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ABSTRACT 

A theoretical treatment has been developed to predict the fuel oxidation behaviour in operating 
defective nuclear fuel elements. The equilibrium stoichiometry deviation in the hyperstoichiometric fuel 
has been derived from thermodynamic considerations. The kinetics model accounts for multi-phase 
transport including interstitial oxygen diffusion in the solid and gas-phase transport of hydrogen and 
steam in the fuel cracks. The fuel oxidation model is further coupled to a heat conduction model to 
account for the feedback effect of a reduced thermal conductivity in the hyperstoichiometric fuel. A 
numerical solution has been developed using a finite element technique with the FEMLAB software 
package. 

The model has been compared to available data from several in-reactor X-2 loop experiments 
with defective fuel conducted at the Chalk River Laboratories. The model has also been benchmarked 
against an 0/U profile measurement for a spent defective fuel element discharged from a commercial 
reactor. 

1. INTRODUCTION 

With defective fuel, a primary leak path exists so that coolant can enter into the fuel element, 
permitting oxidation of both the fuel and cladding. The fuel oxidation process itself can affect the thermal 
performance of the element. In response to this issue, a mechanistic model has been developed to predict 
fuel oxidation behaviour in operating defective fuel elements. 

2. MODEL DEVELOPMENT 

During in-reactor operation, a temperature gradient develops due to internal fission heating. 
Steam present in the fuel-to-clad gap of a defective fuel rod can penetrate through cracks in the pellet by 
gas phase transport and react with the fuel resulting in an oxygen profile in the pellet since the 
thermodynamics of the oxidation reaction is temperature dependent. A re-distribution of the interstitial 
oxygen ions can also occur due to solid-state diffusion. Any hydrogen generated from both the Zircaloy 
clad and fuel oxidation processes will also affect the oxygen potential in the gaseous atmosphere. 

The transport delivery mechanism is therefore a complicated problem where gas and solid-state 
radial diffusion equations must be coupled by a kinetically-limited reaction law at the crack surfaces (see 
Fig. 1). In particular, the H20/H2 gas mixture in the gap will diffuse radially through a network of cracks 
where a reaction occurs with the solid fuel. The reaction products, consisting of H2 in the gas in the 
cracks and interstitial oxygen ions in the solid fuel, are then transported via diffusion in their respective 
phase (Fig. 1). Due to the lower fuel surface temperature, the outer pellet surface will remain essentially 
stoichiometric. 

The rate of reaction of UO2,„ with a gas mixture containing steam and hydrogen at partial 

pressures of p 1120 = (1-q) p, and p = q p, is given by:' 
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R0  = cu a ll(1— q)p, (xe — x(t)) (1) 

where R., is the reaction rate in moles 0 (or H2) ril 2 S.I , Cu = 4.1 x 104 mol m 3 is the molar density of 
uranium in UO2, a= 0.365 exp (-23 500/7) (in m s-1) is the surface exchange coefficient at temperature T 
(in K), q is the mole fraction of H2 in the cracks and Pt = 100 atm is the total system pressure. The 
equilibrium oxidation state of the fuel xe can be obtained by equating the oxygen potential in the local 
atmosphere with the oxygen potential in the solid fuel. The oxygen partial pressure p02 (atm) in the 

atmosphere can be obtained from a solution of the cubic equation:' 

4(p02 + 4Kp 112 )i — IC; jp„2 + [(p ;12 ), + K21p02 jp —(pH.20 )i K; = 0 (2) 

where (p 11 0 )i and (1) H2 )i are the initial steam and hydrogen partial pressure quantities and the 

equilibrium constant K; for water dissociation is given by:' 

25032
log IC; = T  +1.9588log T — 0.96630 (3) 

The solution of Eq. (2) can be equated to the oxygen partial pressure in the fuel using the Blackburn 
thermochemical mode1:3

In po, = 21n 
i  xe (2+ xe ) _1_108x,2 32700 + 9.92 (4)

\ 
1 — xe j ' T 

Thus, xe can then be solved for in Eq. (4). As shown in Part I, the Blackburn model is in good agreement 
with an extensive thermodynamic analysis performed with the Facility for Analysis of Chemical 
Thermodynamics (FACT).`` 

With the fuel oxidation reaction, UO, + x1420 --> UO2, + x1-12, the transport equation for 0 
diffusion in the fuel pellet is given by: 

cu 
ax 
— = cu ca' • (D -Vx)+ oR„ (5) at 

where CriS the surface area of cracks per unit volume of fuel (m') for the cracked fuel body. Here D is 
taken as the chemical diffusion coefficient for oxygen:5

D = 2.5 x10 exp( 111 
2 

s  
-I- 4 16400 (6) 

The diffusion coefficient in Eq. (5) cannot be assumed to be independent of position because of the strong 
temperature dependence. Thus, assuming only radial diffusion in a cylindrical fuel pellet of radius a, Eq. 
(5) becomes: 

ax 
= aaV(1—q)p

r?t
, Ix, — x(t)1+1r[11 Drtji 

The fuel pellet is initially assumed to be stoichiometric: 

x = 0, 0 5_ I- a, t = 0. 

(7) 

(8a) 

Symmetry is considered with the use of a reflexive boundary condition at the centre of the pellet: 
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4(Po, t + 4l(PH,\-K;jp;, + l(P!} +4(Pup );K; J/Jo
2 
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T 
(3) 
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ax - ( - ) cu - = cu 'v · D'vx + aR0 x 
cJt 

(5) 

where ais the surface area of cracks per unit volume of fuel (m-1
) for the cracked fuel body. Here Dis 

taken as the chemical diffusion coefficient for oxygen:5 

D 2510- 4 (16400] 2 -1 = . x exp --- m s 
T 

(6) 
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dx = aa✓(l-q)p, {xc -x(t)}+~[~(Dr ax)~ 
cJt r cJr cJr U 

The fuel pellet is initially assumed to be stoichiometric: 
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(8a) 

Symmetry is considered with the use of a reflexive boundary condition at the centre of the pellet: 
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—
ax

= 0, r=0, t > 0. 
ar 

(8b) 

At the surface of the pellet, where the temperature is lower, the fuel essentially remains stoichiometric so 
that: 

x 0, r = a, t >0. 
(8c) 

In previous work, the hydrogen-to-steam ratio was fixed and assumed to remain constant 
throughout the pellet.' However, in this analysis, the impact of hydrogen generation from the fuel 
oxidation process is modelled by including a diffusion equation for the hydrogen mole fraction q in the 
cracked fuel body (see Fig. 1). The cracked solid is assumed to have a porosity e, defined as the ratio of 
the volume of cracks (and/or pores) to that of the solid fuel i.e., I/cracks/Vim. Thus, as follows from the 
mass balance, the hydrogen molar concentration (cgq) in the cracks is given by:6

a(c q) 
 = • V' D q) + oR (9) 

at g g 
where c8 is the total molar concentration of gas (mol m-3) (assumed to be ideal) (= pIRT and R= 82.057 
x 10-6 m3 atm ma' K-' is the ideal gas constant). Equivalently, for radial diffusion with a tortuosity 
factor r for the diffusion path in the cracked solid, Eq. (9) becomes: 

£cg —at = cuo-a-\10— q)  — [—a cg ,D 
ar  ar 

aq (10) 

In the development of Eq. (10), a quasi-static assumption has been used for the total molar concentration.6
The quantity cgDg (in mol s-1) is evaluated from the Chapman-Enskog kinetic theory for gases:7

i . 
1 1 

T  + 

c-D =2.2646x10 '  
M 112 M H20 

' , 
0.2

AB'''' AB 

where T is the temperature (K), M is the molecular weight (in g (TAB (A) is the combined collision 
diameter and DAB is the collision integral. The combined parameters are evaluated from individual 
Lennard-Jones force constants for H2 and H20.7'8

Equation (10) is subject to the initial condition: 

q = 0 r u, t = 0, 

where q, is taken as an initial hydrogen mole fraction in the fuel-to-clad gap. Symmetry at the centre of 
the pellet is again considered with the use of a reflexive boundary condition: 

aq 
= 0, r = 0, t > 0. (12b) 

ar 

(12a) 

At the surface of the pellet, hydrogen is present in the fuel-to-clad gap due, for instance, to the Zircaloy 
oxidation process. Thus, in the current analysis, it is assumed that the hydrogen mole fraction is again 
equal to a constant value of 
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m
3 atm mol"
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t:c
8 

oq =cucra,J(l-q)p,{x. -x(t)}+~[i.(c
8

D
8
r~q)1l 

ot rr or or ~ 
(10) 
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) is evaluated from the Chapman-Enskog kinetic theory for gases:7 

T[-1-+_l_~ 
' M 11 M 11,0 

cDi: = 2.2646x10~3 1 / · ' 
(J'ABQAB 

(11) 

where Tis the temperature (K), Mis the molecular weight (in g mol" 1
) , crA 8 (A) is the combined collision 

diameter and .QA8 is the collision integral. The combined parameters are evaluated from individual 

Lennard-Jones force constants for H2 and H20.7
•
8 

Equation (10) is subject to the initial condition: 

q = q
1

, 0 :s; r :s; a, t = 0, 
(12a) 

where q1 is taken as an initial hydrogen mole fraction in the fuel-to-clad gap. Symmetry at the centre of 

the pe llet is again considered with the use of a reflexive boundary condition: 

oq = 0 r = 0 t > 0 ar ' ' . (12b) 

At the surface of the pellet, hydrogen is present in the fuel-to-clad gap due, for instance, to the Zircaloy 

oxidation process. Thus, in the current analysis, it is assumed that the hydrogen mole fraction is again 

equal to a constant value of q1: 
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q = r = a, t > 0. 
(12c) 

For a solution of these transport equations, the temperature profile must also be known, which 
can be obtained from the (steady-state) heat conduction equation9

aT _1 a rk aT [  (Ka) ,11 „ ( KO = 
PC P at 7- ar( ar a 2 21 k (az) 

(13) 

where k is the thermal conductivity, p is the density and Cp is the specific heat for the solid, P is the linear 
power of the fuel rod and xis the inverse neutron diffusion length (e.g., K= 1.1 cm 1 for naturally-
enriched fuel at 8000 MWd/t). Equation (13) is further coupled to the other two partial differential 
equations because the thermal conductivity is also a function of x. The thermal conductivity model is 
taken from Ref. 1 and employs the Ellis, Porter and Shaw model for the phonon contribution.l° Similarly, 
Eq. (13) is subject to the conditions: 

and 

aT =u, r = 0, t > 0 
ar 

T 1, r=a, t>0 

where T, is the fuel surface temperature. A steady-state heat conduction equation is considered in the 
current treatment since a steady-state temperature distribution is quickly approached under normal 
operating conditions. To account for the effects of a reduced heat transfer in the fuel-to-sheath gap and 
pellet expansion due to thermal effects, the fuel surface temperature T, was estimated from a previous 
simulation of the X-2 defect fuel experiments with the ELESIM fuel performance code.11.12

3. RESULTS 

The system of partial differential equations in Section 2 are solved numerically using a finite 
element method with the commercial 1-EMLAB software package (Version 2.3).13 The simulations are 
compared to gravimetric data of the average 0/U ratio derived from in-reactor loop experiments with 
defective fuel rods at the Chalk River Laboratories (CRL) (Sections 3.1) and with oxygen profile data for 
a commercial spent defective rod (Section 3.2). 

3.1 Simulation of CRL Defect Experiments 

The defect experiments FDO-687, FF0-103, FFO-102-2 and FFO-104 from Ref. 11 have been 
considered in the current analysis since measured 0/U data are available or it is suggested that fuel 
centreline melting has perhaps been observed in the ceramographic examinations. The model input for 
these experiments are detailed in Table 1. A comparison of the simulation results with experimental 
observations is also summarized in Table 1. The predicted profiles of the hydrogen mole fractions, 
stoichiometry deviations and fuel temperatures are shown in Figs. 2(a) to (d). 

For the current analysis, e is estimated from 1 - pl prD, where p is the density of the UO2 fuel 
(-10.7 g cm 3) and p m is the theoretical density of the fuel (= 10.96 g cm 3). From the results of out-of-
pile experiments, the crack surface area-to-fuel volume a was taken as three times the geometric surface-
to-volume ratio of the fuel (i.e., a= 1350 m-1).14 This parameter determines how quickly the equilibrium 
stoichiometry deviation is reached; however, the model is not overly sensitive to this quantity since 
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oT 
-=0 r=O, t >0 or ' (14a) 
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•
12 
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equilibrium was quickly reached (see Fig. 3). The tortuosity zwas obtained by fitting the model to the 
experimental results of FFO-103, where it was assumed that pure steam is present in the fuel- to-clad gap 
for the multi-slit rod, i.e., q1 — 0. The fuel surface temperature T1 was set at 870 K based on the ELESIM 
results. The parameter r was therefore adjusted until a maximum value of the (pellet-average) 
stoichiometry deviation was reached. This procedure yielded a value of r— 1.023 and pellet average 0/U 
ratio of 2.17 (compared to a measured ratio of 2.28). As such, the model was able to predict the 
suggested fuel centreline melting seen in FFO-103 (Table 1), with a maximum fuel temperature of 2860 
K at a fuel linear rating of —50 kW/m. Fuel melting occurs at this temperature due to a reduced solidus 
and liquidus temperature in the hyperstoichiometric fuel as illustrated in the phase diagram in Part I (see 
also Fig. 4).4

For the other simulations, the previously derived value of r was used. Since the fuel surface 
temperature Ti did not change significantly with linear power in the ELESIM analysis (i.e., typically 
within — 150 K), this parameter was also conservatively kept constant at 870 K for the other experiments. 
Thus, the only adjustable parameter in the model is the hydrogen mole fraction in the fuel-to-clad gap, q1 
(which depends on the defect characteristics). Hence, for experiments FFO-102-2 and FFO-104, the 
value of q1 was adjusted to match the post-test measured stoichiometry deviations (Table 1). Melting was 
subsequently predicted for the very high-powered element in FFO-102-2, whereas no melting was 
predicted for FFO-104 as supported by the cermographic examination. For FDO-687, the value of ql was 
also adjusted to match the suggested experimental observation of fuel centreline melting at 64 kW/m in 
Phase I for element RPR. Interestingly, using this fixed value of q i , no melting is predicted to occur at 55 
kW/m for the other elements in this experiment as also observed. 15 Consequently, no fuel melting would 
be expected for drilled elements as well at an even lower power of 48 kW/m, as demonstrated in the 
previous experiment FDO-681. In addition, if fuel oxidation effects are ignored, no melting is further 
predicted with the model for the fuel rods RPL and RPP (which were used in FDO-681) that had operated 
intact at higher powers from 60 to 75 kW/m in an earlier irradiation. 

In summary, the model is able to reasonably match the available 0/U measurements and observed 
melting behaviour (Table 1). This behaviour is related to the defect size and the amount of steam 
available in the fuel-to-clad gap, i.e., the atmospheric oxygen potential of the gas mixture. For instance, 
in the multi-slit test of FFO-103 where there is unrestricted coolant entry such that q l = 0, melting occurs 
at a relatively lower power of —50 kW/m. On the other hand, for the other artificially (FDO-687) and 
naturally (FFO-102-2) defected elements, the defect sizes were more restricted so that some hydrogen is 
available in the gap (i.e., due to clad and fuel oxidation processes), where ql is typically of the order of 
—0.1%. As such, melting does not occur at this same linear rating of 48 kW/m in the drilled elements of 
FDO-681. On the other hand, in FFO-104, with small hydride cracks where coolant entry appeared to be 
more restricted (as evidenced by a relatively low measured 0/U ratio of 2.026 and a higher suggested H2 

mole fraction of q1 — 40%), no melting was observed or predicted at 58 kW/m. 

3.2 Simulation of a Spent Commercial Defective Element 

Similarly, the post-defect irradiation of a fuel element from a commercial CANDU reactor has 
been simulated with the FEMLAB model (Fig. 5(a)). The simulation can be compared to a measured 0/U 
profile as determined by a coulometric titration method and with ceramography performed during a post-
irradiation examination at the CRL (Fig. 5(b)).16

Unfortunately, the post-defect residence time was not clearly established for this element, where 
it was speculated that the element had remained in the defect state for greater than —10 d. In addition, the 
irradiation was not typical, where after a period of operation from 23-29 kW/m, the bundle was shifted to 
an outer channel position where it remained for 40 d at a very low power of —2 kW/m.17 Thus, in the 
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- 0.1 %. As such, melting does not occur at this same linear rating of 48 kW/min the drilled elements of 

FDO-681. On the other hand, in FFO-104, with small hydride cracks where coolant entry appeared to be 

more restricted (as evidenced by a relatively low measured O/U rati o of 2.026 and a higher suggested H2 

mole fraction of q1 - 40%), no melting was observed or predicted at 58 kW/m. 

3.2 Simulation of a Spent Commercial Defective Element 

Similarly, the post-defect irradiation of a fuel element from a commercia l CANDU reactor has 

been simulated with the FEMLAB model (Fig. 5(a)). The simulation can be compared to a measured O/U 

profile as determined by a coulometric titration method and with ceramography performed during a post
irradiation examination at the CRL (Fig. 5(b)). 16 

Unfortunately, the post-defect residence time was not clearly established for this element, where 

it was speculated that the element had remained in the defect state for greater than - IO d. In addition, the 

irradiation was not typical, where after a period of operation from 23-29 kW/m, the bundle was shifted to 

an outer channel position where it remained for 40 data very low power of -2 kW/m. 17 Thus, in the 
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simulation, the rod was assumed to operate at 29 kW/m for —15 d, after which the model was re-started 
(i.e., with the profile obtained from the end of the 15-d simulation) for a remaining irradiation at 2 kW/m 
for 40 d. For this lower-powered element, the fuel surface temperature was taken as —800 K during the 
first irradiation at 29 kW/m and —600 K during the second operating period at 2 kW/m. The same fixed 
values of the model parameters of r, Band a as in Section 3.1 were assumed (Table 1). 

The value of q i was again adjusted to reproduce the averaged measured 0/U ratio of 2.044 (Table 
1). Due to the low temperatures experienced during the second period of operation at 2 kW/m, no 
significant diffusion occurred so that the stoichiometry deviation profile did not change from that which 
had occurred in the previous higher-power period. Interestingly, the fitted value of q l (i.e., —0.2%) is 
close to that obtained for the drilled (FDO-687) and naturally (FFO-102-2) defected elements, where 
some fuel exposure had also occurred (Table 1). 

In Fig. 5(b) it can be seen that the measured 0/U profile (i.e., near the secondary defect site) is 
more peaked than that which is predicted by the model. The model indicates that the stoichiometry 
deviation profile should flatten out during irradiation as a result of interstitial oxygen diffusion via the 
chemical diffusion coefficient. A more peaked profile is predicted with the model when solid-state 
diffusional effects are ignored or the diffusion coefficient is reduced (i.e., when an oxygen self-diffusion 
coefficient is employed). 

4. DISCUSSION 

The discrepancy in the 0/U profile shown in Fig. 5 may perhaps be explained by post-shutdown 
operations. For instance, it is conceivable that some of the observed oxidation in the post irradiation 
examination (i.e., higher oxide states) could have been produced after reactor shutdown perhaps during 
long-term fuel storage in pools (which contain dissolved oxygen), as well as from fuel transfer and 
shipping operations (where moist air may be present).6

In particular, at lower temperatures (i.e., less than — 400°C), the presence of oxygen, with the 
presence of perhaps moisture and gamma radiation, may lead to formation of the higher oxides U409, 

1822 
U307 and U3vn  g. At lower temperatures, the possibility for solid-state diffusion of oxygen into the 
solid is significantly reduced. Hence, if defective fuel were exposed to moist air or to water containing 
dissolved air during post-shutdown operations, the kinetic reactions would be relatively slow (at the lower 
temperatures) and therefore one would only expect to see localized oxidation with the presence of perhaps 
higher oxides on exposed fuel surfaces. Interestingly, in the recent ceramography of the defective fuel 
rod, higher oxide states were seen locally, typically on exposed surfaces at pellet interface positions and 
along radial cracks.23 Moreover, higher oxide states do not occur at higher temperatures during in-
reactor operation due to thermodynamic constraints (especially in the presence of hydrogen generated 
during fuel and cladding oxidation). If the 0/U ratios that are measured in the post-irradiation 
examination are higher than that which had actually occurred during in-reactor operation, a fitting of the 
model to these measured results would result in conservative predictions of the fuel temperatures as well 
as a possible overprediction of the extent of fuel centreline melting. 

The current model requires a priori the H2 mole fraction q i in the gas mixture of the gap as a 
boundary condition. This quantity can be achieved more fundamentally by coupling the given fuel 
oxidation equations to a gap transport model which accounts for steam penetration through the defect 
site(s), in order to determine the axial distribution of the oxygen potential in the fuel-to-clad gap.24 
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22 At lower temperatures, the possibility for solid-state diffusion of oxygen into the 
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temperatures) and therefore one would only expect to see localized oxidation with the presence of perhaps 

higher oxides on exposed fuel surfaces. Interestingly, in the recent ceramography of the defective fuel 

rod, higher oxide states were seen locally, typically on exposed surfaces at pellet interface positions and 

along radial cracks.23 Moreover, higher oxide states do not occur at higher temperatures during in

reactor operation due to thermodynamic constraints (especially in the presence of hydrogen generated 

during fuel and cladding oxidation). If the O/U ratios that are measured in the post-irradiation 

examination are higher than that which had actually occurred during in-reactor operation, a fitting of the 

model to these measured results would result in conservative predictions of the fuel temperatures as well 

as a possible overprediction of the extent of fuel centreline melting. 

The current model requires a priori the H2 mole fraction q 1 in the gas mixture of the gap as a 

boundary condition. This quantity can be achieved more fundamentally by coupling the given fuel 

oxidation equations to a gap transport model which accounts for steam penetration through the defect 
site(s), in order to determine the axial distribution of the oxygen potential in the fuel-to-clad gap.24 
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Finally, the surface-exchange coefficient a in Eq. (1) is only strictly applicable to oxidizing 
conditions. However, during fuel reduction (i.e., with the presence of hydrogen gas), the stoichiometry 
kinetics are observed to be much more rapid as the physical process for removal of oxygen are different. 
25 This enhanced process may result from either diffusion through the solid fuel, chemical reaction with 
hydrogen at the fuel surface or by mass transport through the boundary layer. Hence, neglecting the more 
rapid kinetics that result during fuel reduction should yield a more conservative estimate of the fuel 
oxidation state in the current analysis. 

5. CONCLUSIONS 

A model has been developed to account for the fuel oxidation kinetics in operating defective fuel 
rods. This treatment considers interstitial oxygen diffusion in the solid. In addition, hydrogen generated 
as a result of the fuel oxidation process and its gas-phase transport in the fuel cracks is further considered 
to determine the local oxygen potential throughout the cracked solid. The fuel oxidation model is also 
coupled to a heat conduction model. This mechanistic coupling enables a calculation of the temperature 
profile with fission heating, in which there is a feedback effect due to a degraded thermal conductivity in 
the hyperstoichiometric fuel. The physically-based equations of the model have been solved using a 
finite-element technique with the FEMLAB commercial software package. 

The model has been used to interpret the thermal performance of defective fuel. In particular, the 
model has been fit to available data from several in-reactor loop experiments with defective fuel. The 
model has provided an estimate of the hydrogen-to-steam partial pressure ratio in the gap that is required 
to reproduce the (pellet-average) oxygen-to-uranium (0/U) ratio measured by gravimetric analysis. The 
defect characteristics will dictate the hydrogen-to-steam ratio in the fuel-to-clad gap that, in turn, will 
directly influence the local atmospheric oxygen potential and fuel thermal performance. Higher-powered 
defective fuel elements will reach a steady-state oxidation state in about a day of in-reactor operation. 
The model has been further benchmarked against an 0/U profile measurement (i.e., using a coulometric 
titration method) of a defective fuel element discharged from a commercial reactor. It is not clear, 
however, if the measured profile is affected by post-shutdown operations (such as fuel transfer in air or 
long-term pool storage in pools containing dissolved oxygen). 
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Table 1: Parameters for the Simulation of the X-2 Experiments and Commercial Spent Defective Element Irradiation 

lixperiment Model Input Averaae 0/U Ratio Fuel Melting 
Operating 

Lineal Power, 
P (kW/m) 

History 

Post-Defect 
Residence 
Time, t (d) 

Fuel Surfacel 
Temp., Tt

(K) 

Fixed 

Porosity, 

Parameters 

g (ni: I) l'oituesity. 
T 

Adjusted 
 Parameter 

• tit (%) 

Modell'') F,xp.(b)
(Post-

irradiation • 
exam) 

Model (Fuel 
Centreline 

Temperature (K)) 

Exp. 
(Post-

i rradiation 
, • exam) 

A. CRL X-2 Exps. 
Artificial Defects 

FDO-687 (Phase I) 64/55 40/40 870/870 0.0237/0.0237 1350/1350 1.023/1.023 0.18/0.18 2.15/2.14 -/- Yes (2880)/No (2560) Yes/No 
FFO-103 50 15 870 0.0237 1350 1.023 0 2.17 2.28(c) Yes (2860) Yes 

Natural Defects 
FFO-102-2 67 20 870 0.0237 1350 1.023 0.13 2.16 2.16(d) Yes (3220) Yes 
FFO-104 58 16 870 0.0237 1350 1.023 43 2.026 7.026(e) No (2480) No 

B. CANDU Spent -29 (Max.) + -15 + 800 0.0237 1350 1.023 0.24 2.044 No (1360) 
Defective Element -2 -40 -600 0.0237 1350 1.023 0.24 2.044 2.044(1) No (620) No 

(a) 

(b) 
(c) 
(d) 
(e) 
(f) 

The model prediction is based on the stated linear power and corresponds to an average value of the radial stoichiometry deviation profile based on a volumetric-average for a 
cylindrical pellet (see text). 
The measured 0/U ratio represents an average value for approximately a single pellet sample. 
Measured at the mid-length position of element A3N. 
Measured between the secondary and main defect area of element A7E (-40 mm from the bottom end of the fuel element). 
Measured at the mid-length position of element A2F. 
Measured value obtained from cut #4 in Ref. 23. 

Gap with H,/H2O mixture 

Reaction along free crack surfaces, R0

Interstitial 0 diffusion (in solid) 

Cladding Gas-phase diffusion (in cracks) 

H2O 

UO2

Cracked fuel pellet (crack surface area-
to-fuel volume ratio o, pellet porosity e, 

and crack diffusion-path tortuosity z) 

Figure 1. Schematic for defective fuel oxidation model. 
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(a) The model prediction is based on the stated linear power and corresponds to an average value of the radial stoichiometry deviation profile based on a volumetric-average for a 
cylindrical pellet (see text). 

(b) The measured O/U ratio represents an average value for approximately a single pellet sample. 
(c) Measured at the mid-length position of element A3N. 
(d) Measured between the secondary and main defect area of element A7E (-40 mm from the bottom end of the fuel element). 
(e) Measured at the mid-length position of element A2F. 
(f) Measured value obtained from cut #4 in Ref. 23. 
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Figure 1. Schematic for defective fuel oxidation model. 
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Figure 2. FEMLAB model predictions of the profiles of the hydrogen mole fractions, 
stoichiometry deviations and fuel temperatures for (a) FDO-687, (b) FFO-103, (c) FF0-102-
2 and (d) FFO-104. 
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profiles for FF0-103 as a function of time. 
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Figure 2. FEMLAB model predictions of the profiles of the hydrogen mole fractions, 
stoichiometry deviations and fuel temperatures for (a) FDO-687, (b) FFO-103, (c) FFO-102-
2 and (d) FFO-104. 
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All curves yield a pellet-average stoichiometric deviation of 0.044. 
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