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Abstract

The rare occurrence of sheath defects may lead to contact between the fuel and coolant,
which may lead to fuel hyperstoichiometry, thus degrading fuel thermal performance and
raising the potential for centreline melting. By simplifying a published mechanistic
model, a semi-empirical model has been developed to predict fuel hyperstoichiometry
using a one-dimensional oxygen transport equation coupled to a two-dimensional
temperature equation, improving numerical robustness for possible implementation into
fuel performance codes. The model has been validated against experimental
measurements from commercial defective elements for normal operation, and has been
used to predict the response of defective fuel under accident conditions.

1 Introduction

In a CANDU (CANada Deuterium Uranium) reactor, sintered UO; pellets are stacked
within a Zircaloy sheath to form a fuel element, with helium gas in the fuel-to-sheath gap.
In rare cases (less than 0.1 % in CANDU reactors), defects can develop in the fuel sheath,
possibly for one of the following reasons': fretting, delayed hydrogen cracking, stress
corrosion cracking, or fuel fabrication flaws. The degraded thermal performance of
defective fuel increases the possibility of fuel centreline melting. The CNSC (Canadian
Nuclear Safety Commission), which regulates the operation of civilian nuclear
technology in Canada, prohibits the presence of molten fuel in safety analyses. Thus,
there is a need to better understand defective fuel behaviour”.

2 Review of Defective Fuel Research & Project Goals

Upon the introduction of a defect to the Zircaloy sheath, the following processes can take
place in the defective fuel element:

e Gap transport: D,/D,0 gas that enters the defect flows along the axial direction in
the fuel-to-sheath gap, causing oxidation and hydriding of the Zircaloy sheath.

e Crack transport: D,/D,O gas flows principally in the radial direction in the fuel
cracks, which can result in fuel oxidation at the pellet surface of the fuel cracks.
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Oxygen transport: Excess oxygen liberated in the fuel oxidation reaction diffuses
in the solid fuel matrix due to concentration and thermal gradients in the solid
UOz4,.

Heat transfer: An increased fuel hyperstoichiometry may result in a decrease in
the fuel thermal conductivity and thus lead to an increased fuel temperature.

To address all of these phenomena, a fully mechanistic treatment for defective fuel
oxidation was developed by Higgs® and validated against experimental data for fuel
hyperstoichiometry. A representation of the azimuthally-symmetric, two-dimensional
mechanistic model, including key equations, is shown in Figure 1.
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Figure 1 Geometric representation of the mechanistic model for defective fuel. Taken from [4].

The sophisticated mechanistic model, which uses four coupled, time-dependent partial
differential equations (PDEs) to simulate defective fuel, is numerically intensive and thus
difficult to solve. For increased robustness and ease of implementation into available fuel
performance codes, the model needs to be numerically simplified, while using empirical
correlations where possible to include important phenomena, particularly hydrogen/steam
gas-phase transport (and the resultant atmospheric oxygen potential in the fuel-to-sheath
gap and fuel cracks). Accordingly, the goal of the current work is to increase the
numerical robustness of the model by developing a reduced set of coupled equations,
while capturing underlying phenomena and producing agreement with available
experimental data for fuel hyperstoichiometry.

3
3.1

Model Development

Thermodynamics of the Uranium-Oxygen System

The uranium-oxygen phase diagram is shown in Figure 2 below”.
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Figure 2 Uranium-oxygen phase diagram showing oxygen partial pressure in equilibrium with
temperature and O/U ratio. Taken from [5].

At any given temperature, the equilibrium stoichiometry deviation, x,., relates to the
extent of stoichiometry deviation at which the oxygen partial pressure within the fuel is
equal to the partial pressure in the surrounding atmosphere (indicated by the partial
pressure lines in Figure 2). The equilibrium partial pressure is associated with the
reaction:

2D,0(g) < Oa(g) + 2Dx(g) Equation 1

The oxygen partial pressure is related to the D,/D,O ratio through the equilibrium
constant for the above reaction, which is given by:

2
Pp,Po,

2
Pp,o

K= Equation 2

Accordingly, the equilibrium stoichiometry deviation can be related to the D,/D,0 ratio.
Since there is negligible difference in expressing the reaction equilibrium with respect to
the Dy/D,O or Hy/H,O ratio’, an expression for x, is developed as a function of the
H,/H,0 ratio.

3.2 Model Concept and Cornerstone Equations

Based on the observed results of mechanistic model simulations, the maximum
stoichiometry deviation occurs under the defect site, where H,/H,O ratio in the fuel-to-
sheath gap is lowest. It is postulated that the area in the fuel element under the sheath
defect constitutes an ‘engine’ for the hyperstoichiometry throughout the element. While
some oxidation is expected to occur in areas not located under the defect, the relative
increase in the H,/H,O ratio in these regions would suppress the reaction. Therefore, the
axial stoichiometry deviation profile in the fuel element can be attributed to solid-state
transport of oxygen from the primary oxidation site as a result of the oxygen
concentration gradient (which can be treated as a first-order rate process). A semi-
empirical model can thus be conceptualized as shown in Figure 3 below:
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Figure 3 Concept diagram for the semi-empirical model.

Since the oxidation reaction is only modelled under the defect site, a one-dimensional
adaptation of the oxygen transport equation in the mechanistic model can be considered:

1 *oT ‘
u % — —ai[rD(? +x RQT2 a@_ﬂ +0 Rl Equation 3
r or 7 e

where x is the stoichiometry deviation in the fuel, 7 (s) is time, » (m) is radial position,
and T (K) is the fuel temperature. The diffusion coefficient is represented by D, and the

*

term rDx

e represents the diffusive oxygen flux along a thermal gradient, a
A

mechanism referred to as the Soret effect, wherein the term Q* refers to the molar

effective heat of transport. The fuel surface-area-to-volume ratio is represented by Ojier.
The fuel oxidation/reduction reaction term, R/, can be described as:

R = cuaw/il -q ipt (x, —x), for x<x, Equation 4

R =c,a\qp, (x, — x), for x > x, Equation 5

where R7,, and R}ﬁ‘:, represent oxidation and reduction processes of the fuel,

respectively. The parameter ¢, is the molar density of UO,. The parameter g represents
the H, mole fraction, p; is the total system pressure, and « is the temperature-dependent
surface-exchange coefficient.

The change in stoichiometry deviation with respect to axial separation from the defect
site z, can be represented by a first-order kinetic process:

dx
. =& Equation 6
Zsep

where & is a relaxation length dependent on the fuel and defect conditions.

4 0of 12



29th Annual Conference of the Canadian Nuclear Society June 1-4, 2008
32nd CNS/CNA Student Conference Marriott Eaton Centre, Toronto, Ontario

Together, Equation 3 and Equation 6 provide a two-dimensional representation of oxygen
diffusion to describe the stoichiometry deviation x in the oxidized UO,., fuel for the
defective element. A two-dimensional representation for heat conduction in the fuel
pellets to determine the temperature profile is:

or of, or 15( ar}i{ (s, )

cC —=—I|k—+——|rk— :IIU(KT) Equation 7
2]1il(‘api

“Pot oz\ 0z ror or
Here, C, is the specific heat capacity expressed as a function of stoichiometry deviation
and temperature and £ is the stoichiometry-dependent fuel thermal conductivity. The term

P, Kka o . .
ﬂ{ = }IO (1) represents the heat generation in the fuel due to fission, accounting

2
7rap

m; 21 \xu
for the effects of flux depression in the fuel pellet. In this heat source term, Py, is the

variable linear power rating of the fuel element, a, is the radius of the fuel pellet, and « is
the inverse neutron diffusion length.

P

3.3 Development of Empirical Correlations

Correlations are needed to determine the values of ¢ and & in order to solve Equations 3
and 6 for the stoichiometry deviation. A sensitivity analysis of the stoichometry
deviation, as predicted by the mechanistic model with respect to different fuel conditions,
was performed, and it was determined that the correlations should be functions of linear
power rating, defect geometry (number of defects, defect sizes, and distances between
defects), and Post-Defect Residence Time (PDRT). These parameters were varied within
the following ranges:

Table 1 Variable parameters used to develop empirical correlations

Parameter Range (Units) Units
Linear power rating 20 — 65 kW m’!
Number of defects 154 N/A
Defect size (axial length) 0.1 - 80 mm
Distance between defects 0 — 450 mm
Post-Defect Residence Time (PDRT) 1 - 760 d

A typical simulation of a defective fuel element operating at 40 kW m™ for 380 d, with a
single 5-mm defect at the element midplane, is shown in Figure 4 using the mechanistic
model of Higgs. Similar simulations were used to benchmark the empirical correlations.

Assuming a constant axial relaxation length &£ with respect to axial separation from the
defect site z,, Equation 6 can be solved to give:

&= —Lln[x(z—“’)j Equation 8

z sep xdef

By running the mechanistic model for the full range of element linear power ratings and
distances between defects, a full space of values for & was produced for both single- and
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double-defect cases. The curve-fitting software TableCurve3D™ was then used to
reproduce these values. The resulting correlations are used to predict the axial oxidation
profile away from the defect site(s).

5-mm defect above element surface

x10?

dist

Fuel
Surface

Fq0.08

Stoichiometry
deviation, X

F q0.06

Fuel
Centreline

0.5

Xdef  X(Zsep)
Figure 4 Sample stoichiometry deviation results from the mechanistic model for a fuel element of
length 0.482 m and radius 6.075 mm operating at 40 kW m™ for 380 days with a 5-mm defect at the
element midplane.

Under the defect site, the H, mole fraction, ¢, is required in order to simulate the
oxidation reaction. For the simulation shown in Figure 4, the time-dependent value of ¢
under the defect site at the fuel centreline is shown in Figure 5.

In the semi-empirical model, the time-dependence of g is implicitly captured by assuming
an appropriate constant value for the full element PDRT. For the range of element linear
power ratings and defect sizes given in Table 1, the minimum and time-dependent
average values of ¢, referred to as g, and g, respectively, were found (it should be
noted that, in finding the minimum value of ¢, the brief initial period where ¢ increases
from near-zero to a maximum is not considered since the values in this period represent a
numerical artifact of the initial condition assumed for the mechanistic model). These
values were reproduced using orthogonal Legendre Polynomials, which can be defined
recursively to the required precision (due to the model’s sensitivity to ¢) without
sacrificing accuracy.

™ Tablecurve3D is a trademark of SPSS, Inc.
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Figure 5 Centreline ¢ beneath the site of a 5-mm defect for a fuel element operating at 40 kW m™ for
a PDRT of 380 d with the end-of-life, average, and local minimum values shown.

Given the centreline value of ¢, the radial profile produced by the mechanistic model can
be approximated using a linear profile as shown in Figure 6.
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Figure 6 Radial profile of ¢ under a 5-mm defect for a fuel element operating at 40 kW m™ at t = 100
d, with the linear approximation shown in red.

By introducing the correlations for H, mole fraction and axial relaxation length to the
equations outlined is Section 3.2, the fuel oxidation state and temperature can be
predicted by solving a system of two PDEs.

The various constants, parameters and empirical correlations for the simplified fuel
oxidation models are detailed in Ref. 6.
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3.4 Numerical Implementation

The semi-empirical model was implemented in the COMSOL Multiphysics  platform
installed on Windows XP Professional®. A sample geometry representing the fuel in
COMSOL is shown in Figure 7.

Fuel
g 4 surface
5
Defective
g —————————»
! region
(Equations 3
r (mm) and 7) '\\ .
3 . . . . 152 Non-defective
regions
(Equations 6
2 // and 7)
. _‘///
0 1 ««— Fuel )
centreline
[ 0.05 0.1 0.15 0.2 0.25 03 0.35 04 0.45 0s
z (m)

Figure 7 Sample representation of the geometry of a fuel element with a single 10-mm defect.

The one-dimensional oxygen transport equation (Equation 3) is solved assuming no
oxidation at initialization, an axial symmetry condition at the centreline, and no reaction
(x = x.) at the fuel surface. The temperature equation (Equation 7) is solved assuming an
initial temperature equal to the fuel surface temperature, which is evaluated according to
the methodology of Lewis et. al.”, and insular boundaries at the axial edges and centreline
of the element.

4 Results and Discussion

4.1 Model Validation and Observed Limitations

The semi-empirical fuel oxidation model was used to predict the oxidation and
temperature profiles of 10 commercial defective fuel elements, which were measured for
their O/M ratios. In particular, the results were compared to the predictions of the
mechanistic model and to experimental data provided by Atomic Energy of Canada
Limited (AECL) at the Chalk River Laboratories (CRL)®. At the CRL, the oxygen-to-
metal (O/M) ratio was measured for each of the defective elements using a coulometric
titration (CT) technique. For a representative case, a comparison of results is shown in

" COMSOL Multiphysics is a trademark of Comsol AB.

® Windows XP Professional is a registered trademark of Microsoft Corporation.
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Figure 8. The conservative semi-empirical model uses the correlations for g,,;,, while the
best-estimate model uses the correlations for g,y., as outlined in Section 3.3.
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Figure 8 Representative comparison of model predictions to CRL measurements of O/U ratio.

There were no in-reactor measurements of the fuel centreline temperature, and so only
the temperature values from the semi-empirical and mechanistic models can be
compared. In general, the predicted results of the O/M ratio compare well with the
mechanistic model predictions, as well as to the measured CT data. Also, the predictions
of the centreline temperature typically vary by less than ~100 K (up to 216 K), suggesting
reasonable agreement between the two models. Fuel centreline melting is never predicted
for these ten commercial defective cases.

While the semi-empirical prediction is generally conservative compared to the
mechanistic prediction, in some cases there is a slight underprediction of the fuel
stoichiometry deviation and fuel centreline temperature, highlighting some limitations of
the model. Most significantly, by reducing the oxygen transport equation to one
dimension, conservation of oxygen mass is no longer maintained in the non-defective
regions of the fuel. Simulations have been performed demonstrating that using a two-
dimensional oxygen transport equation re-introduces conservation of mass and eliminates
the underprediction of fuel hyperstoichometry. However, the use of a two-dimensional
equation would increase the complexity of the model, which runs contrary to the goals of
this work, and so this approach was not adopted.

4.2 Application to Transient Analysis

One of the benefits of a semi-empirical treatment for fuel oxidation is the increased
robustness and simplicity of the model, which make the treatment easier to implement in
a fuel code to determine the performance of defective fuel elements. Specifically, it is
necessary to know if and when the fuel undergoes centreline melting. It has been
demonstrated in this work that, for typical normal operating conditions (NOC), fuel
melting is not expected. However, a remaining question is whether centreline melting
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could occur in a previously defective element (where the fuel has already been oxidized)
during an accident scenario, such as a Loss-of-Coolant Accident (LOCA).

During a LOCA, as a result of coolant voiding and the positive void coefficient, there is a
sharp increase in the power rating of a fuel bundle, and a concurrent temperature increase
in the fuel sheath and fuel itself for a short duration. The increased fuel temperatures are
depicted in Figure 9 based on a BEAU (Best Estimate And Uncertainty) methodology
performed by NSS (Nuclear Safety Solutions) for a safety analysis’.

Temperature (°C)

0 5 10 15 20 25 30 o8 o o 20

Time (s) Time (s)

Figure 9 Transients for typical BEAU conditions for (a) fuel sheath temperature and (b) fuel
centerline temperature. Taken from [9].

The mechanistic and semi-empirical models were used to simulate a fuel element
undergoing a LOCA for 3 s under the conditions for normalized power (assuming an
initial linear power rating of 63 kW m™") and sheath temperature given by the BEAU
analysis. Three possible scenarios were considered assuming (i) an intact element, (ii) a
defective element with no fuel-to-sheath gap, (iii) a defective element with a fuel-to-
sheath gap with an estimated 10-pum thickness. A comparison of predicted fuel centreline
temperatures for these three scenarios, and for the mechanistic and semi-empirical
models, is shown in Figure 10.
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Figure 10 Predicted fuel centreline temperature history for the power pulse using (a) the mechanistic
model for intact and defective fuel simulations and (b) the mechanistic and semi-empirical models for
defective fuel (with a gap).
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The temperatures reached during the LOCA are beneath the incipient melting
temperature for UO,. However, it is also of interest to determine whether the fuel
stoichiometry changes during the power pulse. Simulations were therefore performed
with the mechanistic model where the radial profile of the fuel stoichiometry deviation
was examined under the defect site at various times (see Figure 11(a)) for the given fuel
centerline temperature history in Figure 10. As expected, the oxidation state remains
unchanged, which indicates that there is insufficient time during the power pulse for the
fuel oxidation reaction kinetics and solid-state diffusion of interstitial oxygen to occur.
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Figure 11 (a) Mechanistic model and (b) semi-empirical (¢,,;;) model predictions of the radial profile
of the fuel stoichiometry deviation under the defect site at several times from the start of the
transient.

The same simulation was also performed with the semi-empirical model (Figure 11(b)).
A similar result is obtained although there is a little fluctuation in the stoichiometry
deviation curve at and near the fuel surface position. This fluctuation arises as a
numerical artifact of the surface boundary condition (where x is set equal to x.) in
contrast to the use of a zero-flux condition for the mechanistic model. Nevertheless, this
slight effect does not affect the radial profile away from the fuel surface.

In fact, with any possible metal-water reaction, an increased concentration of hydrogen
could potentially lower the oxygen potential, thus decreasing the likelihood of fuel
oxidation. Moreover, with the presence of hydrogen, the fuel reduction kinetics are
considerably faster than that for fuel oxidation as observed in high-temperature annealing
experiments conducted at the University of California (UCL)-Berkeley'®. Thus, one
would not expect further fuel oxidation during the transient.

5 Conclusions and Recommendations

A robust semi-empirical model has been developed for predicting the oxidation
behaviour of typical defective CANDU fuel elements. As desired, the current model is
generally conservative or in agreement with published experimental data for fuel
stoichiometry deviation, and with the mechanistic model for fuel stoichiometry deviation
and temperature. The semi-empirical model has been tested for both normal and typical
transient circumstances (involving a typical power pulse due to a loss-of-coolant
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accident). As demonstrated, there is no centreline melting and in particular, no change in
the oxidation state of the fuel during the power pulse starting from a high power rating.
The semi-empirical model could potentially be incorporated into fuel performance
codes'"'? in order to include the effects of fuel oxidation on fuel performance behaviour
with possible failure of the sheath during normal and reactor accident conditions.
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