compound transition temperature [191][192]. The optimal concentration of these
additives achieves the desired phase concentration in the aloy, among other physical

properties. Zircaloy exhibits anisotropy as aresult of the hcp crystal structure.
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The hep crystal structure is depicted in Figure 128 (a) and (b).
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Figure 128: Schematic of the Miller-Bravais coor dinate system of the hexagonal close-packed
unit cell (a) and two lattice planesin the hcp unit cell; the basal plane (b1) and a prism plane
(b2), adapted from [182]

It shows the four-axisin the Miller-Bravais coordinate system (a;,az,a3,C) used to describe the
hcp crystal structure and two lattice planesin the hcp structure: the basal plane (0,0,0,2) in
Figure 128 (b1) and a prism plane (1,1, 2,0) in Figure 128 (b2). There are other types of prism
planesin the hep crystal structure, such as (1,1,0,0), (1,0,1,0), and (1, 2,1,0). Generally all
prism planes intercept the basal plane at 90°. Besides these two crystal planesin Figure 128,
which are also dlip planes (a plane in which a dislocation motion produces plastic
deformation), there are also various pyramidal planes in the hcp structure. One such

pyramidal planeis shown for example in Figure 129, which is also an important slip plane.

Figure 129: An example of a pyramidal crystal planein a hcp crystal structure, taken from [193]
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Slip on crystal planes other than the primary planes (i.e., (0,0,0,2), (1,0,1,0), and
(1,0,1,1) [194]) are substantially harder to activate, making the zirconium material plastically
anisotropic [195].

The hexagonal crystal deforms by both slip and twinning to produce a strong preferred
orientation of the crystals (texture) during cold working. Typically, acold rolled Zircaloy strip
will have a strong normal texture where most of the basal poles of the hexagonal crystals are
orientated about 35 degrees to the transverse plane of the strip. Figure 130 provides a
description of the three principle crystal texture directionsin fuel sheathing or the cladding.

\ hep crystal in

different
. orientations
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Figure 130: Schematic illustrating the principle directions used to describe the Zircaloy texture
in CANDU fuel element sheathing: T for transverse, R for radial, and A for axial, taken from
[192]

The anisotropic properties of a Zircaloy strip resultsin asignificantly higher yield strength in
the transverse direction. The control of crystallographic orientation alows designersto
optimize material properties. Crystallographic orientation can be controlled by different
manufacturing parameters. It is not possible though to manufacture a component with a
completely well defined texture or of asingle crystal orientation. Instead a manufactured
component can have a distribution of grains with different orientations with a preference to

certain orientations or texture [183].
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Studies have been conducted by Knorr et al. [196], Peehs [183] and Wilson et al.
[197] and discussed further by Cox [55] and Edsinger [168] that show that the mgjority of
cracking in I-SCC experimentation were seen at positions where the basal pole of the hcp
zirconium crystal structure are positioned mainly along the transverse or the hoop directionin
the Zircaloy sheathing/cladding. Maximum crack density occurred at basal poles between 50°
and 70° from the basal normal. It was also observed that a predominant radial texture resists |-
SCC and has been observed in tubing fabricated using a high precision tube reduction process
versus the normal Pilger milling [168]. Figure 131 shows the dependence of the crack
intensity on the basal pole orientation. According to Peehs [183], when the basal poles are
normal to the tube surface no crack initiation occurs. Furthermore, when cracks did appear
they progressed slower when texture was in the radial (normal) direction and faster when
texture was in tangential (transverse) direction, relative to the sheath/cladding principle
directions, Knorr et al. [196].

Basal pole orientation

Angular distribution
of crack density

b Crack density, relative

I P

Figure 131: Theinfluence of hcp basal pole orientation on [-SCC crack density, taken from [183]

The manufacturing processes used (such as Cold Pilge Milling processes [198][199] and
other mechanical processes as well as heat treatments) to reduce the diameter and wall
thickness of Zircaloy tubes into nuclear fuel clad/sheathings have been fine-tuned over the
years. Thisresulted in optimal tube reduction procedures that minimized susceptibility of the
clad/sheathings to stress corrosion cracking (as explained by Figure 131). The type-1
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specimens were made using earlier tube reduction practices leading to less favorable
texture, where type-2 (and type-3 Appendix H) specimens were made with more recent sheath

manufacturing practices.

For the slotted ring specimens tested in this work, texture characterization was
performed using the X-ray diffraction method (XRD) at the Royal Military College of Canada
(RMC). For adescription of the X-ray diffraction method see Appendix H.

Diffraction Pattern Measurements

The following are the diffraction pattern scans for the two types of specimensused in
the I-SCC tests. Both specimens were previously-prepared slotted rings that were modified
dlightly by being bent into flat strips so that they could be mounted on the XRD specimen
holder as shown in Figure 163 in Appendix H.

For the Pickering 28-element slotted ring material (type-1 specimen) a 29-mm long and
5-mm wide straightened strip was cut from a slotted ring and was placed face down on the
specimen mount so that the outside surface of the sheath would deflect the X-rays.
Furthermore, the long edge of the strip was positioned perpendicular to the path of the X-rays.
This positioning ensured the greatest reflected X-ray intensity pick-up at the instrument
detector. In this manner a maximum coverage of X-rays on the specimen was maintained. The

XRD scan for the type-1 specimen is given in Figure 132 (a).
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Figure 132: Diffraction pattern scan of a Pickering 28-element sheath material (type-1
specimen), inner sheath surface exposed to X-rays, perpendicular to the sheath transverse

direction

The high intensity peaks are manifested when the Bragg law is satisfied. Dominant crystal
planes can then be identified.

Figure 132 (b) provides the exact location and intensity of the peaks in the raw data
using curve fitting and averaging software. Figure 132 (c) showsthe relative intensitiesin a
XRD scan of azirconium crystalline powdered sample taken from the PDF (Powder
Diffraction File). In essence, this scan is a database ‘ finger print’ file that the scanned sample
can be compared to. As can be seen al the peaksthat are in the PDF file show up in the XRD
scan. The difference liesin the relative intensities of the peaks. Table 38 (from the Scintag
Diffractometer software package) provides a sample of the dominant existing crystal planes
measured in powdered zirconium. Here the relative X-ray intensities of each peak and the
Miller-Bravais coordinates of appropriate crystal planes are given. Figure 132 (c) holds some
of the information in Table 38. Referring to this table, the observed peaksin Figure 132 (a)
can be identified with basal and prism planes.
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Table 38: Reflection anglesin increasing order with corresponding X-ray signal intensity and

hcp crystal plane coordinates for e zirconium

20 Intensity | Crystal planes: a;, a, as, zor (u,v,t,w)
31.9594 33 (2,1,1,0)
34.8396 32 (0,0,0,2)
36.5103 100 (2,1,1,3)
47.9948 17 (2,1,1,6)
56.9348 17 (1,1,2,0)
63.5395 18 (2,1,1,9)
66.8154 3 (2,1,1,0)
68.5368 18 (11,2,6)
69.5810 12 (2,1,1,3/2)
73.5263 4 (0,0,0,4)

Note: Angle 20 represents the summation of both the X-ray angle of incidence and the angle of reflection on the
sample. Hence the angle of incidence for the first plane (2, 1,1,0) in the table is really 31.95°/2=15.97°.

Out of the eight observed peaksin Figure 132 (a), four peaks should be noted. Thefirst
isthe peak at 34.83°, which isthe basal plane (0,0,0,2) of the hcp crystal structure as depicted
in Figure 128 (b1). The second and most dominant peak is at 36.51°, which represents a
danted plane (2,1,1,3), or apyramidal plane[200]. The third peak worth noting is the peak
at 56.93°, which represents the prism plane (1,1, 2,0) as depicted in Figure 128 (b2). The
fourth peak is another prism (2,1, 1,0) plane occurring at 31.95°.

A similar scan of the Pickering 28-element sheath material (type-1 specimen) isgivenin
Appendix H where the specimen is positioned parallel to the impinging X-rays, which yields

similar results.

For the Cameco 37-element sheath material (type-2 specimen, see Figure 133) asample

was taken from a slotted ring, which was 29-mm in length and 5-mm in width. The specimen
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was placed face up on the specimen mount so that the inside surface of the sheath was
exposed to the X-rays.
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Figure 133: Diffraction pattern scan of a Cameco 37-element type material (type-2 specimen)

inner sheath surface exposed to X-rays, perpendicular to the sheath transverse direction

The transverse direction of the sheath was positioned perpendicular to the X-ray direction. In
this scan fewer peaks are observed compared with the scan in Figure 132 (and Figure 164 in
Appendix H) discussed previously. A dominant basal plane peak is noticed at 34.83°, whichis
also greater than the pyramidal plane peak at 36.51° that was previously the dominant peak in
the Pickering type sheathing (type-1 specimen) in Figure 132 (and Figure 164). Also noticed
is the compl ete absence of the prism plane at 56.93° that was observed in the Pickering type
sheathing. Since the XRD signal for every crystal plane in the zirconium powder PDF is not
observed to be equal in intensity (refer to Figure 132 (¢) and Table 38), the strong basal plane
peak seen in Figure 133 relative to the other peaks indicates a strong preference for this
texture, where the grain crystals have their hcp basal plane normals oriented close to the
sheath radia direction.
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An XRD scan of the 43-element CANFLEX sheathing was very similar to that of the
37-element Cameco type-2 specimen XRD scan in Figure 133. Hence, as explained earlier,
this specimen type was not selected for in-depth 1-SCC testing. An XRD scan of the
CANFLEX sheathing is presented in Figure 165 in Appendix H for reference purposes. The
importance of the Zircaloy crystal texture and the oxidized surfaces of the specimens on the
[-SCC phenomena will become clear in the test results section.

5.3.3 Slotted Ring Analysis

Section 5.3.3.1 provides the complete form for the expression used by Wood [175]
based on the work by Oding et al. [201] for calculating the maximum induced stress on the
inside surface of the loaded ring. This equation was derived using the ‘ unit load method’
[138] in Appendix I. In Section 5.3.3.2, this derivation is used to give an expression for the
slotted ring deflection under a given force in order to assess the effective thickness of the

specimen.

5.3.3.1 Analytical Formulation for Stress

The dlotted ring is stressed by inserting a wedge in the specimen’ s cut-out slot. Thisisa
simple and effective way to impart atensile stress near or above the yield point of the
material. Figure 134 (a) shows the cross section of an unstressed slotted ring of thickness ty.
The dimension b isthe initial unstressed slotted ring gap equal to the width of the diamond
blade that cut out the slot, or wider due to an additional cut. The dimension w; in Figure 134
(b) isthe stressed dlotted ring gap.
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(@ s (b)
l — wedge
b W
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Figure 134: Slotted Zircaloy ring specimens, when (a) unstressed with slot dimension b and
when (b) stressed with a Zir caloy wedge of width w

The stressed ring can be drawn as a free body diagram in Figure 135 ().

neutral axis
a b’
e
ts/2

Figure 135: (a) Free body diagram of the stressed ring and (b) an exaggerated half ring

thickness schematic showing the line of neutral axis

Here the ring of radius Ry is cut into two and only the top half is shown. The forces Pr and Fy
aswell asthe moment M, are added to the free body diagram. Figure 135 (b) shows the same
half ring but with an exaggerated thickness ts. This figure shows the neutral stresslinein the
ring that occurs at ~t5/2, where the location a’ indicates the internal surface of thering

opposite the slot and location b’ indicates the external surface of the ring opposite the slot.

At static equilibrium XF =F-P; =0 and XM =Mp-2Rs -Pr =0. The stress distribution in the
loaded ring at the location of maximum stress (point a’ in Figure 135 (b)) is obtained by
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superposing the uniform stress distribution corresponding to the centric load Ps, or o,, and
the linear distribution corresponding to the bending moment My, or oy. The stress distribution

is provided by:

P, _ Myx
Aarea I

0=0,-0,= (202)

where Aqreq IS the rectangular cross section of the ring slot, x is the distance from the neutral
axisin thering to the surface of the ring (at either point & or b’) and | is the centroidal
moment of inertia[117].

At point & in Figure 135 (b), both the centric load stress and the bending moment stress

aretensile in Eg. (202), so that this equation can be rewritten as:

P Myx
y_axis = + |
Aarea

(o2

(203)
If the point of interest is the maximum tensile stressin thering (at point a’) and Eqg. (203) is

written in terms of the force P, Eq. (204) is obtained where R is the radius of the ring and ts

isthe ring thickness.

2 (204)

An expression for the force Fy acting on the ring slot surfaces as a function of the
displacement in they direction at point ¢’ in Figure 135 (a) isgiven by:

D
F = y
y 3R 1 k, (205)
ERH[ EIZ " EAarea ’ GshAareaJ

where Dy is the displacement in the y direction, E isthe Y oung' s modulus of Zircaloy-4, Axrea

is the rectangular cross section of the ring bodly, ky is the transverse shear factor, | is the
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centroidal moment of inertia about the z axis (i.e., into the page in Figure 135 (a)), Ry IS
the radius of the ring, and Gg, is the shear modulus. For derivation of Eq. (205) using a“unit
load method’ see Appendix I.

If Eq. (205) is substituted into Eq. (204), where F,=P, one obtains:

D, D,t,

_l_
2 2 k
3R, 1 .k " R, 1,k (206)
El z EAarea GmAarea EI z E'Ahrea Gsh Aarea

Gy_axis =

R Aﬂea[

If oo in Eq. (202) is neglected as well as the axial force (1/(EAqes)) and the transverse shear
(ky/(GshAarea)) terms in the denominator of Eq. (206), since their contribution is small, and
consider only the bending moment, one obtains:

D, Et,

Oy axis = 37IR§ (207)

Here oy ais isthe stressin they direction for the ring depicted in Figure 135. If the cut that is
made in thering is larger than half a millimeter, its dimension should be considered. If the
initial unstressed slot dimension is designated as b and the final stressed width is designated
as W as shown in Figure 134, then the deflection with the wedge in the slot is Dy=(w -b) so
that Eq. (207) can be written as[175]:

B (w; —b) (208)

An approximate equal sign is given, since the ‘unit load method’ used to derive Eg. (205)
assumes an integration over 2x radians of the ring circumference. If however adlot is cut into
the ring, the actual ring circumference isless than 2r radians. Also, the derivation in
Appendix | assumes a circular geometry. Hence, stressin an excessively deformed ring will

deviate from this solution.
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If for example the Y oung’'s modulus of Zircaloy is E=100 GPa, ty=(0.40+0.01)x107
m, b=(2.30£0.02)x10"® m, w; =(6.00+0.02)x10™ m, and R=(6.25:0.03)x10" m then the max
stressis oy axis=400+20 MPa. For an induced stress in the |loaded slotted ring at room
temperature. At 623 K, Ex70-80 GPa[202] and the Zircaloy yield stress can drop from
~300+15 MPato ~150+10 MPa (see Eg. (72)). Hence, the induced stress in the specimen at
623 K (350°C) may be as low as 150+10 MPa.

Finally it isworth noting a significant difference between the induced stressesin the
slotted Zircaloy rings using a wedge and in the fuel element sheathing by thermally expanded
UO, fuel pellets (and by sheath creep down) while in the reactor. The stress distribution in the
dotted Zircaloy ring cross sections can be described by Figure 136 [117]. Tensile stressis
considered positive, while compressive stress is considered negative. As can be seen in
Figure 136 (@), the stressis maximum at the top and bottom regions of the beam cross section.
These two extremes are also opposite in direction. Once the stressfield is equal to or exceeds
the material yield stress, the material plastically deforms, starting at the cross section top and
bottom regions and working its way to the neutral axisin the middle of the beam.

(@ (b)

Figure 136: The stressdistribution in arectangular cross section of a beam under aload
displaying (a) elastic and (b) plastic deformation, adapted from [117]

Figure 136 (b) illustrates what the stress distribution may be in a beam cross section that is
completely plastically deformed, or where all the stressis at the material’ syield stress. In
reality though Figure 136 (b) isidealized for an elastoplastic material (anon realistic material
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with aninfinite strain after yield), so the actual stress profile would look more likeathin S
curve. In comparison, the stress distribution for the in-reactor sheathing would be essentially a

single direction uniform stressfield (like Figure 136 (b) but stress only in asingle direction).

Thus, the dotted Zircaloy ring initial stressfield is not representative of an in-reactor
stressed sheathing. It is possible that the nature of the slotted Zircaloy ring stressfield isless
favorable to |-SCC attack, i.e., half of the stressis compressive and the stress diminishes as
one approaches the neutral axis. A completely plastically deformed slotted Zircaloy ring
though may be prone more to I-SCC attack, since the stress at the crack tips may be greater
than in an only-elastically deformed ring. Lastly, for in-reactor fuel sheathing, the stressfield
ishomogeneous and is al tensile (i.e., Mode | loading on cracks throughout sheath cross
section, see Figure 30), which probably makes it more susceptible to I-SCC than the slotted
rings used for these tests. Nevertheless, if iodine induced corrosion/failures are observed in
the dotted ring specimens it can be expected that similar effects would also be observed in
specimens that were stressed in asimilar way as the fuel sheath in the reactor.

5.3.3.2 Post-Experiment Corrosion Assessment

In previous work conducted by Wood [175] and Wilson et al. [197], who used slotted
Zircaloy ringsin early 1-SCC tests, there were essentially only two recorded quantitative
outcomes at the end of there tests: fail or not failed. In other words, a specimen was visibly
cracked usually in two sections, or not. In the current tests though it was planned that if the
failure rate was very low it was thought that it might be overly smplistic to simply declare
that the specimens were not affected in any manner by the iodine vapour if they were not
visibly cracked. Thus, a new technique was required that could provide some quantitative

assessment of the extent of corrosion in specimens that did not visibly crack.

For this purpose, a Zircaloy slotted ring deflection tester was designed and built at RMC
by the author with the assistance of C. McEwen who was the departmental
technol ogist/machinist. The slotted ring deflection tester worked on the simple premise that

for agiven applied force to the dotted ring in the transverse direction, an appropriate
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deflection can be measured. The resulting deflection distance can then be used to calculate
the effective thickness of the specimen after it has been exposed to the corrosive iodine
vapour (i.e., it considered both potential invisible cracksif present and the amount of eroded

surface due to chemical pitting and etching).

If in Eq. (205) the axial force term (1/(EAqrea)) and the transverse shear term
(ky/(GshAarea)) are neglected then the expression for Dy, deflection becomes:

_ 3R,
=T

z

D

(209)

where Fy is the force opening the dotted ring and the centroidal moment of inertial, for the
ring body cross section is given by Eq. (210), where I, is the width of thering and ty isits
thickness.

|t

|, = - 210
1= (210)

Substituting Eg. (210) into Eq. (209) yields Eq. (211), which provides a relationship between
the measured deflection of the slotted ring and the dimensions of the cross section of thering

body at maximum stress.

_ 367R°F,
Yo R 8

rwesr

(211)

From this equation, the deflection measurement is proportional to the inverse cube of the
specimen cross section thickness and linearly proportional to its width. In other words, any
surface erosion and small invisible cracks should be possible to detect. Specifically if the
approximate measurement resolution is 0.025 mm then the measureable change in the

specimen wall thickness, is 7.3 um (or about 1.8% the specimen wall thickness).

If Dy isthe measured quantity then the calculated value of ts can be compared to the

measured value. Solving Eq. (211) for ts gives:
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b
(= ;{ 367, J (212)
E,.D,

which is the effective thickness of the specimen.

The slotted ring deflection tester is depicted in Figure 137. A dotted ring specimen is
placed on the lever and static jaws. The test force acting on the sotted ring is provided by a
50 g weight attached on the right hand side of the |leaver.

leaver bearing . .
linear displacement

leaver and static transducer

jaws
transducer jig

central Ni/Fe
corewith

graphite
extension pin
with rounded
contact head

Zircaloy slotted ring 50 g weight

Figure 137: Zircaloy sotted ring deflection tester

By measuring the displacement of the ring under the applied weight a direct comparison can
be made between various tests. For the complete details of the slotted ring deflection tester
see Appendix J.
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5.4 Experimental Procedure

Glass ampoule and baking procedure:

Zircaloy dlotted rings described in Table 36 were pre-loaded using a Zircaloy wedge as
shown in Figure 127 (b) and Figure 134 (b). The maximum applied stressin the type-1 (28-
element sheath material) and in the type-2 (37 element sheath material) slotted rings
specimens, using Eqg. (208), was 480+10 MPa, when at room temperature. The loaded
specimens of type-1 wereinserted in a2.05 cm ID Pyrex medium-walled tube that was 22-24
cm long (plus excess length) and type-2 specimens were inserted in 2.47 cm ID Pyrex thin-
walled tubing that was 14-18 cm long (plus excess length), which were glass blown shut at
one end. Also inserted into the glass tube was a glass vial containing iodine crystals, as shown
in Figure 138. Since in the tests different specimens and different number of specimens were
used and since two types of wedges were utilized, the amount of iodine used is specified in
mg iodine crystal's per cm? of Zircaloy surface area. Once these test items were inserted in the
glass tube it was necked-down (ideally to a 2-3 mm internal diameter) at the indicated lengths.
This made it possible to vacuum pump the tube contents to low pressures and at the same time
allowed for adurable glass blown seal (that would not crack while in furnace). After necking
down the glass tube, moisture would typically form inside the tube due to the cooling off of
the glass. To remove this moisture an initial vacuum pump of several hours was performed on
the necked-down glass tube with the intact iodine glass vial and wedged specimens using a
custom built vacuum system (decribed further down and in Appendix K).
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Figure 138: Glasstube with intalled 37-element type dotted ring specimens on dliding wedge

with iodine glass vial before vacuum pumping.

In certain tests a mixture of UO,.x and vacuum baked graphite was also introduced. The
UO,.x Was prepared in a Setaram Instrumentation SETSY S Evolution thermogravimetric
analyzer (TGA) by first reducing a non stoichiometric amount of uranium dioxide material
until a stoichiometric UO, batch was made. Using the same instrument, but also a Zirox
SGMB5EL electrolysis device, this batch was then oxidized until adesired level of
hyperstoi chiometric uranium dioxide was produced. See Appendix D-2 for FactSage® 6.1
thermodynamic equilibrium computations for UO, oxidation parameters applied in the TGA
and see Appendix L for explanation of the TGA and the used operation procedure.

Appendix L aso gives the temperature and weight-loss and gain plots of the reduction and
oxidation stages. In this manner the exact amount of added oxygen to the UO, was known.
For example in test 29 the amount of stoichiometric UO, material prepared was
141.523+0.001 mg. After the oxidation process, the weight of the UO,. batch increased to
142.734+0.001 mg. The difference between these two weights (1.211+0.002 mg) was the
amount of hyperstoichiometric oxygen added to the UO, batch. To figure out the average
stoichiometric deviation for this batch the moles equivalent of the oxygen atomsis calcul ated:

_1211x 107°[g]

Toigma] - 7-568x10 [mol] (213)
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Taking the mass of the UO; batch after the reduction stage and calculating its mole

equivalent one gets:

0 _ 141.523x10°°[q]
Y2 270.03[g/mol]

=5.241x10* [mol] (214)

Thus, the average stoichiometric deviation of this UO,.x batch is then:

n, _7.568x10°[mol] _
Ny, 5.241x10°*[mol]

X = 0.144 (215)

This simple computation can be expressed more concisely as [203]:

IVIUOZ AW
I\/IO ereduced

X=

(216)

where Myo, and Mg are the molecular weights of UO, and O, respectively, and AW and
W educed @€ the sample change in weight after oxidation and the weight of the sample after
reduction (before oxidation), respectively. See sample calculation with error analysisin
Appendix L.

The stoichiometric deviation achieved for these tests ranged from x = 0.06 to 0.16.

The dried graphite was prepared from CANLUB DAG-154N. To reproduce the baking
procedure used in industry when CANLUB is applied to the internal surfaces of the fuel
element sheathing, about 5 ml of CANLUB was poured into an aluminum foil boat. The boat
was then baked in atmostphere at 140°C for two hoursin a quartz process tube in afurnace.
This drove off most of the iso-Propyl acohol (and some water) solvent. A ~5x10™ torr
vacuum was then allied to the process tube with the CANLUB using an Alcatel mechnical
rotary vane pump and the furnace temperature was increased to 350°C. Baking at this
temperature took place for aduration of 2-3 hours. The dried graphite was then removed as

flakes from the boats and crushed in a ceramic mortar with a pestle.
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The dried graphite (255-278 mg used in these tests) was inserted into the bottom part
of necked-down glass tube with the loaded specimens and iodine vial. After crushing the
oxidized UO; (87-141 mg used in these tests), as much as possible with along aluminum rod,
the UO,.x was positioned at the narrow opening of the necked-down tube (see Figure 139).
The tube was then positioned in the vertical orientation to alow the oxidized fuel to dideinto
the tube. These two stages were done only after the glass neck-down procedure followed by
an initial vacuum pumping of the tube to avoid exposure of the additives to condensed
moisture and heat. The two crushed powders were then gently mixed by slowly rotating the
tube.

UO..y isinserted through
necked-down tube

loaded
specimens,
iodinevial and

dried graphite\

Figure 139: Prepared UO,. is positioned for insertion into tube before vacuum pumping. Here

28-element type dotted ring specimens are loaded on a static wedge.

Since oxygen in air reacts with zirconium to form athin oxide layer [60][62] (see Eq.
(194)), a custom made vacuum system was used to remove all air and moisture from inside
the tube (same system as used previously to remove condensed moisture). The vacuum
system consisted of a turbomolecular pump (upstream) and a roughing vacuum pump
(downstream) connected in seriesto the vacuum chamber. The pumping time typically took
between 18-24 hours to achieve a vacuum pressure of 7x10° to 3x10” torr. The glass tube
was then glass blown shut with the vacuum maintained, effectively sealing in the components

of the experiment in the prepared glass ampoule. Figure 140 shows a sealed glass ampoule
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with type-1 stress |loaded Zircaloy specimens (see Table 36), iodine vial, and UO,.x with

dried graphite mixture.
pre-stressed Zircaloy
Pyrex glass slotted ring specimen
ampoule

evacuated of air e,
ﬁi";_;- <—— sealed glass neck

/i

U OZ+X and

graphite additive argon back-filled iodine

| crystals glassvial

At

1 R

Figure 140: Sealed glass ampoule with loaded specimens, iodine crystal vial and UO,. with
dried graphite mixture

Additional details on the glass ampoul e vacuum pumping station and sealing procedureis
given in Appendix K. In certain tests the impact tightening sliding wedges were used (see
Figure 127 (b)). As mentioned earlier the purpose of the sliding wedges was to increase the

susceptibility of the specimensto iodine attack (by disturbing the oxide in-situ).

At this point the iodine glass vial was broken by gentle agitation (this entailed breaking
aspecially prepared ‘goose neck’ on the glassvial). The purpose of the glass vial wasto avoid
the loss of iodine by sublimation during the vacuum pumping and glass blowing (heating)
stages, which also avoided potential damage to the pumping equipment. Once the glass via
was broken the glass ampoule was inserted into aMTI OTF-1200X 2.5kW tube furnace pre-
set to 350+1°C to duplicate the approximate temperature in the fuel element fuel-to-sheath
gap. During the first 15 minutes to severa hoursthe iodine crystalsin the glass vial
completely sublimated into a dark purple vapour. After thisinitial period the purpleiodine
vapour quickly dissipated leaving behind orange/brown Zrly deposits (salts). The deposits are
Zrl, Zrly, Zrlz and Zrl4, as summarized by Sidky [61]. The dominant deposit species, at room
temperature and pressure, was later determined using Energy-Dispersive X-ray spectroscopy
and Nuclear Activation Analysis at RMC to determine chemical element composition. The
heating of the glass ampoule was continued for afive-day duration, during which the
specimens were visibly inspected from time to time through the glass ampoul e for signs of

obvious failure.
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Once the heating period was completed specimens were removed from the glass
ampoule by breaking the glass ampoule at one end. Specimens were carefully removed from
wedges and dropped in an ethanol filled beaker and gently stirred to remove deposits and

eroded zirconium iodide materials.

For cases where the slotted ring specimens did not classically crack in-two but remained
intact, a slotted ring deflection tester was designed and built to measure the extent of surface
corrosion/internal cracking (Figure 137). Specifically, adlotted ring specimen was attached to
the static and lever jaws, while at the other end a 50 g weight was attached to cause the
specimen to deflect. A transducer placed above the lever read the vertical displacement of the
leaver. A Labview program was desiged to read the linear transducer voltage readout signal,
which was conveted to a displacement in mm. Each specimen deflection was measured 5-6
times. The total error in the measurement was estimated by considering the standard deviation
of the mean (of the multiple deflection measurements of each specimen), the error of the
transducer and the error in the specimen cut width (the | dimension in Eq. (211)). For further

technical details on the deflection tester see Appendix J.

5.5 -SCC Experimental Results

Specimens of type-1 and type-2 (see Table 36) were deflection tested and compared
after they were exposed to one of three different test conditions:
A. The specimens were exposed to heat only
B. The specimens were exposed to heat and an iodine vapour, and
C. The specimens were exposed to heat, iodine vapour with a UO,.x and graphite or
oxygen gas additive.

Specimens of type-1 were stressed with a static wedge (ST) and specimens of type-2 were
stressed with static or sliding wedges (SW), where indicated in the result figures further

down.
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Spoecimen deflection measurements

The dlotted ring deflection measurement of each test between these three test conditions
of type-1 specimensis provided by Figure 141. The amount of iodine used in each test is
given as per surface area of Zircaloy material in the glass ampoule (i.e., specimens +
wedge/s). Generally for these experiments, three specimens were placed in each glass
ampoule, except for intests 4 and 7, which contained six specimens per ampoule. In test 15 (a
blank test, test condition A) where only heat was applied, the average deflection of the
specimens was 0.76+0.04 mm (green bar in Figure 141). Assessing the analytical deflection
using Eq. (211), where R=7.55+0.13 mm, F,=0.441+0.001 N, E=97+2 GPa[202],

[=5.0+0.1 mm, and t =0.40+0.01 mm then Dy= 0.69+0.12 mm, which agrees with test 15
measured value within error and differed only by ~10%. In the second test condition (B), in
tests 4 and 7 (orange bars in Figure 141), where heat and 4.5+0.2 mg cm’ iodine were
introduced, a slight increase in specimen deflection to ~0.80+0.04 mm was recorded. Also,
one out of six specimens, in test 4, failed (cracked in-two). When the iodine content was
increased in test 13 to 28+1 mg cm the deflection increased to 0.87+0.04 mm and one out of

three specimens failed. Hence, ~13% of test condition (B) specimens failed.

it
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test number: 15 4 7 13 21 24 29
iodine used mg cm™: 0 4545 282 6.4 28.2 6.4 + errorintext
failed specimens/ total specimens. | 0/3 1/6:0/6 1/3 3/3:0/3 3/3
equivalent O, mol cm added x10°®: 0 0 O 0.40 1.70 1.61 + error in text

Figure 141: Deflection measurements of type-1 sheath dotted rings
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In the third test condition (C) (blue and empty barsin Figure 141), heat, iodine and a

UO,.x with vacuum baked graphite mixture were introduced in tests 21, 24 and 29. The
amount of hyperstoichiometric oxygen in the UO,.y is expressed here as available moles O,
per Zircaloy surface area. In tests 21 and 29, that had similar iodine content equal to 6.4+0.3
mg cm 2 and dissimilar oxygen source content equal to (0.40+0.01)x10°® and (1.61+0.05)x10®
mol cm’?, respectively, all specimens failed (asindicated in red figures in Figure 141). When
the iodine content in test 24 was increased to 28+1 mg cm™ (blue bar), none of the specimens
failed, but the specimen deflection on average was the highest, at 0.99+0.05 mmin
Figure 141.

An electron microscope image of the iodine induced cracked surface of the failed type-1
specimen was taken from test 13, which is shown in Figure 142. Thisimage istaken at the
axial midway point of the 5 mm wide slotted ring specimen, looking down at the fully cracked
thickness of the specimen. The Zircaloy slotted ring cracking commenced from the right side

of image and ended on the left side.

transverse

direction of

sheathing is axial

into the page direction of

sheathing

specimen — ;

surface

exterior
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surface
interior

<«—— radid direction of sheathing

Figure 142: Electron microscope image of surface of fully cracked type-1 specimen thicknessin
test 13, 650x magnification
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From thisimage and from a closer ook, shown in Figure 143 (a) at 2000x and (b) at
5000x magnification, it seems that the cracking isafully transgranular cleavage and thereis
very little intergranular crack initiation in the vicinity of the interior specimen surface (right
side of Figure 142). For a description of intergranular and transgranular cracking see
[171][204].

(@) « (b)

Figure 143: (a) Centre area of cracked surface at 2000x magnification and (b) 5000x

magnification revealing transgranular cleavage fracture surface

The deflection measurement comparison results with type-2 slotted ring specimens
between the three test conditionsis provided by Figure 144. In these tests none of the
specimens failed (cracked) but specimen deflection differences were observed. For the first
test condition (A) (blank tests), the average deflections of tests 8 and 18, which were exposed
to atemperature of 350°C, was 0.48+0.02 mm (green bars 14 Figure 144).
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Figure 144: Deflection measurements of type-2 sheath dotted rings

When the temperature was 300°C in test 17 the average deflection was 0.46+0.02 mm.
Calculating EqQ. (211), where R=6.35+0.03 mm, F=0.441+0.001 N, E=97+2 GPa[202],
[=5.0+0.1 mm and t=0.40+0.01 mm the analytical deflection was Dy= 0.41+0.05 mm, which
agrees within error to tests 8, 17 and 18. For the second test condition (B) (orange bars,
Figure 144) 30.0+0.4 mg cm™ of iodine was used in tests 19 and 20b, and the average
deflections of these two tests was ~0.96+0.05 mm. When only 4.2+0.2 and 16.0+0.2 mg cm™®
of iodine was used (tests 3 and 16 not shown in figure) the average deflections were
0.49+0.02 and 0.69+0.03 mm, respectively. The former result is similar to the blank test (tests
8, 17 and 18) resultsindicating a threshold iodine quantity (in this type of test). The latter
result suggests a linear relationship between specimen deflection and iodine quantity. For the
third test condition (C) (blue bars, Figure 144) two types of tests were run: Tests 20 and 30
used oxygen gas additive and test 25 used UO,. and vacuum baked graphite mixture
additive. In test 30 when 35.5+0.7 mg cm™ of iodine was used (the highest amount in these
tests) with (8.74+1.20)x10° mol cm™ of oxygen the specimen deflection was 0.70+0.4 mm,
noting that here a static wedge was used. In test 20, although 22.1+0.3 mg cm™ of iodine was
used (which islower than in the other tests in Figure 144), with a diding wedge, the addition

of (0.69+0.09)x10°® mol cm™ of oxygen gas may have also contributed to alower average



266
specimen deflection of 0.82+0.04 mm. Lastly, test 25 that used the UO,.x and graphite
additive, equivalent to (1.10+0.01)x10° mol cm™ of oxygen, with a sliding wedge, showed a
marked average reduction in specimen deflection at 0.89+0.04 mm compared to the tests that
did not include an oxygen source. From these reduced specimen deflections it seemed that the
addition of oxygen gas had a mitigating effect on iodine corrosion. The addition of UO,.x and
graphite additive seemed also to have a protective quality on type-2 specimensin an iodine

environment.

To seeif there were any signs of surface cracking in the type-2 specimen, which could
not be seen with the naked eye, electron microscope images were taken of atest 20b
specimen. Figure 145 (a) shows a 65x magnification of the inside surface of the dlotted ring at

the location of maximum stress (i.e., aview in the radia direction).
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Figure 145: Electron microscope image of surface of fully cracked specimen thicknessin test 13,
(a) 65x and (b) 500x magnification

No deep cracks are observed but shallow grooves running vertically at the top and middle of
the image can be noted. Furthermore the sharp edge of the specimen (top of image where
specimen was cut with a diamond cutter) has been chemically etched/corroded away.

Figure 145 (b) shows a 500x magnification of asimilar area, where here the white curvy lines
represent local high points on the surface and the black zones are local low points where

surface pitting has occurred.
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|odine residence time

Once the iodine sufficiently reacted with the zirconium to form the Zrl the partial
pressure of |, decreased to alevel where the purple iodine vapour color disappeared. The time
it took for this transition to be reached gives some insight on the integrity and/or the thickness

of the oxide surface. Thisiodine residence time is plotted in the following bar charts:
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Figure 146: Thevisibleiodine vapour residencetimein glassampoulefor (a) type-1 sheath

specimens and (b) type-2 sheath specimens

For the type-1 specimens, Figure 146 (a), when iodine only was used in tests 7 and 13 the
iodine vapour residence time was only about an hour. When the UO-.« and graphite mixture
was added the iodine vapour residence time in tests 21 and 29 increased to 10+4 and 4.5+0.3
hours, respectively. In both cases only 6.4+0.3 mg cm™ of iodine was used and all specimens
failed. In test 24 when the iodine was increased to 28+1 mg cm™ the iodine vapour residence
time dropped substantially to only 0.8+0.2 hours and none of the specimens failed. These
results suggests (and Figure 141) that a sufficient partial pressure of iodine is needed for a
minimum amount of time to cause cracking (increased iodine residence time). When al the

iodine had been visually converted to Zrl, species cracking did not seem to occur.

For type-2 dlotted ring specimens, the iodine vapour residence times were different
(Figure 146 (b)) than type-1 slotted ring specimens. In test 20 when oxygen gas was added

and sliding wedges were used the iodine residence time was similar to when no oxygen was
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present in tests 19 and 20b (0.4-0.6 hours). In test 30 the iodine residence time increased to
8.5+1.5 hours when oxygen gas was used. In test 25, which used a UO,.x and graphite
mixture and sliding wedges, there was a slight increase in the iodine residence time compared
to tests with no oxygen source (1.1+0.4 h vs. 0.5£0.1 h). Tests 25 and 30 seem to support the
deflection measurements seen earlier, indicating the presence of a protective oxide layer
between the iodine corrodant and bare zirconium in the basal dominated Zircal oy texture

sheath specimens. See Figure 144 for quantity of oxygen used in these tests.

A color changein the Zircaloy specimens was noticed when they were heated in the
glass ampoules and exposed to an oxygen source (UO,.x and graphite mixture or oxygen gas).
Before the baking stage commenced with the oxygen source the Zircaloy specimens had the
typical shinny silvery metallic color. But after baking was initiated a color change was
observed. This observation was mode when the glass ampoul es were momentarily removed
from the furnace for visual inspection, after the iodine vapour subsided, but especialy in
cases where the iodine vial remained intact after it was intentionally agitated - when it didn’t
fail on thefirst agitation attempt but did fail on the second. For examplein test 31 (atest not
included in this work due divergence from test procedure) there was a ~20 hour period delay
between the glass ampoule baking initiation and the iodine vial breakage (iodine exposure),
while in the other oxygen additive tests (20, 21, 24, 25, 29 and 30) the iodine vial was broken
at the time the baking stage commenced. The color change was observed as a changeto a
yellow-gold color, see Figure 147, which isindicative of afine oxide buildup on the Zircaloy
specimens. It should be noted that this color change was not noticed in tests with no oxygen
source. The oxide thickness buildup can be estimated by comparing the color of the
specimens in Figure 147 to a Zircaloy oxide color scale. According to Figure 125 (a) and (b),
the in-situ formed oxide thickness lies between 0.3 and 0.1 um, respectively. Interestingly, the
iodine residence time in the type-2 specimens (Figure 146) was longer in the test when a pre-
build up of oxide occurred without iodine vapour present but was also longer in type-1

specimens where there was no delay in baking initiation and exposure to iodine.
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Figure 147: Zircaloy dotted ring specimens after baking for =20 hours before iodine exposure

showing a changein surface color indicating oxide buildup

Surface etching/corrosion

The slotted ring specimen wall thickness, t, was measured with adigital Mastercraft

(150 mm span) caliper after performing the experiment for the three test cases. Measurements

were taken (and repeated) at the centre and at the edges of the specimens, see Figure 134 (a),

while ensuring aminimal value was recorded. Figure 148 (a) and (b) show the wall thickness

of type-1 and type-2 dotted ring specimens, respectively.
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Figure 148: The dotted ring specimen wall thicknesst vs. test number for (a) type-1 specimen

and (b) type-2 specimens at specimen centres, where yellow and light blue barsindicate wall

thicknesses at specimen edges.
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For the type-1 specimens the thicknesses did not vary much in Figure 148 (@), equal to
~0.40 mm, in either the iodine only tests (orange bars) or the iodine and UO,., with graphite
mixture tests (blue bars). Only in test 24 there was a marked chemical erosion of the surface
when more iodine was used (where the dark and light color bars represent the specimen
thicknesses at the centre and at the edge of the specimen, respectively). For the type-2
specimens in Figure 148 (b) there was a marked erosion of surfaces for the iodine only
experiments. Specifically, in tests 19 and 20b, where 30.0+0.4 mg cm™ of iodine was used,
most of the iodine induced corrosion occurred at the centre of the specimen where the stress
was highest (orange bars) and less where stress was lowest (yellow bars). The chemically
eroded and removed materia from the specimen surfaces showed up as orange-red depositsin
the glass ampoule away from the specimen and wedges. Figure 149 (a) shows some of these
deposits extracted from the glass ampoul e of one of the Zircal oy-iodine stress corrosion tests.

(a) : (b)

Figure 149: Collected Zrl, depositsfrom a Zircaloy |-SCC test

The brown-green surfaces of the deposits seen in the same figure are surfaces that were
exposed to air for twenty minutes and above. Figure 149 (b) shows a bottle that was used to
store this deposit, which when opened released a visible vapour, which is possibly sublimated
Zrly (perhaps Zrl4(g)) or some other compound mixture of Zrly with oxygen from the air.
These deposits were later identified (using Energy-Dispersive X-ray Spectroscopy (EDX) and
Nuclear Activation Analysis (NAA)) composed of Zr and | with aZr:I atomic ratio of about
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~1:2, indicating that the deposits were mostly Zrlx(s) (or possibly Zrl+Zrl3). It can be
noted that the quantity of each compound could also be analytically verified using Zr-I1 phase
diagrams [177]. See Appendix M for the EDX and NAA scans of these deposits taken from
tests 16 and 19. If the deflection of test 19 is calculated using EqQ. (211) with the minimum
average measured t value of 0.34+0.01 mm (from Figure 148 (b)) and where R=6.35+0.03
mm, F=0.441+0.001 N, E=97+2 GPa[202], | =5.0+0.2 mm then D,=0.70+0.12 mm. The
actual average deflection of test 19 was 0.96+0.05 mm in Figure 144, which does not agree
with the theoretical value. Hence, it is possible that the specimen degradation is a combination
of both external and internal corrosion (the latter possibly being cracks). In test 30, where
oxygen was added, the specimen average wall thickness was 0.39+0.01 mm, and there was no
increased surface chemical erosion/corrosion at specimens centre. Since the deflection in test
30 (Figure 144) was also the lowest measured, this result supports the idea that the ZrO, layer

is protective in type-2 specimens.

Besides the specimen wall thickness comparison in certain experiments some surface
peeling was observed while in the glass ampoule (tests 20 and 24) and when removing
specimens from glass ampoule (test 29). This though seemed to occur when theiodine
quantity was equal to or greater than 16 mg cm® and not necessarily at locations of highest

tensile stress.
Specimen stress corrosion cracking in methanol solution

As shown previously, the type-2 specimens (typical of current CANDU fuel sheathing)
did not classically crack and fail asthe type-1 specimens did in the current experiments,
although chemical etching/corrosion and thinning of the type-2 specimens at |ocations of
maximum stress was clearly shown in Figure 145 and Figure 148 (b). To confirm that type-2
specimens can classically crack due to 1-SCC, a side experiment was conducted. In this case
the SCC experimental conditions were different than that provided by the evacuated and
baked glass ampoules. Specifically two Zircaloy-4 type-2 slotted rings were stressed with a
static Zircaloy-4 wedge and submerged in beaker containing a methanol solution of 1 wt%
iodine at room temperature. Immediately after the specimens were inserted into the solution
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faint pinging/cracking sounds could be heard from the beaker. After 2 hours the first

specimen cracked into two pieces (Figure 150 right) and after 5 hours the second specimen
cracked amost right through the specimen thickness (Figure 150 left). During and after the
experiment the specimens and wedge maintained their metallic sheen (i.e., besides the

obvious cracking, no pitting or chemical etching could be observed with the naked eye).

Zircaloy
wedge

SCC carck

/ to failure

C o specimen

_ i external
specimen internal surface

surface

SCC crack

Figure 150: Failed type-2 dotted rings that wer e stressed and submerged in an iodine methanol

solution

The cracked surfaces were scanned with an electron microscope for fractographic
analysis. Figure 151 (@) shows transgranular cleavage cracking in the specimen thickness
midsection in the sheath radia direction with the characteristic fluting occurring on internal
grain surfaces.
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Figure 151: (a) Transgranular cleavage cracking at specimen thickness midpoint and (b)
intergranular cracking at specimen internal surface, in test conducted with type-2 specimensin
an iodine methanal solution

Also observed in this figure is cracking occurring in the sheath transverse direction in 4-5
locations (i.e., into the page). Figure 151 (b) shows intergranular cracking from the specimen
internal surface to at least 50 um into the specimen. The different corrosion behaviors
observed between Zircaloy specimens exposed to hot gaseous iodine vapours in the glass
ampoules and specimens exposed to dissolved iodine in methanol may have to do with the
dissolving ability of methanol to the Zrlx compounds that are formed when iodine reacts with
the zirconium. Methanol like water is a polar molecule and is a good solvent. When the Zrl
compound deposit, seen earlier in Figure 149 (a) (which is essentially a salt), was submerged
in methanol at room temperature for a few minutes (with some agitation) it readily dissolved,
as seen in Figure 152.
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(b)

Figure 152: (a) Zrl, deposits submerged in methanol and (b) after a few minutes duration and

some agitation deposits were readily dissolved

Remembering that the reaction of zirconium with iodine produces Zrl(s), Zrlx(s), Zrl3(s), and
Zrl4(g) compounds, at fuel-to-sheath temperatures, only Zrl4(g) is ableto ferry away Zr from
the crack tip in the sheath. But in the SCC experiment involving an iodine methanol solution
all the iodides can be dissolved by the solvent and removed from the crack tip, allowing for an
accelerated crack growth rate. For further reading on SCC in methanol and agueous solutions
see [205][206]. Thus, type-2 specimens may indeed crack to failure (and not just chemically
corrode and etch under stress) in a hot iodine vapour environment in the lab by improving the

experiment.

5.6 Use of the Fuel Oxidation M odel to Introduce Superficial Oxygen

The fluid dynamics computation result of the laminar flow in the sintering furnace in
shown in Figure 153. The boundary conditions of 0.4 m s™ entrance velocity set at theinlet
(left side) and an ambient pressure set at the outlet (right side) induces the flow. The black
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flow linesindicate the flow path, where the color gradient provides the flow velocity
magnitude in m s™. The point where the flow meets the pellet surface head-on is referred to as
the leading surface (or point) and the point on the other side of the pellet is referred to as the
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Figure 153: Laminar flow lines and color gradient for absolute velocities

leading surface / \ trailing surface

trailing surface (or point). As can be seen in the figure the flow velocity is at a maximum of
0.588 m s at the model upper mid section shown in red and the flow has stagnant points at
the pellet leading surfaces and trailing surfaces, as would be expected. Figure 154 shows the

resulting pressure gardient, which is quite low for this case, but enough to induce gas flow.
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The hydrogen mole fraction g distribution is shown in Figure 155. Here one sees that

Figure 154: Pressure gradient around the sintered pellet

the highest hydrogen mole fraction region (shown in red) is situated in the vicinity of the
sintered pellet, especialy at the pellet trailing surface. From comparing the flow plot in
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Figure 153 to the hydrogen mole fraction plot below it becomes clear they are related,

which justifies the inclusion of the fluid dynamics physics in this model, since the hydrogen

mole fraction distribution affects the oxidation extent in the pellet. The pellet oxygen

stoichiometric
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Figure 155: Hydrogen mole fraction in the flowing gas domain

deviation distribution result, x, is provided in Figure 156 after 120 s of heating in the steam

atmosphere, which was at 1250 °C. The maximum oxygen stoichiometric deviation that

occurs on the pellet surface is about 0.0018, where the interior of the pellet remains at the

oxygen stoichiometry deviation initial boundary condition at 1x10°.

18.06

14

B - 10 4104

01

Figure 156: The oxygen stoichiometric deviation in the sintered pellet after 120 sof heatingin a

1250 °C steam atmosphere
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A radial x distribution plot is also provided through the leading and trailing surfaces of the
pellet, but here after only 100 seconds of surface oxidation, in order to better describe the

extent of pellet surface oxidation, as shown in the following figure:
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Figure 157. Radial Xdev distribution through the pellet leading and trailing surfaces after 100 s

of oxidation in steam at 1250 °C and 1 atm

As can be observed in the Figure 157 the pellet surface oxidation is more or less symmetric in
circumference, though increased surface oxidation in observed on the leading edge of the fuel
pellet, due to the lower hydrogen mole fraction in the steam in this area. After 100 seconds of
surface oxidation the O/M ratio is still close to zero up to 4 mm from the pellet interior (asis

intended) and the maximum oxygen stoichiometric deviation occurring at the pellet surfaceis

~1.6x10°, which is relatively low and has a negligible effect on the fuel thermal conductivity.

In Section 3.5.7 an initial target quantity for atomic oxygen molar amount uptake per
CANDU fuel pellet using amodified pellet sintering process was cal culated to be 2.469x10°
moles (Eg. (183)). Thisamount of oxygen was based on Figure 144 in Section 5.5 where there
was an effect of oxygen content as low as (0.69+0.09)x10°° mol O, cm™ on the specimen
deflection measurement (to assess stress corrosion extent). The oxygen amount of 2x10°
mol O, cm was selected as a starting target amount of oxygen in the model (and possibly
later in fuel experimentation). Figure 158 shows the atomic oxygen mole uptake in asingle

fuel pellet as afunction of time, computed using the current model by integrating x (in



278
Figure 156) over the pellet volume. As can be seen in the figure, to achieve this target

mole quantity only about 100 seconds of exposure time to steam at atemperature of 1250 °C

IS necessary.
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Figure 158: Computed atomic oxygen mole uptake during the oxidation processin an individual
CANDU fud pellet up to 1000 sduring exposureto steam at 1250 °C and 1 atm

Having superficialy oxidized the pellet surfaces to a maximum target oxygen
stoichiometric deviation the question can then be asked (neglecting the possible chemical
reactions between UO,.x and carbon or with any other possible reactants) how long would the
superficial hyperstoichiometric oxygen distribution last in the pellet once the pellets are

sealed in afuel element and placed in an operating reactor.

To answer this question a 2D r-0 fuel oxidation model based on models from Section
3.5.1 (2D r-6 model) and Section 3.5.5 (3D model) was prepared to represent an in-reactor
intact fuel element, back filled with helium, heated with 44 kW m™ of volumetric power, a
fractional burnup of 0.5 atom%, with atemperature boundary condition (sheath outer skin) set
to 573 K and with afuel-to-sheath gap set to 3 um. Here the superficially oxidized pellet
prepared using the modified sintering process discussed earlier in this section was used as an
initial condition in this model. Specifically the outer radial region of the pellet, which was
0.435 mm thick (lying between the radii 6.075 mm and 5.640 mm), was defined to have a
starting oxygen stoichiometric deviation (Xdev) equal to 1.6x10°3, to beinline with the
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maximum computed superficial Xdev value plotted in Figure 157. The oxygen
stoichiometric deviation versus the radial position in the fuel element is plotted at severa
different timesin Figure 159 (a). When the simulation time reaches 1 hour (dark blue curve)
the hyperstoichiometric oxygen remains essentially in the 0.435 mm thick outer ring domain.
Y et when the simulation time reaches 14 days (yellow curve) (as also represented by the
2D r-6 Xdev distribution model result in Figure 159 (b)) there is a marked decrease of Xdev
in the 0.435 mm thick outer ring domain (a decrease to ~1.4x10°) and an increase in Xdev in
the fuel inner region (an increase to ~5x10™). Note that the internal 2.9 mm diameter circlein
Figure 159 (b) that previousy represented the iridium bar heater isrealy UO, fuel in the

current mode!.
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Figure 159: Oxygen stoichiometric deviation versusradial position in ain-reactor intact fuel

prepared with a superficial hyperstoichiometric layer of oxygen

This net diffusion of hyperstoichiometric oxygen from the cooler outer region to the hotter
inner region of the fuel is due to theinitial oxygen concentration imbalance but aso due to the
Soret effect (Section 3.2). Thisinterstitial oxygen diffusion trend continues as the simulation
time progresses until the simulated time reaches 167 days at which point the Xdev

concentration in the pellet outer region reaches avalue ~1x10™ and the inner fuel Xdev value
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reaches ~1.6x10™ (which has no effect on the fuel thermal conductivity). Hence, the
position of the hyperstoichiometric oxygen in the fuel pellet changes from the outer region to
the inner region given enough time (afew months) at reactor temperatures due to the Soret
effect. Thisthough may not be an issue, since the mitigative properties of the
hyperstoi chiometric oxygen and graphite (CANLUB DAG-154) may be particularly
important during the first few days and weeks of the fuel residence time in the reactor core.
During this early time most of the sheath deformation occurs (sheath creep down, fuel pellet
expansion and cracking, fuel element hour glassing or bambooing, etc.), which can lead to the
damage of protective zirconium oxide and exposure of the Zircaloy to SCC attack. Lastly the
Soret effect may be less dominant than modeled here, which will be verified wth analysis of
FES2 fina results. Implementing this SCC mitigation technique may partially repair the
sheath zirconium oxide and slow or stop this corrosion process.

Summary of Chapter 5:

e A brief outline on pellet-cladding interaction (PCI) failures was given and the
solutions found in the past to PCI, in light water BWR reactors and in heavy water
CANDU reactors, was described (Section 5.1).

e Thegoa of the SCC experimentsin this thesis was then explained (Section 5.2).
Specifically it wasto investigate the affect of oxidized UO, fuel material in contact
with graphite on the iodine induced stress corrosion cracking (I-SCC) process in
Zircaloy sheathing, and to seeif it possesses any mitigation propertiesto this

corrosion mechanism.

e The experimental setup was then given (Section 5.3), which included the
identification and characterization of the Zircaloy specimens and the slotted ring
specimen stress analysis. This was followed by the experimental procedure
description (Section 5.4), which detailed the slotted ring experiment performed in

evacuated and sealed glass ampoules.
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In the experiment results (Section 5.5) two Zircaloy specimens were used: One
dominated with prism and pyramidal plane texture and one dominated with basal
plane texture. Also, two sources of oxygen were used: one from UO,., and graphite
and one from oxygen gas. Results showed that both specimens were affected by the
presence of an oxygen source, where in the case of specimens with basal dominated

texture the source of oxygen had a protective effect against iodine induced SCC.

Lastly, amodified pellet sintering process was modeled (Section 5.6), incorporating
the fuel oxidation model. The model computed the suitable time at a specific
furnace temperature to introduce a small amount of hyperstoichiometric oxygen on
the outer surface of afuel pellet without disturbing the overall O/U ratio of the fuel

comparison was made between measured
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CHAPTER 6 DISCUSION

6.1 General Observations of the Out-Reactor Fuel Oxidation M odel

Two fuel oxidation models representing the out-reactor instrumented defected fuel
experiment were discussed in thisthesis: A 2D r-6 model and 3D model. The former required
less computational resources (i.e., less time to compute) and provided a quick estimate of the
radial temperature distribution. The latter required considerably more computer resources but

provided a more realistic estimate of fuel oxidation.
2D r-6 Fuel Oxidation Model Results Discussion

In the 2D r-6 fuel oxidation model two scenarios were investigated: In the first scenario
the fuel-to-sheath gap was ~1 um (model resultsin Section 4.2.1) and the second scenario the
fuel-to-sheath gap >1 um (model resultsin Section 4.2.2). This was done because the
conditioning period of fuel element was planned to be relatively short so total sheath creep
down was not expected occur. Hence, the fuel-to-sheath gap of the out-reactor fuel element
simulator during the test was unknown and could only be estimated when the main
experimental results were available (which were not available at the time this thesis was
written). For the first scenario Figure 73 (b) provides the oxygen stoichiometric deviation
after two weeks of heating where 12 radial cracks were considered. In this model a maximum
value of x = 0.095 occurred near the fuel centre adjacent the iridium bar heater. The selection
of 12 radial crackswas later found to be excessive, since the number of cracksin the fuel
element is approximately equal to the fuel element linear power divided by two (see Section
1.6). This appliesto an in-reactor fuel element where in the out-reactor configuration only the
power dissipated by the iridium bar heater needed to be considered for radial crack number
prediction. Thus, thisis why the models with the open fuel-to-sheath gap in Section 4.2.2

were corrected to incorporate just six radia cracks.



283
The effect of fuel oxidation on fuel thermal conductivity and hence fuel temperatureis
simulated in the closed fuel-to-sheath gap model. Figure 77 (a) and (b) gave aradia
temperature plot at 6 hours, 1 day, 4.6 days and 2 weeks of simulated defected fuel heating
(where Figure 77 (b) gave the temperature plots in the vicinity of TC1). Plotting x at the same
location as afunction of time (Figure 78) showed an increase in x over the 14 daysand a
general decreasein fuel thermal conductivity (a~5% decrease). The maximum x and T results
occurring at the inner most location of the fuel was also presented in Table 27, which showed
ageneral increase in temperature, specifically a~27 degree increase after 14 days of heating.
This though was not a very large temperature increase in the fuel partly because the oxidation
simulation duration was relatively short, fuel burnup was not considered (since the model
represents an out-reactor test configuration where there is no radiation damage or fission
product generation), and the out-reactor fuel with the concave facing-up temperature profile
yielded a smaller region where fuel oxidation actually occurs (at the bottom of fuel cracks).

The closed fuel-to-sheath gap in the 2D r-0 fuel oxidation model (Section 4.2.1)
considered 12 radial cracks. Since modeling 12 radial fuel cracksis complicated in 2D and
even more challenging in 3D, the effect of modeling only five radial cracks near the sheath
defect on the extent of fuel oxidation was investigated. For the five crack model (Figure 80),
the maximum oxidation result after two weeks of ssimulated heating was x=0.102. Referring
back to when all 12 radial cracks were included in the oxidation process (Figure 73 (b)), the
maximum oxidation was alittle lower, at x = 0.095 (see Table 27 and Table 30 comparison).
Theincreasein fuel oxidation for the five-crack case was caused by the reduced number of
fuel cracks at remote locations from the sheath defect that were not present to act as hydrogen
sinks. Hydrogen concentration increase can reduce the oxidation rate, stop, and even reverse
the oxidation process. This behaviour was numerically confirmed in the model by plotting and
comparing the reaction rates (for fuel oxidation and reduction) in anear and remote radial fuel
crack from the sheath defect (Figure 81 and Figure 82). This explains the non-azimuthal
symmetric fuel oxidation in the fuel element when plotting the oxygen deviation distribution

result after the first few minutes of the heating/oxidation simulation, as seen in Figure 84.
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A parametric study was conducted in the 2D r-6 fuel oxidation model that involved

varying the fuel-to-sheath gap and the radial crack widths to investigate their effect on fuel
oxidation. This was done because the fuel-to-sheath gap was not expected to be completely
closed (i.e., to be <3 um gap), neither were the fuel crack widths expected to remain constant,
in the out-reactor instrumented defected fuel experiment. Hence in Section 4.2.2 an open fuel-
to-sheath gap 2D r-0 fuel oxidation model was used to examine two scenarios: (i) When the
fuel-to-sheath gap was varied and the fuel crack widths were held constant, and (ii) when the
fuel cracks were varied and the fuel-to-sheath gap was held constant.

For the first scenario the crack tip depth and temperature were held constant while the
fuel-to-sheath gap was varied in a parametric study. This was accomplished by adjusting the
iridium bar heater power for each gap dimension, while maintaining the same crack depth.
Table 31 showed the oxidation results for several fuel-to-sheath gaps, where increased fuel
oxidation occurred when the fuel-to-sheath gap was increased. Specifically, Xdevimax
increased from 0.094 to 0.106 and the total oxygen uptake into the fuel increased from 0.068
to 0.129 moles, as the fuel-to-sheath gap was increased from 1 to 20 um. It should be noted
that this observed Xdev increase cannot be explained solely by the slightly warmer areas of
the fuel (by ~130 degrees) near the pellet surface as aresult of the increased fuel-to-sheath
gap, as seen in Figure 86. Thisis because most of the fuel oxidation occured at the crack tips
and rapidly decreased away from the crack tip where the temperature was lower. This was due
to the Arrhenius exponential behavior in the fuel oxidation reaction rate (refer to Eqg. (22) and
Figure 81). The increased fuel oxidation may also be due to increased interstitial oxygen
diffusion in the dlightly warmer fuel (with the larger gap), but it is suggested that the
increased fuel oxidation in the model was aresult of the increased fuel-to-sheath gap

dimension, which can affect the hydrogen mass transport in the gap.

In the second scenario the crack widths were varied while the fuel-to-sheath gap was
held constant in a parametric study. Holding the latter constant also meant that the power
applied to iridium bar heater was held constant because there was no change in the radial
thermal resistance across the fuel-to-sheath gap, which simplified the study. For the selected
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iridium bar heater power all simulations used the same crack tip depth and temperature.
The model results summed in Table 32 showed similar oxidation dependence, but this time on
crack width dimension. Specifically, Xdevma increased from 0.071 to 0.093 and the total
oxygen uptake into the fuel increased from 0.031 to 0.070 moles, as the fuel crack width was
increased from 1 to 20 um. Hence, the second scenario parametric study showed that the
models with the widest fuel cracks, where flux/source terms were also active (Eq. (25)), there
was increased fuel oxidation. This was because of the greater hydrogen mass transport
afforded by the wider cracks, from the crack tips (where the hydrogen is generated) to the
sheath defect (where the hydrogen escapes to the coolant). This resulted in alower hydrogen

mole fraction in the cracks, which in turn increased the amount of fuel oxidation.

For the 2D r-6 fuel oxidation model a mesh sensitivity test was performed between a
high density, all triangular, meshed model and alower density, quadrilateral and triangular,
meshed model (a mesh density difference greater by afactor of four). This was to show that
lower density meshed case provided an accurate solution and also to show that high aspect-
ratio mesh elements (such as the slender mesh in the fuel cracks and in the fuel-to-sheath gap)
could be used. Results showed (refer to Table 32 and Table 33) that there was only a 0.39%
difference in the maximum oxygen stoichiometric deviation between the two models, which
showed model mesh independence.

The thermocouples (TCs) themselves were included in the 2D r-6 closed fuel-to-sheath
gap model to investigate local heat transfer effects near and in the TCs. These TCs were
considered to be in total physical contact with the fuel. The temperature radial profile through
the fuel only and through the fuel with athermocouple (inner most TC1), the latter at a
different azimuthal location, were not the same at either sides of the TC hole in the fuel radial
direction (i.e., at the thermocouple edges, Figure 74). However, the model ed temperature was
the same at the centre of the TC. Thiswould also be so if the fuel-to-TC gap was modeled, on
condition that this gap is circumferentially equal. In reality this gap will not be
circumferentialy equal, so actual temperature measurements at a sSimilar radial position but at

adifferent axial position were not expected to be equivalent (atemperature discrepancy of at
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least +30 K isinitially expected). If the temperature discrepancy is greater than this value
between TC at two axia positions, possibly due to movement of the TC in its hole, smaller
fuel-to-TC gaps should be considered in future experiment designs.

Discussion of the 2D r-6 solid mechanics model that deals with fuel crack geometry and

conditions for fuel crack propagation is provided in Section 6.3.
3D Out-Reactor Fuel Oxidation Model Results Discussion

The 3D fud oxidation model was built, since it isamore accurate representation of the
fuel element because its length and the sheath defect surface area are specifically defined. As
explained in Chapter 2 and in Section 3.5.6 the 3D geometry for computing fuel oxidation is
computationally more expensive, so incorporating al the 2D r-0 model features such as
modeling fully cracked fuel pellets, solid mechanics thermal stresses, fuel and sheath contact,
and electrical (or Joule) heating was not attempted, since it was not necessary. Instead the 3D
out-reactor fuel oxidation model included only some of the pre-defined radial fuel cracks and
apartial fuel-to-sheath gap, both near the site of the sheath defect. Temperature boundary
conditions were used at the fuel central annulus and at the fuel outer surface, which were
based on the 2D r-6 model results (refer to Sections 3.5.1 and 4.2.1).

In the model numerical implementation in Section 3.5.6, two power cases were selected
for ssimulating the out-reactor instrumented defected fuel experiment: a high powered case
(23 kW) and alow powered case (17 kW), both being the total power applied in the FES. This
was done because it wasn’t known at the time how much electrical heating power could be
taken by the FES without failing prematurely. In both cases, the crack tips were positioned so
that they were located at alocal fuel temperature of 1523 K (1250 °C), as was also set in the
2D r-0 model. It can be noted that it is possible that this effective crack depth, situated
between the plastic and elastic fuel zones, may have been underestimated. In reality the crack
tips may have been positioned at temperatures >1673 K (1400 °C), or higher till, since the
healing time of the fuel cracksin the plastic fuel zone may take considerably more time (i.e.,

not instantaneously as assumed in this work). Aswas seen in Figure 116 (b) the maximum
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oxygen stoichiometry deviation after two weeks of heating for the high powered case was
x =0.062, while for the low powered case it was alittle higher at x = 0.068 as seenin
Figure 122 (b). Asthe distance increased from the sheath defect areain the axial direction, the
oxygen stoichiometric deviation dropped off more quickly in the low powered case compared
to the high powered case, as seen in Figure 117 and Figure 123. This was also shown when
the total hyperstoichiometric oxygen atoms mole uptake, no (or n_O in Appendix C), into the
fuel elements was compared for the two power cases after two weeks of heating: In the high
powered case npo = 0.010 moles and in the lower powered case no = 0.006 moles, as shown in
Figure 121 and Figure 124. The higher powered fuel element model showed more fuel
oxidation, and the fuel oxidized more evenly in the axial direction, away from the sheath
defect. For validating the fuel oxidation model, both the high and low power model cases
showed enough oxygen stoichiometry deviation in the fuel so that detectable post test
coulometric titration measurements of hyperstoichiometric oxygen could be taken.

The effect of fuel oxidation on the temperature distribution was noted in the 3D model.
In Figure 118 (b) the temperature was plotted along the fuel radius (near the position of TC1)
at three different times during a two week heating period and showed that the fuel temperature
increased by about 20 °C. Comparing the 2D r-6 fuel oxidation and temperature model results
(in Figure 77 (b) and tabulated results in Table 27 and Table 30 in Section 4.2.1) to the 3D
oxidation and temperature model results (Figure 116 (b), Figure 117, and Figure 118 in
Section 4.6) it was observed that more fuel oxidation occurred in the 2D r-0 model and
yielded alarger fuel temperature increase compared to the 3D model. Specifically, in 2D r-6
model there was an increase in the inner radial fuel temperature by about 30-40 degrees °C
when Xdevna reached 0.095 and above. Hence, the 2D r-6 model predicted a sufficient fuel
temperature increase which should be measurable with the FES thermocouples within the two
week heating period. However, the time required to reach thislevel of fuel oxidation in the
out-reactor FES test configuration was predicted in the 3D model to be greater than two
weeks of heating at the current modeled heating powers. Thus, the fuel temperature increase

due to fuel oxidation achieved in the planned two week experiment may be too small to
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distinguish, since the thermocouple reading may be within the uncertainty of the
measurement (see Section 4.2.1 for the thermocoupl e uncertainty estimate).

6.2 Model Validation of the Current Fuel Oxidation M odel

Two models were developed to partially validate the fuel oxidation model: In Section
4.5.1 a steady state 2D r-6 model of the FES1 experiment was used to validate the heat
transfer properties of the fuel oxidation model (where fuel oxidation was not simulated), and
in Section 4.5.2 atime dependent full length 3D model was used to simulate an in-reactor

defective fuel element (where fuel oxidation was simulated).

For validating model heat transfer properties of the fuel oxidation model Figure 106
provided the Stern Laboratories temperature readings during the FES1 commissioning test
and these readings were compared to the 2D r-6 model simulation in Figure 108. Aswas
observed, all three temperature readings (TC1, TC2, and TC3), on average, provided by the
two axial thermocouple planesin the FES agreed with the model simulation result within
uncertainty. Also, the temperature readings were stable and demonstrated little noise. It was
also noted that in order for the 2D r-0 model to match the FES1 temperature readings and the
applied total electrical current reading as close as possible, the fuel-to-sheath gap dimension
was set to 5.1 um (ftsg_thickness parameter in Table 34), indicating that the gap was probably
open given the short conditioning period in the FES1 experiment. It isimportant to note that
the total electrical current did not match exactly (i.e., experiment measurement of 930 A as
compared to the modeled value of 990 A). This might be because of the slightly higher UO,
thermal conductivity in the fuel oxidation model formulation compared to thermal
conductivity measurements seen in the literature (Figure 71 and Figure 72 in Section 4.1). It
might also be because the equations representing the electrical conductivity of the iridium bar
heater and the Zircaloy sheath are not accurate enough. Lastly, improved modeling may be
achieved if the ohmic heating physics moduleis utilized in computation of electrical power
(EQ. (91)). Modeling the results of the out-reactor instrumented defected fuel experiment
(FES2) (not conducted in this work) may help explain this discrepancy.
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For a preliminary validation the fuel oxidation model in this work, 3D model
simulation results were compared to an in-reactor defective fuel element (XC9179Z-5) where
the degree of fuel oxidation was confirmed by coulometric titration measurements [29][88].
The maximum oxygen deviation of 0.076 (Figure 109 (b)) in the current model did not
substantially change the fuel thermal conductivity and thus the temperature distribution in the
fuel (Figure 110). It can be noted that only when the maximum oxygen stoichiometric
deviation reaches 0.085-0.090 and above does the degraded fuel thermal conductivity start to
noticeably increase the fuel temperature. The measured oxygen deviations in the defective
fuel element were higher than the modeled values, specificaly, the modeled values agreed
only in one out of six measured CT values within uncertainty in Figure 111. Asdetailed in
Section 4.5.2 this may be explained for following reasons (or other reasons not elaborated

here):

1) Inthein-reactor 3D model only one sheath defect |ocation was defined. However, in the
actual defective fuel element the sheath was breached at several locations along the
whole length of the fuel element. It is suggested that the presence of distributed sheath
breaches over the fuel element has a greater oxidizing effect than a single sheath breach,
even if the sum of the multiple breaches' surface areais similar or less than asingle
modeled sheath breach surface area. Thisis because alocal sheath breach has alarge
effect on the local hydrogen mole fraction in the fuel cracks (i.e., will be low), which
accelerates fuel oxidation. It isimportant to note that actual defective fuel elements are
usually detected once hydriding defects have been developed at various locations on the
element sheath, some time after the primary sheath defect occurred (for reasons given in
Section 1.4). In other words, a fuel element that first develops a primary sheath defect,
followed after a certain amount of time by multiple secondary sheath defects was not
considered in thisin-reactor 3D fuel oxidation model. Modeling of a defective fuel
element with multiple sheath breaches devel oped after the primary sheath defect was
not attempted in thiswork, since it required additional computational resources.
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The positioning of fuel crack tips where the fuel temperature is 1250 °C (1523 K)
may have been incorrect. The effective crack tips may have needed to be set closer to
1400 °C (1673 K) in the current model. This can be justified considering that the fuel
€l astic-to-plastic transition zone occurs over arange of temperatures (1200-1400 °C)
[15][73]. For implementing this change the radial fuel cracks could be made longer than
4.575 mm from the pellet surface (or for the crack root to be located less than 1.5 mm
from of the pellet centre line, see Section 3.5.5) in this specific defective in-reactor
model. Furthermore, if the fuel healing time is considered (EqQ. (48) at the end of Section
3.2), fuel cracks may be present in the inner plastic fuel during itstime in the reactor,
especially during fuel shifting or power ramps, at which time new fuel cracks can form.

Hence, accelerated fuel oxidation can occur in these plastic fuel cracks.

The selection of the fuel surface temperature in the model can also have an effect on the
extent of fuel oxidation. The applied fuel surface temperature of 645 K in the in-reactor
3D model (Figure 109 (@)) was an estimated value, since heat transfer through the fuel -
to-sheath gap and through the sheath was not included. To investigate the effect of fuel
surface temperature on fuel oxidation a second case was modeled where the fuel surface
temperatures was set to 706 K (atemperature boundary condition taken from [29] for
fuel element XC9179Z-5). Two resulting fuel centre-line temperatures ~1600 K to
~1700 K were computed for these two fuel surface temperature boundary conditions.
The fuel oxidation extent for these two cases was shown in Figure 111, and it was
observed there was a marked increase in the model ed fuel oxidation with the increased
fuel surface temperature. However, the increase in the oxygen stoichiometric deviation,
ashigh as 13% in certain radial and axial locations in the model, did not result in
modeled x values that agree with the remaining five CT measurementsin Figure 111

within the measurement uncertainty.

Theradial crack width of 30 um may have been set too narrow. It is possible the crack
width in the in-reactor defective fuel element may have been wider than this value as

was shown possible in the out-reactor fuel solid mechanics expanded crack model result
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(45 umwide) in Figure 94 (a). Another related possibility isthat too few cracks
were modeled in the immediate vicinity of the sheath defect. It has been shown in PIEs
of in- and out-reactor fuel that the number of radial cracksis approximately equal to the
fuel linear fuel power divided by two as discussed in Section 1.6 and in [29][73]. The
applied power in the 3D in-reactor fuel oxidation model was 44 kW m* so the estimated
number of radial cracksis 22. The model on the other hand included only three radial
cracks (see Figure 56 and Figure 60 (b)). Hence there should probably have been an
additional two to five radial cracksin the immediate vicinity of the sheath defect, which

would have increased the overall fuel oxidation result.

5) The values calculated for the hydrogen mole fraction diffusivity term (Eq. (29)) derived
using Chapman-Enskog gas kinetic theory, which isused in model gaps and cracks, is
possibly too small and may need reexamination.

6) The post defect residence time discussed in [24][29] in defective fuel element
XC9179Z-5 is an estimate based on detected fission products (iodine-131) in the reactor
primary coolant. In reality this fuel element may have been defective for alonger period
of time than the modeled oxidation period (126 days), since it is possible the first
detection occurred only when the secondary sheath defects devel oped.

The out-reactor instrumented defected fuel experiment addresses two of these points (1 and
6), since only one sheath defect location is present throughout the experiment and the post
defect residence time is known with certainty.

To perform a sensitivity analysis on the number of participating cracks (point 4), the
2D r-0 out-reactor fuel oxidation model was used to investigate two cases: case (1) where all
radial cracks participated in fuel oxidation and case (2) where only radial cracksin the
immediate vicinity of the defected sheath location were defined as ‘ active’ in the model (see
results Section 4.2.1 and discussion Section 6.1). The results showed similar oxidation results
in both cases, though there was a marked increase in the maximum oxygen stoichiometric

deviation (about 7%) when fewer cracks were active. This was explained due to the absence
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of fuel reduction in the hydrogen rich fuel cracks that were remote from the sheath defect
in case (2).

Also, asensitivity analysis was performed in the 3D in-reactor fuel oxidation model.
Specificaly in the current 3D model the radial cracks extended only 3 cm (6 cm actual) in the
axia direction of the fuel element in order to conserve computer resources. To show that this
modeling approach can be used, an additional in-reactor 3D model was constructed where the
threeradial cracks were extended to the full length of the fuel element. Figure 113 () and (b)
provided the model ed temperature and the oxygen stoichiometric deviation results,
respectively, for defective fuel element XC9179Z-5, using the full axial crack length model.
When both modeling approaches were compared (Figure 109 and Figure 113) it was observed
that there are only dlight differences in the model’ s maximum temperature and oxygen
stoichiometric deviation results, which was illustrated more clearly in Xdev radial profiles

comparison (Figure 114). Thus, partial crack lengthsin the axial direction can be used.

Also, a comparison was made between the current 3D in-reactor fuel oxidation model
with partia crack lengthsin the axial direction to amodel that used the previous Higgs
modeling technique [24][29] (refer again to Section 3.5.5 and Figure 62 for a brief description
on the numerical implementation of this model). It was shown that there was a marked
difference in the Xdev radia profile results between the two models (Figure 115 (a)),
specifically the current 3D model showed Xdev values more than twice that of Xdev values
using the previous Higgs' modeling technique. The Xdev increased in the 3D model was
further illustrated with a comparison made between the total computed oxygen mole uptake
(Figure 115 (b)) in the three different in-reactor fuel oxidation models (the current partial
length discrete fuel cracksin axial direction, the full length discrete fuel cracksin axial
direction, and the previous Higgs non-discrete fuel cracks - oxidation models). Aswas
clearly seenin the Figure 115 (b) the oxygen mole uptake in the two discretely cracked fuel
oxidation models were quite similar. Using the Higgs modeling technique yielded an oxygen
mole uptake that was about four times less than the first two models. Thisrelative increase is
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caused by the use of discrete fuel cracksin the current model and the application of gas
diffusion constraints (anisotropic diffusion) in the Higgs' model.

From these results it would seem that modeling the fuel oxidation model with discrete
fuel cracks near the sheath defect yields a solution more in-line with PIE coulometric titration
oxygen measurements. Neverthel ess some points should be made to explain why thisisthe
case. The previous Higgs modeling technique [24][29] applied in a 3D fuel oxidation model
(Figure 115 (@) assumed that the hydrogen gas diffusion occurs in the fuel domain, but only
in the radial direction (not in the azimuthal or axial directions) and only above the fuel elastic-
to-plastic boundary (the red and blue domainsin Figure 62). Axial hydrogen gas diffusion
though was allowed in the fuel-to-sheath gap using weak form terms in the Higgs model
[24][29]. However, considering the solid mechanics modeling results of expanded fuel crack
geometry (Figure 88 and Figure 94 in Section 4.3), and the conditions for fuel crack
propagation (both further discussed in Section 6.3), and the computation of radial cross
section area of the fuel cracks (Figure 105 in Section 4.4), it can be said that in the out-reactor
fuel element the total radial cross sectional areafor gas diffusion through the fuel cracksis
significantly greater than the cross sectional area of the closed fuel-to-sheath gap (by about
~25 time). The same would be expected in in-reactor fuel, though this was not modeled in this
work. This would mean there is more gas diffusion occurring through the cracked fuel than
through the fuel-to-sheath gap. Thus, if the hydrogen gas diffusion was allowed to occur in all
principle fuel directions (radial, azimuthal, and axial) in the Higgs' 3D non-discrete cracked
fuel oxidation model, increased fuel oxidation would be computed. However, isotropic gas
diffusion in the fuel is hard to justify, since the few cracksin the fuel relative to the fuel
volume, which act as gas conduits, provide specific gas diffusion directions. In other words
using isotropic gas diffusion in the fuel is not quite physical.
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6.3 Modeling Crack Geometry and Conditionsfor Fuel Crack Propagation in
Support of the Fuel Oxidation Model

The geometry (length and width) and the number of the radial fuel cracks defined in the
current fuel oxidation model wereinitialy based on previous experimental and modeling
work [57][73][76]. However, these sources of information did not fully characterize the out-
reactor experimental configuration. Also, considering that is was shown that the fuel crack
width dimension can have an effect on fuel oxidation (Table 32 in Section 4.2.2) it became
clear that fuel crack number and geometry needed to be modeled in support of the fuel
oxidation model. Section 4.3 elaborated on a number of solid mechanics modeled scenariosin
the out-reactor UO,, fuel. This modeling provided predictions of the fuel crack geometry, and
determined conditions for crack propagation (number of cracks).

In thefirst 2D r-6 solid mechanics modeling scenario it was assumed that the iridium
bar heater expanded onto the UO, inner annulus. This was captured by applying solid
continuity between the iridium bar heater and the UO; fuel in the model (this was also more
representative of in-reactor fuel). In the same model five pre-set radial cracks 3um wide were
defined, while a sixth crack was initially a surface flaw. This model a so included sheath and
fuel contact modeling using a customized penalty method. Figure 89 (a) showed that when the
sixth crack was still a surface flaw one of the remaining five radial cracks (at the 11 o’ clock
position) was as wide as 100 um (much wider than the fuel-to-sheath gap in CANDU fudl).
When the six cracks was fully extended this crack width decreased to ~45 um, a significant
decrease but still relatively large compared to the fuel-to-sheath gap. Plotting the radial and
azimuthal components of stressin the fuel pellet, at the fuel crack tip aswell asin the sheath,
gave a better depiction of internal stresses than could be visualized with avon Mises
distribution plot (the latter giving no information on stress directions). Figure 91 showed that
when the devel oping crack was still a surface flaw the azimuthal stress was positive in most
of the pellet outer regions, which fulfilled one of the conditions for Mode | cracking. For
determining the second condition for Mode | cracking, stress intensity values K, were

computed using the J integral and compared to analytically calculated and measured fracture
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toughness values K¢ in Figure 93. As could be seen in the figure K, values were higher
than K¢ values throughout the whole length of the crack, in amodel with five pre-set radial
cracks. When the developing crack was fully opened in Figure 92 the azimuthal stress at the
crack tip was zero but then jumped to avery high tensile value beyond the crack tip and
further into the pellet. This large stress increase though is afictitious value, sincein this
region the fuel will behave plastically (which is not considered in this model), effectively
relieving the stress field. Figure 92 aso showed that the UO, radial stressin the model is not
zero near the iridium bar heater but tensile. In other words the UO, pellet was being ‘ pulled’
by the iridium domain, which is not physically possible. Thisindicated that the UO, pellet
was thermally expanding more than the iridium bar heater. Hence a second modeling
scenario, where no solid mechanics physics was applied to the iridium bar heater domain, was
investigated.

In the second 2D r-6 solid mechanics modeling scenario the iridium bar heater was
removed from the solid mechanics physics computation. Like in the first scenario the stress
componentsin the radial and azimuthal directions were plotted through the fuel pellet but this
time at two azimuthal directions, one through the developing crack and one through
uncracked fuel (Figure 96 and Figure 98). Additionally, two cases were modeled for the
second scenario. One case where there was one surface flaw and five pre-set radial cracks,
and a second case where there was only one surface flaw and only one radial crack. With the
stress component plots the relation between the number of pre-set radial cracks and the
azimuthal stressesin the out-reactor fuel pellet was observed. When there was only one pre-
set radial crack the azimuthal stresswas tensile (i.e., positive) from the pellet surface all the
way to a~3 mm depth. But when there were five pre-set radial cracks the azimuthal stress
was shown to be compressive (i.e., negative) at the fuel pellet outer surface. Thus, in this
latter caseit could initially be deduced that the surface flaw would not develop into a sixth

full length radial fuel crack, sinceitisnot Mode | cracking.

The computation of the stress intensity factor for the two cases (Figure 99) showed that

K| was greater in the one pre-set crack case (two cracksin all) compared to the five pre-set
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crack case (six cracksin all), since the radial cracks relieve stressin the fuel pellet. In both
cases K, was greater than the calculated or the measured K| values, indicating that the number
of radial cracks could be five, if the assumption is made that fuel radial cracks only develop
from fuel surface flaws. However, this assumption is probably overly smplistic, since fuel
radia cracks (or fuel cracksin general) can also develop from internal fuel flaws, considering
aswell that the internal out-reactor fuel azimuthal stressistensile from adepth of ~1 to
~3.9 mm (see blue curve in Figure 96). Thus, if cracks can develop from internal fuel flaws
the number of radial cracks (in the current model with the specific heating power applied)
may be greater than five.

A sensitivity analysis of the J integral line integration contour was conducted to show
contour shape and size independence. Two contour shapes were used - a circular and a
rectangular shaped contour. Model results showed that the J integral values (and hence the
stress intensity factor values) were independent of the contour shape (Figure 101) and size
(Figure 102). It was also shown that the J integral results were independent of the applied
mesh (Figure 100); be it quadrilateral or triangular mesh. However increased model stability

during convergence was noticed when the quadrilateral mesh was used.

In certain situations thermal gradients can have an effect on the computation of the J
integral, i.e., the J integral can become path dependent (Section 3.4.2). Although path
dependence was not noticed in the J integral computation using the two contour shapes and
sizes, thiswork aso included the J* integral computation. For the less relevant case of
homogeneous materials (Eq. (134)) when the temperature is uniform the stress intensity factor
KI_star was computed, and for the more relevant case of non-homogeneous materials (EQ.
(135)) when material properties depend on temperature and when the temperature is not
uniform the stress intensity factor K1_star_2 was computed. Figure 101 showed that the
solution of the regular J integral was essentially the same as J* for the homogenous case. For
the non-homogeneous material case J* was dlightly higher than J but not by much (+30%
higher). J* values were shown to be contour shape and size independent for the homogeneous

case and almost independent for the non-homogeneous case (Figure 101 and Figure 102).
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Additional modeling involving J* computations for homogeneous and non-homogeneous
cases should be conducted to make more definitive deductions. For the current model both the
Jand J* integrals can be computed to determine the conditions for the onset of crack growth
in a developing surface crack. The Jintegral is simpler to implement in the model aswell as
to post process than the J* integral. Hence the J integral should be sufficient for determining
conditions for crack growth in non-isothermal expanded fuel pellets.

Section 4.4 showed that the 2D r-0 solid mechanics plane strain pre-set cracked fuel
model (with fuel and sheath contact modeling) can be coupled to the fuel oxidation model,
using the Arbitrary Lagrangian Eulerian (ALE) moving mesh method (or a deformed mesh).
This method allowed the use of the fuel cracks and the fuel-to-sheath gap domains (which
weretypically inactive in the solid mechanics only model) for computing the hydrogen gas
diffusion more realistically (since the cracks are wedge like and change dimensionsin the
simulation). The dimensional change of the fuel cracks and the fuel-to-sheath gap is important
to consider, since it affects the hydrogen mass transport. In other words had ALE not been
used the cracks would remain only 3 um wide, reducing the extent of fuel oxidation. The
maximum oxygen stoichiometry deviation result in thismodel (Figure 103 (b)) was x = 0.088
after two weeks of heating, which is consistent with the results of the 2D r-6 fuel oxidation
static model Section 4.2. The crack depth (which is dependent on the fuel linear power and on
fuel oxidation) was held spatially constant in this time dependent model. It is possible to make
the fuel cracks grow or retract using the deformed mesh method. However, considering that
the current fully coupled 2D r-6 model required several days to converge to a solution,
modeling crack growth in atime dependent model was not attempted in this work. It can be
noted that this discrete crack modeling method could also be used in simulating some aspects
of fission gas release or stress corrosion cracking in fuel where the effects of fuel crack

dimensions need to be considered.
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6.4 Stress Corrosion Cracking of Fuel Sheathing and its Relation to Oxygen and
Oxidized Fuel

It was shown in experimental resultsin Section 5.5, in the Zircaloy dotted ring
specimen defection measurements, that the Zircaloy specimens can form an increased
resistance to corrosion when in the presence of an oxygen source, as a result of the growth
and fortification of the protective zirconium oxide layer. These tests involved exposure of
stressed Zircaloy specimens to hot iodine vapour (as low as 4.5+0.2 mg cm™) in evacuated
glass ampoules (Figure 141 for type-1 specimens and Figure 144 for type-2 specimens) while
heated in afurnace. In tests with type-1 specimens where no oxygen source was present about
13% of the specimens failed. In tests with type-1 specimens and an oxygen source, from
UOz.x and vacuum baked graphite mixture or oxygen gas, more specimens failed and
increased specimen deflection was measured is specimens that did not fail. Thiswas a result
of the less favorable type-1 specimen texture, which is believed to produce a fast growing
oxide layer over the Zircaloy surface in the presence of an oxygen source, but where this
oxide is believed to be uneven with various growth planes [182] that does not afford good
protection from |-SCC attack. This was supported from the increased iodine residence times
in the glass ampoules (Figure 146) and from the post experiment specimen thickness
measurements after exposure to iodine (Figure 148). The oxide build-up was visually
observed in one experiment with an oxygen source, where the specimens were observed to
have an initial shinny silvery metallic color that changed to a gold-yellow-brown color

(Figure 147), indicating surface oxidation due to the presence the UO,.x and graphite mixture.

The UO,.« and graphite additive, providing an oxygen source as high as
(1.61+0.05)x10° mol O, cm™ of Zircaloy surface (or CO, equivalent), was more obvious to
have affected the type-1 specimens with prism, pyramidal and basal plane texture, causing all
the specimens to fail when exposured to 6.4+0.3 mg cm™iodine vapour at 350°C. When the
iodine vapour was increased (28+1 mg cm™) the iodine reacted more quickly with the
zirconium to form Zrly species (<0.8+0.2 hours). In this test specimen, failures did not occur,
but increased surface corrosion at the specimen point of highest stress was measured. Surface
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peeling was also observed in some tests when the iodine content was > 16 mg cm,

leading to further exposure of the zirconium and accel erated reaction with the iodine.

The oxygen gas additive was obvious with type-2 specimens when exposed to 22.1+0.3
to 35.5+0.7 mg cm? iodine (providing more protection to the specimens as shown by less
specimen deflection). The hyperstoichiometric fuel with graphite additive may have also
reduced corrosion in the type-2 specimens but more tests are needed to confirm this result.
The seemingly opposite effect of the oxygen source additive (promoting SCC failuresin
type-1 specimens but providing protection in type-2 specimens) may be explained by work by
Kim et al. [182] who showed that when the zirconium texture contains basal and prism planes
in the transverse direction (as was demonstrated with XRD scansin the type-1 specimens in
Section 5.3.2) there are two or more oxide growth planes present, causing rapid but
discontinuous oxide growth. When the texture is basal dominated in the sheath transverse
direction (or the basal normal isin the sheath radial direction, as was similarly demonstrated
in XRD scan of type-2 specimens) there is only one oxide growth plane on which the oxide
layer grows and grows more slowly. The latter texture type provides a thicker and more

continuous ‘ columnar’ oxide layer in zirconium oxide, which is more resistant to corrosion.

In Section 5.6 the fuel oxidation model was modified to superficially oxidize sintered
fuel pellets (heated isothermally in a sintering furnace) as a mitigation approach to stress
corrosion cracking in CANDU fuel. It is believed that the increased oxygen potentia at the
fuel periphery as hyperstoichiometric oxygen can be reduced by graphite (CANLUB internal
sheath coating), which isin close-intimate contact with the fuel pellet after sheath creep-down
and pellet thermal expansion. To achieve 2.469x10™ moles of atomic hyperstoichiometric
oxygen uptake in asingle CANDU fuel pellet (this value was based on an initial target
oxygen amount of 2x10° moles O, cm™ of Zircaloy sheathing, given the explanation in
Section 3.5.7 (Eg. (183)) and the experimental measurements in Section 5.5), a pellet was
modeled in a 1250 °C and 1 atm steam flow in a 2D model. The resulting modeled oxygen
stoichiometric deviation was shown in Figure 157 in Section 5.6 as aradial cross section of
the sintered pellet after 100 s duration in the steam flow. As was seen the highest oxygen
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stoichiometric deviation achieved was Xdev = 1.6x10° at the fuel periphery. When this
radial distribution of hyperstoichiometric oxygen was integrated over the volume of the pellet
using Eq. (165), the result being plotted in Figure 158, the quantity of ~2.5x10 moles of
atomic hyperstoichiometric oxygen uptake in asingle CANDU fuel pellet was achieved after
a 100 simulated seconds. Thisis approximately the target of oxygen amount intended for the
repair of any damaged zirconium oxide on the internal surface of the Zircaloy sheath. A lower
steam temperature could also have been modeled in order to slow the oxidation process, to
suit the process design. It should also be mentioned that Xdev = 1.6x10° oxygen deviation
may be arelatively low initial value to set on the fuel periphery (in future experimentation),
sinceit is probably within fresh fuel oxygen deviation tolerance specifications such as

O/U = 2.000+3%°" In other words the fuel periphery could be intentionally oxidized (to

Xdev = 0.010) while still being within the O/U specification tolerance requirements for the
fuel. The O/U tolerance specifications in manufactured fuel provides additional support for
the ideathat CANLUB graphite acts as a reducing agent (as explained at the end of

Section 1.4) for hyperstoichiometric oxygen, which in turn mitigates SCC in fuel sheathing.

It should be noted that not all the oxygen that oxidized the exposed zirconium of the
type-1 and type-2 slotted ring specimens in experiments, involving hyperstoichiometric
uranium dioxide and vacuum baked CANLUB graphite (which in turn affected SCC behavior
in the experiments), necessarily originated from the hyperstoichiometric uranium dioxide.
Thisis because the vacuum baked graphite itself has the ability to absorb and adsorb gases
such as oxygen, and carbonaceous molecules as well as organic molecules, from exposure to
the air or from CANLUB dilutants and binders. Graphite with its large surface area can store
some of these gases. Hence, the graphite can potentially act as a modest reservoir for oxygen.
Most of these molecules are thermally desorbed from the graphite at temperatures typical of
fuel-to-sheath gap temperatures (=350 °C). So in the current glass ampoule [-SCC

experiments it can be expected that some of the oxygen or oxygen containing molecules came

" The exact technical specification of the oxygen deviation tolerancesin CANDU fuel is not shown here dueto

information proprietary considerations, but is close to these values.
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from the graphite. The same may aso be happening in CANDU fuel elements. Absorbed
and adsorbed oxygen and oxygen containing molecules on the graphite coating in CANDU
fuel (introduced before sealing the fuel element) would be liberated once inserted into the
reactor core. These liberated gases would oxidize the uranium dioxide fuel and the Zircaloy
sheathing surface, affording some buildup and repair of the zirconium oxide on the latter. The
suggested use of UO,.x and graphite as mitigation approach for SCC would provide a larger
reservoir of oxygen liberated in the fuel element over a greater amount of time after being put
in the reactor (days and even weeks, even with the slow diffusion of hyperstoichiometric
oxygen from the fuel periphery to the fuel centre as modeled in Figure 159), affording
increased protection to the Zircal oy sheath surface when the corrodant concentration in the

fuel-to-sheath gap becomes significant.

6.5 Limitations and Challenges of the Fuel Oxidation M odel with Discrete Fuel

Cracksand its Validation

At the time this thesis was being written the out-reactor instrumented fuel oxidation
experiment and post experiment coulometric titration as well as X-ray diffraction
measurements (that were used to determine the oxidation extent) were in the process of being
conducted. Thus, theinitial validation of the fuel oxidation model was not done directly in
this thesis by specifically comparing the out-reactor experimental results with model results.
Instead the validation was conducted indirectly by: (1) Comparing the FES1 commissioning
test temperature measurements, which included heating an intact instrumented fuel element
for ashort duration in the loop (see Section 4.5.1) with a 2D r-0 steady-state out-reactor
model that validated the model’ s heat transfer correlations and with no fuel oxidation, and (2)
Comparing PIE of an in-reactor defective fuel element XC9179Z-5 coulometric titration
oxidation measurements with a 3D transient fuel oxidation model results (Section 4.5.2).
Hence, the model validation work presented here is based on available measurements and
experimental analysis that were completed to date and made available to the candidate.

Further validation and benchmarking of the fuel oxidation model (in an out-reactor
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configuration) can be performed once post test measurements and analysis are complete
and documented in a future COG report as a COG deliverable to industry.

The current fuel oxidation model with discrete fuel cracks (beit anin- or out-reactor
reactor model configuration) has essentially the same governing equations as the previous fuel
oxidation model [24] (with the exception of using flux terms rather than source termsin the
solid state oxygen diffusion equation in the fuel and in the gas diffusion equation in the fuel
cracks). Since these equations are based on experimental measurements up to temperatures of
2200 °C [24] and since defective fuel operating under normal operating conditionsis unlikely
to melt at its centre line [43], it is expected that the fuel oxidation model validated to dateis
representative of defective fuel during normal operating conditions. In accident conditions the
fuel temperature can be substantially higher (due to dry out) leading to accelerated fuel
oxidation rates, which may not be accurately captured in the current model. To improve the
model’ s accuracy material properties such as fuel thermal conductivities, fuel specific heat,
oxidation rates, and oxygen diffusion rates may need to be measured at tempertures >2200 K

so that the model correlations cover these higher temperature conditions.

Another limitation of the current fuel oxidation model with discrete fuel cracksis that
the root of the cracks was specifically positioned so as to be at atemperature of 1250 °C. This
arbitrarily selected temperature was set to be the fuel effective elastic-to-plastic boundary
(refer to Sections 1.5 and 3.2). Thisthough is an over simplification, since this transition does
not occur abruptly but over arange of temperatures (1200-1400 °C). With final validation of
the out-reactor fuel oxidation model a more suitable crack root temperature (i.e., an effective
crack root position) could be selected. An additional related limitation of the presented model
isthat the radial crack root position does not change with time, where in reality it would,
especialy in highly oxidized fuel. Lastly, the current model doe not consider the likely
possibility that the plastic region of the fuel contains fuel cracks that have not yet healed (see
the end of Section 3.2). In other words fuel sites in the defected/defective fuel element with
increased fuel oxidation (in the fuel plastic regions) were not considered in the presented fuel

oxidation models.
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The main challenge of the 3D fuel oxidation model with discrete fuel cracksisthe
construction of the model. As shown in the numerical implementations detailed in Sections
3.5.5 and 3.5.6 and discussed at the end of Section 6.2, the construction of the 3D model
involves detailed geometry building and assembly ground work using COMSOL’s CAD
tools, followed by incorporation of applicable physics and boundary conditions. The number
or surfaces and domainsin the current model with discrete fuel cracks compared to the
previous model [24][29] that used a ‘smeared crack’ approach was much greater. Furthermore
just as the geometry construction is more complex so is aso the mesh construction. Both of
these differences mean that a greater effort was required to set up the fuel oxidation model
with discrete cracks.

6.6 Fuel Oxidation Model Applications

Once the current fuel oxidation model is validated using the results of the out-reactor
instrumented defected fuel experiment the model can then be incorporated into fuel
performance and licensing codes to assess operationa safety margins. The current fuel
oxidation model though would not be the sole input into these fuel performance codes, since
this model was validated only for an out-reactor case (i.e., no radiation effects were
considered in the validated out-reactor model as would otherwise be considered in an in-
reactor case by applying the correction or contributing factors x4 k14 and x4 in the fuel
thermal conductivity equation, refer to Eq. (35)). An accompanying in-reactor defected fuel
experiment would provide the remaining validated fuel oxidation model input. Additionally,
COMSOL® version 5.0 and above offers Application Builder software that allows the
modeler to make simplified stand-alone model applications that can be provided to a client
(such as the reactor regulator or operator) to run various cases of interest (such as linear
powder, burnup, post defect residence time, and sheath defect size) without in-depth
knowledge of the model.

The fully coupled fuel oxidation and the solid mechanics model, that includes thermally
expanded fuel cracks and fuel and sheath contact (model results discussed in Section 4.4),
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demonstrated that this type of model is possible to build and solveina2D r-6
configuration. Such a model would be quite useful in simulating in-reactor high powered
defective fuel elementsin normal and possibly in accident conditions, where temperature
distribution and hence crack number and geometry can change with time. The 2D r-6 model

could be used to study this phenomenon while conserving computer resources.

Prior to the onset of a primary sheath defect (i.e., intact fuel), a stress corrosion cracking
model of fuel sheathing (similar to that discussed in [177]), especialy near fuel radial crack
openings where sheath defects typically occur, could be coupled to afission gas release model
using the same model configuration asthe 2D r-6 fuel oxidation model coupled with the solid
mechanics model. In other words the chemistry part of SCC in fuel sheathing could be
coupled with the solid mechanics physics of the sheath (sheath stress and strains induced by
the thermally expanded fuel pellets and sheath creep down), thus providing a more realistic
simulation to SCC. A mesoscale or mesoscopic physics scale model, to simulate SCC crack
propagation at the micron length level, could be implemented as a coupled model (using the
same model geometry) or as a separate coupled model (using separate model geometry).
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CHAPTER 7 CONCLUSIONS

Conclusionsinvolving the fuel oxidation model validated to an out-reactor instrumented
defected fuel experiment

Generally two fuel oxidation models representing the out-reactor instrumented defected
fuel experiment were analyzed: a 2D r-60 model and 3D model. The presented models used the
discrete fuel cracks as paths for radial (and axia in the 3D model) gas diffusion transport.
Also, in both models the hydrogen and hyperstoichiometric oxygen generation were provided
by flux terms on common gas and solid domain boundaries in the modeled fuel, i.e., at the
discrete radial fuel crack surfaces. The 2D r-6 model, which included modeling the fuel
element sheath, provided an estimate of the radial temperature distribution. It also provided an
overestimate for the fuel oxidation extent but required only modest computer resources. The
3D model required considerably more computer resources but provided a more realistic
estimate of fuel oxidation in the out-reactor experiment. Given the possible applied electric
heating powers and the expected duration of the FES2 final test it was predicted with the
models that sufficient fuel oxidation would occur to be detectable in post test CT
measurements. Also, it was predicted that the fuel temperature rise due to fuel oxidation
would berelatively small if the test duration was two weeks or less, considering as well that
the measurement would depend largely on the sensitivity of the thermocouples. Initial
validation of the fuel oxidation was accomplished by comparing a 2D r-6 model temperature
results to the FES1 commissioning test temperature measurements, and by comparing 3D in-
reactor fuel oxidation model resultsto an actual defective fuel element oxidation
measurements. Final validation of the fuel oxidation model will be conducted at CNL when
all the post test measurements of the FES2 (the out-reactor instrumented defected fuel

experiment) have been completed and analyzed.

The current fudl oxidation models in this thesis assumed discrete fuel cracks of a

specific number and of specific dimensions. It was shown in the oxidation models that fuel
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geometry can have an effect on fuel oxidation. Hence to compliment the fuel oxidation
model development, conditions for fuel crack propagation using the J integral and predictions
of full length radial fuel crack geometry in thermally expanded UO; fuel were modeled in a

plane strain 2D r-0 solid mechanics model.

Since thermally induced fuel cracking is an intrinsic component of fuel oxidation in
defective fuel, amodel coupling of the plane strain solid mechanics model (with thermally
expanded fuel cracks) to the fuel oxidation model wasincluded in thiswork asa 2D r-6
model. Solving the model with all physics fully coupled was shown to be possible but was
computationally demanding.

Conclusionsinvolving SCC experiments with sources of oxygen (UO..x and graphite or O,)

and the use of the fuel oxidation model to mitigate SCC

In this study, results from 1-SCC tests with Zircaloy sheathing material showed that
when Zircaloy-4 specimens had prism, pyramidal and basal plane texture in the sheath
transverse direction (type-1 specimens) this led to some specimen failures (=13%). However,
when UO,.« and graphite mixture additives were introduced in the tests the iodine residence
time increased substantially and all the specimens failed (cracked in-two). This suggested that
the increased thickness of the formed zirconium oxide layer, due to the UO,.x and graphite
mixture, prevented contact of the iodine corrodant to most of the zirconium below the oxide.
This further suggested that a sufficient partia pressure of iodine for a minimum amount of
time was needed to cause cracking (increased iodine residence time). Since the oxide layer
formed in type-1 specimen texture was believed to have irregularities [182], increased
specimen failures were observed. In tests with specimens that had mostly basal plane texture
in the sheath transverse direction (type-2 specimens), none of the specimens failed but
increased specimen deflections were measured. Specimen reduced thicknesses at points of
highest stress also showed that external and possibly internal corrosion (crack initiation) may
have taken place, since the theoretical specimen deflection was less than the actual

measurement. The introduction of pure oxygen gas additive (leading to oxide layer build-up
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and repair) was shown to be an effective additive in protecting the Zircaloy specimens,
even when the highest amount of iodine was used. When UO;., and graphite mixture additive
was introduced there was a dlight decrease in the average specimen deflection and a dight
increase in iodine residence time, indicating this additive may also have surface oxide
repairing properties on type-2 specimens (very similar to CANDU fuel sheathing) against
iodine induced stress corrosion cracking.

Hyperstoichiometric fuel at low amounts in conjunction with the currently used
CANLUB sheath coating, essentially graphite, may have mitigative properties against SCC in
the CANDU fuel. A modified fuel oxidation model in 2D showed how to compute the time
and temperature needed to add a specific amount of oxygen to the outside surface of afuel
pellet (in a steam oxidizing environment), without changing the overall fuel pellet oxygen
stoichiometry. These conditions could then be applied to the final stage of fuel pellet
manufacturing process. The change to fuel pellet design isrelatively minimal and could be
achieved at alow cost - potentially making CANDU fuel more resistant to SCC failures, and
thus increasing the fuel’ s operation safety margins, especially if higher fuel burnups are

desired in the near future.
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CHAPTER 8 RECOMENDATIONS

1 Based on the fuel oxidation model results discussed in Section 6.1, in order to validate
the fuel oxidation model for higher oxidation levels, which would be confirmed by measuring
fuel temperature and hence the changing fuel thermal conductivity due to oxidation, it is
recommended to manufacture the FES fuel pellets and the iridium bar heater to closer radial
dimensions. Thisis because as the gap between the fuel and the iridium bar heater is reduced
there isadrop in the operating temperatures of the iridium bar heater (as discussed in Section
4.2.1). With asmaller initial gap between these two materials the heater operating lifespan can
be extended, allowing increased fuel oxidation. Manufacturing the pelletsto closer and tighter
tolerances includes placing the thermocouple and thermocouple drill holesin the pellet with
increased geometric precision. Thiswill reduce the total thermocouple measurement
uncertainty allowing for better detection of fuel oxidation. Also, better expressions for the
iridium and Zircaloy electrical conductivities (Eq. (82) and Eq. (86)) may be needed, since
these quantities determine the fuel temperature. These expressions should be determined with
in-lab testing. Lastly, consideration should be given to utilizing a shorter fuel element
simulator, such asa24.1 cm length rather than afull length 48.2 cm fuel element, in order to

maximize fuel oxidation.

2) One of the limitationsin the 2D r-6 and 3D fuel oxidation models with discrete fuel
cracks was that the position of the radial crack roots did not change with time. This could be
corrected by including an Arbitrary Lagrangian Eulerian (ALE) moving mesh (or a deformed
mesh method). In this manner the root of the crack could be made to shift position (to a
shallower depth) as the temperature of the fuel increases due to fuel oxidation with
deterioration of the fuel thermal conductivity, or by an increase in the fuel linear power.
Another limitation that may need to be considered is that fuel crack healing takes a specific
amount of time. In other words, the model may need to consider the probable situation where
theradial fuel cracksinitially penetrate right to the centre of the fuel pellet in the in-reactor
fuel and to the iridium heater element in the out-reactor fuel, and then slowly heal to the
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elastic-to-plastic transition boundary. During thistime it is expected that the fuel element
will experience accelerated fuel oxidation below the fuel elastic-to-plastic boundary.

3) The 2D r-0 plane strain solid mechanics model that was used to predict the fuel crack
geometry and crack number can be improved by also considering fuel internal flaws (rather
than just fuel surface flaws). Like in the current model the stress intensity factor could be
computed using the J integral but thistime at crack tips of internal fuel flaws. Fuel plasticity
beneath the fuel elastic-to-plastic boundary could also be included alowing for a more
realistic computation of the fuel stress and strain fields. As with the current model a steady
state solver would be employed for the solution of this quasi-dynamic crack propagation
model.

4) A similar model to the 2D r-0 plane strain solid mechanics model coupled with
discrete cracks to the fuel oxidation model would be quite useful in simulating in-reactor high
powered defective fuel elementsin normal and possibly in accident conditions, where crack

number and geometry can change.

5) In the I-SCC experimental results a strong link was found between sheath surface
oxidation (from an oxygen source such as UO..x and graphite mixtures or pure oxygen gas
additives) and susceptibility of the sheath specimens to I-SCC phenomenon. The former
additive is applicable to CANDU fuel. Section 5.6 modeled how the fuel oxidation model
could be modified and used to introduce a small and controlled amount of hyperstoichiometric
oxygen to afuel pellet surface applied in amodified pellet manufacturing process. This1-SCC
mitigation approach should be investigated further with lab experimentation leading to in-

reactor tests.

6) Fuel reduction in a steam environment occurs at a faster rate than fuel oxidation
[94][95]. Thisisnot reflected in the current model. It is recommended to modify the fuel
reduction term (EQ. (23)) as discussed in [94][95] so that is better represents experimental
data.
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APPENDIX A: The 2D r-0 Fuel Oxidation Model Report

The 2D -0 fuel oxidation COMSOL 3.5a model

COMSOL Model Report

1. Table of Contents

Title - COMSOL Model Report
Table of Contents

Model Properties
Postprocessing

Constants

Alumina (1)

Global Expressions
Integration Coupling Variables
Solver Settings

Geometry

Variables

2. Model Properties

Property Value

Model name

Author Aaron Quastel

Company

Department

Reference

URL

Saved daie Nov 23, 2012 6:59:06 PM
Creation date Jun 26, 2009 3:30:36 PM
COMSOL version| COMSOL 3.5.0.603

File name: F\Aaron Quastel RMC BU Sep 30 2012, Oct 19 2012\current work, Sep 30 2012\current COMSOL models\2D'r_phiwwith sheath and heater
electrical conductivity calc\test_a7_2_ 3,12 cracks, TCs config.all tri mesh, with conductivity int pt variables,Cp_crt, Zr_ox,with krad(3.2).mph

Application modes and modules used in this model

. Ox 2D r-theta
= Heat Transfer by Conduction
= PDE, General Form
- Diffusion



4. Constants

2. Postprocessing

Name Expression Value Description

Beta 0.00001 le-5 Bumup in atom %

rho_Ir 22 5[giem™3] 22500[kg.’m3} CRC Handbook 77th Ed., p12-172
rho_Btype 19.53[g/cm"3] 19530[kg.’m31 lab book 1, p.48

rho_Ktype 8731 2[kgim"3] 573172[kg}m31 lab book 1, p.48

rho_Rtype 20528[kg/m*3] 20528[kg.’m3[ lab book 1, p.107

rho_Zircaloy 6490[kg/m"3] 5490[!{;;#‘“13] density of Zircaloy, MATPRO p. 4-42
rho_Magnesia 3.58 [g/icm*3] 3580[kg/m?] en.wikipedia.org/wiki/Magnesium_oxide
theoretical_density| 10.96[g/cm*3] 10960[kg/m?] | max theoretical density of UD2
density_manf 10.63[g/cm”"3] 10530[kg.’m31 density of UO2 when manufactured [kg/m*3]
porosity_manf 1-density_manf/theoreiical_density 0.030109[1] porosity manufactured

Cp_Btype 0.153 0.153 [kJ/(kg*K)] at 25 C, lab-book 1, p_ 48 and CRC handbook, p. 4-123
Cp_Kiype 0.446 0446 [kJ/(kg*K)] at 25C, lab-book 1, p_107
Cp_Riype 0.140 0.14 [kJi{kg"K)] at 25 C, lab-book 1, p. 107 and CRC handbook, p. 4-
k_Ktype 91.3/1000 0.0913 thermal conductivity of K-type thermocouple [kW/(m*K)]
PT 100 100 pressure in atmospheres

R 8.205e-005 B8.205e-5 gas constant in [{atm*m*3)/(gmol*K)]
sigmaH2 2827 2827 collision diameter in A

sigmaH20 2641 2.641

MH2 20159 20159 molecular weight [g/mol]

MH20 18.0153 18.0153 molecular weight [g/mol]

qdef 4.1e-6 4.1e-6 hydrogen mole fraction in CANDU coolant
Xsurf Te-4 le-4

a 0.033107007 0.033107

b 0.268984735 0.268985

c 0.008679485 0.008679

d -0.000622197 -6.22197e-4

e -5.18804E-05 -5.18804e-5

f 0.020038397 0.020038

g 0.000450165 4.50165¢e-4

p 1.39057E-07 1.39057e-7

m 1.84196E-08 1.84156e-8

n -7.45197E-05 -7.45197e-5

k -7.83442E-06 -7.83442e-6

323



tau 1 1
koverepsilon 0.004549590536851683 0.00455
|_current 1080 1080 {Amp} total electrical current flowing through element
A_lr pi*0.0015%2 7.068583e-6 {m*2} cross sectional area of Iridium wire
A_Zirc 1.5386e-5 1.5386e-5 {m*2} cross sectional area of Zircaloy sheath, see page 97 in lab
book 2
A_UO2 pi*(0.00607542-0.00152-3*0.000355"2) 1.076861e-4 {m*2} cross sectional area of UO2 less TC holes
| 0.482 0.482 {m} fuel element length
T_s_outer 553 553 outer sheath iemperature
T s inner 0.006076 [m] 0.006076[m]  |inner sheath radius
r_s_outer 0.006476 [m] 0.006476]m] outer sheath radius
ts r_s_outer-r_s_inner (4e-4)[m] sheath thickness
R1 0.5e-6 [m] (Ge-7)[m] roughness of the fuel surface
R 2 1e-6 [m] (1e-6)[m] roughness of the sheath surface
g0 3.27e-6 [m] (3:27e-6)[m] temperature jump distance for steam at STP
gi2 1e-6 [m] (1e-6)[m] radial fuel-to-sheath gap distance
Rough sqI((R_1°2+R_2°2)/2) (7.905694e-7)
[m]
_pickup 0.05 0.05 hydrogen pickup by the sheath
F_cmrs 3 3 enhancement factor for in-reactor corrosion (of the Zircaloy
sheath)
N 225 2.25 refraction parameter for krad
N_Avogadro 6.022e23 6.022e23
N_UO2 2.444e28 2.444e28 number density of UO2
fuel_vol pi*(0.006075"2-0.0015%2-3*0.000355"2) 5.168933e-5 {m*3} volume of fuel element
"0.48

Ox 2D r-theta
Space dimensions: 2D

Independent variables: x, y, z

5.1. Scalar Expressions

Name Expression Unit Description
kappaid (1.09/Beta”3.265+0.0643/sqri(Beta) sqri(T))*atan(1/(1.0%/Beta*3.265+0.0643/sqrt
(Beta)*sqri(T)))
kappalp 1+0.019*Beta/((3-0.019*Beta)* (1+exp(-(T-1200)/100)))
kappa2p (1-BetaT *porosity) accounts for fuel porosity
kappadr 1 no radiation effects
Afunc 14-10.763%(abs(Xdev))*0.5-2381 4*Xdev+12813 B6*(abs(Xdev))*1.5 {m*K)/kw}
Bfunc 0.2218+0.2562*(abs(Xdev))"0.5-0.64* Xdev-3.6764*(abs(Xdev))* 1.5 {mKW}
Biuncfix (Xdev<0.155)*Bfunc+{Xdev==0.155)"0 equ. 22b
kphonon 1(Afunc+Bfunchix*T) thermal conductivity in UO2 that
results from conductive heat
transfer via lattice vibrartion [kW/
(MK}
kpolaron (0.871+2.5e-5"T)M-1)*2.024e8/(T™(5/2)) exp{-16350/T) thermal conductivity in UOZ2 that
results from electron hole
movement [KW/(m*K)]
keff_UO2 kappald*kappa1p*kappa2p*kappadr-(kphonon+kpolaron+krad) thermal conductivity in UO2 [kW/
(m*K)]
Cp UD2 0.0071*(52.1743+45 8056 abs(Xdev)+(B7 951e-3-7 3461e-2"abs(Xdev))*T+(1-abs specific heat capacity of UD2 [kJ/
(Xdev))*(-84 2411e-6"T*2+31.5428-9°T*3-2 6334e-12°T*4)-(7 139 10+295090"abs (mol*K)]
(Xdev))T"2)
Cp Uo2 2 0.001%(52.1743+87 951e-3'T-84.2411e-6"T"2+31 542e-9'T"3-2. 6334e-12'T"4- specific heat capacity of UO2 [kJ/
713910/T*2) (mol*K)] without Xdev terms
porosity porosity_manf*(1-(0.6-exp(-0.506-8 67E-10"T*3*(1-exp(-0.0287*Beta*225)}))) fuel porocity that considers also
temperature
densityf (T<=923)*((0.99734+9 9802E-6"T-2 TOSE-10°TA2+4 391E-13*T*3)~-3.0))+(T>923)" fuel density expression as a
{{0.99672+1 179E-5"T-2 428E-9"T"2+1_219E-12*T"3)"(-3.0)) function of temperature
cu_Uo2 40588*densityl*( 1-porosity) molar density of UO2 Jmol/m*3]
rho_UO2 density_manf*densityf*( 1-porosity) density in [kg/m*3], far reference
and plotting purposes only
alpha UO2 keff UD2/(cu UO2*Cp_U02) thermal diffusivity of UD2 [m"2/s]
BetaT 26-0.5e-3°T K BetaT accounts for the
temperature effect
alpha 0.365"exp(-23500/T)
D 02 2 5e-4*exp(-16400/T)
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sigmaAB (sigmaH2+sigmaH20)/2
qfix (q=qdef&8q<=0.95)"g+(q>0.95)"0.95 mol/m"3
Rox_fuel cu_UO2*alpha*sqrt(( 1-gfix)"PT)*(Xefix-Xdev)
Rred_fuel cu_UO2Z*alpha*sqri(qgfix"PT)*(Xefix-Xdev)
Rreact_fuel (Xefix>=Xdev)"Rox_fuel+(XefixXsurf)*Rred_fuel
Xefix (xe=Xsurf)*xe
Tstar -4 21e33"exp(-(68+34"Xdev))
Zeta log10(gfix/(1-gfix))
Xe (a+c*Zeta+e'T+g'Zeta*2+m* TA2+k* Zeta T/
(1+b*Zeta+d " T+f"Zeta2+p*" T 2+n"Zeta™T)
k_Magnesia (T>=1473)*((0.0068*T - 4.2174)/1000)+(T<1473&&T>=673)*((-0.0153*T + K k of Magnesia in [kW/(m*K)] from

28.266)/1000)+(T<673)"((-0.06"T + 53.389)/1000)

373K to ~2400K (from CRC
handbook)

Cp_Magnesia

(T>300&&T<=600)"(-2.464e-11*T*4+5.076e-8"T"3-4.024e-5*T"2+1 503e-2"T-1.132)+
(T>600)*(0.8643*T40.0478)

[kJ/(kg*K)], CRC Handbook of
Chemistry and Physics, 77th Ed_,
1996, p. 12-171 and T. Ashida
etal, Heat capacity of MgGeO3,
Phys Chem Minerals 12(1985)
129

k_Pt 0.0091*T +70.282 K [W/(m*K)] from k and sigma
curves xls file
k_Rh (T>=300&&T<=800)*(-0.052"T + 167.6)+(T>800&8&T<=2100)*(-0.0183*T + 140.67) K [W/(m*K)] from k and sigma
curves xls file
k_Ir (-0.0259*T + 154 76)/1000 K thermal conductivity if Iridium
[KW/m*K)] 300-2000K (from
www _platinummetalsreview_com)
Cp_Ir (0.027*T+122.33)/1000 K pecific heat capacity of Ir [kJ/
(ka*K)], PGM Database, Johnson
Matthey Public Limited Company
k_Btype (0.82"k_Pt + 0.18"k_Rh)/1000 K thermal conductivity of B-type
thermocouple [KW/(m"K)]
k_Rtype (0.935"k_Pt + 0.065"k_Rh)/1000 K thermal conductivity of R-type
thermocouple [kW/(m"K)]
k_TC_sheath (0.8*k_Pt+ 0.2*'k_Rh)/1000 K the combined thermal
conductivity of the TC sheath
k_Zirc (7.51+2.09e-2"T-1.45e-5"TA2+7 67e-9"TA3)/1000 [kW/(m*K)] Zircaloy thermal
conductivity coefficient up to
2098K, MATPRO p. 4-17
Cp_Zirc (-6.492e-5"TA2+0 207 T+226 7)/1000 specific heat capacity of Zircaloy-
2 [kJ/(kg*K)l, MATPRO p. 4-7
sigma_Zirc_3 (T>=273&&T<900)*(3.527e3*TA-1.265)+(T>=900)"(8.12e5) {1/(ohm*m}} conductivity of
Zirconium
sigma_Zirc (T>=273&&T<1000)*(1/(0.6553e-6+1.6869e-9"T-9.283e-13"T42))+(T>=1000)" {1/(ohm*m)} electrical
(7.073e5) conductivity of Zircaloy from
Farzin in COG WP-22331 Mar
2011
sigma_lr (T>=273&&T<2400)*(1 6297 10*TA-1_1797)+(T>=2400)*(1 66e6) {1/(ohm*m)} conductivity of
Iridium
sigma_U02_1 (T>=287 4&&T<833.3)"(-3.4385004+0.009765"T+0.00003054 16" (T-454.5)"2)+
(T>=833_.3&&T<1250)"(-6.752099832+0.01900167987"T)
sigma_U0O2 2 |(T>=125088&T<2000)*(-1514/3+313/750"T)+(T>=2000&&T<3355.7)*(- K
5084.177179+2 707088589'T)
sigma_UO2 sigma_UO2_1+sigma _UOQ2 2 {1/(ohm*m)} conductivity of UO2
(stoichiometric), Thomas Meek
R_Zirc I/{(Zirc_sh_sig_ave*A_Zirc) {ohm} total electrical resistance
of the Zircaloy Sheathing, using
glaobal variable Zirc_sh_sig_ave
R_Ir I(Ir_w_sig_ave*A_Ir) {ohm} total electrical resistance
of the Iridium wire, using global
variable Ir_w_sig_ave
R_UO2 I{UO2_int_sig_ave™A_UO2) {ohm} total electrical resistance
of UO2 pellets, using global
variable UO2_int_sigma_ave
1_Zirc (R_IFR_UO2)/(R_IrR_UO2+R_Zirc'R_UO2+R_Zirc*R_Ir)*l_current_grad_1
1_Ir (R_Zirc"R_UO2)/(R_IR_UO2+R_Zirc’'R_UO2+R_Zirc*R_Ir)*l_cument_grad_1
1_Uo2 (R_Zirc*'R_INAR_IR_UO2+R_Zirc*R_UO2+R_Zirc*R_Ir)*l_current_grad_1
Q_vol_Zirc (I_Zirc’2*R_Zirc)/(A_Zirc*1)/1000 {kW/m"3} power per volume in
the Zircaloy sheathing
Q_vol_Ir (I_Ir2*R_Ir)A(A_Ir*1)/1000 {kW/m*"3} power per volume in
the Iridium wire
Q_vol_UO2 (I_U0O2/2"R_UO2)/(A_UO2*1)/1000 {kW/m*"3} power per volume in
the UO2 pellets
Q_Zirc Q_vol_Zirc/(A_Zirc™l) {kW} power in the Zircaloy

sheathing
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Qr Q_vol_Ir/(A_Ir1) {kW} power in the Iridium
wire/bar

Q_uo2 Q_vol_UO2/(A_UO2") {kW} power in the UO2 pellets

Tc T-273.15 K

k_steam ((Te<300)*0.1+(Tc>=300)*1000*(-9.3878e-6+1.5569e-7*Tc-5.4523e-10"Tc2)/(1- {kW/(m*K)}, CRL equation
3.7241e-3"Tc-2.1893e-8"TcA2))/1000

Cp_steam_1 (Tc>311.03&&Tc<=367.3)"( 21.612-0.5024e-1*Tc)*(Tc>367.38&Tc<=375)"3.159+
(Te>3758&Te<=645)"(3.7211-0.2274e-2"Tc+0.1381e-4*(Tc-500)*2-3.8565%107(-8)"
(Tc-500)"3)

Cp_steam_2 (Tc>64588Tc<=700)"2.42+Tc>700&8&Tc<=1300)"(2.134+0.4e-3"Tc)+
(Tc>1300&&Te<=1400)"2.66+(Tc>1400&8& Tc<=2000)"(2.7089+0.2255e-4"Tc-
8.4387"10M-7)"(Te-1700)*2)

Cp_steam (Cp_steam_1+Cp_steam_2) {kJ/(kg*K)}

rho_steam_1 (Tc>=311&&Tc<=400)"(91.38-0.1349"Tc+0.000888*(Tc-375)"2)

rho_steam_2 (Tc>40088&Tc<450)"(-0.08842'Tc+73.343) K

rho_steam_3 (Tc>=45088Tc<=600)"(57.8-0.0546"Tc+0.0001294*(Tc-500)"2)

rho_steam_4 (Tc>6008&Tc<650)(-0.03892 " Tc+49.686) K

rho_steam_5 (Tc>=65088Te<=800)"(44.674-0.03121"T¢+0.00004304"(Tc-650)"2)

tho_steam_6 (Tc>800&4&Tc<2000)*(PT*101325)/(461.52*T) /K

rho_steam rho_steam_1+rho_steam_2+rho_steam_ 3+rho_steam_4+rho_steam_5+rho_steam_ 6 {ka/m*3}

alpha_steam

k_steam/(Cp_steam‘rho_steam)

thermal diffusivity od steam
[m#2/s]

gl |_current*0.95

g2 |_current

|_current_grad_1] (t>=1]|Tt>=0.1)*(g1 + flc2hs(t-7200.7199)*(g2-g1)) current ramp up

Ys_zirc 297 39-0 2733%T_s_outer+T_s_inner)/2 the yield strength of the Zircaloy
sheath in [MPa]

H 4 4*Ys_zirc Meyer hardness of Zircaloy
sheath [MPa]

Pi Ys_ zirc*ts/r_s_inner Interfacial pressure [MPa]

km 2*k_Zirc_inner_surface'keff_UO2_surface/(k_Zirc_inner_surface+kefl_UO2_surface) harmonic mean thermal
conductivity of fuel and sheath
solids [kW/(m*K)], Rade and
Westergren Math Handbook

hs (km®sqrt(P1))/(6.6e-3"sqri(Rough)"H) solid heat transfer coefficient

[kW/m"2*K)], AECL-5400 p. 31

T_gap_average

(T_s_inner+T_fuel_surface)/2

average sheath temperature [K]

hf

k_steam/(1.5"(R_1+R_2)+g12+g0*(T_gap_average/273.15)*1 27/PT)

fiuid heat transfer coefficient in
the closed fuel-to-sheath gap
[kW/(mA2*K)], AECL-5400 p. 30

k_gap_effective

(hs+hf)/hf'k_steam

effective thermal conductivity of
the gap [kW/(m"K]

Ir_w_sig_ave

(Ir_w_sigma_centre+Ir_w_sigma_edge)/2

average electrical conductivity of
iridium

Zirc_sh_sig_ave

(Zirc_sigma_inner+Zirc_sigma_outer)/2

average electrical conductivity of
Zircaloy

U0O2 int_sig_ave

(UO2_sigma_inner+UO2_sigma_middle+U0O2_sigma_outer)/3

average electrical conductivity of
Uo2, [1/{chm™m)}]

Rox_sheath (1-f_pickup)*160™exp(-14192/T_s_inner)*"F_crrs {moles H/(m"2*s)} production
rate of hydrogen due o sheath
corrgsion

krad 1.5e-10*"N*2/alpha_r*T*3 radiative thermal conductivity
[KW/m™K)]

alpha_r 8750%exp(7.5971e-4*T) {1/m}

Xdev_ave Xdev_int/A_UO2 average stoichiometric deviation
in the fuel element

N_O N_UO2*Xdev_ave average number density of
hyperstoichiometric oxygen

n O N_O*fuel_vol/N_Avogadro moles of hyperstoichiometric

oxygen
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5.2. Expressions

5.2.1. Subdomain Expressions

Subdomain 1,4, 6-9, 12-15, 18, 20-22, 25-31, 34, 38

2-3, 10-11, 16-17, 23-24, 32-33, 35-37

41,46, 51

(sigmaAB*2*omega)

cDg 0.0022646*sqri(T*(1/MH2+1/MHZ20))/

0.0022646"sqrt(T*(1/MH2+1/MH20))/
(sigmaAB*2*omega)

0.0022646%sqri(T*(1/MH2+1/MH20))/
(sigmaAB"2*omega)

cg 1K PT/R'T) PT/(R*T) PT/(R*T)
omega 0.45776+0.80674* (koverepsilon*T)A(- 0.45776+0.80674"(koverepsilon*T)* (- 0.45776+0.80674"(koverepsilon*T)-
0.45859) 0.45859) 0.45859)
5.3. Mesh

5.3.1. Mesh Statistics

Number of degrees of freedom| 38428
Number of mesh points 5161
Number of elements 10178
Triangular 10178
Quadrilateral 0
Number of boundary elements | 1334
Number of veriex elements 171
Minimum element quality 0.003
Element area ratio 0

5.4. Application Mode: Heat Transfer by Conduction (ht)

Application mode type: Heat Transfer by Conducfion

Application mode name: ht

5.4.1. Application Mode Properties

Property Value

Default element type| Lagrange - Quadratic|
Analysis type Transient

Frame Frame (ref)

Weak constraints Off

Constraint type Ideal
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5.4.2, Variables
Dependent variables: T
Shape functions: shlag(2,'T")
Interior boundaries not active

5.4.3. Boundary Settings

Boundary

| [51-52, 129, 136, 144, 150

Type Temperature

Temperature (T0)| K| T_s_outer

5.4.4. Subdomain Settings

328

Subdomain 1,4,8-9,12-15, 18, 20-22, 25-31, 34, 38|2-3, 10-11, 16-17, 23-24  32-33, 35-37 |5

Thermal conductivity (k) W/(m-K)|k_steam k_gap_effective keff_UO2
Density (rho) kg;fmﬂ rho_steam rho_steam cu_UO2
Heat capacity at constant pressure (C) JIkg-K) Cp_steam Cp_steam Cp_U0O2
Heat source (Q) Wim3 0 0 Q_vol_U02
Subdomain 19 39,43, 48 40,44, 49

Thermal conductivity (k) Witm-K) k_Zirc k_TC_sheath | k_Magnesia

Density (rhao) ka/m? rho_Zircaloy|rho_Rtype rho_Magnesia

Heat capacity at constant pressure (C)| J/(kg-K) | Cp_Zirc Cp_Rtype Cp_Magnesia

Heat source (Q) Wim? Q_vol_Zirc |0 0

Subdomain 41-42 46-47 50-51]45

Thermal conductivity (k) Wi(m-K)| k_Rtype k_Ir

Density (rho) kg;fmi! rho_Rtype rho_lIr

Heat capacity at constant pressure (C)| J/(kg-K) | CP_Rtype Cp_Ir

Heat source (Q) Wim3 0 Q_vol_Ir

Subdomain initial 1,4, 6-9, 12-15, 18, 20-22, 25- |2-3, 10-11, 16-17, 23-24, 32- |5 19 39,43, |40, 44, (4142 4647, |45
value 31,34, 38 33,:35:37 48 49 50-51

Temperature (T) K|573.15 573.15 573.15(573.15(573.15 |573.15 [573.15 573.15

5.5. Application Mode: PDE, General Form (ox)

Application mode type: PDE, General Farm

Application mode name: ox

5.5.1. Application Mode Properties

Property Value

Default element type| Lagrange - Quadratic
Wave extension Off

Frame Frame (ref)

Weak constraints Off

5.5.2. Variables
Dependent variables: Xdev, Xdev_t
Shape functions: shlag(2,’Xdev')

Interior boundaries active



5.5.3. Boundary Settings

Boundary| |1-2, 5-6, 8-10, 13-14, 17-18, 21-23, 26, 29-30, 41-86, |87-88, 94, 96-98, 100, 109-110, 117-118, 120,|3-4, 7-8, 11-12, 15-16, 19-20,
89-93, 95, 99, 101-108, 111-116, 119, 121, 124-160, 122-123, 161-165, 167, 170 24-25,27-28,31-40
166, 168-169, 171-204
Type Neumann boundary condition Neumann boundary condition Neumann boundary condition
E) 0 sigma*Rreact_fuel/cu_U0O2 Rreact_fuel/cu_UO2

5.5.4. Subdomain Settings

Subdomain 5

Source term (f) 0

Conservative flux source term (ga)

{{-D_02"(Xdevx+Xdev*Tstar/TA2"Tx);-D_02"(Xdevy+Xdev Tstar/TA2"Ty)}}

Subdomain initial value| [5
Xdev Xsurf/10

5.6. Application Mode: Diffusion (hm)
Application mode type: Diffusion
Application mode name: hm

5.6.1. Application Mode Properties

Property Value
Default element type|Lagrange - Quadratic

Analysis type Transient
Frame Frame (ref)
Weak constraints Off
Constraint fype Ideal

5.6.2. Variables
Dependent variables: g
Shape functions: shlag(2,'q")
Interior boundaries active

5.6.3. Boundary Settings

Boundary 1-2,

5-6, 9-10, 13-14, 17-18, 22-23, 26, 29, 41-52, 57-58,
63-64, 67-68, 75-76, 79-80, 85-86, 89-93, 95, 99, 107-

3-4,7-8,11-12, 15-
16, 19-20, 24-25,

21, 30, 59-60, 71-72, 83-84, 101-108, 125-
128, 130, 133-134, 139, 142, 146-148,

(cO)

108, 111-116, 119, 121, 124, 132, 135-136, 138, 140-141, [27-28, 31-40 151-154, 157-160, 168-169, 185-1886, 197-
143, 150, 155-156, 166, 171-178, 181-182, 189-190, 193- 198
194, 201-202
Type Continuity Flux Insulation/Symmetry
Inward flux (N} | mol/ 0 Rreact_fuel 1]
(m?-s)
Concentration | mel/m? |0 0 1]
(c0)
Boundary 87-88, 94, 96-98, 100, 109-110, 117-118, |129, 144 53-58, 61-62, 65-66, 69-70, 73-74, 77-78, 81-82, 131, 137,
120, 122-123, 161-165, 167, 170 145, 149, 179-180, 183-184, 187-188, 191-192, 195-196, 199-
200, 203-204
Type Continuity Concentration | Flux
Inward flux (N} [mol/ sigma*Rreact_fuel 0 Rox_sheath
2
(m*=-s)
Concentration |moym? |0 qdef 0

5.6.4. Subdomain Settings

Subdomain 1-4 6-18, 20-38
Diffusion coefficient (D) mZ2/s| cDgltau’2
Time-scaling coefficient (Dts)] 1 cg

Subdomain initial value 1-4, 6-18, 20-38

Concentration, q () | mol/m?3| adef

6. Global Expressions

| Name \ Expression\ Unit\ Descriptionl
I n_O_gIobai‘ n_O
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1 Global Definitions:
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1.1 Parameters:
Name Expression Description
Density Manf 10.6[g/cm™3] UO2 fue density
theo_density 10.96[g/cm”3] UO2 theoretical fuel density

UO2 frac theo dens

Density_Manf/theo_density

UQO2 fractiona theoretica
density

porosity _manf

1- Density_Manf/theo_density

fractional porosity

Xdev 0.000001

delta zirc 0.0001 average oxygen concentration

cold_work_zirc 0.001 unitlessratio of areas

phi_fluence 1 fast neutron fluence [n/m"2]

rho_zircaloy 6.44[g/cm"3]

Cp_zirc 2 325/1000 specific heat of zircaloy at 300C
in [kJ(kg*K)]

T_ref 300[K] strain reference temperature

T surf 573

Beta 0.001 fractional burnup in atom %

rho_Ir 22.5[g/cm™3] CRC Handbook 77th Ed., p12-
172

apha_Ir 6.4e-6 Iridium coefficient of linear
expansion at 25C in [1/K], CRC
Handbook 77th Ed., p. 12-172

E Ir 528e9 Young's modulus of Irin [Pa],
Wikipedia

nu_UO2 1.32* (1 - 0.26* porosity_manf) - | UO2 Poisson's ratio using Equ.

1 16.2 in Olander

nu_lr 0.27 Ir Poisson's radio, PGM database

nu_zirc 0.37 Poisson's ratio of Zircaloy-4,
Wah Chang information sheet on
Zircaloy-4

Q_vol_Ir 3.5e6 Iridium wire power in [KW/m"3]

coolant_p 10e6[Pa) coolant pressure [Pa]

ftsg_thickness 3e-6[m]
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Name Expression Description

pellet_radius 0.006075 [m]

Ir_radius 0.00145[m]

w 1 pellet_radius- Ir_radius FES pellet thickness

sheath_wall 0.0004 [m] sheath wall thickness

sheath_R_inner 0.006116 [m]

sheath_R_outer sheath_R_inner + sheath_wall

crack_depth 0.00229 [m]

lower_crk_mesh_den 14

lower_crk_mesh_den botm 7

crack_time O[s]

V_Rw 2580 [m/s] Raleigh wave speed in UO2, D.
Laux etal INM 300(2002)192

crack_speed V_Rw

crack_tip -0.0059[m]

crack_tip_dyna

crack_speed* crack_timet+crack t
ip

the crack tip location, material
coordinates

Q_frack 1590[Jmole] MATPRO, p. 2-125

R _gas 8.314 gas constant

Y _factor_2 0.126 stress intensity configuration
correction calculated using
T.R.G. Kutty'swork [Journal of
Materials Science Letter
6(1987)260], seedso p. 32in
Lab book #4.

s yield zirc initia 150e6[P4] yield stress at ~300C

angle degree 1 180

angle 1 angle degree 1*pi/180 [rad]

crack_length a 2 20e-6[m] UO2 pore size, Olander

crack_domain_width 15e-4

contour_side 5e-4[m]

contour_offset_centre 0.0002[m]

contour_radius 2.5e-4[m|

outer_crack disp 10 fuel upper mesh density




2 Model 1 (modl)

2.1 Definitions
2.1.1 Variables

Variables 1 (thermal and mechanical)

334

Selection
Geometric entity level | Entire model
Name Expression Description
alpha_exp_ 1 9.828e-6 - 6.39e-10*T + 1.33e- | UO2 coefficient for thermal
12*T"2 - 1.757e-17*T"3 expansion when 273<=T<923 K,
D.G. Martin JINM 152(1988)94
alpha_exp_2 1.1833e-5-5.013e-9*T + UQO2 coefficient for thermal
3.756e-12* T"2 - 6.125e-17*T"3 | expansion when 923<=T<=3120
K, D.G. Martin INM
152(1988)94
alpha_exp_UO2 (T>=273& & T<923)*alpha_exp_ | UO2 coefficient for thermal
1+ expansion as afunction of
(T>=923& & T<=3120)*adpha ex | temperature
p_2
densityf (T<=923)*((0.99734 + 9.9802E- | density multiplier that accounts
6*T - 2.705E-10*T"2 + 4.391E- | for temperature, INM
13*T"3)7(-3.0)) + 366(2007)99
(T>923)*((0.99672 + 1.179E-
5T - 2.429E-9*T"2 + 1.219E-
12*T"3)"(-3.0))
porosity porosity_manf* (1 - (0.6 - exp(-
0.506 - 8.67E-10* T"3* (1 - exp(-
0.0287* Beta* 225)))))
cu 40588* densityf* (1 - porosity) UO2 molar density [mol/m"3]
rho_UO2 0.27003*cu UQO2 density [kg/m"3]

fractional_density

rho_UO2/theo_density

ES_UO2

2.334el1*(1- 2.752* (1 -
fractional_density))* (1 -
1.0915e-4*T)

Y oung's modulus of elasticity for
stoichiometric UO2, [N/m"2],
MATPRO p. 2-58

Afunc

14 - 10.763* (abs(Xdev))"0.5 -
2381.4* Xdev +
12819.86* (abs(X dev))*1.5
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Name Expression Description
Bfunc 0.2218 +
0.2562* (abs(Xdev))"0.5 -
0.64* Xdev -
3.6764* (abs(Xdev))*1.5
kphonon V/(Afunc + Bfunc*T) [kW/(m*K)]
kpolaron (0.871 + 2.9e-5* T)(- [kW/(m*K)]
1)*2.024e8/(T(5/2))* exp(-
16350/T)
Betal 2.6-05e-3*T
kappazp (1 - BetaT* porosity) fuel porosity factor
keff UO2 kappa2p* (kphonon + kpolaron) | UO2 effective thermal
conductivity, [kW/(m*K)]
Cp_UO2 0.001*(52.1743 + [kJ(mol*K)]
45.8056* abs(Xdev) + (87.951e-3
- 7.3461e-2* abs(Xdev))* T + (1 -
abs(Xdev))*(-84.2411e-6* T2 +
31.542e-9* T3 - 2.6334e-
12*T74) - (713910 +
295090* abs(X dev))/T"2)
k_zirc (7.51+2.09e-2*T - 1.45e-5*T"2 | Zircaloy thermal conductivity
+7.67e-9* T"3)/1000 coefficient [kKW/(m*K)],
MATPRO p. 4-17
Cp_zirc (-6.492e-5*T"2 + 0.207*T + [kJ(kg*K)] heat capacity of
226.7)/1000 Zircaloy-2 for the temperatures
300 to 1090 K
E apha zirc (1.088ell - 5.475e7*T + Zircaloy Y oung's modulus alpha
K1_zirc + K2_zirc)/K3_zirc phase, [Pa]. MATPRO p. 4-44,
till 1083K, Wah Chang
information sheet on Zircaloy-4
E beta zirc 9.21€10- 4.05e7*T Zircaloy Y oung's modulus beta
phase, [Pa]. MATPRO p. 4-44,
from 1253K, Wah Chang
information sheet on Zircaloy-4
K1 zirc (6.61ell +
5.912e8*T)*delta zirc
K2 zirc -2.6e10* cold_work_zirc
K3 zirc 0.88 + 0.12*exp(-

phi_fluence/1e25)
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Name

Expression

Description

epsilon_aphall zirc

4.95e-6*T - 1.485e-3

linear thermal expansion
coefficient of Zircaloy in the
circumferentia direction, for
300K<T<1083K, MATPRO p.
4-26

epsilon_apha33_zirc

1.26e-5*T - 3.78e-3

linear thermal expansion
coefficient of Zircaloy inthe
axial direction, for
300K<T<1083K, MATPRO p.
4-26

G_zirc (4.04e€10 - 2.168e7*T + K1 zirc | Zircaloy shear modulus for apha
+ K2_zirc)/K3_zirc phase, isotropic, MATPRO p. 4-
45
aphall zirc epsilon_aphall zirc/(T - T_ref) | thermal expansion coefficient of
Zircaloy in the circumferential
direction
alpha33_zirc epsilon_alpha33_zirc/(T - T_ref) | thermal expansion coefficient of
Zircaloy inthe axial direction
K Ir (-0.0259* T + 154.76)/1000 thermal conductivity of Iridium
[kW/(m*K)] 300-2000K (from
www . platinummetal sreview.com
)
Cp_Ir (0.027*T + 122.33)/1000 specific heat of iridium
[kJ(kg*K)]
Tc T-273.15
Cp_steam 1 (Tc>311.03& & Te<=367.3)*(
21.612 - 0.5024e-1*Tc) +
(Tc>367.3& & Tc<=375)*3.159 +
(Tc>375& & Tec<=645)*(3.7211 -
0.2274e-2*Tc + 0.1381e-4*(Tc -
500)"2 - 3.8565* 10°(-8)*(Tc -
500)"3)
Cp_steam 2 (Tc>645& & Tc<=700)*2.42 +
(Tc>700& & Tc<=1300)*(2.134
+0.4e-3*Tc) +
(Tc>1300& & Tc<=1400)* 2.66 +
(Tc>1400& & Tc<=2000)* (2.708
9+ 0.2255e-4*Tc -
8.4387* 10" (-7)*(Tc - 1700)"2)
Cp_steam Cp_steam 1+ Cp_steam 2 Steam Tables in SI-Units,

Wasserdampftafelm, Ulrich
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Name Expression Description
Grigull, Johannes Straub, Peter
Schiebener, Springer-Verlag,
1990, [kJ/(kg*K)]
k_steam ((Tc<300)*0.1 + CRL equation, [kW/(m*K)]
(Tc>=300)*1000* (-9.3878e-6 +
1.5569e-7*Tc - 5.4523e-
10*TcM2)/(1- 3.7241e-3*Tc -
2.1893e-8*Tc"2))/1000
rho_steam 1 (Tc>=311& & Tc<=400)*(91.38 -
0.1349* Tc + 0.000888* (Tc -
375)"2)
rho_steam_2 (Tc>400& & Tc<450)* (-
0.08842*Tc + 73.343)
rho_steam 3 (Tc>=450& & Tc<=600)* (57.8 -
0.0546* Tc + 0.0001294* (Tc -
500)"2)
rho_steam 4 (Tc>6008& & Tc<650)* (-
0.03892* Tc + 49.686)
rho_steam 5 (Tc>=650& & Tc<=800)* (44.674
- 0.03121*Tc + 0.00004304* (Tc
- 650)"2)
rho_steam 6 (Tc>800& & Tc<2000)* (PT* 101
325)/(461.52* T)
rho_steam rho_steam_1+rho_steam 2 + Steam Tables in SI-Units,
rho_steam 3 +rho_steam 4+ Wasserdampftafelm, Ulrich
rho_steam 5 +rho_steam 6 Grigull, Johannes Straub, Peter
Schiebener, Springer-Verlag,
1990, p. 41, till 1100C, and the
ideal gass law from 1100C,
[kg/m"3]
calangle atan2(y, x) sector azimuthal position on the
contact surface [rad)]
sectorangle ((sin(calangle)>=0)* calangle+(si | provides an ascending azimuthal
n(calangle)<0)* (2* pi + angle of 0-2*pi on the contact
calangle)) surface [rad]
R1 sgri(x"2 + y"2) radial distance of surface

relative distance

sheath inner_surface(R1) -
pellet_surface(R1) -
ftsg_thickness

rel ative diatance between the
sheath and fuel pellet
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Name Expression Description
relative_distance d d(relative_distance, TIME) time derivative of relative
distance
contact_damping relative distance d*1el5[Pa*s | for helping time dependent
m| solver convergence
contact_pressure - pressure [Pal
(relative_distance<Q)*relative di
stance* 2el14[Pa/m)|
ave relative distance aveopl(relative distance 2) average relative diatance
between the sheath and fuel
pellet
ave pellet_surface disp aveopl(pellet_surface(R1)) - average radial pellet
pellet_radius displacement
average_contact_pressure aveopl(contact_pressure)
relative_distance 2 sheath_inner_surface(R1) - meant for plotting purposes only
pellet_surface 2(R1) -
ftsg_thickness
E Tiso E apha zirc/10 isotropic tangent modulus,
Hobson, Oak Ridge
calangle2 atan(y/x)

Variables 2a (fracture mechanics)

Selection

Geometric entity level | Entire model

Name Expression Description
wW_1 intopl(ts.Ws*Nx1) ts.Wsisthe strain energy density
Tdudx_1 intopl(-((ts.sx*Nx1 + ts.sxy* Ny1)*uX + ts.sx*Nx is the traction vector
(ts.sxy*Nx1 + ts.sy*Ny1)*vX))
J1 W _1+ Tdudx_1 the Jintegral quantity
ES UO2_crack aveop2(ES _UO2/(1 - nu_UO2"2)) Y oung's modulus at the crack
tip, [N/m"2]
KI_1 sort(ES_UO2_crack* abs(J_1)) stress intensity factor
[Pa* m™0.5]
sig_frack 1.7e8*(1- 2.62*(1 - fracture stress MATPRO, p. 2-
UO2_frac_theo_dens))™0.5* exp(- 125[Paq]
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Name Expression Description
Q_frack/R_gas/T)[Pa]
sig_frack_tip intop2(sig_frack) fracture stress at crack tip

crack_length_a

abs(intop3(x) - intop2(x))

the crack length, spacial
coordinates distance

A crack_length_alw_1 relative crack length
Y factor_1 -0.836*A”3 + 0.359* A2 - 0.149* A + SIF for cylinder external crack at
1.125 steady state thermal stress from
work by Wu
Kl_c Y _factor_1*sig_frack_tip*sqrt(pi* crack_le | fracture toughness of UO2 using
ngth_a 2) Y correction factor provided by
Wu
KI_c¢ deduced Y _factor_2*sig frack_tip*sgrt(pi* crack_le | fracture toughness of UO2, W.D.
ngth_a 2) Callister 4th Ed., using deduced
Y correction factor from results
by Kutty
crack_speed 1 V_Rw*(1- 1.75e-4/crack_length a) crack speed using Freund's
treatment, T.L. Anderson,
Fracture Mechanics, 3rd Ed.
2005
sigma_r ts.sx*0.5* (1 + cos(2*angle_1)) + stressin the radial direction
ts.sy*0.5%(1 - cos(2*angle_1)) +
2*ts.sxy*sin(angle_1)*cos(angle 1)
sigma _theta ts.sx*0.5*(1 - cos(2*angle 1)) + stress in the azimuthal direction
ts.sy*0.5%(1 + cos(2*angle 1)) -
2*ts.sxy*sin(angle_1)* cos(angle_1)
area_integral intop4(apha exp_ UO2* (ts.S111 + ts.5122
+1s.9133)*ts.gradTX)
J star J 1+ area integra
area integral_2 intop4((ts. 911 + 2*ts.9112 + 2*ts.S113 +
ts.S122 + 2*ts.5123 + ts.S133)* d((ts.eel 11 +
2*ts.eel12 + 2*ts.eel 13 + ts.eel 22 +
2*ts.eel 23 + ts.eel 33), X))
J star 2 Tdudx_1 + area_integral + area_integral_2
KI_1 star sgrti(ES_UO2_crack* abs(J_star))
KI_1 star 2 sort(ES_UO2_crack*abs(J star_2))




top circ

Selection

Geometric entity level | Boundary

Selection Boundaries 85, 87

Name | Expression | Description

Nx1 nx

Nyl ny

bottom circ

Selection

Geometric entity level | Boundary

Selection Boundaries 84, 86

Name | Expression | Description

Nx1 nx

Nyl ny

2.1.2 Mode Couplings
Integration 1

Coupling type | Integration

Operator name | intopl

Integration 2

Coupling type | Integration

Operator name | intop2

Integration 3

Coupling type | Integration

Operator name | intop3

Integration 4

Coupling type | Integration

Operator name | intop4




Average 1

Coupling type

Average

Operator name

aveopl

Average 2

Coupling type

Average

Operator name

aveop2

General Extrusio

nil

Coupling type

General extrusion

Operator name

pellet_surface

General Extrusio

n2

Coupling type

General extrusion

Operator name

sheath_inner_surface

General Extrusio

n3

Coupling type

General extrusion

Operator name

pellet_surface 2

2.1.3 Sdections

Section 1
Section 2
Section 3
Section 4

214 Coordinate Systems

Boundary System 1

Coordinate system type | Boundary system

Identifier

sysl
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2.2 Geometry 1

%107
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Geometry 1
Units

Lengthunit | m

Angular unit | deg

2.3 Materias
2.3.1 U02

60 80

o
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50
40
30
20

342



UO2 domain
Selection

343

Geometric entity level

Domain

Selection

Domains 8, 12-14, 16-18, 20, 22-25, 27-34, 3940, 4245, 4849

Material parameters

Name Value Unit

Y oung's modulus ES UO2 Pa

Poisson'sratio nu_UO2 1

Density rho_UO2 kg/m"3

Coefficient of thermal expansion | alpha exp UO2 | UK

Thermal conductivity keff_UO2 W/(m*K)

Heat capacity at constant pressure | Cp_UQO2 J(kg*K)
Basic settings

Description Value

Y oung's modulus ES UO2

Poisson's ratio nu_UO2

Density rho_UO2

Coefficient of thermal expansion

{{dpha _exp UO2, 0, 0}, {0, alpha_exp UO2, 0}, {0,
0, alpha_exp UO2}}

Thermal conductivity

{{keff_UO2, 0, 0}, {0, keff_UO2, 0}, {0, O,
keff_UO2}}

Heat capacity at constant pressure

Cp_UO2




2.3.2 Iridium
!Eﬂ;ﬁﬁ'

=

Iridium doamin

Selection
Geometric entity level | Domain
Selection Domain 54

Material parameters

Name Value | Unit
Heat capacity at constant pressure | Cp_Ir | J(kg*K)
Density rho_Ir | kg/m"3
Thermal conductivity k_Ir | W/(m*K)
Basic settings
Description Value
Heat capacity at constant pressure Cp_Ir
Density rho_lIr
Thermal conductivity {{k_Ir,0,0}, {0, k_Ir,0},{0,0,k_Ir}}
Y oung's modulus E Ir
Poisson's ratio nu_lIr
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Description

Value

Coefficient of thermal expansion

{{dpha_lr, 0, 0}, {0, apha_Ir, 0}, {0, O, dpha_Ir}}

2.3.3 Zircaloy
70|x10™* I
60] 5 > i
50 I
40 I
30— e I
20 I
10| I
ol L
-10] I
-20] 1 |
-30 I
-40 i
-50] I
-60 | = i
_707 = = = = = = Xlo-a 5
-80 -60 -40 -20 0 20 40 60 80
Zircaloy domain
Selection
Geometric entity level | Domain
Selection Domains 14, 36-37
Material parameters
Name Value Unit
Y oung's modulus E_alpha zirc Pa
Coefficient of thermal expansion | aphall zirc UK
Heat capacity at constant pressure | Cp_zirc J(kg*K)
Density rho_zircaloy kg/m™3
Thermal conductivity k_zirc W/(m*K)
Poisson'sratio nu_zirc 1
Initial yield stress s yield zirc initia | Pa
| sotropic tangent modulus E Tiso Pa
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Basic settings
Description Value
Y oung's modulus E apha zirc
Coefficient of thermal expansion {{adphall _zirc, 0, O}, {0, aphall_zirc, 0}, {0, O,
alphall zirc}}
Heat capacity at constant pressure Cp_zirc
Density rho_zircaloy
Thermal conductivity {{k_zirc, 0, 0}, {0, k_zirc, O}, {0, O, k_zirc}}
Poisson's ratio nu_zirc
Elastoplastic material model Settings
Description Value
Initial yield stress s yield zirc initia
Isotropic tangent modulus | E_Tiso
Kinematic tangent modulus
2.3.4 steam
L %107 |
60
50 I
40 I
30 i
20 I
10 I
6 D I
-10 i
20/ I
-30] I
-40 I
-50] I
-60 %x10™ |
80 60 40 20 o 20 40 60 '80

Steam domains
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Selection
Geometric entity level Domain
Selection Domains 5-7, 9-11, 15, 19, 21, 26, 35, 38, 41, 46-47, 50-53

Material parameters

Name Value Unit

Heat capacity at constant pressure | Cp_steam | J(kg*K)

Thermal conductivity k steam | W/(m*K)

Density rho_steam | kg/m"3
Basic settings

Description Value

Heat capacity at constant pressure Cp_steam

Thermal conductivity

{{k_steam, 0, O}, {0, k_steam, O}, {0, O, k_steam}}

Density

rho_steam

Y oung's modulus

Poisson'sratio

Coefficient of thermal expansion

{{.0,0,{0,,0},{0,0,}}

24 Therma Stress(ts)

x107
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Thermal Stress
Features

Thermal Linear Elastic 1

Freel

Thermal Insulation 1

Initial fuel temperature

Initial shieth temperature

Iridium wire heat source

outside surface temperature of shiething

Fixed Constraint 1

Prescribed Displacement 3 (fuel x only)

Prescribed Displacement 5 (fuel y only)

Prescribed Displacement 1 (sheath x only)

Prescribed Displacement 2 (sheath y only)

Boundary Load 1 (coolant pressure)

Heat Transfer in Solids 1 (steam regions)

inner sheath surface temperature

Boundary Load 2 (on sheath inner surface)

Boundary Load 3 (on pellet surface)

Heat Transfer in Solids 2 (iridium)
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25 Moving Mesh (ale)

%107

hoA W N e = N WA U oo
O 9 9 9 9 9 9 9 9 9 9 g

-80 60 -40 -20
Moving Mesh
Features

Fixed Mesh 1

Prescribed Mesh Displacement 1

Free Deformation 1

Prescribed Mesh Displacement 2
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Distribution 1
3  Study1

3.1 Parametric Sweep
Parameter name: crack_time
Parameters:

3.2 Stationary

Study settings

Property

Value

Include geometric nonlinearity

On

Mesh selection

Geometry Mesh

Geometry 1 (geoml) | meshl

Physics selection

Physics Discretization

Thermal Stress (ts) | physics

Moving Mesh (ale) | physics
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4  Results
4.1 DataSets
4.1.1 Solution 1

Selection

Geometric entity level | Domain

Selection Geometry geoml

Solution

Name Value

Solution | Parametric 1

Model Save Point Geometry 1

4.1.2 Cut Line 2D 4 (steady state)
Data

Name Value

Dataset | Solution 1

Advanced

Name Value

Space variable | cln4x

4.2 Derived Vaues
4.2.1 Global Evauation 1
Data

Name | Value

Dataset | Solution 1

Expression

Name Value

Expression | crack_length_a




Name

Value

Unit

m

Description | the crack length, spacial coordinates distance

422Kl _c

Data

Name

Value

Data set

Solution 1

Expression
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Name

Value

Expression Kl ¢

Description fracture toughness of UO2 using Y correction factor provided by Wu




4.2.3 sig_frack_tip

Data

Name | Value

Dataset | Solution 1

Expression

Name

Value

Expression

sig_frack_tip

Description

fracture stress at crack tip

424Y factor 1

Data

Name | Value

Dataset | Solution 1

Expression

354

Name

Value

Expression

Y factor 1

Unit

1

Description

SIF for cylinder external crack at steady state thermal stress from work by Wu

4.3 Tables
4.3.1 Tablel
Point Evaluation 1 (ts.mises)

Table 1

crack time

von Mises stress (M Pa), Point: 29

0

686.558923

2e-7

1428.048752

4e-7

2460.111763

6e-7

3831.396382

8e-7

5675.332339
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4.3.2 Table2
Global Evaluation 1 (crack tip_dyna)

Table 2
crack_time | crack tip_dyna
0 -0.0059
2e-7 -0.00542
4e-7 -0.00494
6e-7 -0.00446
8e-7 -0.00398
4.3.3 Table3

Global Evaluation 2 (crack_speed 2)
Table 3 (crack speed calculated for reference)

crack_time crack speed using Freund'streatment, T.L. Anderson, Fracture Mechanics, 3rd
Ed. 2005 (1/s)
0 8.710499
2e-7 1893.371288
4e-7 2183.919143
6e-7 2301.75167
8e-7 2365.59204
434 Table4

Point Evaluation, intop2(x) (intop2(x))

Table4
crack_time | intop2(x) (m), Point: 29
0 -0.005972
2e-7 -0.005491
4e-7 -0.005009
6e-7 -0.004527
8e-7 -0.004045




4.3.5 Table5
Global Evaluation 1 (crack length_a)

Table5

crack_time

the crack length, spacial coordinates distance (m)

0

1.756114e-4

1.75e-7

6.289911e-4

3.5e-7

0.001083

5.25e-7

0.001537

Te-7

0.001991

4.3.6 Table 6

Kl_c(Kl_¢)
Table 6
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crack_time

fracturetoughness of UO2 using Y correction factor provided by Wu

0

1.065926€e6

4.3.7 Table7

sig_frack tip (sig_frack_tip)

Table7

crack_time

fracturestressat crack tip

0

1.20085€8

4.3.8 Table 8

sig_frack tip (sig_frack_tip)

Table8
crack_time | fracturestressat crack
tip
1.4e-6 1.433987€8




4.3.9 Table9
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Y factor_1 (Y_factor_1)

Table 9 (begin)

crack_time

SIF for cylinder external crack at steady state thermal stress from work by Wu
1)

0

1.11982

4.3.10 Table 10

Y _factor_1 (Y_factor_1)

Table 10 (end)
crack_time SIF for cylinder external crack at steady state thermal stress from work by Wu
1)
1.4e-6 0.77782

4.4 Plot Groups
4.4.1 Stress (ts), steady state, parametric

crack_time(1l7)=1.4e-6 Surface: von Mises stress (MPa) Mesh

x10™ T ' ' ' ' T A 1.3251x10°
60 4 4000
ar | 3500
40
30 7 F4 3000
20+ .
10} - 12500
0 = -
S10 F R 1 2000
20t .
30l | 1 1500
“ar | 1000
50 -
-60 - 1 500
70 -
.80 60 -40 -20 0 20 40 %10 ¥ 166.59

crack_time(17)=1.4e-6 Surface: von Mises stress (MPa) Mesh




4.4.2 Temperature (ts), last parametric

crack_time(17)=1.4e-6 Surface: Temperature (K)

x10™ ' ' T A 22226
i g 1 F92200
50 - -

40 - 2000
30+ -
11800
20+ -
10 - - 11600
ok il
B | 11400
20 - i 1200
230 - i
ok | 1000
-50 i 800
.60 i
Jo0k ‘ ‘ ‘ . . L 600
60 -40  -20 0 20 40 x10™ W 573

crack_time(17)=1.4e-6 Surface: Temperature (K)

4.4.3 radial temperature profile (steady state)

Temperature vs. radial position

2200 I T T T T T
2100
2000
1200
1800 -
1700 -
1600
1500
1400
1300 -
1200
1100 -
1000 -

900 -

800 -

700 -

600

Temperature K]

0 0.001 0.002 0.003 0.004 0.005 0.006
Arc length [m]

Temperature vs. radial position in out-reactor fuel pellet
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4.4.4 J, J* and components

[*m~-2]

Jand J* integral values and their components for growing crack lengths

x10°

1.2
Izl

1
0.9
0.8
Q0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

) integral values and its components

—— W_1, elastic strain energy density
—— Tdudx_1, traction integral
— J_1, integral, regular
area_integral
—— J_star
area_integral_2
— |_star_2

445KI_1
SIF and fracture stress vs crack length a
%107 T T T
—KI_1
12 —— KI_1_star
— KI_1_star 2

[Pa*m™0.5]

10

2 2.5 35
crack length a [mm]

SIF and fracture stress vs crack length a
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4.4.6 Youngs modulus at crack tip

Young's modulus of stoichiometric UO2

x10M [
2,05+
5
1.95F

L9

[N/m~2]

1.85

175

1.7¢

0.5 1. 15

Y oung's modulus of stoichiometric UO2 for various crack lengths (or for different radial pellet

positions)

2 2.5
crack length a [mm]

4.4.7 fracture stress at crack tip

Fracture stress at crack tip location

%108

1.42
1.4
1381
1.36
1.34 -
132
L3
128
1.26

[Pa]

1.24

122

0.5 1 1.5 2 2.5 3 35 4
crack length a [mm]

Fracture stress at crack tip location at various crack lengths
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4.4.8 crack length avstime

crack length a vs time

4F T T T

crack length a [mm]

0.4 | | I I I |

6 8
time [s]

crack length avstime[g]

449Y factor 1

SIF Y for cylinder external crack at steady state thermal stress

11

1.05

0.95 1

SIF correction factor Y

0.85

0.75 |

0.5 1

2 2.5
crack length a [mm]

SIFY for cylinder external crack at steady state thermal stress for increasing crack lengths
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4.4.10 Freund crack speed

Freund crack speed

2400
2300
2200
2100
2000

[m/s]

1900
1800
1700
1600
1500
1400

1
0 2 4 6 8 10 12 %1077

Freund crack speed (reference calculation only)

4411 von Mises stressradial plot

von Mises stress vs. radial position through radial crack
x101° T T T

4.5 N

4_ -

35 g

3_ -

25 :

2, =

von Mises stress [N/m?]

1‘5 L | -

i ) JJ’ -

0.002 0.003 0.005 0.006

0.004
Arc length [m]

von Mises stress vs. radia position through radial crack as the crack growsin length
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4.4.13 contact pressure

sheath and fuel contact pressure vs azimuthal position

)(108 m T T T T

[Pa]

2 3 4 5
azimuthal position of contact surface [rad]

sheath and fuel surface contact pressure vs. azimuthal position

4.4.14 cdangle

calangle vs. azimuthal position for investigating atan2(y,x) and atan(y/x)

[rad]

— ]
ur N oUW
1 1 1 1

_ —— calangle

2L —— calangle2 i
=25+ / —— sectorangle | -
-3 [0 I | I I | L

0 1 2 3 4 5 6
azimuthal position [rad]

calangle vs. azimuthal position for investigating atan2(y,x) and atan(y/x) values
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APPENDIX C: The 3D Fuel Oxidation M odel Report

3D Fuel Oxidation Model: Model 6 5 Regular Cracks(3.2)

Date: Jan 31, 2013 3:48:59 PM

CoMsSOoL
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2.6. PDE (Ox)
2.7. Mesh 1

3. Study 1 373
3.1. Time Dependent

4. Results 375
4.1. Data Sets

4.2. Tables




1 Global Definitions

1.1 Parameters1

365

Name Expression Description

kappa 110 inverse neutron diffusion length
[1/m]

sigmaH2 2.827 collision diameter [A]

sigmaH20 2.641 collision diameter [A]

MH2 2.01594 hydrogen gas molecular weight

MH20 18.01594 light water molecular weight

Rgas 8.205e-005

PT 100 atm pressure [atm]

koverepsilon 0.004549590536851683

tau 1 tortuosity factor

gdef 4.1e-6

Xsurf le-4

a 0.033107007

b 0.268984735

c 0.008679485

d -0.000622197

e -5.18804E-05

f 0.020038397

g 0.000450165

k -7.83442E-06

m 1.84196E-08

n -7.45197E-05

p 1.39057E-07

Density Manf 10.6 fuel density [Mg/m"3]

porosity _manf

1- Density Manf/10.96

Beta

0.00001

burnup atom%

T_surf_sheath_int 573 temperature of top of ftsg or
sheath internal surface
T surf 583 temperature of outer fuel-to-
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Name Expression Description
sheath gap

T _end 750 edge effect temperature

T_heater 2176 temperature at the 1.5mm radius
inner surface of pellet

crack_tip_radius 0.00229[m]

radius 2 (crack_tip_radius- Ir_radius)/3 + Ir_radius | 2nd radius, above r=0.00145

radius 3 (crack_tip_radius- Ir_radius)/3*2 + 3rd radius, above r=radius 2

Ir_radius

fuel_element_vol pi* (pellet_radius™2 - Ir_radius®2)*0.24*2 | total fuel volume, lessiridium

N_UO2 2.444e28 UO2 particles per m*3

pPPrg 25e-6[m] pellet-pellet gap

crack_width 25e-6[m| radial crack width

defect_length 0.0074[m] the defect length istwice this
value

first_section 0.025[m]

Ir_radius 0.00145[m] iridium wire/hole radius

ftsg le-6[m] fuel to sheath gap

pellet_radius 6.075e-3[m]

N_Avogadro 6.022e23

N 2.25

2  Surface heated Out-Reactor fuel (mod1)

2.1 Definitions

2.1.1 Variables

Variables 1

Selection
Geometric entity level | Entire model
Name Expression Description
kappald (1.09/Beta*3.265 +

0.0643/sgrt(Beta)* sqrt(T))* atan(1/(1.09/Beta*3.265 +

0.0643/sort(Beta)* sqrt(T)))
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Name Expression Description
kappalp 1+ 0.019*Beta/((3 - 0.019*Beta)* (1 + exp(-(T - 1200)/100)))
kappazp (1 - BetaT* porosity) accounts for fuel
porosity
kappadr 1 no radiation
effects
Afunc 14 - 10.763* (abs(Xdev))"0.5 - 2381.4* Xdev + {(m*K)/kW}
12819.86* (abs(Xdev))*1.5
Bfunc 0.2218 + 0.2562* (abs(X dev))"0.5 - 0.64* Xdev - {m/kW}
3.6764* (abs(Xdev))*1.5
Bfuncfix (Xdev<0.155)* Bfunc + (Xdev>=0.155)*0 equ. 22b
kphonon 1/(Afunc + Bfuncfix*T) thermal
conductivity in
UO2 that results
from conductive
heat transfer via
lattice vibrartion
[KW/(m*K)]
kpolaron (0.871 + 2.9e-5* T)N(-1)* 2.024€8/(T(5/2))* exp(-16350/T) thermal
conductivity in
UO2 that results
from electron
hole movement
[KW/(m*K)]
keff_ UO2 kappald* kappalp* kappa2p* kappadr* (kphonon + kpolaron + thermal
krad) conductivity in
uo2
[KW/(m*K)]
Cp_UO2 0.001*(52.1743 + 45.8056* abs(X dev) + (87.951e-3 - 7.3461e- | specific heat of
2*abs(Xdev))* T + (1 - abs(Xdev))*(-84.2411e-6* T 2 + uo2
31.542e-9*T"3 - 2.6334e-12*T"4) - (713910 + [kJ/(mol*K)]
295090* abs(X dev))/T2)
Cp U022 0.001*(52.1743 + 87.951e-3*T - 84.2411e-6* T2 + 31.542¢- specific heat
9*TN3 - 2.6334e-12* T4 - 713910/T"2) capacity of UO2
[kJ/(mol*K)]
without Xdev
terms
porosity porosity_manf* (1 - (0.6 - exp(-0.506 - 8.67E-10* T"3* (1 - fuel porocity

exp(-0.0287* Beta* 225)))))

that considers
also temperature




368

Name Expression Description
densityf (T<=923)*((0.99734 + 9.802E-6*T - 2.705E-10* T"2 + 4.391E- | fud density
13*TA3)(-3.0)) + (T>923)*((0.99672 + 1.179E-5*T - 2.429E- | expression asa
9* T2 + 1.219E-12* T"3)"(-3.0)) function of
temperature
cu_UO2 40588* densityf* (1 - porosity) molar density of
UO2 [mol/m"3]
rho_UO2 density_manf*densityf* (1 - porosity) density in
[kg/m"3], for
reference
purposes
Betal 2.6-05e-3*T Betal accounts
for the
temperature
effect
alpha 0.365* exp(-23500/T)
D_02 2.5e-4* exp(-16400/T)
sigmaAB (sigmaH2 + sigmaH20)/2
gfix (g<qdef)* (qdef) + (g>=qdef& & g<=0.95)*q + (g>0.95)* 0.95
Rox_fuel cu_UO2*alpha* sgrt((1 - gfix)* PT)* (Xefix - Xdev)
Rred_fuel cu_UO2* alpha* sgrt(gfix* PT)* (Xefix - Xdev)
Rreact_fuel (Xefix>=Xdev)*Rox_fuel +
(Xefix<Xdev& & Xdev>Xsurf)*Rred_fuel
Xefix (xe<Xsurf)* Xsurf + (xe>=Xsurf)*xe
Tstar -4.21e33*exp(-(68 + 34* Xdev))
Zeta log10(qfix/(1 - gfix))
xe (a+c*Zeta+ e T + g*Zeta*2 + m* T2 + k*Zeta* T)/(1 +
b*Zeta+ d*T + f*Zeta*2 + p* T2 + n* Zeta* T)
Tc T-273.15
k_steam ((Tc<300)*0.1 + (Tc>=300)* 1000* (-9.3878e-6 + 1.5569e-7*Tc | {kW/(m*K)},
- 5.4523e-10* Tc"2)/(1 - 3.7241e-3*Tc - 2.1893e- CRL equation
8*Tc"2))/1000
Cp_steam 1 (Tc>311.03& & Tc<=367.3)* ( 21.612 - 0.5024e-1*Tc) + between
(Tc>367.3& & Tc<=375)*3.159 + temperatures
(Tc>375& & Tc<=645)*(3.7211 - 0.2274e-2*Tc + 0.1381e- 311K and 645K
4*(Tc - 500)"2 - 3.8565* 10\(-8)* (Tc - 500)"3)
Cp_steam 2 (Tc>645& & Tc<=700)*2.42 + (Tc>700& & Tc<=1300)*(2.134 | between
+0.4e-3*Tc) + (Tc>1300& & Tc<=1400)*2.66 + temperatures
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Name Expression Description
(Tc>1400& & Tc<=2000)* (2.7089 + 0.2255e-4*Tc¢ - 645K and
8.4387* 10" (-7)*(Tc - 1700)"2) 2000K
Cp_steam (Cp_steam_1 + Cp_steam_2) [kJ(kg*K)]
rho_steam_1 (Tc>=311& & Tc<=400)* (91.38 - 0.1349* Tc + 0.000888* (Tc -
375)"2)
rho_steam 2 (Tc>400& & Tc<450)* (-0.08842* Tc + 73.343)
rho_steam 3 (Tc>=450& & Tc<=600)* (57.8 - 0.0546* Tc + 0.0001294* (Tc -
500)"2)
rho_steam 4 (Tc>600& & Tc<650)* (-0.03892* Tc + 49.686)
rho_steam 5 (Tc>=650& & Tc<=800)* (44.674 - 0.03121* Tc +
0.00004304*(Tc - 650)"2)
rho_steam 6 (Tc>800& & Tc<2000)* (PT*101325)/(461.52* T)
rho_steam rho_steam_1+rho_steam 2 +rho_steam 3 + rho_steam 4 + [kg/m"3]
rho_steam 5+ rho_steam 6
cDg 0.0022646* sort(T* (/MH2 + 1/MH20))/(sigmaAB~2*omega) | diffusivity
[moles/(m*s)]
cg PT/(Rgas*T) total molar
concentration of
the gas
[moles/m"3]
omega 0.45776 + 0.80674* (koverepsilon* T)"(-0.4585) the collision
integral
Xdev_average aveopl(Xdev) averge Xdev
value
N_O N_UO2* Xdev_average the average
OXygen excess
atom density in
the fuel (m"-3)
n O N_O*fuel_element_vol/N_Avogadro moles of oxygen
atoms absorbed
by fuel
nH n O mol es of
hydrogen
molecules
liberated to ftsg
and coolant
apha_r 8750*exp(7.5971e-4*T) [1/m]
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Name Expression Description

krad 1.5e-10*N"2/dpha_r*T"3 radiative thermal
conductivity
[KW/(m*K)]

2.1.2 Model Couplings
Average 1

Coupling type | Average

Operator name | aveopl

2.1.3 Sdlections

Section 1, Section 2, Section 3, Section 4, Section 5, Section 6, Section 7, Section 8, Section 9,
Section 10

2.1.4 Pairs
Identity Pair 1

Pair type | ldentity pair

Pair name | pl

2.1.5 Coordinate Systems
Boundary System 1
Coordinate system type | Boundary system

Identifier sysl




2.2 Geometry 1

Geometry 1
Units

Length unit | m

Angular unit | deg

2.3 Materids
2.3.1 Gas
Selection

50

0 x107*

-50

0 20 40 60

371

Geometric entity level

Domain

Selection

Domains 31-33, 3638, 40, 4246, 53-55, 5860, 62, 64-71, 7590

2.3.2U02
Selection

Geometric entity level

Domain

Selection

Domains 1-30, 34-35, 39, 41, 47-52, 56-57, 61, 63, 72-74

2.4 Heat Transfer (Heat)
Features

Heat Transfer in Solids 1
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Thermal Insulation 1

Initial Values 1

Temperature 1(outside fuel)

Temperature 2(inside)

Thermal Insulation 2

Symmetry 1

Heat Continuity 1

2.5 Transport of Diluted Species (Hdif)
Features

Diffusion

No Flux 1

Initial Values 1

Reactions 1

Concentration 1

Flux 1

2.6 PDE (Ox)
Features

General Form PDE 1

Zero Flux 1

Initial Values 1

Flux/Source 1

Continuity 1
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27 Mesh 1

271 Size(size)

Settings
Name Value
Maximum element size 0.024
Minimum element size 0.00432
Resolution of curvature 0.6

Resolution of narrow regions | 0.5

Maximum element growth rate | 1.5

Note: For in-depth mesh details an intermediate or complete report in COMSOL® Multiphysics
version 4.3b can be generated.

3 Study 1

3.1 Time Dependent

Compile Equations: Time Dependent (st1)
Study settings



Property

Value

Include geometric nonlinearity | Off

Times: range(0,0.1,0.9) range(1,1,19) range(20,5,75) range(80,0.25* 86400,14* 86400)

Mesh selection
Geometry Mesh
Geometry 1 (geoml) | meshl

Physics selection
Physics Discretization
Heat Transfer (ht) physics

Transport of Diluted Species (chds) | physics

PDE (g)

physics

3.2 Solver Configurations
3.2.1 Solver 1

Compile Equations: Time Dependent (st1)

Study and step

Name

Value

Use study

Study 1

Use study step

Time Dependent

Dependent Variables 1 (v1)

General

Name

Value

Defined by study step

Time Dependent

Initial values of variables solved for

Name

Value

Solution

Zero
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Direct (dDef)

General

Name

Value

Solver

PARDISO

Fully Coupled 1 (fcl)

General

Name

Value

Linear solver | Direct

4  Results
4.1 Data Sets
4.1.1 Solution 1
Selection

Geometric entity level

Domain

Selection Geometry geoml
Solution

Name Value

Solution | Solver 1

Mode Save Point Geometry 1

4.1.2 Cut Line 3D 1 (at defect)

Data

Name

Value

Data set

Solution 1

Advanced

Name

Value

Space variable | clnlx
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Coordiantes [m]

Point | x y z

1 0.239 | 20e-6 | 1.45e-3

2 0.239 | 20e-6 | 0.007

4.1.3 Cut Line 3D 2 (at fuel element end)
Data

Name | Value

Dataset | Solution 1

Advanced

Name Value

Space variable | cln2x

Coordiantes [m]

Point | x y z

1 0.001 | 20e-6 | 1.45e-3

2 0.001 | 20e-6 | 0.007

4.1.4 Cut Line 3D 3 (middle of fuel element)
Data

Name Value

Dataset | Solution 1

Advanced

Name Value

Space variable | cln3x

Coordiantes[m]

Point | x y z

1 0.12 | 20e-6 | 1.45e-3

2 0.12 | 20e-6 | 0.007
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4.2 Tables
4.2.1 Evaluation 3D
Interactive 3D values

Evaluation 3D

X y z Value

0.24 | 6.091e-7 | 0.00145 | 7.31893e-5




APPENDI X D: FactSage Thermoequilibrium Computations

FactSage® 6.1 thermoequilibrium computations:

D-1: Carbothermal reduction of hyperstoichiometric fuel:

19UO02+ 0.1UO3+ 0.05C=

5.0000E-02 mol gas idea

(2.2005 gram, 5.0000E-02 mol, 2.5561 litre, 8.6087E-04 g/ml)
(623.00K, 1 atm, a=1.0000)
(10.99998 CO2 FACT
+2.2950E-05 CO FACT)

+2.0000 mol Fluorite
(540.06 gram, 2.0000 mol)
(623.00K, 1 atm, a=1.0000)

(1.0000 uo2 RMCS
+5.7376E-07 UO3 RMCS)
System component  Mole fraction Mass fraction
U 0.33333 0.88150
O 0.66667 0.11850

+0.00000 mol U409 solid(s) RMCB
(623.00 K, 1 atm, S1, a=6.2364E-04)

+0.00000 mol U307 _solid(s) RMCB
(623.00 K, 1 am, S1, a=2.5226E-04)

+0.00000 mol C_graphite FACT
(623.00 K, 1 am, S1, a=8.6978E-05)

+0.00000 mol C _diamond FACT
(623.00 K, 1 am, S2, a=3.8754E-05)

+0.00000 mol UQO3 alpha solid(s) RMCB
(623.00 K, 1 am, S1, a=1.6046E-07)

+0.00000 mol U308 solid(s) RMCB

(623.00K, 1 atm, S1, a=3.1434E-09)

The cutoff concentration has been specified to 1.0000E-20

khkkhkkkhhkkhhkkhhkhhhhhhhhhhhhhhhhhhkhhhhhhhhkhhhdhhhhhdhhhhhdhddrhhrdhrdx

H G Vv s Cp
©) ) (litre) (JK) (JK)

kkkkkhkhkhhhhkhkkkkhkhkhhhhhhhhhhdhhhdhhhhhhdddhdddhhhhhdxddddddhhhhhkxxxx

-2.14102E+06 -2.31227E+06 2.55610E+00 2.74879E+02 1.61735E+02

Total mass/gram = 542.26
Total mass/gram excluding gas = 540.06

T =623.00K
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P = 1.00000E+00 atm
V = 2.55610E+00 dm3

STREAM CONSTITUENTS AMOUNT/moal

uo2 1.9000E+00
uo3 1.0000E-01
C 5.0000E-02

EQUIL AMOUNT MOLE FRACTION FUGACITY
PHASE: gas ideal mol am
CO2_FACT 4.9999E-02 9.9998E-01 9.9998E-01
CO _FACT 1.1475E-06 2.2950E-05 2.2950E-05
TOTAL: 5.0000E-02 1.0000E+00 1.0000E+00
PHASE: Fluorite mol MOLE FRACTION ACTIVITY
uo2 2.0000E+00 1.0000E+00 1.0000E+00
uo3 1.1475E-06 5.7376E-07 2.5942E-12
uo 1.8740E-32 9.3699E-33 9.3699E-33
TOTAL: 2.0000E+00 1.0000E+00 1.0000E+00

mol ACTIVITY

U409_solid(s) RMCB 0.0000E+00 6.2364E-04
U307_soalid(s)_ RMCB 0.0000E+00 2.5226E-04
C_graphite(s) FACT 0.0000E+00 8.6978E-05
C_diamond(s2)_FACT 0.0000E+00 3.8754E-05
UO3_apha solid(s) RMCB 0.0000E+00 1.6046E-07
U308 _solid(s) RMCB 0.0000E+00 3.1434E-09

khkkhhkkkhhkkhhkhhkhhhdhhhhhkhhhhhhhhhhhhhhhhhhdhhhdhhdhhdhhhhddhhdhhdhrdrdhxdxx

Cp EQUIL H_EQUIL SEQUIL G_EQUIL V_EQUIL
JK-1 J JK-1 J dm3

kkkkkhkhkhhhhkhkhkkkhkkhhhhhhhhhhddhdhdhhhhhhkhkdkhdddhhhhhhxhkdkhddddddhhhrdxxxxk

1.61735E+02 -2.14102E+06 2.74879E+02 -2.31227E+06 2.55610E+00

Mole fraction of system components:
gas idead Fluorite

U 4.3731E-33 0.33333
O 0.66666  0.66667
C 0.33334  0.00000

The cutoff limit for phase or gas constituent activitiesis 1.0000E-20

D-2: Thermogravimetric analyzer (TGA) thermodynamic equilibrium computations:
To achieve a stoichiometric deviation of x=0.1in a samplethat hasa mass of 107 mg
(test #25):

T=1273.00K
P = 1.00000E+00 atm



3.963E-4 UO2+ 2E-502 =

0.00000 mol gas idea
(1273.00K, 1 atm, a=1.9940E-08)
(19712E-08 02
+2.1368E-10 UO3
+15010E-11 O
+1.1225E-16 UO2
+9.8805E-22 O3
+1.3225E-29 UO
+1.8259E-42 U)

+ 3.9630E-04 mol Fluorite
(0.10765 gram, 3.9630E-04 mol)
(1273.00K, 1 atm, a=1.0000)
(0.89907 uo2
+0.10093 uo3
+ 1.2605E-17 UO)

System component  Mole fraction Mass fraction
U 0.32248 0.87626
0 0.67752 0.12374

The cutoff concentration has been specified to 1.0000E-75

Data on 1 product species identified with "T" have been extrapolated

khkkkkhkkhkhhkhkhkkkhkhkhkhhhhhhhhhhhhhhhhhhhhhhhhkhhhdhhhhhrhkhkhkhkhhhdhrrrrxx

H G Vv s Cp
) @ (ite)  (IK)  (IK)

khkkkhkkkhkkhhkkhhkkhhkkhhkhkhkkhhkhkhkkhhkhhkhhkhhkkhkhkkhhhkdhkkhhkkhhkkhhkkhkkkhkkhkkkdkx*x%x

-4.04696E+02 -5.05277E+02 0.00000E+00 7.90117E-02 3.58981E-02

Total mass/gram = 0.10765

380

T=1273.00K
P = 1.00000E+00 atm
V = 0.00000E+00 dm3

STREAM CONSTITUENTS AMOUNT/mol

uo2 3.9630E-04
02 2.0000E-05
EQUIL AMOUNT MOLE FRACTION FUGACITY
PHASE: gas ideal mol am
02 0.0000E+00 9.8853E-01 1.9712E-08
uo3 0.0000E+00 1.0716E-02 2.1368E-10
o] 0.0000E+00 7.5273E-04 1.5010E-11
uo2 0.0000E+00 5.6293E-09 1.1225E-16
03 0.0000E+00 4.9550E-14  9.8805E-22
uo 0.0000E+00 6.6321E-22 1.3225E-29

U 0.0000E+00 9.1566E-35 1.8259E-42



TOTAL: 0.0000E+00 1.0000E+00  1.9940E-08
PHASE: Fluorite mol MOLE FRACTION ACTIVITY
uo2 3.5630E-04 8.9907E-01 8.7593E-01
uo3 4,0000E-05 1.0093E-01 1.6935E-06
uo 4.9953E-21 1.2605E-17 3.9147E-17
TOTAL: 3.9630E-04 1.0000E+00  1.0000E+00
PHASE: Liquid mol MOLE FRACTION ACTIVITY
uo2 0.0000E+00 9.9006E-01 1.7622E-02
uo3 0.0000E+00 9.9427E-03 1.7104E-06
uo 0.0000E+00 1.6183E-18 2.8544E-20
U 0.0000E+00 3.8176E-52 1.2186E-28
TOTAL: 0.0000E+00 1.0000E+00 1.7807E-02

mol ACTIVITY
U409_solid(s) 0.0000E+00 4.7563E-01
U307_solid(s) T 0.0000E+00 1.6953E-01
U308 _solid(s) 0.0000E+00 1.8624E-02
UO3_alpha solid(s) 0.0000E+00 4.5319E-03
U_solid-c_cubic(s3) 0.0000E+00 1.3134E-28
U_beta-solid_tetrago(s2) 0.0000E+00 1.1932E-28
U_apha-solid orthorh(s) 0.0000E+00 1.0983E-28

khkkkkhkkhkhhkhkhhkkhkhkhhhhhhhhhhhhhhhhhhhhhhhkhkkhkhhhhhhhhrhhkhkhhkhhhhhhrhrkxrkxk

Cp EQUIL H_EQUIL SEQUIL G_EQUIL V_EQUIL
JK-1 J JK-1 J dm3

khkkkkkkhkkhhkkhhkkhhkkhhkkhkkhhkhkhkkhhkhhkkhhkhhkkhhkkhhkkhhkkhhkkhhkkhhkkhhkkkhkkhkkkdkkhkhkkkx*x

3.58981E-02 -4.04696E+02 7.90117E-02 -5.05277E+02 0.00000E+00

Mole fraction of system components:

Fluorite
U 0.32248
(@] 0.67752

The cutoff limit for phase or gas constituent activitiesis 1.0000E-75

Data on 1 constituent marked with 'T" are extrapolated outside their valid
temperature range
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To achieve a stoichiometric deviation of x=0.01 in a sample that have a mass of 107 mg:

3.963E-4 UO2 + 2E-6 O2 =

0.00000 mol gas idea
(1273.00K, 1 atm, a=8.9627E-11)
(7.3920E-11 02
+1.4787E-11 UO3
+9.1916E-13 O
+1.2685E-16 UO2
+2.2690E-25 O3
+2.4404E-28 UO
+55021E-40 U)
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+ 3.9630E-04 mol Fluorite
(0.10708 gram, 3.9630E-04 mol)
(1273.00K, 1 atm, a=1.0000)
(10.98991 uo2
+1.0093E-02 UOS
+6.4409E-16 UO)

System component  Mole fraction Mass fraction
U 0.33222 0.88097
@] 0.66778 0.11903

The cutoff concentration has been specified to 1.0000E-75

Data on 1 product species identified with "T" have been extrapolated

khkkhhkkkhhkkhhkkhhkhhhkhhhhhhhhhhhhhhhkhhhhhhdhhhhhdhhhhhdhhhhhdhddrhdhrdhrdx

H G Y s Cp
) @ (ite)  (IK)  (IK)

kkkkkhkhkhhhhkhkkkkhkhkhhhhhhhhhhdhhhhhhhhhhhddhdddhhhhhdxhdddddhhhhrhkxxxx

-3.99573E+02 -4.96311E+02 0.00000E+00 7.59916E-02 3.40258E-02

Total mass/gram = 0.10708

T=1273.00K
P = 1.00000E+00 atm
V = 0.00000E+00 dm3

STREAM CONSTITUENTS AMOUNT/mol

uo2 3.9630E-04
02 2.0000E-06
EQUIL AMOUNT MOLE FRACTION FUGACITY
PHASE: gas idedl mol am
02 0.0000E+00 8.2475E-01  7.3920E-11
uo3 0.0000E+00 1.6499E-01 1.4787E-11
o] 0.0000E+00 1.0255E-02 9.1916E-13
uo2 0.0000E+00 1.4153E-06 1.2685E-16
03 0.0000E+00 2.5316E-15 2.2690E-25
uo 0.0000E+00 2.7229E-18 2.4404E-28
U 0.0000E+00 6.1389E-30 5.5021E-40
TOTAL: 0.0000E+00 1.0000E+00 8.9627E-11
PHASE: Fluorite mol MOLE FRACTION ACTIVITY
uo2 3.9230E-04 9.8991E-01 9.8985E-01
uo3 4.0000E-06 1.0093E-02 1.1719E-07
uo 25525E-19 6.4409E-16 7.2241E-16
TOTAL: 3.9630E-04 1.0000E+00 1.0000E+00
PHASE: Liquid mol MOLE FRACTION ACTIVITY
uo2 0.0000E+00 9.9933E-01  1.9914E-02
uo3 0.0000E+00 6.7095E-04  1.1836E-07
uo 0.0000E+00 2.7885E-17 5.2674E-19

U 0.0000E+00 6.2309E-50 3.6723E-26
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TOTAL: 0.0000E+00 1.0000E+00 1.9927E-02
mol ACTIVITY
U409_solid(s) 0.0000E+00 4.7501E-02
U307_solid(s) T 0.0000E+00 1.4982E-02
UO3_alpha solid(s) 0.0000E+00 3.1362E-04
U308 _solid(s) 0.0000E+00 1.0079E-04
U_solid-c_cubic(s3) 0.0000E+00 3.9578E-26
U_beta-solid_tetrago(s2) 0.0000E+00 3.5956E-26
U_apha-solid orthorh(s) 0.0000E+00 3.3098E-26

khkkkkhkkhkhhkhkhhkkhkhkhkhhhhhhhhhhhhhhhhhhhhhhhhkhkhkhkhhhhhhhrkkkhhhhhhhhrrkxrxk

Cp EQUIL H_EQUIL SEQUIL G_EQUIL V_EQUIL
JK-1 J JK-1 J dm3

khkkkhkkkkhkkhhkkhkkhhkkhhkkhkkhhkhhkkhhkhhkkhhkhhkkhhkkhhkhkdhhkkhhkkhhkkhhkkhhkkkhkkhkkkdkkkhkkkx*x

3.40258E-02 -3.99573E+02 7.59916E-02 -4.96311E+02 0.00000E+00

Mole fraction of system components:

Fluorite
U 0.33222
(@] 0.66778

The cutoff limit for phase or gas constituent activitiesis 1.0000E-75

Data on 1 constituent marked with 'T" are extrapolated outside their valid
temperature range

Carrier gasfrom gas bottle calculation:

The achieve x=0.1 the oxygen partial pressure of the gas needsto be 1.9712E-08 (page 380) at
T=1273 K over the UO, batch.

Setting this partial pressure in the gas products, theinitial partial pressure of oxygen in the
reactants, at room temperature, was calculated:

1E6 Ar + 2000 H2 + 2 H20 + 999.65 02 =

1.0020E+06 mol gas_ided

(3.9984E+07 gram, 1.0020E+06 mol, 1.0468E+08 litre, 3.8196E-04 g/ml)
(1273.15K, 1am, @a=1.0000)
(10.99800 Ar
+1.9972E-03 H20
+7.4789E-07 H2
+1.9910E-08 O2
+1.9526E-08 OH
+6.1458E-10 H
+15128E-11 O
+5.9851E-14 HOO
+1.2449E-14 HOOH
+1.0046E-21 0O3)

The cutoff concentration has been specified to 1.0000E-75
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khkkhhkkhhkhkdhhkhhkhdhhhdhhdhhhhhdhhdhhdhhdhhdhhdhhdhhdhhhhhdhddhhdhhdddhhdddhhdx
H G Vv s Cp
) @ (ite)  (IK)  (IK)

khkkkhhkkkhhkkhhkkhhkhhhkhhhhhkhhhhhkhhhhhkhhhhhhhhkhhhdhhhhhdhhhhhdhddrhhrdhrdx

1.98579E+10 -2.16332E+11 1.04681E+08 1.85516E+08 2.08758E+07

Total mass/gram = 3.9984E+07

T=1273.15K
P = 1.00000E+00 atm
V = 1.04681E+08 dm3

STREAM CONSTITUENTS AMOUNT/mol

Ar 1.0000E+06
H2 2.0000E+03
H20 2.0000E+00
02 9.9965E+02

EQUIL AMOUNT MOLE FRACTION FUGACITY
PHASE: gas ideal mol am
Ar 1.0000E+06 9.9800E-01 9.9800E-01
H20 2.0012E+03 1.9972E-03 1.9972E-03
H2 7.4939E-01 7.4789E-07 7.4789E-07
02 1.9950E-02 1.9910E-08 1.9910E-08
OH 1.9565E-02 1.9526E-08 1.9526E-08
H 6.1581E-04 6.1458E-10 6.1458E-10
(0] 15158E-05 1.5128E-11 1.5128E-11
HOO 5.9970E-08 5.9851E-14 5.9851E-14
HOOH 1.2474E-08 1.2449E-14 1.2449E-14
o3 1.0067E-15 1.0046E-21 1.0046E-21
TOTAL: 1.0020E+06 1.0000E+00 1.0000E+00

khkkkkhkkhkhhkhkhhkkhkhkhkhhhhhhhhhhhhhhhhhhhhhkhkhkhkhkhkhhhhhhhrhhkhkhhkhhhhhhrrrxrxk

CpEQUIL H_EQUIL SEQUIL GEQUIL V_EQUIL
JK-1 J JK-1 J dm3

khkkkhkkkkhkkhhkkhhkkhhkkhhkhkkhhkhhkkhhkhhkkhhkhhkkhkhkkhhkkhkkhhkkhhkkhhkkhhkkkhkkhkkkdkkhkhkkkx*x

2.08758E+07 1.98579E+10 1.85516E+08 -2.16332E+11 1.04681E+08

Mole fraction of system components:

gas ided
Ar 0.99403
o] 1.9894E-03
H 3.9801E-03

The cutoff limit for phase or gas constituent activities is 1.0000E-75




Now the oxygen partial pressureiscalculated that isrequired at the SGM5EL
electrolysiscell at T=1023.15K:

1E6 Ar + 2000H2 + 2H20 + 999.65 02 =

1.0020E+06 mol gas ided
(3.9984E+07 gram, 1.0020E+06 mol, 8.4126E+07 litre, 4.7529E-04 g/ml)
(1023.15K, 1 atm, a=1.0000)
(10.99800 Ar
+1.9973E-03 H20
+6.9861E-07 H2
+27033E-11 OH
+3.4525E-12 H
+2.3585E-13 02  (=2.35x107 ppm reading regired on the SGM5EL electrolysis cell)
+15099E-16 O
+3.5459E-18 HOOH
+7.1175E-19 HOO
+1.4813E-30 0O3)

The cutoff concentration has been specified to 1.0000E-75

khkkkhkkkhkkhhkkhhkkhhkkhhkhkhkkhhkhkhkkhhkhhkhhkhhkkhkhkkhhhkdhkkhhkkhhkkhhkkhkkkhkkhkkkdkx*x%x

H G Vv s Cp
) @ ((ite)  (IK)  (IK)

khkkhkkkhhkhhkkhhkhhkhhhhhhhhhhhhhhhkhhhhhhhhhhhdhhhhhdhhhhhdhddrhdhxdkrdx

1.46398E+10 -1.70503E+11 8.41256E+07 1.80953E+08 2.08692E+07

Total mass/gram = 3.9984E+07
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T=1023.15K
P = 1.00000E+00 atm
V = 8.41256E+07 dm3

STREAM CONSTITUENTS AMOUNT/mol

Ar 1.0000E+06
H2 2.0000E+03
H20 2.0000E+00
02 9.9965E+02

EQUIL AMOUNT MOLE FRACTION FUGACITY
PHASE: gas idea mol am
Ar 1.0000E+06 9.9800E-01 9.9800E-01
H20 2.0013E+03 1.9973E-03 1.9973E-03
H2 7.0001E-01 6.9861E-07 6.9861E-07
OH 2.7087E-05 2.7033E-11 2.7033E-11
H 3.4594E-06 3.4525E-12 3.4525E-12
02 2.3633E-07 2.3585E-13 2.3585E-13
(0] 15130E-10 1.5099E-16 1.5099E-16

HOOH 3.5530E-12 3.5459E-18 3.5459E-18
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HOO 7.1317E-13 7.1175E-19 7.1175E-19
o3 14843E-24 1.4813E-30 1.4813E-30
TOTAL: 1.0020E+06 1.0000E+00 1.0000E+00

khkkkhhkkkhhkkhhkhhkhhhdhhhhhkhhhhhhhhhhhhhhhhhhhhhdhhhhhdhhhhhdhhhdhddhrdrdhxixxx

Cp EQUIL H_EQUIL SEQUIL G_EQUIL V_EQUIL
JK-1 J JK-1 J dm3

kkkkhkkhkhkhhhhkhkkkkhkhhhhhhhhhhkddhdhdhhhhhhhkdkhdddhhhhhhxddkhddddddhhhkxxxxxx

2.08692E+07 1.46398E+10 1.80953E+08 -1.70503E+11 8.41256E+07

Mole fraction of system components:

gas ided
Ar 0.99403
o] 1.9894E-03
H 3.9801E-03

The cutoff limit for phase or gas constituent activities was set to 1.0000E-75
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APPENDIX E: Test Report of Zircaloy-4 Material

Test report for Zircaloy-4 material used to make the impact tightened sliding wedges [188].

v B0 a0 Fns= 320
b Atomic Enerihof Ca@@ﬁf“;‘] \\ !] ﬁ;‘?‘TELEDYNE
AERASS Chalk River Nuclear Laboratories WAH CHANG ALBANY

Chalk River, Ontario P. 0. BDX 460
Canada ALBANY, OREGON 97321
(503) 928-4211 TWX (510) 595.0973

W.L. McKinnon

ATTENTION OF:

IN REGARD TO YOUR PURCHASE orpeER N0 CR280 10287 oATE January 5, 1979
ITEM NO 1 - DATE SHIPPED Ref. P.L. #gg
*DESCRIPTION Zircaloy-4 Plate: QUANTITY SHIPPED 4 pcs. 257.0 1bs.
DIMENSIONS ,375"thk. x R/W x R/L PROGUGTION ORDER NO 1606

SPECIFICATIONS

ASTM B352-67 & P.O0.

THE TEST REPORT FOLLOWS:

* Hot rolled, Conditioned & Annealed

HEAT MO
Macs No.

208643Q Zr4
72807

Total Area Shipped: 2747.7 Sq. In.
INGOT- ANALYSIS
COMPOSITION IN PERCENT

Spec~ Top- - Middle -- Bottom
Sn 1.20-1.70 1.61 ©1.53 1.64
Fe.- 0.18-0.24 0.22 0.21 0.20
Cr- 0.07-0.13 0.11 0.10 0.10
Fe+Cr- 0.28-0:37 0.33 0.32 0.29

ir BALANCE

IMPURITIES .IN PPM
Al 75 40 43 43
B 0.5 €0.25 - <0.25 <0.25
Cd 0.5 €0.25 €0.25 <0.25
4 270 110 110 120
Co 20 <10 <10 <10
Cu 50 14 14 17
Hf 200 57 65 52
H 25 7 "8 .6
Mn 50 €25 <25 <25
Ni 70 <35 <35 <35
N 80 29 35 31
Sq 120 82 101 100
Ti 50 <25 <25 <25
W 100 <50 <50 <50
] 3.5 1.2 —— e
0 -—- 1240 1290 1360
it # h_/
i e Thy /@90/
1ér

fi

Charles Kapp
Quality Assurance Dept.
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APPENDIX F: Slotted Ring Specimen Preparation Procedure

Each Zircaloy dlotted ring specimen was specified to be 5.0+0.1 mm wide with a
2-2.5mm dlot cut initsaxial direction so that awedge could be used to apply a stressin the

specimen’ s transverse direction.

The following materials were required for the cutting of the Zircaloy sheathing:

1 Zircaloy sheath
2. Fine sandpaper (Silicon Carbide 600 grit)
3. Diamond blade cutting oil
4, Wrench
5. Diamond saw blade
6. Precision diamond saw (shown in Figure 160)
7. Saw clamp and allen key
8. Calipers for measuring specimen width and slot width
stroke depth
knob
cutting
weight
clamp arm
clamp
|ateral saw blade
position
knob

Figure 160: Zircaloy sheathing cutting appar atus; the Buehler ISOMET 1000 Precision Saw

For cutting CAMECO 37-element fuel sheathing into individual specimens, an UKAM
Industrial 6”x0.032"x0.5” diamond wafering blade was attached to a Buehler ISOMET 1000
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precision saw. The UKAM blade was then tightened between two metal spacers. Cutting
oil was used for this job. The sheath tube was then held in position by a clamp so individual
rings could be cut off (see Figure 161 (a)). The clamp screws were tightened enough to hold

the tube in place but not tight enough to plastically deform it.

(@) clamp bracket (b)

clamped specimen clamped ring undergoing a slot cut
Figure 161: (a) Cutting aring from a sheath tube and (b) cutting a slot in aring

For the cutting process a saw speed of 425 RPM and a cutting weight of a 100 grams were
selected (Figure 160). Once a specimen ring was cut from a sheath-tube the cut edges were
smoothed and deburred by hand using 600 grit sandpaper. The Zircaloy ring was then
repositioned in the saw clamp and the clamp bracket was reversed as shown in Figure 161 (b)

so that aslot was cut out in the ring axial direction.

The prepared slotted ring specimens were then wiped with kim-wipe paper to remove
cutting oil and dirt. For final cleaning the specimens were then inserted in an ethanol filled
beaker, which was inserted into an ultrasonic water bath set at 45°C for duration of 30

minutes. The specimens were then removed and allowed to dry.
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APPENDIX G: Specimen Hardness M easur ements

(1) Asreceived specimens

A ready made dlotted ring of a Pickering type sheath (type-1) was cut into three pieces
and partialy flatted so they could be loaded onto the indentation tester. Table 39 provides the

hardness test results for this specimen type.

Table 39: Hardness Rockwell measurements of Pickering type sheathing

measured value mean SD SDOM (error)
88.55, 87.45, 87.80,
88.70, 86.20, 87.00,
88.00, 88.10, 90.30,
88.40, 88.60, 88.00

HRB 88.1 1.0043 0.3

A dlotted ring prepared in-house from Cameco type sheathing (type-2) (see specimen
preparation detailed in Appendix F) was cut into two pieces for the hardness test: one short
and one long. The long piece was partially flattened into a strip, which was loaded onto the
indentation tester. Table 40 provides the hardness measurement results of a Cameco sheath

specimen.

Table 40: Hardness Rockwell measur ements of Cameco type sheathing

measured value mean SD SDOM (error)

85.00, 85.80, 86.20,
86.50, 85.40, 86.90, 88.50

HRB 86.3 1.1543 04

The third sheathing type that was available was CANFLEX fuel sheathing. It was provided as
ready made dlotted ring specimens. A specimen was cut into three pieces that were not
flattened and were loaded onto the indentation tester. Table 41 provides the hardness
measurements of a CANFLEX sheath specimen.
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Table 41: Hardness Rockwell measurements of CANFLEX type sheathing

measured value mean SD SDOM (error)
90.00, 90.60, 89.30, 90.50,
HRB | 8960, 89.80, 90.60, 89.30 90.0 0.5528 0.2

(i)  Stressed and heat treated specimens

Indentation hardness tests were also performed on specimens that were exposed to
623 K (350°C) temperature and ~489 M Pa of transverse stress (when initially at room
temperature) for 5 days. Table 42 provides the hardness measurements of a Pickering type
sheath material (type-1) after this heat and stress treatment.

Table 42: Hardness Rockwell measurements of a Pickering type sheathing after exposureto

623 K temperature and 489 M Pa of transver se stress

measured value mean SD SDOM (error)
HRB 90.45, 90.40, 90.50, 90.80 90.4 0.3276 0.2

A similar measurement was made on a Cameco type sheath specimen that was exposed
to 623 K (350°C) heat and ~500 M Pa of transverse stress (when initially at room temperature)
for 5 days. Table 43 shows the hardness measurements of a Cameco sheath specimen
(type-2):

Table 43: Hardness Rockwell measurements of a Cameco type sheathing after exposureto 623 K

temperature and 500 M Pa of transver se stress

measured value mean SD SDOM (error)

87.60, 87.50, 87.90, 87.00,
8720 87.4 0.3507 0.2

HRB
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APPENDI X H: XRD Basic Operation

In XRD, when a beam of X-rays impinges on a solid material, a portion of the beam
will be scattered in all directions by the electrons associated with each atom or ion that lies
within the path of the beam [133]. In Figure 162 the necessary conditions for diffraction of X-

rays by a periodic arrangement of atoms is considered.

1
Incident
beam

—-O----O--=-O=--O----0----O---O

Figure 162: Diffraction of X-raysby planesof atomsin a crystal structure, taken from [133]

In the figure, two atom planes are considered: A-A' and B-B'. Incident on these two
atom planes are parallel, monochromatic and coherent (in-phase) beams of X-rays of
wavelength A at an angle 6 to the surface. The two raysin thisfigure that are labeled 1 and 2
are scattered by atoms P and Q. Constructive interference of the scattered rays 1' and 2' only
occurs at the angle 6 if the path length difference between 1-P-1' and 2-Q-2' isequal to a
whole number n,; of X-ray wavelengths. In other words, noA = SQ + QT. Expressing this

relationship in terms of the angle 6 gives us the so-called Bragg's law:
n,A=d,,sné+d,, sinf =2d,,sn6 (217)

In this equation, ny isthe order of reflection, which may be any integer (1,2,3,....). Thus, this

simple expression relates the X-ray wavelength and interatomic spacing dng to the angle of
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the diffracted beam. If the Bragg law is not fulfilled then the interference will be non-
constructive and will yield avery low intensity diffracted beam [133].

In XRD, crystalline substances have to have a minimum crystallite size, somewhere
between 0.002 to 0.005 mm. XRD is used on single crystal substances (when there are no
grain boundaries) and on polycrystalline materials or powdered crystalline substances (i.e.,
materials constructed from numerous grains or where each powdered particleis agran).
Having alarge number of grains with random orientations ensures that some particles are
properly oriented so that every possible crystallographic plane will be available for
diffraction. XRD cannot be used to determine structure in an amorphous material such as
glass. Aninstrument called a diffractometer uses the Bragg relationship to determine and

analyze an average bulk structure of long-range ordered materials.

A Scintag X-ray diffractometer at the RMC was used for this purpose. In the 6-0
method, the sample positioned on the sample holder is maintained constant in the horizontal
direction (see Figure 163) and both the X-ray source and the X-ray detector are moved by a
goniometer and maintained at an angle 6 so that the angle of incidence (from the X-ray

source) and the angle of reflection (to the X-ray detector) are aways equal.

x-ray tube detector ,r\

focusing
radius

Figure 163: Goniometer in -0 configuration used in the XRD, taken from [207]
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As the goniometer moves the X-ray tube and counter at constant angular velocity, a
recorder automatically reads the diffracted beam intensity. High intensity counts or peaks on
the plot result when the Bragg diffraction condition is satisfied by crystallographic planesin

the suitable orientation.

Figure 164 provides a second XRD scan of the Pickering 28-element sheath material
(type-1 specimen) but this time the outside surface of three 15-mm long, 5-mm wide,
flattened sheathing pieces were laid one next to each other paralel to the direction of the

X-rays. In other words, the sheath transverse direction was positioned paralldl to the X-rays.

File: Zr_7, ID: Zr_7
Date: 062012 13:20 Step : 0.020° Cnt Time: 4.000 Sec.
Range: 30.00 - 71.00 {Deg) Cont. Scan Rate : 0.30 Deg/min.
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Figure 164: Diffraction pattern scan of a Pickering slotted ring sheath material (type-1) when
specimen outer surface, exposed to X-rays, is positioned parallel to the sheath transver se

direction

If the two Pickering sheath material scans, Figure 132 and Figure 164 above, are
compared it is observed they are very similar. Specifically, the first three peaks on the left
side (at angles 31.95°, 34.83°, 36.51°) are almost identical in location and in relative
intensities to one another. The next three peaks (at angles 47.99°, 56.93° and 63.53°) agreein

peak location but are alittle lower in intensity in Figure 164. It is also observed thereisa
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noticeabl e difference between the two scans. Specifically, the scan in Figure 164 almost
lacks the peaks at 68.53° and 69.58° that show up in the scan in Figure 132. This may suggest
that the texture in these samples differs slightly in the sheath axial and transverse directions or
that the orientation of the samples on the XRD in the Figure 164 scan was exposed less to the

X-rays.

The last XRD scan presented is the scan of CANFLEX sheathing (type-3 sheathing
material). Table 44 provides the designation and dimensional information of the type-3

specimens.

Table 44: Identification and basic dimensions of type-3 Zircaloy specimen

Specimen type # | dentification number Outside diameter | Wall thickness| Axial width
[mm] [mm] [mm]
3.) CANFLEX 43- PO# 188909, QA#
element type sheath 208168 11.00+0.05 0.40+0.01 5.0+0.1

From Figure 165 the XRD scan of the type-3 specimen looks very similar to the
Cameco type-2 sheathing scan (as see in Figure 133) in both the number of observed peaks
and their relative intensities, especialy a strong basal plane signal.
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Figure 165: Diffraction pattern scan of a CANFLEX dlotted ring sheath material, inner sheath

surface exposed to X-rays, perpendicular to the sheath transver se direction

Hence, the crystal texture of the Cameco and CANFLEX Zircaloy materials are quite similar.

Thisis not surprising since these two sheath materials where probably manufactured with the

more current and similar manufacturing processes. The Pickering sheath material (type-1) on

the other hand may have been manufactured some 30-40 years earlier (the exact date is not

known).
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APPENDIX I: The Unit Load Method

The unit load method [138] is used to derive the expressions for force and stress vs.
displacement (or opening displacement) of the slotted Zircaloy ring. The unit load method is a
convenient way of calculating deflections and it is particularly well suited to problems
involving rings and arches. Usually the arc is less than a complete circle and its cross section
dimensions are small in comparison with the radius of the arc. Let Dy represent the desired
deflection, be it trandation or rotation. For abeam or arc of length L the deflection is given by
Eqg. (218), where from left to right the first and second terms are the bending moment
contributions, the third term is the torque contribution, the forth term is the axial force

contribution and the fifth and six terms are the transverse shear force contribution'.

L k\V.
D I ymy M mz Tt Nn ML Ty yVy szsz dx (218)
0 GJ EA GA GA

More specifically M, T and N are the bending moment, torque, and axial force, respectively,
due to the actual load and m, t and n are the bending moment, torque and axial force,
respectively, due to the unit load. E is the Y oung’'s modulus, Iy and |, are the moments of
inertia about the y and z axes, respectively, G is the shear modulus, J is the polar moment of
inertia, A isthe cross section of the ring and ky and k; are the transverse shear factors.
Figure 166 (a) shows the dotted ring placed in the xy plane where aforce Fy is acting in the

vertical direction to open the ring at the slotted surface a distance or deflection D,

Internal actions are determined from conditions of static equilibrium, by summing
forces and moments with reference to radial, axial and zdirectionsat a‘cut’ part of the ring.
Figure 166 (b) provides afree body diagram of the relevant forces acting on a‘cut’ part of the

ring body from points p to point g, where N is the axial force acting through the ring cross

"For the stated variables please refer to the descriptions of the abbreviations/symbols provided in this appendix
text, since theses abbreviations/symbols don’t have the added subscripts as used in the body of the thesisor in
the abbreviations/symbols tables at the beginning of the thesis.
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section, Vg istheradia force acting in the plane of the ring cross section, M, is an out-of -

plane moment and C,, C,, and C, are corresponding reaction moments to maintain static
equilibrium.

@

2
N N
q
R Py
Z ¢ 7 p Fx CX X
z c.
~ e

Figure 166: (a) Slotted ring with applied for ce and resulting deflection and (b) free body for ces
to point g on the slotted ring (b)

The double headed arrows indicate a bending moment or atorque. The static equilibrium
equations of the forces depicted in Figure 166 (b) are summed up in EqQ. (219) [138].

N =F, sing — F, cos¢
Vg =—F,cosp - F, sing
V, =-F

z z

(219)
Mg =F,Rsing —C, cosx-C, sing

M, =—F,Rsing - F R(1- cos¢)-C,
T =—F,R(1- cosg)+ C,sing — C, cos¢

Some of the forces depicted in Figure 166 (b) for the current problem are redundant,
specificaly, F,=F~C,=C,=0, hence Eq. (219) simplifiesto Eq. (220).
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N =—F, cos¢
Vi =-F, sing (220)
M, =—F,R(1- cos¢)-

The bending moment m, torquet, axial force n, and radial force v due the unit load seen
in EQ. (218), are essentially the rates of change of M, T, N and V with respect to the reaction
forces F;. By applying Castigliano’ s theorem [138], the unit load forces can be derived by

using Eq. (221), where A, represents the rates of change and U” isthe generic force or

bending moment.

ou’
R (220)
Thus, the values n, vg and m, are derived in Egs. (222).
_ON _ 0
F, cos —CoS
- e ong) e
oV, © :
V, =Vg=—"=—I[-F,€in —-sin
y =Vr = oF, " oF, (- $)=-sing (222)
oM 0
=—2=— R(1-cos 1-cos
m, =G5 = g, (- PRl cosf) = -RiL-cosy)

Substituting these expressions into Eq. (218), taking dx = Rd¢ and integrating from O to
2n for the circumference of the slotted ring (assuming a small slot width), one can write out

the dlotted ring deflection expression as:

D, = T— g(l— cosg )— R(1— cos¢))Rde +
w g ey (223
J;— E—Z\ cos¢p(— cos¢ )Rd¢ + j yG—A Rd¢

0

which is equivalent to:
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3 271

J'(l cosg)’ d¢+ Icos ddgp + LY y by Ism ¢dg (224)

z 0

D_F
YR

Solving Eq. (224) one obtains Eq. (225), which is rewritten as Eq. (205) in the body of the

thesis.

2
D, = F, 3R 1, (225)
EA GA

The moment of inertia of the ring cross section about the z axis can be cal culated using EQ.
(210).
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APPENDI X J: The Specimen Deflection Tester

Hardware

An OMEGA LD400-1 linear displacement transducer (Figure 137) with a Ni/Fe centra
core pin (centred £1 mm at the middle of the transducer) was used to detect the vertical
displacement of the specimen by the movement of the displacement pin riding on the
deflection tester lever. The transducer was powered by an HP 6236B power supply; the red
wire was connected to +20 terminal and the black wire to a COM terminal, with the
transducer ground wire connected to the HP 6236B ground terminal. The power supply was
connected to an APC uninterrupted power supply in order to filter out any noise and line
source frequencies. The HP 6236B power supply was set using the fine tuning knob to a 22
VDC excitation voltage (not exceeding 24 V) for the transducer, which was maintained at this

voltage for all measurements.

A National Instruments NI 9205 data acquisition card (Figure 167) was used to acquire
the analog transducer voltage signal. The transducer wires were connected to card channels
AlOand Al8.

data acquisition
card (DAQ)
UPS
DAQ card rack power supply

Figure 167: Deflection tester data acquisition card in the card rack and power supply connected

to an APC uninterruptable power supply (UPS)
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Specifically, the transducer green wire was connected to pin 1 and the white wire was

connected to pin 19. The card was installed in aNI cDAG-9172 data acquisition card rack and
the rack was connected via USB cable to a computer running Windows XP running LabView
version 2011, which recorded and transformed the transducer voltage signal to a deflection

distance.
Software

Software interface was provided with a custom made Labview program for reading the

deflection tester output. The control panel is shown in the following figure:

ual...] Front Panel [E]=1l3

measurement - ﬁ
. . @‘ Q@‘ t3pt Appleation Fort + || || S Hg.”% |ﬁ@]
time [ml n] i o i v Fr Time Hapsed n seconds & VOl tage to
7 WrtetoFler | : | coroivodiao  ERG | B EENBEERE i” T distance
@ T T I T Tie dasped i
1 conversion
Physical Channel | | |
l“ i = mean vokage vae ]t ] cor <ot factor
§Em;g\vmua L H + ! T H e
T i o e it |
- % T 1 Measurement file path- ¥ ¥ T T T i
transducer stz st =) mavial tare
voltage [V] Sk . PR . . i entry field
HJlion.00 mean voltage plot Al displ
(raw signal) S ] —g = ' e
transducer .
mean deflection
voltage [V] output in
ag [

l‘;® B 1saem

Figure 168: LabView slotted ring deflection tester control window

The deflection output of the slotted ring specimen is provided in the bottom right window in
Figure 168. The Labview program file was named ‘ Dimensional Program 4, manual tare.vi’.

Use

To execute the program the indicated file name within Labview was opened. The

desired measurement time in “number of minutesto run for” the value (typically 30 minutes)
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was set. The voltage V-to-mm conversion factor of 1.65 was entered and the Labview run-

button (arrow icon) was clicked.

Before placing the specimen on the deflection tester the b dimension (see Figure 134
(a)) was noted. A dlotted ring specimen was installed on the deflection tester jaws (see
Figure 137). A 5 gram weight was installed on deflection tester for calibration and taring. The
transducer mean voltage value was alowed to settle. To tare the system a negative transducer
mean voltage value was inputted into the manual tare entry field. The mean voltage value
field was observed; avalue close to zero was desired. The tare procedure was repeated until
the system stabilized near zero. The displacement scrolling chart was checked to read zero. At
this point the 5 gram weight was replaced with a 50 gram weight and the dlotted ring
specimen displacement was noted down. The corresponding weight and force for this

displacement test was hence 45 g and 0.44 N, respectively.

This procedure was repeated once or twice for additional deflection measurements using
the 50 g (45 g net) mass. The slotted ring specimen was then vertically reversed in the
deflection tester’ s lever and static jaws and additional two-three deflection measurements of
the specimen were taken with the same weight. Mean specimen deflections were then
calculated.

Lastly, the slotted ring specimen was removed from the deflection tester apparatus and a
measurement of the specimen slot distance (the final b valuein Figure 134 (a)) with calipers
was taken to confirm that the specimen did not plastically deform (i.e., that the b gap distance

did not increase after the deflection test was conducted).

The procedure outlined above was repeated for every slotted ring specimen.
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APPENDI X K: The Vacuum Pumping Station for Preparing Evacuated

Glass Ampoules

A vacuum pumping station shown in Figure 169 was used for preparing evacuated glass
ampoules containing stressed Zircaloy dotted rings with sealed iodine vials. In Figure 169 (@)
the vacuum pumping station is setup to evacuate the air and then introduce a specific amount
of gas additive, specificaly oxygen, to the evacuated glass ampoule. The mole amount of the
gas added was calculated by knowing the glass ampoule volume and pressure; the pressure
measured with a diaphragm pressure gauge, and applying the ideal gaslaw. The reason a
diaphragm pressure gauge was used was because it is insensitive to the type of gas measured.
A needle value was used between the gas bottle and glass ampoule volume in order to
introduce small amounts of the additive gasin a controlled manner. Figure 169 (b) shows the
vacuum pumping station setup for preparing evacuated glass ampoules containing stressed
Zircaloy dotted and sealed iodine vias, with no gas additive capability. Vacuum pressure in
this case was measured with an Inverted Magnetron and Pirani vacuum gauge, suitable for
measuring air gas pressures between atmosphere and 1x107 torr. In the current vacuum setup
aVarian V70D turbo molecular pump was connected to the glass ampoule volume viaNW25
(1" internal diameter) vacuum tubing and fittings, which had a pumping speed of about
70 L st in vacuum (Figure 169 (a) and (c)). The pressure gauge displays and controllers as

well as the vacuum pump controller are shown in Figure 169 (c).

Connected downstream to the turbo pump was an Alcatel 2005 Pascal Dual Stage rotary
vane mechanical vacuum pump, which had a pumping speed of 1.8 L s* in vacuum
(Figure 170). The oil vapour trap and the mist eliminator reduced
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@ Inverted
Magnetron and vacuum
Pirani pressure valve
gauge
diaphragm
pressure

gauge

necked down glass ampole
for easy glass blown sedl

NW25 (1" diameter) flex
vacuum hose

glass ampole with
specimens under vacuum
diaphragm

pressure (©
gauge

controller

Inverted
Magnetron and
Pirani pressure
gauge controller

turbo
molecular
pump

turbo molecular

thermocouple pump controller

pressure gauge
contoller

Figure 169: Glass ampoule vacuum pumping and sealing station that holds specimens, (a) to
evacuate air and to introduce a controlled amount of oxygen, (b) to evacuate air only. (c) Shows

the turbo pump and various controllers.
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Figure 170: An Alcatel 2005 Pascal Dual Stage rotary vane vacuum roughing pump

Vacuum pressures of 7x10°® torr to 3x10° torr was achieved in glass anpoules using the
current setup after about 24 hours of vacuum pumping. It isworth noting that with increased
system vacuum conductance by using larger NW40 (1.5” internal diameter) vacuum tubing
and fittings, and with increased vacuum pump speeds, using a larger turbo molecular pump
such asa300 L s* pump, areduced pumping time can be achieved. Also, using conflat
copper seals and fittings instead of quick flange elastomer seals and fittings will reduce

vacuum chamber outgassing times.

Before vacuum pumping was conducted on the glass tube containing the stressed
Zircaloy dotted rings, the sealed iodine vials and any additive (if included), a pre vacuum
pumping tube neck-down was conducted. It was not possible to glass blow theinitial 1”
outside diameter medium walled glass tube, while vacuum pumping, and achieving a good
seal in a one-step procedure. Thisis because experience showed that a one-step sealed glass
ampoule would fail while being baked in the tube furnace. Instead a two-step glass blowing
sealing procedure was adopted. Thisinvolved inserting the specimens and iodine vial in the
glass tube with one end already glass blown shut and then glass blowing the tube down in
diameter at a selected point along the tube until a 2-4 mm inside diameter neck was achieved.
See again Figure 139 for a neck-down glass ampoule with specimens and iodine vial before

sealing under vacuum. This was them fitted onto the vacuum pumping station and the pumps
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turned on. When a suitable pressure was achieved the vacuum valve, seen in Figure 169
(b), was closed. Next, the necked-down glass was heated equally from all sides with the glass
blowing torch (Figure 171 (a) and (b)), so that with increased glass temperature and the
atmospheric pressure acting on the outside surfaces, the glass tube collapsed on itself and a
seal was created. It was important to remember to close the vacuum valve (Figure 169 (b)), as
mentioned above, since any fracture of the glass at this stage could expose the turbomol ecular
pump to atmospheric pressure, which would cause damage to the pump. While this was done
the glass ampoule below was gently twisted until it was detached from the top glass portion of
the tube. The last stage of the process was the gentle and equal heating of the glass sed
vicinity by applying aflame with areduced temperature (a yellow flame instead of a blue
flame by adjusting the fuel to oxygen ratio) for an additional 30-60 seconds. Thisimportant
last step eliminated/reduced the internal stressesin the glass seal and reduced the chances a

failure of the glass ampoule when it was later baked in the furnace.

Figure 171: Thefinal stage of preparing the evacuated glass ampouleis (a) glass blowing shut
the pre necked-down glass portion (as conducted by Tim Nash in the picture) by (b) constantly

moving the flame back and forth equally across the glass neck.
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APPENDIX L: TGA Setup for Oxidizing UO, Specimens

Reduction and oxidation of UO, batches was achieved by using a thermogravimetric
analyzer (TGA) and one coulometric titration (CT) electrolysis cell as shown in the following
figure. The instrumentation used in this apparatus includes one upstream Zirox SGM5EL
electrolysis cell (shown in blue), a precision balance scale with a position laser and sensor
(shown in green) and a furnace with aluminatube (shown in red). The term ‘titration’ is
applicable only when a down stream cell is also used [22], which was not the case here. The
advertised resolution of the balance in the £2 g range setting is about 0.02 ug. The noise RMS
in this setting is 0.3 pg and according to [208] the actual uncertainty of the scaleis+1 ug. So

atypica 120 mg sample will have a measurement uncertainty of +0.001 mg.

position laser applied balancing moment balance

and sensor M the UO, weight gain
™ ------ yolk or loss is measured by

_ « / the balance
balance counter weights ___

upstream GSM5EL . TGA furnace

dectrolysis cell Oz ar / heated to 1273K
~N : I
2,000 or 20,000 ppm P v v A
of Hy in Ar—» - ——»
AR \
. Lo . . . auminatube

207 isforced through cell wallsto UO, batch in alumina crucible.
change the gas flow O, pressure. When in oxidizing conditions O,
1023 K cell temperature. isaquired by the UO, sample.

Figure 172: thermogravimetric analyzer (TGA) and coulometric titration (CT) electrolysis cell

Before taring the balance the TGA yolk was allowed to freely tilt around its central axis
while holding an empty crucible. Counter weights were added or subtracted to achieve a near
even balance on each side of the yolk. The instrument was then tared (zeroed) and the crucible
was filled with sample material (UO./U4Og). With the loaded crucible the balance was no

longer ‘balanced’ but the position of the yolk was maintained in a more or less unchanged
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horizontal position due to a counter acting moment M on the balance provided by the
precision acting solenoid. This proportional moment was determined by the position of the
yolk, measured by the position laser and sensor. The mass of the sample was thus determined
by the direct conversion of the applied moment force to weight. As the mass of the sample
decreased (when reduced) or increased (when oxidized) the instrument applied decreasing or
increasing amounts of electrical current to the solenoid, respectively, which was interpreted as

amass change.

The CT cell (shown in bluein Figure 172) uses a given H, to H,O ratio to create stable
oxygen partial pressures at a given temperature. The equilibrium reaction of water and its
constituents can be written as:

2H5(g) + Ox(g) < 2H20(g) (226)

The oxygen partial pressurein this equilibrium system can be found by calculating [22]:

p 2 zG°
Po, = (#] err (227)

Ph,0

where AG° is the standard Gibbs energy change for Eq. (226) at temperature T (the Zirox
SGM5EL CT cell operated at atemperature is 1023 K). Generally, in the CT cell oxygen from
the air isreduced at the outer surface of a ceramic tube made of ZrO, doped with 8% Y ,0s3,
which acts as a solid electrolyte. The electrical current flowing across the tube wall is
proportional to the number of moles of O ions transferred. The oxygen ions making it to the
internal surface of the zirconiatube are then oxidized with the hydrogen flowing with the
carrier gas through the tube. The oxygen reacts with virtually all the hydrogen in the carrier
gas mixture to create water vapour with a small amount of O, left over. The current across the
cell wall continues (due to a control voltage across the cell), and is adjusted, until a preset

target partia pressure of O, isreached in the gas flow.
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Reduction

For the purpose of demonstration the preparation of UO, batch #29 was selected. Here
UO,/U4Og powder was gently packed into a50 ul (50 mm?®) alumina crucible and mounted in
the TGA. Thetared weight of UO,/U4Og powder recorded before the reduction run was
162.266+0.001 mg, as shown in Figure 173.

1200 r 170

—temperature| F 165

e 3 — weight T
1 r 160
800 \ / :

\ [ 155
600 1 E 150
] 7\ \ - 145
400 :
| / | [ 140
200 ;
] ’ \ F 135

0 T T T T T T T T T T T T T T 130
0 1 2 3 4 5 6 7

time [hours]

weight [mg]

temperature [C]

Figure 173: Reduction run temperature and weight of UO,., batch prepared for test 29

Argon gas with 2% (20,000 ppm) hydrogen was used as a carrier gas, which flowed over the
crucible. For this stage of the process the upstream CT electrolysis cell was kept off so that no
oxygen from the air was introduced to the gas flow, i.e., the oxygen partial pressure was
dependent only on the feed gas composition. In this case the oxygen partial pressure (po2) in
the gas flow was ~2x10™° atm (which constitutesis a reducing environment for the UO,/U4Oq
batch). The TGA furnace was ramped to atemperature of 1273 K (1000°C) and the UO,/U4Oq
batch was held there for approximately 2 hours. As one can see from the weight plot in purple
the weight dropped and stabilized at approximately 140 mg during this time. The recorded
spikes in the weight measurement (at about 2.3 and 4.2 hours) were due to momentary
adjustments of the carrier gas flow but this did not interfere with the overall process. Once the
reduction run was complete, which produced a stoichiometric UO, batch, the recorded weight
was 141.523+0.001 mg (a drop of 20.743+0.001 mg).
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Oxidation

The next step of the process was the oxidation of the UO, batch to a target
stoichiometric deviation x (or UO..). Here the carrier gas bottle was switched to a bottle
containing Argon gas with 0.2% (2000 ppm) hydrogen (this bottle had a higher level partial
pressure of oxygen than the previous bottle with the Argon 2% H,, hence it was used). For
this step in the process the upstream Zirox SGM5EL electrolysis CT cell was switched on. In
this case the partial pressures of oxygen (poz) was increased to ~2x10°® atm over the UO,

batch (constituting an oxidizing environment).

For achieving the desired level of oxidation two oxidation runs was applied on the
sample. The first oxidation run had a heating duration of approximately 12 hours at a
temperature of 1273 K (1000°C). To achieve atarget oxygen stoichiometric deviation in the
UO, batch of x=0.1 the required oxygen partial pressure in the furnace was computed to be
2x10°® atm. Since the CT electrolysis cell operated at alower temperature than the furnace (at
1023 K), the gas flowing over the UO; batch had the target oxygen partial pressure of
2.36x10™ atm. The flow rate of the carrier gas was set to approximately 23 cc min™ and the
CT cell current (o) was set to approximately 2.6 mA. See Appendix D-2 for FactSage”®
thermodynamic equilibrium computations for this case. As one seesin Figure 174 the weight
of the UO,, batch was stable in the first two hours of the oxidation process, after which the
weight started to increase. The final weight at the end of the first oxidation run was
141.890+0.001 mg, so the weight gain at this point was 0.367+0.002 mg, which was below
the target weight gain of about 1 mg. Note that he weight at the beginning of this oxidation
run (or the final weight measured in Figure 173) was 141.523+0.001 mg, which is a bit lower
than the initial weight measurement of 141.797+0.001 mg before the first oxidation runin
Figure 174. This difference may have to do with the intermission time between the two runs
(afew hoursto 1-2 days), which allowed for some measurement drift. One possibility is that
during this intermission time some air entered the system replacing the argon fill gas,

effectively changing the buoyancy of the system and allowing for a higher weight reading.
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But once the gas flow and furnace were reactivated, so the system was fully purged, this

interim discrepancy was believed to be insignificant.
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Figure 174: First oxidation run temperature and weight of UO,. batch prepared for test 29

In a second oxidation run asimilar temperature profile was used as in the first oxidation
run. The carrier gas was set to 22.5 cc min™ and the CT electrolysis cell current was set to 2.5
mA. In Figure 175 the initial measured weight was 141.994+0.001 and the final measured
weight was 142.734+0.001, which shows an additional weight gain, after the extra 12 hours of
heating, equal to 0.844+0.001 mg. Note that this last quoted measurement is after the furnace

was turned off and was at room temperature and the carrier gas flow was turned off.
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Figure 175: Second oxidation run temperature and weight of UO,., batch prepared for test 29



Thus, the total weight gain for this UO, batch is the weight gain of both oxidation

runs, which was 1.211+0.002 mg. Table 45 sums up these weight measurements.

Table 45: UO, batch weights before and after reduction and oxidation runs

and reduction weights [mg]

Reduction run | Oxidation run#1 | Oxidation run #2

Initial weight [mg] 162.266+0.001 | 141.797+0.001 | 141.994+0.001

Final weight [mg] 141.523+0.001 | 141.890+0.001 | 142.734+0.001
Am of final oxidation 0.36740.002 | 1.211+0.002

413

Thisweight gain is then used to calculate the average stoichiometric deviation in the UO,.x
batch using Eg. (216) in Section 5.4:

_ 270.03[gmol™] 1.211+0.002[mg] _

16[gmol™]

141523+ 0.001[mg]

9. 1211:0.1652%

141.523+ 0.0007%

= 0.1444+ 0.0002

Since there may be other sources of error that were not considered the result is rounded up to

be conservative:

x=0.144+0.001
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APPENDIX M: EDX and Neutron Activation Analysisof ISCC

Experiment Deposits

EDX analysis of deposits from experiment 16 and 19:
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Microanalysis Report
Prepared for: Aaron Quastel

Prepared by: Dr. J.L. Snelgrove

EDMM”“

AMETEK

14-May-12

ISL

Deposit sample from test 19 (1% sample)

C:UMGWSR\Aaron\19.spc 14-May-2012 13:58:14
Chlorite (Nrm.%= 38.86, 20.96, 34.83, 1.14, 3.84, 0.28)

237
19.0—
14.2+ Ka
KCnt

9.5 o

4.7 o

0.0 =

050 1.00 150 200 250 300 350 400 450 500 550 6.00 6.50

Energy - keV

02.73 11.89
15.58 51.00
21.08 12.10
60.61 25.01

:SDD APOLLO X RESOLUTION :127.40

\KV:20.00 TILT:0.00 TAKE-OFF:34.07 AMPT:12.8 DETECTOR TYPE

EDAX ZAF QUANTIFICATION STANDARDLESS SEC
TABLE : DEFAULT



Microanalysis Report EDM,"””]“ -

Prepared for: Aaron Quastel AMETEK'

Prepared by: Dr. J.L. Snelgrove 14-May-12

Deposit sample from test 19 (2™ sample)

C:MG\USR\Aaron\19_2.spc 14-May-2012 14:08:53

Chlorite (Nrm.%= 38.86, 20.96, 34.83, 1.14, 3,84.:028] LSecs: 22
29 4
ILa
2.3 4
ZrLa
Ka
1.7 4
- L EDAX ZAF QUANTIFICATION STANDARDLESS SEC
ol TABLE : DEFAULT
05 - Note: A second deposit
2 sample from the same
00 - experiment (19) was

050 1.00 150 200 250 3.00 3.50 4.00 450 500 550 600 6.50

Energy - keV scanned.

:20.00 TILT:0.00 TAKE-OFF:35.00 AMPT:12.8 DETECTOR TYPE
:SDD APOLLO X RESOLUTION :127.40

ot sty 3 ™~ '_“_Mm il "7 Image of scanned
\CC. ot Magn et n ’
z‘nuw&g 20 Setag R 2 depOSIt sampl e
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Neutron Activation Analysis of deposits:

ANALYTICAL SCIENCES GROUP AND SLOWPOKE-2 FACILITY AT RMC
GROUP DES SCIENCES ANALYTIQUES ET FACILITE SLOWPOKE-2 AU CMR
Dept. of Chem. and Chem. Eng. - Dépt. de chimie et de génie chimique
Royal Military College of Canada - Collége militaire royal du Canada
P.O. Box 17000 Stn. Forces, Kingston, ON, K7K 7B4
Tel: 813-541-6000 x6684 / Fax: 613-545-8341

Client : Dr. Brent Lewis ASG Login No: 22683
The Royal Military College of Canada Site: Aaron Quastel
Dept. of Chemistry & Chemical Engineering Samples Received: 17-May-12
Kingston. Ontario K7K 7B4 Date of Analysis: 18, 23 & 28,29 May 2012
Tel: (613) 541-6000 ext. 6611 Method No: NAA
Date Reported: 29-May-12
Sheet: 1 of 1

E-mail: Sent 11 June 2012

RESULTS OF NEUTRON ACTIVATION ANALYSIS

Sample ID | Zr
(%) (%)

Specimen A 46 + 1 20 £ 1

Specimen B 46 £ 1 21 £ 1

The results reported here relate only to the items / materials tested.
The error reported is from counting statistics and is at 2 sigma.

LABORATORY QA/QC
Sample ID | Zr
(Wg/g) (%)
Control Experimental Result 78 £ 1
Control Target 80
Control Experimental Result 99.%3
Control Target 98
Prepared By: Authorization:
Kristine Mattson, Kathy Nielsen,
Nuclear Technologist, Director,
SLOWPOKE-2 Facility SLOWPOKE-2 Facility

June 11, 2012 June 11, 2012



