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A conceptual model for the fuel oxidation of defective fuel

J.D. Higgs a, B.J. Lewis a,*, W.T. Thompson a, Z. He b

a Department of Chemistry and Chemical Engineering, Royal Military College of Canada, Kingston, Ont., Canada K7K 7B4
b Fuel Development Branch, Atomic Energy of Canada Limited-Chalk River Laboratories, Chalk River, Ont., Canada K0J 1J0

Received 11 July 2006; accepted 19 December 2006
Abstract

A mechanistic conceptual model has been developed to predict the fuel oxidation behaviour in operating defective fuel
elements for water-cooled nuclear reactors. This theoretical work accounts for gas-phase transport and sheath reactions in
the fuel-to-sheath gap to determine the local oxygen potential. An improved thermodynamic analysis has also been incor-
porated into the model to describe the equilibrium state of the oxidized fuel. The fuel oxidation kinetics treatment accounts
for multi-phase transport including normal diffusion and thermodiffusion for interstitial oxygen migration in the solid, as
well as gas-phase transport in the fuel pellet cracks. The fuel oxidation treatment is further coupled to a heat conduction
equation. A numerical solution of the coupled transport equations is obtained by a finite-element technique with the FEM-
LAB 3.1 software package. The model is able to provide radial–axial profiles of the oxygen-to-uranium ratio and the fuel
temperatures as a function of time in the defective element for a wide range of element powers and defect sizes. The model
results are assessed against coulometric titration measurements of the oxygen-to-metal profile for pellet samples taken
from ten spent defective elements discharged from the National Research Universal Reactor at the Chalk River Labora-
tories and commercial reactors.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

With a defective fuel element, the sheath no
longer provides a barrier between the fuel and pri-
mary coolant (see Fig. 1). Coolant can therefore
contact the fuel, permitting oxidation of both the
fuel and inner surface of the sheath. Fission prod-
ucts (FPs) and fuel grains can further escape into
the primary heat transport system (PHTS) [1]. The
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presence of water vapour in the fuel-to-sheath gap
can lead to a degradation in the thermal perfor-
mance of the fuel element [2]. For instance, the
gap heat transfer coefficient will change as steam
and hydrogen replace the helium fill gas [2,3]. The
fuel oxidation process itself can lead to a degraded
thermal conductivity in the hyperstoichiometric
fuel and a lower incipient melting temperature [4–
7]. The release behaviour of fission products from
the fuel element may also be enhanced due to a
greater mobility of FPs in the hyperstoichiometric
fuel [8].

The effect of changing oxygen potential in the
fuel, and the related oxygen-to-metal (O/M) ratio
.
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Fig. 1. Schematic of physical/chemical processes in defective fuel. Sources of hydrogen and gas-phase transport in the element (upper
figure), and cross section of a defective element showing interstitial oxygen diffusion in the solid fuel matrix and gas-phase transport of
hydrogen/steam in the fuel cracks (lower figure).

100 J.D. Higgs et al. / Journal of Nuclear Materials 366 (2007) 99–128
of the fuel, has been investigated as a function of
burnup for intact fuel rods. For instance, Kelykamp
calculated the compositional change of stoichio-
metric UO2 fuel at an enrichment of 4.3 at.% 235U,
where it was suggested that the fuel O/M remains
close to stoichiometry during irradiation (i.e., up
to a burnup of 5 at.%) due to the oxygen-gettering
effect of the cladding [9]. Measurements have also
been made of the oxygen potential of irradiated
UO2 fuel [10–12]. Detailed measurements have been
recently obtained by Walker et al., at an ultra-high
burnup of �10 at.%, which included the oxygen
potential using a galvanic cell, the local oxygen-to-
uranium (O/U) ratio based on the lattice parameter
with micro-X-ray diffraction, and the local O/M by
ICP-MS [13]. In addition, some limited measure-
ments have been carried out on irradiated fuel
specimens from defective commercial fuel rods
[14–16].
Although simple models have been developed to
describe the fuel oxidation kinetics in operating fuel
rods [2,5–7], these treatments specifically ignore the
axial migration of steam/hydrogen in the fuel-to-
clad gap (i.e., gap oxygen potential). Moreover,
these analyses neglect the effect of interstitial oxygen
migration due to axial diffusion and thermodiffusion
in a temperature gradient. A more mechanistic con-
ceptual model is developed in this work to predict
fuel oxidation behaviour in operating defective fuel
elements in order to better assess the thermal perfor-
mance of defective fuel. The model has also been
assessed using recent O/M measurements for pellet
samples taken from spent defective fuel elements
based on a coulometric titration method as per-
formed at the Chalk River Laboratories (CRL).
This work therefore provides an understanding on
how defective fuel behaves and what parameters
control this behaviour.
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2. Model development

Modelling of the interrelated processes for fuel
oxidation and sheath oxidation/hydriding in Fig. 1
is a complicated problem. A treatment is required
for both gas phase and solid-state diffusion, which
are controlled by temperature-dependent reactions
(that necessitates knowledge of the temperature
distribution in the fuel element). Fuel oxidation is
controlled by vapour transport in the fuel-to-sheath
gap, and subsequently into the cracks of the fuel
pellets where this surrounding atmosphere is in con-
tact with the solid fuel matrix. The current model is
applied to fuel conditions for the Canada Deute-
rium Uranium (CANDUTM) system. In the following
discussion, reference will only be made to hydrogen
(H2) and steam (H2O) but this discussion also per-
tains in an equivalent manner to D2 and D2O for
the heavy water system (Appendix A.1).
2.1. Gas phase transport in the fuel-to-sheath gap

The partial pressure ratio of hydrogen-to-steam
(H2/H2O), q/(1 � q), yields the oxygen potential in
the gap. The breached location provides a site for
coolant entry into the defective element where steam
can migrate along the fuel-to-sheath gap by gas-
phase diffusion. The composition of the gas phase
will consist of a steam/hydrogen mixture due to
the liberation of hydrogen as a result of steam
oxidation of the Zircaloy sheathing and fuel. This
process will introduce counter-current transport of
gaseous hydrogen towards the defect site. In addi-
tion, multiple defect sites in a fuel element can also
result in a bulk flow of gas in the gap due to a pres-
sure drop between the various defect locations.

During normal operation, the fission gas constit-
uent (i.e., xenon and krypton) of the gas mixture is
generally negligible. Hence, one need only consider
the hydrogen species since the mole fraction of the
hydrogen and steam sum approximately to unity.
Thus, the mass balance for the hydrogen molar con-
centration (qcg) in the gap can be given generally by
[17]:

oðqcgÞ
ot
þ ~r � ðqcg~uÞ ¼ ~r � ðcgDg

~rqÞ

þ rgðf1� f gRox
clad;Zry þ RfuelÞ;

ð1Þ

where cg is the total molar concentration of gas in
the gap (mol m�3) (=pt/(RTg) for an ideal gas law
with a system pressure pt (atm), average gap temper-
ature Tg (K) and ideal gas constant (R)), q is the
hydrogen mole fraction of the gas and rg is the
surface-to-volume ratio of the gap (m�1). The diffu-
sivity quantity cgDg (mol m�1 s�1) can be evaluated
from the Chapman–Enskog kinetic theory [7,17,18].
The source term Rox

clad;Zry accounts for the production
rate of hydrogen due to the sheath corrosion reac-
tion (in mol H2 cm�2 s�1), which is a function of
the sheath temperature Ts (K) [1,19]:

Rox
clad;Zry ¼ 1:60� 10�2 expf�14192=T sgF ; ð2Þ

where the enhancement factor for in-reactor corro-
sion is F � 49 [1]. A hydrogen pick-up fraction
f = 0.05 for the sheath can be further assumed
[20]. The term Rfuel is the additional source of
hydrogen from the fuel oxidation reaction, which
is obtained from the Fick’s law of diffusion (i.e.,
as evaluated at the pellet surface, r = a):

Rfuel ¼ � cgDge
oq
or

� �
r¼a

; ð3Þ

where e is the crack porosity in the fuel pellet. An
axial bulk-flow molar velocity ~u ¼ uẑ(m s�1) may
occur along the gap depending on the axial location
of the defects, i.e., a pressure gradient will exist be-
tween defects located at different axial locations as a
result of a pressure drop Dp for the primary coolant
due to frictional losses along the fuel bundle. Thus,
for an incompressible Bernoulli flow, accounting for
a pressure drop through only the small primary
defect and along the gap, the axial bulk-flow veloci-
ty is given by [20,21]:

u ¼
ffiffiffiffiffiffi
Dp

p
frq

Dl
4tg

þ kLq
2

A1

A2

� �2
" #�1=2

; ð4Þ

where fr is a friction factor (�0.015), q is the average
density of the gas mixture, tg is the radial gap thick-
ness, Dl is the distance between the primary and sec-
ondary defects, kL is the loss coefficient for a sudden
contraction (0.5) or expansion (1.0), A2 is the cross
sectional area through the primary defect and A1 is
the cross sectional area through the gap. A contrac-
tion or expansion will occur depending on whether
the primary defect occurs downstream or upstream
of the secondary failure. Since the gap thickness in
the operating fuel element is many orders of magni-
tude smaller than the element radius, and the
fuel-stack length is much longer than the radius,
the gas transport in the gap can be modelled as a
one-dimensional (axial) geometry. Therefore, if the
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total molar concentration of gas in the fuel-to-
sheath gap is constant with time, Eq. (1) can be writ-
ten as:

cg

oq
ot
¼ o

oz
cgDg

oq
oz

� �
� o

oz
ðqcguÞ

þ rgðf1� f gRox
clad;Zry þ RfuelÞ: ð5Þ

Even if there is no pressure gradient along the
gap, a total gas velocity will arise due to removal
of hydrogen by the sheath, with a pickup fraction
of f � 5% of the reaction rate Rox

clad;Zry. On the other
hand, fission gas is released into the fuel-to-clad gap
(qfg) (mol m�3 s�1), which will counter-balance the
hydrogen loss. The total gas balance in the gap is
therefore

oðcguÞ
oz

¼ �
fRox

clad;Zry

tg

þ qfg: ð6Þ

However, the fission gas release during normal
reactor conditions is typically small and does not
impact the transport in the gap [22]. In addition,
the hydrogen mole fraction in the gap is typically
small (Section 3). Hence, these opposing effects
are neglected and only the pressure gradient effect
along the gap is considered in the current analysis.
2.2. Interstitial oxygen diffusion in the fuel matrix

Several mechanisms can affect the redistribution
of oxygen in operating reactor oxide fuel elements
as observed, for example, in uranium–plutonium
mixed oxides. It has been suggested that the trans-
port of oxygen can occur via [23]: (i) gas phase equi-
librium (as suggested by Rand and Markin)
involving CO/CO2 and H2/H2O gas mixtures exist-
ing particularly in cracks and channels of intercon-
nected porosity within the fuel [24]; and (ii)
thermodiffusion (i.e., Soret effect) of oxygen vacan-
cies and interstitials (as suggested by Sari and
Schumacher) [25,26]. With fuel of higher density
(e.g., �97% theoretical density), gas phase transport
of CO/CO2 should be less pronounced. Moreover,
in the plastic region of the fuel pellet, this latter
process cannot occur where cracks produced by
thermal shock should heal in a relatively short
period of time by the condensation of fuel material.
Hence, mechanism (i) is less likely and is therefore
not considered in the current treatment.

Considering the fuel oxidation/reduction reac-
tion:
UO2 þ xH2O$ UO2þx þ xH2 ð7Þ

and accounting for both normal diffusion and diffu-
sion in a temperature gradient (Soret effect), the
generalized mass balance for oxygen transport in
the fuel matrix in Fig. 1 is given by [20,25]:

cU

ox
ot
¼ cUr

*

� D rxþ x
Q

RT 2
rT

� �� �
þ rfRreact

f :

ð8Þ

Here cU (mol m�3) is the molar density of uranium,
rf is the surface area of cracks per unit volume of
fuel (m�1) for the cracked fuel body and Rreact

f is
the rate of reaction for either fuel oxidation or
reduction. Using a surface-exchange model, the
kinetic reaction rates (in moles O (or H2) m�2 s�1)
for fuel oxidation is given as [7,27–30]:

Rreact
f ¼ cUa

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� qÞpt

p
ðxe � xÞ; for x < xe ð9Þ

The parameter a = 36.5 exp{ � 23 500/T} is the rate
coefficient for the surface-exchange of oxygen
(cm s�1) at the fuel temperature T (K) [27,28], xe

is the equilibrium stoichiometry deviation based
on the local oxygen potential of the gas in the fuel
cracks, x is the deviation from stoichiometry in
UO2+x and pt is the total system pressure (atm).
The diffusion coefficient for the oxygen interstitials
D can be evaluated from the chemical diffusion coef-
ficient [31]:

D ¼ 2:5 expð�16400=T Þ cm2 s�1; ð10Þ

where the temperature T is in K. The molar effective
heat of transport Q is taken from the oxygen redis-
tribution model (OXIRED) (i.e., for (U,Pu)O2+x) in
the TRANSURANUS code [26]:

Q ¼ �3:5� 1034 expf�17ð4þ 2xÞg J mol�1 ð11Þ

which can be adopted for UO2+x since Q is shown
to have a weak dependence on the plutonium con-
tent [25,32]. Moreover, one can assume a similar
thermal diffusion ratio kT for the two ceramics,
and since the chemical oxygen diffusivities in
(U, Pu)O2+x and UO2+x are similar (especially at
higher temperatures) as seen in Fig. 13 of Ref.
[33], the Q value should therefore be comparable.

The equilibrium stoichiometry deviation xe

follows from an equilibrium thermodynamic analy-
sis for the uranium–oxygen system (see Appendix
A) [34–59]:

xe ¼
aþ cfþ eT þ gf2 þ mT 2 þ kfT

1þ bfþ dT þ f f2 þ pT 2 þ nfT

� �
; ð12Þ
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where a = 0.033107, b = 0.268985, c = 0.0086795,
d = �6.222 · 10�4, e = �5.188 · 10�5, f = 0.020038,
g = 4.5017 · 10�4, k = �7.8344 · 10�6, m = 1.842 ·
10�8, n = �7.452 · 10�5, p = 1.3906 · 10�7, and
f ¼ log q

1�q

� �
. Here q is the H2 mole fraction in

the fuel cracks as evaluated with Eq. (15) in Section
2.3. As shown in Appendix A, there is very little dif-
ference in the estimate of the equilibrium stoichiom-
etry deviation between light and heavy water. Thus,
any thermodynamic analysis for light water can be
applied to the heavy water CANDU system (using
appropriate binary diffusion coefficients in the ki-
netic model). In addition, as further discussed in
Appendix A, burnup effects can be neglected since
the degree of oxygen binding to the fuel is small at
typical CANDU fuel burnups.

Oxygen transport in the solid fuel matrix can
occur in both the radial and axial direction, so that
Eq. (8) can be written as:

cU

ox
ot
¼ cU

o

oz
D

ox
oz

� �

þ cU

1

r
o

or
rD

ox
or
þ x

Q

RT 2

oT
or

� �� �
þ rfRreact

f :

ð13Þ
2.3. Gas phase transport in the fuel cracks

The fuel oxidation reaction contributes hydrogen
to the gas environment in the fuel cracks in Fig. 1.
The hydrogen-to-steam partial pressure ratio in
the fuel cracks, q/(1 � q), provides a boundary con-
dition for the atmospheric oxygen potential in equi-
librium with the solid, which controls xe as shown in
Section 2.2 above. The cracked solid is assumed to
have a porosity e, defined as the ratio of the volume
of cracks (and/or pores) to the volume of the solid
fuel i.e., Vcracks/Vfuel. Hence, the mass balance for
the hydrogen molar concentration (qcg) in the fuel
cracks is given by [7,20]:

e
oðqcgÞ

ot
¼ e~r � ðcgDg

~rqÞ þ rfRreact
f : ð14Þ

Since axial transport of hydrogen in the gap is a
more effective path compared to that in the fuel
cracks, only radial transport of hydrogen in the
cracks is considered in the model. Thus, using a tor-
tuosity factor s for the diffusion path in the cracked
solid, Eq. (14) can be simplified to:

ecg

oq
ot
¼ e

s2r
o

or
rcgDg

oq
or

� �� �
þ rfRreact

f : ð15Þ
2.4. Heat conduction in the solid

The solution of Eqs. (5), (13) and (15) requires a
specific knowledge of the temperature distribution
in the fuel element since the reaction rates and trans-
port terms are temperature dependent. In addition,
consideration must be given to any reduced heat
transfer in the fuel-to-sheath gap (due to the pres-
ence of steam in the gap) and the feedback effect
due to a reduced thermal conductivity in the hyper-
stoichiometric fuel.

The sheath outside temperature (Tso), sheath
inside temperature (Tsi) and fuel surface tempera-
ture (Tfs) are calculated in the current work based
on a Maple analysis [59]. The fuel surface tempera-
ture is required as a boundary condition for the heat
conduction model in the fuel. The sheath inside and
outside temperatures provide an estimate of the
average sheath temperature (Ts), which is used in
Eq. (2). The temperature profile in the fuel element
is obtained from the solution of the general time-
dependent heat conduction equation [60]:

qsCp
oT
ot
¼ ~r � ðk~rT Þ þ Qv; ð16Þ

where qs is the fuel density, Cp is the specific heat of
the fuel, k is the thermal conductivity of the fuel and
Qv is the volumetric source term. Thus, considering
both axial and radial heat conduction and flux
depression, Eq. (16) can be rewritten as [20]:

qsCp
oT
ot
¼ o

oz
k
oT
oz

� �
þ 1

r
o

or
rk

oT
or

� �

þ P
pa2

ðjaÞ
2I1ðjaÞ

� �
I0ðjrÞ; ð17Þ

where P is the linear power of the fuel element
(kW m�1), a is the pellet radius (m) and j is the
inverse neutron diffusion length (m�1). Eq. (17) is
further coupled to Eqs. (13) and (15) because the
thermal conductivity, k, is also a function of the
stoichiometry deviation, x, as described below. A
time-dependent model for heat conduction is con-
sidered so that the current treatment can be eventu-
ally extended for transient conditions, to determine
if fuel centerline melting can occur in defective fuel
during a power pulse [32]. For instance, the ratio of
the thermal diffusivity-to-mass diffusivity can be
interpreted as the time required for the stoichiome-
try deviation field to reach steady-state compared to
the time for the temperature field to reach its equi-
librium state. Since this ratio varies greatly, this
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disparity in the characteristic times of heat and oxy-
gen diffusion can play an important role in the tran-
sient behaviour of fuel under sudden changes in
operating conditions [32].

The specific heat capacity Cp (in J mol�1 K�1), as
a function of temperature T (K) and x, follows from
the thermodynamic treatment:

Cpðx; T Þ ¼ 52:174þ 45:806xþ ð87:951� 10�3

� 7:3461� 10�2xÞT
þ ð1� xÞf�84:241� 10�6T 2 þ 31:542

� 10�9T 3 � 2:6334� 10�12T 4g
� ð713910þ 295090xÞT�2 ð18Þ

The density of the fuel qs (kg m�3) can be taken for
that of stoichiometric urania as a function of
temperature T (K) [61]:
qsðT Þ¼
qsð273 KÞ�ð0:99734þ9:802�10�6T �2:705�10�10T 2þ4:391�10�13T 3Þ�3

; 273< T < 923 K

qsð273 KÞ�ð0:99672þ1:179�10�5T �2:429�10�9T 2þ1:219�10�12T 3Þ�3
; T P 923 K:

(

ð19Þ
The fuel thermal conductivity in UO2+x can be
evaluated from the general relation [62]:

k ¼ j1dj1pj2pj4rðkph þ ke þ kradÞ; ð20Þ

where kph accounts for conductive heat transfer via
lattice vibration (phonons), ke results from electron-
hole movement (polarons) and krad considers
radiative thermal effects. The other terms provide
corrections for burnup and porosity effects where
j1d is due to the dissolved fission products, j1p

arises for the precipitated fission products, j4r is
for radiation damage and j2p accounts for fuel
porosity. For normal operating fuel temperatures,
the radiative thermal conductivity term, krad, con-
tributes less than 0.01% to the overall thermal con-
ductivity and can therefore be neglected.

The phonon contribution (kph) is generally dom-
inant and results from the scattering of phonons
with lattice defects and phonon self-scattering for
temperatures below 3000 K. This latter component
is a function of the stoichiometry deviation of the
fuel and its impurity content. The Ellis–Porter–
Shaw model was therefore used for kph over the
stoichiometry deviation range from x = 0 to �0.2
(i.e., for fully-dense fuel) [63]:

k4ph ¼
1

AðxÞ þ BðxÞT kW m�1 K�1: ð21Þ
Here T is the fuel temperature in K and the coeffi-
cients A and B are given by:

AðxÞ ¼ 14� 10:763
ffiffiffi
x
p
� 2381:4xþ 12819:86ð

ffiffiffi
x
p
Þ3;
ð22aÞ

BðxÞ ¼
0:2218þ 0:2562

ffiffiffi
x
p � 0:64x

�3:6764ð ffiffiffixp Þ3; x < 0:155

0; x P 0:155:

8><
>: ð22bÞ

The electronic contribution is based on the model of
Ronchi [64]:

ke ¼ ð0:871þ 2:5� 10�5T Þ�1 2:024� 108

T 5=2

� expf�16350=Tg kW m�1 K�1; ð23Þ

which has been corrected to fully dense fuel using
the Loeb expression [65]:
j2p ¼ ð1� bTP orÞ: ð24Þ

The parameter bT accounts for the temperature
effect where bT = 2.6 � 0.5 · 10�3T (K) [66]. The
porosity, Por, is evaluated from the expression:

P or ¼ ð1� qs=qTDÞð1� F dÞ; ð25Þ
where qs is the density of the fuel and qTD is the theo-
retical density of UO2 (10.96 g cm�3). To account
for fuel densification effects during operation, the
initial manufactured porosity can be modified with
the term (1 � Fd), where Fd is the fractional change
in porosity that is a function of temperature T (K)
and burnup B (MWh (kgU)�1) [67]:

F d ¼ 0:6� expf�0:506� 8:67� 10�10T 3

� ½1� expð�2:87� 10�2BÞ�g: ð26Þ

The correction factor for fully dense fuel for the
dissolved fission products at a burnup b (atom %)
is given by [62]:

j1d ¼
1:09

b3:265
þ 0:0643ffiffiffi

b
p

ffiffiffiffi
T
p� �

� arctan
1

1:09=b3:265 þ ð0:0643=
ffiffiffi
b
p
Þ
ffiffiffiffi
T
p

 !
;

ð27Þ

while for the precipitated fission products:
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j1p¼ 1þ 0:019b
ð3�0:019bÞð1þ expf�ðT �1200Þ=100gÞ :

ð28Þ
The conversion factor for the burnup unit of b is
1 atom% �225 MWh (kgU)�1. For typical CAN-
DU fuel burnups, the correction for the dissolved
and precipitated fission products is negligible. The
effects of radiation damage are important only for
temperature below about 1100 K (due to annealing
effects above this temperature), where

j4r ¼ 1� 0:2

1þ expððT � 900Þ=80Þ : ð29Þ
Fig. 2. Equations, boundary conditions and initial conditions for th

Table 1
List of constants used for the FEMLAB simulation

Symbol Description

a CANDU pellet radius for 37/28 elemen
P Linear power density
rf Pellet average surface-to-volume ratio
j Inverse neutron diffusion length
e Fuel pellet porosity
R Universal gas constant
pt Total system pressure
cu U molar density
s Tortuosity factor
Tg Average gap temperature
qc Hydrogen molar fraction in coolant
xfs Stoichiometry deviation at pellet surfac
Tb Bulk coolant temperature
Tsi Sheath inside surface temperature
F Sheath oxidation enhancement factor
rg Ratio of inner sheath surface area to ga
Tfs Fuel surface temperature
qs Fuel density (at 273 K)b

a Values depend on the gap radial thickness, fuel-element power, coola
all cases.

b A constant density is employed in Eq. (17) where cu replaces qs sin
The Lucuta formalism can be compared to a sim-
ple formula developed for irradiated UO2 based on
the Halden Research Project with fuel instrumented
with thermocouples for 95% theoretical density up
to a burnup of 67 MWd/kgU [68,69]. The Halden
measurements for irradiated fuel indicate a larger
reduction in thermal conductivity with burnup than
that suggested for the SIMFUEL correlation. How-
ever, this difference is of less importance for the
much lower burnups experienced by CANDU fuel.
The Lucuta formalism is therefore adopted in the
current analysis since it is more easily adapted for
incorporation of fuel oxidation effects.
e two-dimensional defective fuel element model (not to scale).

Value

t fuel 6.075 · 10�3 m/7.15 · 10�3 m
28 kW/ma

910 m�1

110 m�1

0.015
8.205 · 10�5 m3 atm mol�1 K�1

100 atm
4.1 · 104mol/m3

1.00
623 Ka

4.1 · 10�6

e 1 · 10�4

553 Ka

590 Ka

49
p volume 100082 m�1a

656 Ka

10.65 Mg m�3

nt temperature and defect size. A gap size of 10 lm is assumed for

ce Cp is given in units of J mol�1 K�1.
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The coupled partial differential equations are
subject to the given initial conditions and Neumann
and Dirchelet boundary conditions shown in Fig. 2.
The constants of the model are further summarized
in Table 1. The surface area of cracks per unit
volume of fuel (m�1) (rf) and ratio of the crack
volume-to-solid fuel volume (e) can be estimated
in Appendix B. The sensitivity of the model to the
various parameters is given in Section 4.1.

These equations are numerically solved with a
finite-element technique using the FEMLAB (Ver-
sion 3.1) software platform. The numerical imple-
mentation is detailed in Ref. [59]. The results of
the calculation are given in Section 3.
Table 2
Summary of defect elements

Elementa Peak element linear
power (kW/m)

Burnup
(MWh/kgU)

K31 26 82b

K22 35 84b

A18 50 176b

X4 45 76c

X5 44 139c

M6 44 235c

M14a 44 163c

M14b 45 167c

M11 46 179c

M15 51 89c

a All data for elements K31, K22 and A18 were taken from Ref. [73
b Element burnup.
c Bundle-average burnup.

Table 3
Parameters assumed/calculated in the simulation of the defective eleme

Element Operating history/calculated temperatures

Linear
power
(kW/m)

PDRTb (d) Bulk coolant
temperature (K)

Fuel elemen

Sheath
inside

G
a

K31 26 38 550 584 6
K22 34 62 553 597 6
A18 50 0.25 533 602 6
X4 43 77 573 629 6
X5 41 126 553 606 6
M6 41/40 200/345 553 597/596 6
M14a 42/36 178/133 553 598/592 6
M14b 41 280 553 597 6
M11 44/43/25 60/109/206 566 614/ 6

612/ 6
593 6

M15 44/51 98/8 553 600/ 6
608 6

a NRE: Non-reference end/RE: reference end.
b PDRT: Post-defect residence time estimated from data.
3. Experimental results and model prediction

Experimental data of the O/M ratio from pellet
samples taken from ten defective irradiated fuel ele-
ments were used to assess the fuel oxidation model.
Samples were obtained by cutting the pellets into
�10 mm thick discs and obtaining a small core drill
sample (�2 mm in diameter to a depth of 5 mm) at
various radial positions. The O/M ratio was deter-
mined with a coulometric titration (CT) technique
that measures the amount of oxygen released from
a heated sample in a controlled reducing environ-
ment [16,72]. For most elements, the experimental
data yielded a radial profile (i.e., at a few axial posi-
Estimated post-defect
residence time (Days)

Approximate largest
defect area (mm2)

>10 13
>10 61.5
<1 <1
77 35

126 8
545 1
311 4
109 1
97 12

165 >25

], while data for all other elements were taken from Ref. [74].

nts

Model input parameters

t temperatures (K) Coolant Flow
Directiona

Bulk gap
flow (m/s)ap

verage
Fuel
surface

Centre
(Maximum)

15 645 1164 NRE! RE 0.0422
38 679 1387 RE!NRE 1e�5
73 743 2004 NRE! RE 1e�5
80 732 1816 RE!NRE 1e�5
56 706 1879 NRE! RE 1e�5
41/639 686/682 1584/1641 RE!NRE 1e�5
44/630 689/669 1652/1487 RE!NRE 1e�5
41 686 1905 RE!NRE 1e�5
63/ 712/ 1745/ RE!NRE 1e�5
58/ 705/ 1936/
19 645 1490

48/ 696/ 1848/ NRE! RE 1e�5
64 719 2123



J.D. Higgs et al. / Journal of Nuclear Materials 366 (2007) 99–128 107
tions) for the O/M ratio. Optical microscopy was
also used to assess the defect geometry, grain
growth, and the presence of higher oxides. A sum-
mary of the case elements measured at the CRL is
presented in Table 2 [73,74]. Information provided
in Table 2 includes the element identity, element
linear power and burnup, post-defect residence time
(PDRT) for the defective element and (largest)
defect area. A summary of the input model parame-
ters is shown in Table 3, including the linear element
power, post-defect residence time (PDRT) and bulk
coolant temperature. The coolant flow direction is
based on station data or observations of fission-
product staining in the post-irradiation examination
(PIE). A constant bulk-flow velocity was used for the
higher-powered elements since the gap poses the
largest restriction in flow as a result of fuel expan-
sion. The calculated fuel centerline temperature is
also shown in Table 3, where no centerline melting
is predicted for any of the fuel elements over the lin-
ear power range of 26–51 kW/m.

Table 4 details the location and size of the
defect(s) used in the model as estimated from the
PIE for the ten elements. For those cases where an
end cap was found to be leaking/defective, a small
axial defect at that end of the element was assumed
Table 4
Simulated defect location and size for the defective elements

Element Defect #1
axial location
(m)

Defect #1
length (mm)

Defect #2
axial location
(m)

Defect #2
length (mm

K31 0.0 1.5 0.405 70.0
K22 0.205 0.5 0.48195 0.05
A18 0.025 0.5 0.4425 0.5
X4 0.0365 2.5 0.2565 2.5
X5 0.0 1.0 0.259 4.0
M6 0.0 1.0 0.26 0.1
M14a 0.0 1.0 0.42 1.5
M14b 0.0 1.0 0.248 3.0
M11 0.0195 2.0 0.0434 4.0
M15 0.0195 0.5 0.075 0.5

Table 5
Oxygen-to-metal ratios as a function of added steam content for vario

H2O added
(moles)

Burnup (MWh (kgU)�1)

35 70

0 2.0057 2.0112
0.1 2.0049 2.0091
1 2.0064 2.0104

10 2.0106 2.0144
100 2.0237 2.0255

* Based on the analysis in Ref. [55].
for the model simulation (which corresponds to a
ring around the element for the two-dimensional rep-
resentation). The axial coordinate begins at the non-
reference end of the fuel stack (z = 0) and extends to
z = 0.484 m for the standard 37-element bundle.

The measured oxygen-to-metal (O/M) profile
data are used to assess the fuel oxidation kinetics
model. The coulometric titration technique cannot
distinguish the oxygen release from the UO2+x

matrix and the oxide phases in the fuel [13,60,75].
However, as shown in Table 5, the calculated oxy-
gen-to-metal ratio for the UO2+x solid phase, noble
metal inclusions and solid phases (e.g., Cs2ZrO3 and
UPd3) changes only slightly with increased burnup
for the typical H2/H2O ratios predicted by the fuel
oxidation kinetics model (compare Fig. A.4 with
Figs. A.3 and 21) [55]. Hence, as the degree of oxy-
gen binding to the fuel is minor for typical CANDU
fuel burnups, the O/M ratios measured at the CRL
will be only slightly conservative compared to the
O/U ratios of the fuel.

Figs. 3–12 show a comparison of the O/U pre-
dicted profiles and measured axial and radial O/M
profiles for the elements. Representative model pre-
dictions of the deuterium mole fraction, fuel temper-
ature and O/U profile are also shown in Fig. 13 for
)
Defect #3
axial location
(m)

Defect #3
length (mm)

Defect #4
axial location
(m)

Defect #4
length (mm)

– – – –
– – –
0.4675 0.5 – –
0.493 1.0 – –
0.490 4.0 – –
0.481 1.0 – –
– – – –
0.481 1.0 – –
0.128 36 0.474 2.0
0.145 51 – –

us burnups at a temperature of 1600 K

105 140 175

2.0163 2.0212 2.0259
2.0128 2.0163 2.0198
2.0142 2.0177 2.0211
2.0179 2.0212 2.0243
2.0271 2.0285 2.0299



Fig. 3. Model predictions and O/M measurements for element K31.
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element X5 as a radial cross-section plot under open
blisters near the element mid-plane (z = 0.260 m),
and as an axial cross-section plot at the fuel center-
line (r = 0).

The model has also been expanded to a three-
dimensional representation to account for the
asymmetry of the defect geometry and azimuthal
heat and mass transport [59]. This analysis shows
that comparable results are obtained between the
two and three-dimensional treatments for the tem-
perature distribution for defective element X5
(Fig. 14). On the other hand, a one-dimensional
analysis will over predict both the fuel oxidation
and centreline temperature since this latter represen-
tation cannot account for the dispersion of heat or
interstitial oxygen away from the defect site in the
axial direction.

4. Discussion

The model is able to predict the extent and distri-
bution of oxidation in defective fuel, as compared
with O/M measurements made for research and
commercial reactor defective elements. The pre-
dicted ratios peak towards the center of the pellet
as a result of the Soret effect. The deviation from
stoichiometry is greater near breaches in the sheath
and increases with the size of defect (i.e., with a
greater oxygen partial pressure). Oxidation
decreases away from the defect site where hydrogen
liberated from the sheath and fuel oxidation reac-
tions builds up. As shown in Fig. A.3, a small
hydrogen partial pressure can significantly reduce
the fuel oxidation reaction. The fuel temperature
also increases where the fuel oxidation is maximum,
which is consistent with a decrease in the UO2 ther-
mal conductivity.

4.1. Sensitivity analysis

The current simulations indicate that the model is
sensitive to defect size, post defect residence time
(PDRT) and fuel linear heat rating. To investigate
these effects, a sensitivity analysis was performed
for defect element X5 since: (i) the observed defects
were representative of failures seen in commercial
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reactor operation; (ii) the linear operating power of
this element is relatively high at 41 kW m�1; and (iii)
the post irradiation examination confirmed that the
element had undergone significant oxidation and
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fuel restructuring. Fig. 15 shows the maximum tem-
perature and the stoichiometric deviation as a func-
tion of PDRT for various linear powers, where the
amount of fuel oxidation and temperature are both



mm from centre

0 1 2 3 4 5 6 7

O
/U

 R
at

io

2.00

2.02

2.04

2.06

2.08

2.10

2.12

SurfaceCentre

Section 1

Drill Diameter

mm from centre

0 1 2 3 4 5 6 7

O
/U

 R
at

io

2.00

2.02

2.04

2.06

2.08

2.10

2.12

SurfaceCentre

Section 2

Drill Diameter

mm from centre

0 1 2 3 4 5 6 7

O
/U

 R
at

io

2.00

2.02

2.04

2.06

2.08

2.10

2.12

SurfaceCentre

Section 3

Drill Diameter

Reference
End

Non-
Reference
End

End cap separated 
at PNGS 

Deuterided sheath 
defect

End cap separated 
during leak testing 

Fig. 8. Model predictions and O/M measurements for element M6.
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seen to increase with linear power. The model was
also run for a post-defect simulation of 50 d for a
variety of defect sizes as shown in Fig. 16.

The parameter e in Eq. (42) of Appendix A
depends on the number of fuel cracks and the loca-
tion of the plastic core. Since these latter phenomena
depend on element power (but in opposite direc-
tions), e is relatively independent of the element
power. The crack surface area-to-fuel volume ratio,
rf, affects the fuel oxidation reaction kinetics as
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Fig. 10. Model predictions and O/M measurements for element M14b.
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applied in Eqs. (13) and (15). However, Fig. 17 shows
little sensitivity when this parameter is reduced by a
factor of two. This result indicates that under normal
conditions (i.e., with a typical residence time of weeks
to months), the oxidation kinetics are not signifi-
cantly influenced by this parameter since there is
sufficient time to reach an equilibrium condition of
the stoichiometry deviation.
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Fig. 12. Model predictions and O/M measurements for element M15.
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The sensitivity of the model to the chemical diffu-
sion coefficient is shown in Fig. 18. An enhanced
diffusivity results in a flatter axial profile in
Fig. 18(a) but a similar radial shape in Fig. 18(b)
(which is dictated largely by the thermodynamics
as a result of the large radial-temperature gradient).
The chemical diffusion coefficient proposed in Eq.
(10) is for annealing conditions. However, Matzke
has proposed an enhancement in metal diffusion in
UO2 with the fission rate, particularly at low tem-
peratures (<1000 �C) [33]. On the other hand, since
the chemical diffusion of oxygen in uranium dioxide
is many orders of magnitude greater than metal
diffusion, the effect of irradiation enhancement of
oxygen diffusion is not expected to be significant.

The kinetics model in Eq. (9) only strictly applies
to fuel oxidation (i.e., where locally x < xe so that
Rreact

f > 0). However, as a result of gas phase trans-
port of hydrogen in the fuel cracks, fuel reduction
can also occur (where Rreact

f < 0). To account for this
possibility, it is conservatively assumed in the cur-
rent treatment that fuel reduction occurs at the same
rate as fuel oxidation (when x > xe). In this analysis,
the factor (1 � q) in the reaction rate term of Eq. (9)
is replaced by q so that the fuel reduction kinetics
depends instead on the hydrogen partial pressure.
However, limited annealing experiments under
reducing conditions indicate that the fuel reduction
reaction is much more rapid by several orders of
magnitude [30]. Thus, the sensitivity of the model
to the fuel-reduction reaction rate was further inves-
tigated by increasing Rred

f in Eq. (9) by factors of 10
and 100. As shown in Fig. 19, the maximum temper-
ature and stoichiometric deviation are reduced by
only �10%. This relative insensitivity arises because
the fuel reduction reaction primarily occurs in a
small region near the periphery of the pellet where
the fuel temperatures are low (see Fig. 20).

4.2. Thermal diffusion of H2 in cracks

Since the gases in the fuel cracks are assumed to
be at the same temperature as the fuel, thermal dif-
fusion may also impact hydrogen transport in the
fuel cracks. The importance of thermal diffusion
can be characterized by a ‘thermal diffusion ratio’
[17]:

kT ¼
q

c2MAMB

DT
A

DAB

; ð30Þ

where q is the mass density and c the molar density
of the gas mixture, MA and MB are the molecular
weight of species A and B, respectively, DT

A is the
thermal diffusion coefficient for species A, and
DAB the ordinary binary diffusion coefficient. The
flux of species A in a binary mixture is:
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jA ¼ �jB ¼
c2

q

� �
MAMBDAB½rxA þ kTr ln T �;

ð31Þ
where xA is the mole fraction of species A. Thus, the
equation for hydrogen transport within the fuel
cracks in Eq. (15) can be modified as such:

ecg

oq
ot
¼ e

s2r
o

or
rcgDg

oq
or
þ kT

Tcg

oT
or

� �� �� �
þ rfRreact

f :

ð32Þ
Using the correlation of Kihara for binary mixtures
[76], and assuming a hydrogen mole fraction of
0.005, the thermal diffusion ratio for hydrogen in
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a hydrogen-steam mixture is evaluated as a function
of temperature T (K) as [59]:

kT ¼ 2:47� 10�4 þ 9:3� 10�7T ð33Þ
Thus, using Eqs. (32) and (33), the relative effect of
normal versus thermal diffusion can be evaluated.
Since the magnitude of the thermal diffusive flux

Dg
kT

Tcg

oT
or

� �
is calculated to be less than 0.1% of the

normal diffusive flux Dg
oq
or

	 

over the pellet radius

for case X5, thermal diffusion can be neglected in
the fuel cracks.

The Soret effect results in a greater migration of
interstitial oxygen to the centre of the pellet. In
addition to this mass transfer in a temperature gra-
dient, the Dufour effect will also arise as a coupled
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effect where there is an energy flux associated with
the mass transfer [77]. However, this effect is
neglected in this treatment since this amount of heat
is small in comparison to the heat generated in the
fission process.
4.3. Effect of low-temperature reactor
operation and out-reactor effects on the

fuel oxidation behaviour

The presence of oxides higher than UO2+x are
often observed in the PIE of defective fuel
(Fig. 22). Enhanced oxidation kinetics may occur
from coolant radiolysis (Section 4.3.1). In addition,
if the fuel cooldown is not too fast, higher-oxide



Fig. 21. Temperature versus O/U ratio space for the three defective elements as plotted on the U–O phase diagram.
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phases could also arise during reactor shutdown as a
result of U4O9 precipitation (Section 4.3.2) [78]. In
addition, continued fuel oxidation can also result
from out-reactor effects (Section 4.3.3). It is impor-
tant to assess these post-irradiation effects since the
O/M profile data in Section 3 used for the validation
of the in-reactor fuel oxidation model also encom-
pass these out-reactor phenomena.
4.3.1. Radiolysis effects

Grain-boundary oxidation has been observed in
defective fuel under the defect site(s) and in the fuel
crack regions of defective elements (Fig. 22). Steam
oxidation to higher oxide phases is precluded on
thermodynamic grounds with the presence of hydro-
gen (see Fig. A.3). However, fuel oxidation could be
enhanced by coolant radiolysis with the formation of
the highly-reactive hydrogen peroxide species. In
fact, it has been suggested that this reactive metasta-
ble species can equilibrate with the fuel and oxidize it
even in the presence of hydrogen [79]. However,
hydrogen liberated in the H2O2 oxidation reaction
could also neutralize the tendency of the oxidizing
counterparts to increase the stoichiometry of the fuel
[5]. Energy-deposition calculations also suggest that
radiolysis does not substantially enhance the fuel
oxidation kinetics at high pressure in operating
defective elements [6]. At higher temperatures, radio-
lytic effects should become insignificant in compari-
son to thermal effects as the thermal reactions and
the recombination of transient species become fas-
ter. It is therefore expected that any radiolysis-
enhanced oxidation would be limited and localized
at or near the fuel surface and close to the defect site.
4.3.2. U4O9�y non-stoichiometry and

U4O9 precipitation from UO2+x

The thermodynamic treatment in Fig. A.1 is in
agreement with a large body of experimental data.
The calculated U–O phase diagram, as well as a
recent evaluation of this system [51], take the
U4O9 phase to be stoichiometric as a reasonable
approximation. Many investigators, however, have
shown that U4O9 is a narrowly non-stoichiometric
phase (U4O9�y). Experiments have shown that three
phases exist: a-U4O9�y (below �80 �C), b-U4O9�y

(between �80 �C and �550 �C) and c-U4O9�y

(above �550 �C) [80]. Fig. 23 shows a summary of
the experimental data on the location of the phase
boundaries for U4O9�y as well as the proposed fields
for the three phases of U4O9�y [38–43,45–50,81,82].

To gain a better understanding of the U4O9 non-
stoichiometry, an in situ neutron diffraction experi-
ment was further performed at the Los Alamos



Fig. 22. (a) UO2 oxidation (gray areas) near the primary defect of K31. Grain boundary oxidation in (a) is shown in the magnified figures:
(b) along the fuel pellet surface and (c) near a radial fuel crack.
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Neutron Science Center (LANSCE) in this work
[83,84]. Details of this experiment is given in Refs.
[59,85]. Here depleted UO2+x powder was heated
from room temperature to a maximum of 1150 �C
while exposed to a neutron beam inside a time-of-
flight neutron diffraction instrument. Rietveld
refinement of the diffraction patterns provided a
measure of the weight fraction and respective lattice
parameters. The best fit to the data was obtained
using the UO2 space group Fm3m from Hutchings
[86] and the UO2.234 space group I43d from Kim
et al. [87]. The latter phase could also be expressed
as U4O8.936, (or U4O9�y, where y is 0.064), which
provides further evidence that U4O9 has a non-stoi-
chiometric field at elevated temperature [88].
Although the U4O9 phase is slightly hypo-stoichi-
ometric, this observation will not significantly affect
the thermodynamic analysis in Appendix A.
The precipitation kinetics of U4O9 from UO2+x

was also investigated in the LANSCE experiment.
If the UO2+x is rapidly quenched from high temper-
atures, a single phase UO2+x can be ‘frozen in’ when
there is little time for diffusion or other processes of
structural rearrangement of ions to take place [82].
However, the U4O9�y was observed to precipitate
out of the UO2+x at a relatively low temperature
(200–400 �C), where this system approached ther-
modynamic phase equilibrium in less than one hour
[59,85]. The values of the UO2 and UO2.234 lattice
parameters in this study compared well with pub-
lished values (Fig. 24) [38,61,80,87]. Although the
current experimental setup (maximum cooling rate
of 0.3 �C s�1) was unable to simulate rapid cool-
down operations, one cannot rule out the possibility
that the U4O9 observed in the PIE examination at
the CRL may be due to precipitation of the UO2+x.
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4.3.3. Out-reactor effects

Fuel oxidation can also occur post-irradiation
from: (i) fuel transfer operations where, for
instance, moist air is present during fuel discharge
from the refueling machine and (ii) long-term stor-
age of defective fuel in the fuel bays in which there
is dissolved oxygen in the bay water.
4.3.4. Low-temperature oxidation effects in air

(fuel transfer operation)

The air oxidation of UO2 proceeds via a two-step
reaction [89]:
UO2 ! U4O9=U3O7 ! U3O8: ð34Þ
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This process has been studied because of its impor-
tance to dry storage and disposal of used nuclear
fuel [90–102].

The ‘intermediate’ phase(s), U4O9/U3O7, forms
as a discrete layer of thickness X on the surface of
the UO2 sample that thickens with time. Since the
reaction rate is limited by oxygen diffusion through
the surface layer, it can be modeled as a moving-
boundary problem [90,91,97]:

X ¼ anb1� ð1� CÞ1=3c ¼
ffiffiffiffi
kt
p

ð35Þ
Here n � 0.99 is the ratio of the molar volume of
U4O9/U3O7 to that of UO2 and C is the fraction
of UO2 converted to U4O9/U3O7. The parameter k

(m2 s�1) is a parabolic rate constant developed from
experimental data [103]

ln k ¼ � 95:7kJ mol�1

R
T � 17:33; ð36Þ

where R = 8.314 · 10�3 kJ K�1 mol�1 is the ideal
gas constant and T is the temperature (K).

The discharge of irradiated fuel into the fuel dis-
charge mechanism at one of the CANDU stations
requires that fuel be raised above the water level
and moved in air in the irradiated fuel port until it
is lowered into the fuel bay. Here the transfer time
in air is �225 s. As a sample calculation, consider
the transfer of a defective fuel bundle, where it expe-
riences an air environment for t = 225 s at �373 K.
In this case, assuming a typical grain radius of
ag = 5 lm, Eqs. (35) and (36) yield a product layer
thickness of X � 5 · 10�4 lm, with a negligible frac-
tion of UO2 converted into U4O9/U3O7 of
C � 3.1 · 10�2%. This analysis, therefore, suggests
that U4O9/U3O7 formation is negligible during nor-
mal refueling operations.

For the second step in the reaction of Eq. (34), a
conservative estimate can be made by assuming that
grain-boundary diffusion is relatively rapid com-
pared to the rate of U3O8 formation since the
three-dimensional bulk formation of U3O8 will be
slower than unhindered oxidation along the surface
[103]. This conservatism though may be reduced by
enhancement effects due to the production of nitro-
gen oxides formed by radiolysis of air [103]. The sig-
moidal reaction kinetics for the nucleation-and-
growth mechanism for U3O8 formation is described
by [103]:

a ¼ 1� e�ðp=3Þjt3 ; ð37Þ
where a is the fraction of material converted to
U3O8 at time t. The reaction rate constant j (in
h�3) is derived as a function of temperature T (in
K) from literature data [103]:

ln j ¼ ð�52808� 3:442Þ=T þ 86:165: ð38Þ

Thus, for the given example for transfer of a defec-
tive fuel bundle, Eqs. (37) and (38) also predict a
negligible fraction.

Hence, higher-oxide formation (post-shutdown)
is not an important consideration during normal
refueling operations because of the limited time in
air and the low temperature, although this analysis
has neglected the effect of moisture (i.e., relative
humidity, RH) [104]. With irradiated fuel, water is
also a potential source of radiolytic oxidation
products; however, moisture has less of an effect
on irradiated fuel samples (at RH < 33%) [101]. At
RH < 40%, the mechanisms are the same as that
for dry oxidation, yielding the bulk products shown
in Eq. (34) [105]. In aerated water (i.e., RH > 40%),
mixtures of U3O8 and dehydrated schoepite (DS)
have been observed [100,105–108]. High-moisture
(100% RH) limited-air tests on irradiated CANDU
fuel at 150 �C further suggest that moisture enhances
the extent of grain boundary oxidation [109].

4.3.5. Low-temperature oxidation effects in

water (fuel bay storage)
Spent defective fuel bundles are eventually stored

for long periods of time (i.e., at least several years)
in water bays at �30 �C. The water bays are oxygen-
ated since they are open to the air surface.

Experiments conducted in a closed autoclave
with fresh CANDU fuel specimens, i.e., in aerated
water for �20 d at �200 �C, have indicated that fuel
oxidation can occur via: (i) solid-state diffusion to
U3O7 (similar to dry oxidation as described above),
(ii) oxidative dissolution and precipitation of U(VI)
as �(UO3) Æ 0.8H2O and (iii) back-reduction of dis-
solved U(VI) on the UO2/U3O7 surface to form
U3O8 [107]. These species are also consistent with
the computed Pourbaix diagram in Fig. A.5, which
shows the dissolution/precipitation product of
UO3(H2O). The formation of U3O8 though from
aqueous solutions is rarely reported [107]. Corro-
sion experiments with fragments taken from irradi-
ated Boiling Water Reactor (BWR) fuel pellets
(�34 GWd Æ (tU)�1) that were conducted at 340 �C
and 15 MPa for up to �50 h indicated the occur-
rence of microcracks along the grain boundaries
due to preferential U4O9 formation (i.e., in water
with more than several ppm of dissolved oxygen)
[110].
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However, it would be expected that such out-reac-
tor effects are small since defective elements K22 and
A18 spent long periods in the fuel bays similar to K31
(see Section 3). Thus, the lack of fuel oxidation in
defective elements K22 and A18 suggest that the con-
tribution of out-reactor oxidation in K31 is small
especially compared to in-reactor oxidation.

5. Conclusions

1. A theoretical treatment has been developed to
describe the fuel oxidation behaviour in operat-
ing defective nuclear fuel elements. The model
accounts for steam/hydrogen transport in the
fuel-to-sheath gap for estimation of the hydro-
gen-to-steam partial pressure ratio in the gap. A
thermodynamic treatment has been employed to
calculate the equilibrium state of the oxidized
fuel. The fuel oxidation kinetics model accounts
for multi-phase transport including both normal
diffusion and thermodiffusion for interstitial oxy-
gen migration in the solid and gas-phase trans-
port of hydrogen/steam in the fuel cracks. The
fuel oxidation model is coupled to a heat conduc-
tion model to account for the feedback effect of a
reduced thermal conductivity in hyperstoichio-
metric fuel. A numerical solution of the govern-
ing coupled equations has been obtained using
a finite-element technique with the FEMLAB
3.1 software package.

2. A two-dimensional (azimuthally-symmetric)
model has been developed to determine the radial
and axial profile of the oxygen-to-uranium (O/U)
ratio in the defective element. The model has
been assessed against measured O/M profiles
obtained with a coulometric titration method
with very small samples taken from ten spent
defective elements discharged from the NRU
and commercial reactors.

3. The current theoretical analysis indicates that
fuel oxidation is primarily dependent on defect
size, post-defect residence time and fuel linear
heat rating. Thermodynamics precludes the for-
mation of oxides higher than UO2+x in operating
defective fuel elements (especially at higher tem-
peratures and with hydrogen present); however,
experiments at the Los Alamos National Labora-
tory suggest that U4O9 may have time to precip-
itate from UO2+x on reactor cooldown or during
bundle discharge and be observed as an artifact
at room temperature. Assessment of the in-reac-
tor model against the O/M measurements may
also be complicated with the possibility of oxida-
tion occurring out-reactor due to fuel transfer
operations and long-term storage in fuel bays,
although such effects are expected to be small.
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Appendix A. Thermodynamic considerations

A thermodynamic model is required to determine
the equilibrium state of the oxidized fuel (xe) (Appen-
dix A.1). The thermodynamic model can also be used
to assess the aqueous species of uranium to better
understand the out-reactor oxidation behaviour of
defective fuel stored in water bays (Appendix A.2).

A.1. Fuel oxygen potential and the uranium–oxygen

phase diagram

Following the methodology in Ref. [7], this work
incorporates an improved thermodynamic treatment



122 J.D. Higgs et al. / Journal of Nuclear Materials 366 (2007) 99–128
of the U–O system with emphasis on the location
of the UO2+x � U4O9 phase boundary, and the
behaviour of pO2

over the entire range of UO2+x

(652–3100 K) (see Fig. A.1) [34–50]:

log pO2
¼ �11414:6� 0:249T þ 1:096� 10�5T 2

þ 3103:86 log T � 8617063T �1

þ 3:118607� 108T�2 þ 3545460ðlog T Þ=T

� 2 logðð1� xÞ=xÞ þ 1:832xþ 32:15x2

� 150:31x3 þ 503:02x4: ð39aÞ

A similar expression is also available for the partial
pressure of UO3 (in atm) over solid UO2+x (for 652–
3100 K):

log pUO3
¼ �6454:2� 0:1437T þ 5:482� 10�6T 2

þ 1771:5 logðT Þ � 4:17426� 106=T

þ 1:20993� 108=T 2 þ 1:77273

� 106 logðT Þ=T � logðð1� xÞ=xÞ
þ 0:9158xþ 16:08x2 � 75:15x3 þ 251:51x4:

ð39bÞ

Isobaric lines of oxygen and UO3 partial pressure are
depicted in the U–O phase diagram of Fig. A.2.
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Fig. A.1. Calculated phase diagram for the U–O system, highlighting
determinations.
Although the treatment in Fig. A.1 is true to the
many solubility measurements of U4O9 in UO2+x,
there is a slight deviation from the data of Anthony
et al. [45] from 1500 to 1900 K. This deviation was
justified in order to be in reasonable agreement with
the published thermodynamic values for U3O8. It
should be noted that a recent treatment of the
U–O system by Chevalier et al. deviates from the
measurements in this region in a similar manner [51].

An expression relating the hydrogen-to-steam
partial pressure ratio, temperature T (in K) and
equilibrium stoichiometric deviation xe follows
from the thermodynamic analysis: For the (H2/
H2O) variation of the UO2+x non-stoichiometry:

log
pH2

pH2O

 !
¼ 5706:8þ 0:1245T � 5:482� 10�6T 2

þ 4296016

T
� 1550:95 logðT Þ

� 1772730 logðT Þ
T

� 155930359

T 2

þ log
1� xe

xe

� �
� 0:9158xe � 16:076x2

e

þ 75:154x3
e � 251:51x4

e : ð40Þ
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Eq. (40) is in excellent agreement with the thermo-
dynamic treatments of Lindemer–Besmann [53]
and Blackburn [54]. Similarly, using properties for
heavy water, the (D2/D2O) variation of the UO2+x

non-stoichiometry is [52]:

log
pD2

pD2O

 !
¼ log

pH2

pH2O

 !
þ 1:76985� 333:783

T

� 0:488145 logðT Þ: ð41Þ
These expressions are shown as they relate to the
U–O phase diagram in Fig. A.3.

Using Eq. (40), a closed-form solution for the
equilibrium stoichiometry deviation xe is possible
as a function of T and the hydrogen-to-steam
partial pressure ratio (q/(1 � q)) as shown in Eq.
(12)). Eqs. (40) and (41) are only valid above certain
minimum ratios of H2/H2O (or D2/D2O) as com-
pared to the complete treatment for the U–O–H
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and U–O–D system. Therefore, an upper bound
(that is a function of temperature) can be placed
on these equations in accordance with the phase dia-
gram boundaries.

Finally, the thermodynamic treatment of the U–
O system in Fig. A.1. provides a model for oxidized
UO2 assuming fresh fuel. However, fission products
and actinides are produced with burnup. Most fis-
sion product elements will form compounds with
oxygen; this will affect the oxygen potential within
the fuel. However, the current thermodynamic
treatment can be extended to include fission prod-
ucts and actinides, which has the further advantage
over earlier correlations of oxygen potential (e.g.,
the Lindemer and Besmann treatment) in that a
multi-component Gibbs energy minimization calcu-
lation can be performed so that the influence of fuel
burnup on the fuel oxygen potential can be assessed
[55]. For instance, as shown in Fig. A.4, for a typi-
cal discharge burnup of �175 MWh (kgU)�1 for
CANDU fuel reacting in the presence of increasing
amounts of steam (0.1–100 mol H2O), such cal-
culations show that the effect of fission products
on the fuel oxygen potential is small for the expected
hydrogen-to-steam partial pressure ratio in
Fig. A.3. This result is also consistent with the work
of Park et al., which shows little change in the oxy-
gen potential of intact fuel from 0 to 5 at.% burnup
[56]. Burnup effects can therefore be neglected in the
current thermodynamic treatment for the prediction
of xe in Eq. (12).

A.2. U–O–H2O Pourbaix diagram

The thermodynamic model can also be applied to
understand the fuel oxidation behaviour in the stor-
age bays. In particular, Pourbaix diagrams of redox
potential, Eh, versus pH are an important method
for understanding aqueous chemical behaviour
[57]. The Uranium Pourbaix diagram at 298.15 K,
covering the range of redox potential pertinent to
fuel oxidation behaviour, is shown in Fig. A.5.
The details of the diagram development via Gibbs
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energy minimization are given in Ref. [58]. The data
for UO2, U4O9, U3O7 and U3O8 are the same as
those used for the U-O binary phase diagram in
Fig. A.1. Placed on the diagram for reference are
dashed lines (a) and (b) corresponding to redox
potentials associated with hydrogen and oxygen sat-
uration (at 1 atm), respectively. Thus, this method-
ology provides a means to assess fuel oxidation
behaviour of defective fuel during long-term storage
in the fuel bays, where the bay water is in near equi-
librium with air (see Section 4.3.5).
Fig. B.1. Schematic cross section of a cracked fuel pellet.
Appendix B. Estimation of parameters e and rf

The number of fuel cracks n (during operation)
has been correlated by Wood et al. to the linear
element power P (in kW m�1) as n = P/2 [2,70].
Assuming that a crack penetrates through the entire
fuel stack length ‘, and it has a thickness s = a Æ h�
44 lm from post irradiation examination, the vol-
ume of a single crack from elementary geometry is
1
2
a2h � ‘ where h is the crack angle (in radians). Thus,

considering a simple crack representation with n

symmetrical cracks in Fig. B.1:

e ¼ V crack

V fuel

¼
nh‘
2
fa2 � a2

plasticg
pa2‘

¼
Psfa2 � a2

plasticg
4pa3

¼ 3

16

Ps
pa
: ð42Þ
Here it is assumed that the cracks do not pene-
trate into the plastic zone at radius aplastic, where
aplastic � a/2 at a typical linear heat rating of
35 kW m�1. Thus, at this linear heat rating, e is
evaluated as �1.5%. Moreover, it follows that:

rf ¼
Scrack

V fuel

¼ n‘2ða� aplasticÞ
pa2‘

¼ P
2pa

ð43Þ

yielding a value of rf � 910 m�1 at 35 kW m�1.
These values are typical of that assumed in Table
1 (which are used for all simulations).

In addition, the ratio of the volume of cracks to
the volume of the gap is:

V crack

V gap

¼
nha2

2
1� a2

plastic

a2

� �
2patg

¼ 3

16

nðhaÞ
ptg

; ð44Þ
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where tg is �10–20 lm based on a fuel performance
calculation with the ELESIM code. [2] Using the
above data for an element at 35 kW m�1 (i.e.,
n = 35/2 � 17 cracks, h a � 44lm and aplastic � a/
2), the crack volume is estimated with Eq. (44) to
be comparable to that of the gap (i.e., Vcrack �
3Vgap). Moreover, the CANDU fuel design also
has thin sheathing that can accommodate expansion
from fuel cracking and relocation, i.e., the In-Reac-
tor Diameter Measuring Rig (IRDMR) has been
used for a direct in-reactor measurement of CAN-
DU fuel relocation, where a diametral relocation
of approximately 30 lm was observed [71]. Hence,
the simple crack model appears to be consistent
with the observed in-reactor behaviour.
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and École Polytechnique, 1995.

[53] T.B. Lindemer, T.M. Besmann, J. Nucl. Mat. 130 (1985)
473.

[54] P.E. Blackburn, J. Nucl. Mater. 46 (1973) 244.
[55] M.H. Kaye, C. Morrison, J. Higgs, F. Akbari, B.J. Lewis,

W.T. Thompson, Towards a First Principles Model of
CANDU Fuel Phase Equilibrium, in: Proc. 9th Int.
Conf. on CANDU Fuel, Belleville, ON, September 17–21,
2005.

[56] K. Park, M-S. Yang, H-S. Park, J. Nucl. Mater. 247 (1997)
116.

[57] M. Pourbaix, Atlas of Electrochemical Equilibria in Aque-
ous Solutions, Pergamon, New York, 1966.

[58] B.J. Lewis, W.T. Thompson, F. Akbari, C. Morrison, A.
Husain, J. Nucl. Mater. 340 (2005) 69.

[59] J.D. Higgs, Modelling oxidation behaviour in operating
defective nuclear reactor fuel elements, PhD Dissertation,
Royal Military College, January 2006.

[60] D.R. Olander, Fundamental aspects of nuclear reactor fuel
elements, TID-26711-p1, US Department of Energy, 1976.

[61] D.G. Martin, J. Nucl. Mater. 152 (1988) 94.
[62] P.G. Lucuta, Hj. Matzke, I.J. Hastings, J. Nucl. Mater. 232

(1996) 166.
[63] W.E. Ellis, J.D. Porter, T.L. Shaw, The Effect of Oxidation,

Burnup and Poisoning on the Thermal Conductivity of UO2:
A Comparison of Data with Theory, in: Proc. International
Topical Meeting on Light Water Reactor Fuel Performance,
Park City, Utah, April 10–13, 2000, p. 715.

[64] C. Ronchi, M. Sheindlin, M. Musella, G.J. Hyland, J. Appl.
Phys. 85 (1999) 776.

[65] P.G. Lucuta, R.A. Verrall, Hj. Matzke, J. Nucl. Mater. 223
(1995) 5160.

[66] J.K. Fink, J. Nucl. Mater. 279 (2000) 1.
[67] I.J. Hastings, L.E. Evans, J. Am. Ceram. Soc. (March–

April) (1979) 217.
[68] W. Wiesenack, Thermal performance of high burnup fuel –

in-pile temperature data and analysis, in: Light Water
Reactor Fuel Performance Conference, Portland, Oregon,
March 2–6, 1997, p. 507.

[69] W. Wiesenack, T. Tverberg, Assessment of UO2 conduc-
tivity degradation based on in-pile temperature data, in:
Light Water Reactor Fuel Performance Conference, Park
City, Utah, April 10–13, 2000.

[70] J.C. Wood, B.A. Surette, I. Aitchison, W.R. Clendening, J.
Nucl. Mater. 88 (1980) 81.

[71] P.J. Fehrenbach, P.A. Morel, R.D. Sage, Nucl. Technol. 56
(1982) 112.

[72] R.A. Verrall, J. Mouris, Z. He, O/M measurement
technique, in: Eighth International Conference on CANDU
Fuel, Honey Harbour, Ontario, September 21–24, 2003.

[73] Z. He, R. Verrall, J. Mouris, C. Buchanan, Private
Communication (April) (2003).

[74] J. Mouris, private communication (October) (2004).
[75] H. Kleykamp, J. Nucl. Mater. 131 (1985) 221.
[76] J.O. Hirschfelder, C.F. Curtiss, R.B. Bird, Molecular
Theory of Gases and Liquids, John Wiley, New York,
1964.

[77] D. Manara, C. Ronchi, M. Sheindlin, M. Lewis, M. Brykin,
J. Nucl. Mater. 342 (2005) 148.

[78] S. Whillock, J.H. Pearce, J. Nucl. Mater. 175 (1990) 121.
[79] J.M. Markowitz, Internal zirconium hydride formation in

zircaloy fuel element cladding under irradiation, WAPD-
TM-351, Bettis Atomic Power Laboratory, May 1963.

[80] K. Naito, J. Nucl. Mater. 51 (1) (1974) 126.
[81] T. Ishii, K. Naito, K. Oshima, Solid State Commun. 8

(1970) 677.
[82] F. Grønvold, J. Inorg. Nucl. Chem. 1 (1955) 357.
[83] H.-R. Wenk, L. Lutterotti, S. Vogel, Nucl. Instrum. and

Meth. A 515 (2003) 575.
[84] Los Alamos Neutron Science Center Website,

www.lansce.lanl.gov.
[85] J. Higgs, W.T. Thompson, B.J. Lewis, S. Vogel, Kinetics of

precipitation of U4O9 from hyperstoichiometric UO2+x, in:
TMS Space Reactor Fuels and Materials Symposium, San
Antonio, Texas, March 12–16, 2006.

[86] M.T. Hutchings, J. Chemical Society. Faraday Trans. 283
(1987) 1083.

[87] J.S. Kim, Y.-N. Choi, C.H. Lee, S.-H. Kim, Y.-W. Lee,
J. Korean Ceram. Soc. 38 (11) (2001) 967.

[88] N. Masaki, K. Doi, Acta Crystallogr. B28 (1972) 785.
[89] J. Belle (Ed.), Uranium Dioxide: Properties and Nuclear

Applications, Naval Reactors, Division of Reactor Devel-
opment, USAEC, 1961.

[90] S. Aronson, R.B. Roof, J. Belle, J. Chem. Phys. 27 (1957)
137.

[91] H.R. Hoekstra, A. Santoro, S. Siegel, J. Inorg. Nucl. Chem.
18 (1961) 166.

[92] K.A. Simpson, P. Wood, Uranium Dioxide Fuel Oxidation
below 350 �C, in: Proc. NRC Workshop on Spent Fuel/
Cladding Reaction during Dry Storage, Gaithersburg, MD,
(1983) (NUREG/CP-0049), 70.

[93] J. Novak, I.J. Hastings, E. Mizzan, R.J. Chenier, Nucl.
Technol. 63 (1983) 254.

[94] I.J. Hastings, E. Mizzan, A.M. Ross, J.R. Kelm, R.J.
Chenier, D.H. Rose, J. Novak, Nucl. Technol. 68 (1985)
40.

[95] I.J. Hastings, E. Mizzan, J.R. Kelm, R.E. Moeller, J.
Novak, Nucl. Technol. 68 (1985) 418.

[96] I.J. Hastings, D.R. McCracken, E. Mizzan, R.D. Barrand,
J.R. Kelm, K.E. Nash, J. Novak, Nucl. Technol. 70 (1985)
268.

[97] R.E. Einziger, R.E. Woodley, Predicting spent fuel oxida-
tion states in a tuff repository, in: Proc. Workshop on
Chemical Reactivity of Oxide Fuel and Fission Product
Release, Vol. 2, Berkeley Nuclear Laboratories, Berkeley,
Gloucestershire, England, 7–9 April 1987, p. 281.

[98] K.M. Wasywich, C.R. Frost, Update on the Canadian
experimental program to evaluate used-fuel integrityunder
dry-storage conditions, in: Proc. Second Int. Conf.
CANDU Fuel, Pembroke, Ontario, 1989, 312.

[99] K.M. Wasywich, W.H. Hocking, D.W. Shoesmith, P.
Taylor, Nucl. Technol. 104 (1993) 309.

[100] P. Taylor, R.J. Lemire, D.D. Wood, Nucl. Technol. 104
(1993) 164.

[101] S. Sunder, N.H. Miller, J. Nucl. Mater. 231 (1996) 121.
[102] P. Taylor, J. Nucl. Mater. 344 (2005) 206.

http://www.lansce.lanl.gov


128 J.D. Higgs et al. / Journal of Nuclear Materials 366 (2007) 99–128
[103] R.J. McEachern, P. Taylor, J. Nucl. Mater. 254 (1998) 87.
[104] A. Leenaers, L. Sannen, S. Van den Berghe, M. Verwerft,

J. Nucl. Mater. 317 (2003) 226.
[105] P. Taylor, D.D. Wood, D.G. Owen, W.G. Hutchings, A.M.

Duclos, Microstructure and phase relationship of crystal-
line oxidation products formed on unused CANDU fuel
exposed to aerated steam and water near 200 �C, Atomic
Energy of Canada Limited report AECL-10476, COG-91-
292, 1991.

[106] P. Taylor, D.D. Wood, A.M. Duclos, D.G. Owen, J. Nucl.
Mater. 168 (1989) 70.
[107] P. Taylor, D.D. Wood, D.G. Owen, G.-I. Park, J. Nucl.
Mater. 183 (1991) 105.

[108] P. Taylor, D.D. Wood, D.G. Owen, J. Nucl. Mater. 223
(1995) 316.

[109] C.R. Frost, K.M. Wasywich, UO2 oxidation in air at 50 �C
to 400 �C and the implications for CANDU irradiated fuel
dry storage, in: Proc. Workshop on Chemical Reactivity of
Oxide Fuel and Fission Product Release, Vol. 2, Berkeley
Nuclear Laboratories, Berkeley, Gloucestershire, England,
7–9 April, 1987, p. 319.

[110] K. Une, S. Kashibe, J. Nucl. Mater. 232 (1996) 240.


	A conceptual model for the fuel oxidation of defective fuel
	Introduction
	Model development
	Gas phase transport in the fuel-to-sheath gap
	Interstitial oxygen diffusion in the fuel matrix
	Gas phase transport in the fuel cracks
	Heat conduction in the solid

	Experimental results and model prediction
	Discussion
	Sensitivity analysis
	Thermal diffusion of H_2 in cracks
	Effect of low-temperature reactor operation and out-reactor effects on the fuel oxidation behaviour
	Radiolysis effects
	U4O9-y non-stoichiometry and U4O9 precipitation from UO2+x
	Out-reactor effects
	Low-temperature oxidation effects in air (fuel transfer operation)
	Low-temperature oxidation effects in water (fuel bay storage)


	Conclusions
	Acknowledgements
	Thermodynamic considerations
	Fuel oxygen potential and the uranium-oxygen phase diagram
	U-O-H2O Pourbaix diagram

	Estimation of parameters  z.epsiv  and  sigma f
	References


