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ABSTRACT 

A model has been developed to describe the fuel oxidation behaviour, and its influence on the fuel thermal 
conductivity, in operating defective nuclear fuel rods. The fuel-oxidation model is derived from adsorption theory 
and considers the influence of the high-pressure environment that results from coolant entry into the fuel-to-clad 
gap. This model is in agreement with the fuel-oxidation kinetics observed in high-temperature annealing 
experiments conducted at 1473 to 1623 K in steam over a range of pressure from 0.001 to 0.1 MPa. Using a 
Freundlich adsorption isotherm, the current model is also consistent with recent experiments conducted at a higher 
pressure of 7 MPa. 

The model also considers radiolytic effects as a consequence of fission fragment bombardment in the fuel-
to-clad gap. This treatment suggests that radiolysis-assisted oxidation is insignificant in operating defective rods (as 
compared to thermal effects), as supported by limited in-reactor data. The effects of diffusion of the interstitial 
oxygen ions in the solid in the operating rod is further discussed 

1. INTRODUCTION 

The release behaviour of fission products from defective rods will depend directly on the fuel oxidation 
state. More mechanistic theoretical treatments are currently being developed to predict the fuel-oxidation kinetics at 
high pressure during normal defect operation.'•2 Fuel oxidation will occur with the presence of steam in the fuel-to-
clad gap due to coolant entry through the defect site. 

The UO2 oxidation rate in steam-hydrogen mixtures at high temperature has been extensively studied in 
out-of-pile experiments, and the data interpreted by simple surface-exchange models in which the kinetics are 
constrained by equilibrium thermodynamics.' Unfortunately, all of these experiments are confined to atmospheric or 
sub-atmospheric pressures, and may not be pertinent to normal defect operation where the pressures are typically 
two orders of magnitude greater (i.e., approximately 10 MPa). With operating fuel, there is also a radiation field 
present where fuel oxidation may result from reaction with highly-reactive hydrogen peroxide produced in the gap 
due to radiolysis of steam by fission-fragment bombardment.3-5 Moreover, a temperature gradient also arises in 
operating fuel in contrast to a uniform temperature profile in annealing experiments which can further affect the 
stoichiometry distribution in the solid fuel matrix. The fuel thermal conductivity is also affected by the 
stoichiometry profile in the fuel pellet. 

With the lack of experimental data, theoretical models based on mechanistic theory can be used to assess 
these effects. The high-pressure oxidation of the fuel by steam is treated in this work by adsorption theory. 
Radiolysis-assisted oxidation is also modelled considering limited experimental observations and energy deposition 
calculations in the fuel-to-clad gap. Diffusional transport of oxygen ions in the solid fuel is further investigated in 
this work. 
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2. MODEL DEVELOPMENT 

2.1 High-Pressure Steam Oxidation 

The fuel oxidation process has been extensively studied at atmospheric pressure where it has been shown 
that the kinetics are controlled by a reaction at the solid/gas interface and not by the solid-state diffusion of oxygen. 
In this case, the fuel oxidation kinetics are described by the phenomenological model: 6

cu (—
V) 

—dx = %a {xe — x(t)} 
S dt fuel 

(1) 

where cu is the molar density of uranium (= 4.0 x 104 mol of uranium 111-3), OC is a surface exchange coefficient 
(=0.365 exp{-23500/T(K)} m s-1), xe is the equilibrium stoichiometry deviation, and (V/S)fr ei is the volume-to-surface 
area ratio of the fuel (m). The value of xe in Eq. (1) is obtained by equating the oxygen potential (i.e., oxygen partial 
pressure) in the fuel to that in the atmosphere (see Appendix A). 

As previously mentioned, the model in Eq. (1) is only specifically valid at atmospheric pressure (since a is 
fitted to the fuel oxidation experiments at this pressure). Therefore, this model cannot necessarily be extrapolated to 
the high-pressure situation which exists during normal defect operation. In this case, one must appeal to a more 
mechanistic treatment for extrapolation, such as the Langmuir adsorption theory:1'2'7

c,(f) =n c, 
A(T)P„, q(x) 

She, dt s a l+ A(T) ,P11,0 P11,0 / PH2 

Here ns = 1.66x10-6 mol m-2 is the density of adsorption sites which assumes a monolayer coverage of 1018 molecules 
111-2. In Eq. (2), the oxygen activity q(x) for a gas-solid equilibrium is defined as: 

For the H2O decomposition reaction 

PoeI (7) 
q(x) = . 

KH20 

KH2o

H 20 <='H 2 -4- +0 2

the equilibrium constant in Eq. (3) is evaluated at temperature T (in K) from 

Kir PHZ 
 1 
= exp{0.97941n T 1.1125 

28820 
2— = pH20 

(2) 

(3) 

(4) 

(5) 

In Eq. (2), PH20 and PH, are the partial pressures (in atm) of steam and hydrogen in the gap atmosphere after 

dissociation. In fact, using Eqs. (4) and (5), the quantity q(x) l(PH 20 l PH2) in Eq. (2) equals jP0, (x) 1 P02

where Pc; (x) pertains to the oxygen partial pressure in the fuel, and Poe refers to the oxygen partial pressure in the gap 

atmosphere (see Appendix A). The parameter A(T) (atm-1) is defined as 

A(T)= 1.0135 x 105  (6) 
nskaAPRRTM H20

where T is the temperature (in K), R= 8.314 J K-1 and M H20 = 18x 10-3 kg mot-' . The desorption rate constant, 

ka, the steam dissociation rate constant, k i , and the sticking probability s in the model are obtained with a fitting of 

Eq. (2) to the predictions of Eq. (1) (at one atmosphere). It is acceptable to use Eq. (1) as a representation of the fuel 
oxidation experience since it has been validated against numerous experiments at the Chalk River Laboratories (CRL) 
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that were conducted in steam at atmospheric pressure.6 The resultant kinetics for the models are shown in Fig. 1, 
using a Runge-Kutta method to solve for x(t) in Eqs. (1) and (2). For the current analysis, the Blackburn model was 
used to evaluate the oxygen partial pressure in the fuel. An (S/V)fuel ratio of 329 m-1, typical of a CANDU fuel rod, 
was also assumed in the calculation. The parameters resulting from this fitting are: ko = 1013 ex'p{-21557/T) k, = 

2.48x101° expf -28105/T) s-1 and s= 0.023. This result is comparable with other fittings of Eq. (2) to the available 
fuel oxidation data.1'27 The fitted value of the desorption rate constant is also consistent for that of a surface-bound 
species. For instance, the fitted value of the activation energy for ko (i.e., —180 la mot-1) is typical of that expected 
for a chemisorption process for H20;8 i.e., this type of process is expected in light of the requirement for a strong 
adsorbate-substrate bond at high temperature. The pre-exponential factor of 1013 s-1 for ko is also a physically-
accepted value for the vibration frequency of an adsorbed molecule. In addition, the assumption of a single 
monolayer coverage for ?is is reasonable considering that a monolayer is not normally exceeded with chemisorption. 

Without existing data for high-pressure fuel oxidation, one cannot rule out the possibility of a Freundlich 
isotherm in the adsorption model for the oxidation kinetics.2 In particular, the surface coverage term for Langmuir 
adsorption in Eq. (2), i.e., 

0 = 
1+ A(T)PH20 

can be replaced by the corresponding Freundlich isotherm8

A(T)PH2,0

0 .cipm,ou cz

in which c2 = 2 in the present situation. Thus, a similar fitting yields: 

(7) 

(8) 

cu (r± 
dx 

) — =nsk;, J11-,0[1 
I H 2] 

q(x) (9) 
S dt HZo 

where , kQ = 1.04x109 exp{-23690/T} s-1. As expected, the latter activation energy for k (i.e., 23,690 K) is similar 

to that for the surface-exchange coefficient a in Eq. (1) (i.e., 23,500 K). As shown in Fig. 2, both of the adsorption 
models are in good agreement with the phenomenological model of Eq. (1) (which is relevant to atmospheric pressure 
conditions). 

Moreover, both of the adsorption models are also able to reproduce the observed oxidation kinetics over the 
lower pressure range of 0.01 to 1 atm, where a roughly square-root dependence on the pressure is observed.1'6'7 For 
instance, a square-root dependence on the steam pressure is directly observed in Eq. (9) for the Freundlich isotherm. 
The pressure dependence for the Langmuir model also arises from the surface coverage term in Eq. (7). Thus, in the 
H20/Ar experiments of Albrefah et al. (for steam pressures of 0.25 to 1 atm at 1623 K),9 Eq. (6) yields a value of A = 
2.11 atm-1, and Eq. (7) subsequently predicts a reduction factor for the lower-pressure oxidation kinetics of: 
2.11(1)/[2.11(1)+1] 2.11(0.25)/[2.11(0.25)+1] = 2.0. This value is in excellent agreement with an observed square-
root dependence of (1/0.25)112 = 2.0. Similarly, for the CEA He/H20 experiments (i.e., for steam pressures of 0.01 to 
0.03 atm at 1473 K),6 with A = 8.56, a ratio of {8.56(.03)/[8.56(.03) + 1]) ÷ {8.56(.01) /[8.56(.01) + I]) = 2.59 is 
obtained. This value is also in good agreement with an observed ratio of 18.2/8.2 = 2.22 in Fig. 6 of Ref. 6. 

Thus, at atmospheric pressure, all of the models are in relative agreement since they are obtained from a 
fitting to the available fuel oxidation data at this pressure (see Figs. 1 and 2). In addition, the two adsorption models 
are able to explain the low pressure kinetics. However, on extrapolation to high pressure, i.e., relevant to defective 
fuel operation (e.g., 100 atm), a significant deviation occurs (see Fig. 3). For instance, at 1500 K in pure steam, A = 
6.5 so that 0-1 for a steam pressure of 1 and 100 atm, and hence there is little effect of pressure in Eq. (7). 

Therefore, as shown in Fig. 3, both the phenomenological model and the Langmuir model are comparable 
(i.e., only the equilibrium value of the stoichiometry deviation is slightly affected in these models). On the other 

hand, there is a direct.Fill—fp dependence for the Freundlich isotherm in Eq. (9), resulting in enhanced kinetics by an 
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order of magnitude (i.e., 100) (see Fig. 3). In fact, enhanced oxidation kinetics have been observed in experiments 
at 870 K at a high pressure of 7 and 70 atm, where a square-root dependence on the steam pressure is observed in 
agreement with the prediction of the Freundlich modal°

2.2 Radiolysis Assisted Fuel Oxidation 

Since the dose rate due to energy deposition from fission fragments in the steam-filled gap is two orders of 
magnitude higher than that from fast neutrons or gamma rays, the fission fragments can be considered as the major 
contributor of steam radiolysis in the gap of defective rods.4 Although many free-radical intermediates are produced, 
the overall radiolytic reactions are:5

2H 20 H,02 +112

2H20—>02 +2H 2. 

(10a) 

(10b) 

The radiolysis products of steam (e.g., H20 2 and perhaps 0 2) can oxidize the fuel. In particular, the formation of 
hydrogen peroxide, oxygen and hydrogen greatly exceeds their radically-induced recombination rate because of the 
strong fission fragment radiation field, and therefore the reactions in Eq. (10) do not reach thermodynamic 
equilibrium.5'11'12'13 The highly-reactive hydrogen peroxide molecule, however, can equilibriate with the fuel and 
oxidize it even in the presence of a large excess of hydrogen.5'11'12'13 Although a significant portion of the hydrogen 
that is liberated in the reactions of Eq. (10) may result in clad hydriding, it is not clear, however, if this other major 
radiolysis product could neutralize the tendency of its oxidizing counterparts to increase the stoichiometry of the fuel. 
Furthermore, as the temperature is raised, radiolytic effects should become insignificant to thermal effects as the 
thermal reactions and the recombination of transient species become faster.4 Eventually, at a sufficiently high 
temperature, the thermal reactions will control the process of fuel oxidation. 

Within the current level of uncertainty for the complex radiation chemistry of water vapour, the radiolysis 
effect can be modelled as a production of equal amounts of H20 2 and H2 in accordance with Eq. (10a).5 Since 
experiments show that H20 2 rapidly oxidizes UO2 even in excess H2,14 it can be conservatively assumed that all of the 
H20 2 produced by steam radiolysis is consumed by the fuel-oxidation reaction.5

2.2.1 Radiolysis Production Rate 

The volumetric rate of production Qrad (M01 M-3 S-1) of the radiolytic products is derived as follows. In the 
fission process, 88Br and 135I can be considered as typical fragments, which obtain 101.5 and 66.5 MeV of the available 
fission energy at their point of birth in the fue1. 15 As they traverse through the fuel, their energy is lost by electronic 
and nuclear processes. The average energy of these fragments leaving the UO2 fuel (of density 10.7 g cm-3) can be 
determined from their energy-range relationships (see Fig. 4(a)) using the SRIM 2000 (Stopping and Range of Ions in 
Matter) code, which is based on a Monte Carlo treatment.16 As shown in Fig. 4(a), the energy loss, dEl dx, can be 
reasonably approximated as a linear function of distance x: 

dE 

dx 

2E° 1 _ x (11a) 

2 

E(x) = E 0[1— , (1 lb) 

where r is the fission fragment range and Ea is the initial fission fragment energy (i.e., 101.5 for bromine and 66.5 
MeV for iodine). Equation (11b) follows on integration of Eq. (11a) with the condition, E(x=0) = Ea. As shown in 
Fig. 4(a), a more accurate representation is obtained if the average range plus its straggling is used in Eq. (11a) (i.e., 
rgr_88 = 8.70 + 0.68 µm = 9.38 ;Am and r1_135 = 6.43 + 0.76 µm = 7.19 µm) instead of just the average range itself.16
The same relationship in Eq. (1 lb) has been proposed in Ref. 4. Thus, the average energy <E> of the fission 
fragments leaving the UO2 is simply obtained on use of Eq. (11b) where by definition: 

<E>. rf E(x)dx1rsdx = 
o 3 

(12) 
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•
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0 0 3 
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Therefore, a fragment with an initial energy Eo will be reduced by a factor of 3 (on average) as it enters into the fuel-
to-clad gap. The high-energy fission fragments subsequently traverse through the thin annular gap of thickness h 
—12.5 ytm (i.e., for CANDU fuel) with a mean chord length a = 2h = 25 !Am.'s As shown in Fig. 4(b), with the gap 
filled with steam at a density of 0.035 g cm-3, only a small amount of energy loss occurs as the fragments eventually 
embed themselves in the adjacent clad wall. Although the gap size in operating LWR fuel rods is —4 times larger 
(since the clad is free standing), the released fission fragments are similarly embedded in the adjacent clad wall. 

Hence, the rate of production Q7d (mol m-3 s-1) due to steam radiolysis of molecule j (i.e., hydrogen or 

hydrogen peroxide) per unit volume in the gap is given by: 

rod 
1

i= I,Br 4 ' 
[—r.SF LET,. 

Q' = AT 

• 

AvVSap 

(13) 

The quantity in square brackets is the familiar recoil release rate of fission fragments from a solid fuel body.3 Here 
NA, is Avogadro's number (= 6.022 x 1023 molecule mot-1), i is the path length in the gap (m), ri is the fission 
fragment range in the fuel (= 9.38 x 10 4 A for 88Br and 7.19 x 10 4 A for 1351), S is the surface area of the fuel (m2), 
Vgap is the gap volume (m3), F is the fission rate density (fission m."3 S-1) and LET is the fission fragment linear energy 
transfer (eV/A). As a conservative calculation for the radiolysis analysis, the energy loss by bremsstrahlung radiation 
can be neglected so that the energy absorbed in the steam is equal to the energy loss in the gap. 17 Therefore, in Eq. 
(13), LET = (dElcbc)i.., where the average energy loss in the gap over the given path length z is evaluated from Fig. 

4(b) as (c/E/cbc) ors-s88 15.7 eV/A and PE/ c/xL135 A.-, 12.8 eV/A. The parameter Gi is the G-value for the radiation 

yield of molecule j produced per 100 eV of ionizing energy deposited by the fission fragments in the water vapour 
molecules of the gas mixture. Here, the gas mixture in the gap has a steam mole fraction q120 . Boyd and Miller 

studied fission fragment radiolysis of water vapour with and without various additives as a function of temperature 
(170 - 365°C) and density (1 — 50 mg mL-I ).18 Based on this work, McCracken suggested a G- value 6.5/100 eV 
for oxidizing or reducing equivalents in water vapour in order to reflect the probable occurrence of impurity 
(uranium) species in the gap and possible reactions with the inner clad surface.4 This value is also supported by the 
recent experimental work of Olander et al., where G— 8.5/100 eV for the H2 radiolysis product with a-particle 
radiation in pure saturated steam at 70 atm.5'14 Thus, in the present analysis, in accordance with Eq. (10a), it can be 
assumed that GH 2 = GH,02 = G 6.5 /100 eV. 

Since the experiments show that H20 2 rapidly oxidizes the UO2, even in the presence of excess H2, it can be 
assumed that all of the H20 2 produced by radiolysis is consumed in the fuel oxidation process. Thus, by neglecting 
gas phase recombination reactions involving H20 2 and the loss of this species by cladding corrosion, this assumption 
will yield an upper limit of the radiolytically-driven fuel oxidation rate. Hence, the rate at which the H20 2 is 

consumed per unit surface area of fuel is given by R;2O2 (in mol m2 S-1): 

R.F7,0z h Q rod .qH20G 5.  dE 
r 

] 4NA, i=I,Br dx loss i 

2.2.2 Fuel Oxidation Kinetics 

(14) 

The rate at which the fuel oxidizes is governed by the difference between the rates of oxidation by steam and 
hydrogen peroxide, and reduction by hydrogen. The thermodynamic model of Eqs. (1), (2) or (9) accounts for the 
fuel oxidation and reduction reaction rates in the presence of a gaseous mixture of hydrogen and steam. This process 
is limited by a thermodynamic constraint that stops the reaction when the equilibrium stoichiometry deviation is 
reached (see Figs. 1 to 3). In contrast, the (maximum) radiolytically-driven fuel oxidation rate in E. (14) is not 
thermodynamically limited. Hence, the conservation equation for the oxygen balance in the fuel is:'" 

V) dx ( pp
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Therefore, a fragment with an initial energy E0 will be reduced by a factor of 3 (on average) as it enters into the fuel­
to-clad gap. The high-energy fission fragments subsequently traverse through the thin annular gap of thickness h 
~12.5 µm (i.e., for CANDU fuel) with a mean chord length z = 2h = 25 µm. 15 As shown in Fig. 4(b), with the gap 
filled with steam at a density of0.035 g cm·3, only a small amount of energy loss occurs as the fragments eventually 
embed themselves in the adjacent clad wall. Although the gap size in operating L WR fuel rods is ---4 times larger 
(since the clad is free standing), the released fission fragments are similarly embedded in tl1e adjacent clad wall. 

Hence, the rate of production Q7'1 (mol m·3 s·1) due to steam radiolysis of molecule) (i.e., hydrogen or 
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Since the experiments show that H2O2 rapidly oxidizes the UO2, even in the presence of excess H2, it can be 
asswned that all of the H2O2 produced by radiolysis is conswned in the fuel oxidation process. Thus, by neglecting 
gas phase recombination reactions involving H2O2 and the loss of this species by cladding corrosion, this assumption 
will yield an upper limit of the radiolytically-driven fuel oxidation rate. Hence, tlle rate at which tl1e H2O2 is 

consumed per unit surface area of fuel is given by R'/t,,0
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(in mol m·2 s·1): 

(14) 

2.2.2 Fuel Oxidation Kinetics 

The rate at which the fuel oxidizes is governed by the difference between the rates of oxidation by steam and 
hydrogen peroxide, and reduction by hydrogen. The thermodynamic model ofEqs. (1), (2) or (9) accounts for the 
fuel oxidation and reduction reaction rates in the presence of a gaseous mixture of hydrogen and steam. This process 
is limited by a thermodynamic constraint that stops the reaction when the equilibrium stoichiometry deviation is 
reached (see Figs. 1 to 3). In contrast., the (maximmn) radiolytically-driven fuel oxidation rate in ~j- (14) is not 
thermodynamically limited. Hence, the conservation equation for the oxygen balance in the fuel is: ·14 
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where 

R °I; — = f (T , P 20 ){1 — (x) 1 P 

Here the function f (T, PH p ) depends on the choice of the adsorption isotherm, 

A(T)Pn 2o 
(Langmuir) 

f (7' P H20) = 1+ il(T)P,,p

aka Th7,0 (Freundlich) 

(16) 

(17) 

Alternatively, at atmospheric pressure, Eq. (1) can also be used for RZ0 —R;.7:1 . For the oxygen balance of Eq. (15), 

it has been implicitly assumed that the rate of fuel oxidation by hydrogen peroxide gas results from the reaction:14

H 20 2 (g) -> 0(s) + H 20(g), (18) 

where 0(s) represents oxygen in the solid fuel above the normal 0/U ratio of two. The quantities of P02 (x) and 

P0, in Eq. (16) are evaluated with the models in Appendix A, considering the initial quantities of H2O and H2 in the 

gap atmosphere prior to dissociation. 

Equation (15) can be used to assess the fuel oxidation kinetics in the CRL experiment, FFO-103, where a 
CANDU-size fuel rod was machined with 23 slits along the entire length of the cladding.3 This experiment was 
designed to minimize the holdup of fission products in the fuel-to-clad gap, and to permit unrestricted coolant entry 
so as to maximize the fuel oxidation. The defected fuel rod operated in-reactor at a linear power of —50 kW/m (i.e., a 
fission density rate of 1.35 x 1019 fission m-3 s') in a pressurized water loop at 10 MPa. Based on an analysis with 
the ELESIM fuel performance code (using the MATPRO.11 thermal conductivity correlation for hyperstoichiometric 
fuel), the experimental rod had an average fuel temperature of —1550 K (see also discussion in Section 2.2.3).19 In 
this analysis, it can be assumed that the gap is essentially filled with pure steam, implying an oxygen partial pressure 
of 3.23 x 10-3 atm (see Appendix A). The solution of the fuel oxidation model in Eqs. (14), (15) and (16) (with the 
two adsorption isotherms) is shown in Fig. 5, with and without radiolysis-assisted fuel oxidation. When coolant 
radiolysis is taken into consideration with the Langmuir adsorption isotherm, the kinetics are more rapid and a 
slightly higher equilibrium stoichiometry deviation results. However, as previously discussed, the Freundlich 
isotherm is more appropriate to describe the high-pressure fuel oxidation behaviour and in this case radiolysis does 
not significantly enhance the oxidation kinetics. 

An equilibrium stoichiometry deviation of 0.276 was measured by gravimetric analysis after 15 d of 
operation in experiment FFO-103 (see Fig. 5).3 This measured value is in reasonable agreement with that predicted 
by equilibrium thermodynamics (using the Blackburn model in Appendix A) for steam oxidation (i.e., 0.24). 
Interestingly, the oxidation/reduction in Eq. (16) actually limits the overall equilibrium stoichiometry deviation in Eq. 
(15). Here, the increased P02 (x) is eventually higher than the value of the atmospheric P0, (for pure steam) in Eq. 

(16) so that a reduction actually occurs (i.e., R;; 20 - R 7'2 < 0 ). Thus, this resulting negative term is 

eventually balanced by the radiolysis term in Eq. (15) so that an equilibrium oxidation situation is established. This 
equilibrium situation is rapidly reached as shown in Fig. 5. The Freundlich model prediction is also consistent with 
the observed fission product release behaviour, where a relatively constant release rate was quickly achieved over the 
course of the experiment for those isotopes that had reached radioactive equilibrium.3

For typical defective rods, where the coolant entry is more limited, hydrogen liberated in the oxidation 
reactions will reduce the oxygen potential in the gap and hence the amount of fuel oxidation. The steam must also 
diffuse into the gap as a source from the defect site. Thus, under normal defect occurrences, the P02 in Eq. (16) must 

be evaluated for the relevant hydrogen/ steam mixture in the gap.2 
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where 

(16) 

Here the function f (T, Pa O ) depends on the choice of the adsorption isothenn, 
' 

{ 

A(T)PH O } n,k: ' (Langmuir) 
f(T, PH,o)= l+A(T)PH,o . 

n,k: .JPH,o (Freundlich) 

(17) 
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in Eq. (16) are evaluated with the models in Appendix A, considering the initial quantities ofH2O and H2 in the 

gap atmosphere prior to dissociation. 
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designed to minimize the holdup of fission products in the fuel-to-clad gap, and to permit unrestricted coolant entry 
so as to maximize the fuel oxidation. The defected fuel rod operated in-reactor at a linear power of ~50 kW/m (i.e., a 
fission density rate of 1.35 x 1019 fission m·3 s·1) in a pressurized water loop at 10 Ivfi>a. Based on an analysis with 
the ELESIM fuel performance code ( using the MA TPRO .11 thermal conductivity correlation for hyperstoichiometric 
fuel), the experimental rod had an average fuel temperature of ~1550 K (see also discussion in Section 2.2.3).
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this analysis, it can be assumed that the gap is essentially filled with pure steam, implying an oxygen partial pressure 
of3.23 x 10·3 atm (see Appendix A). The solution of the fuel oxidation model in Eqs. (14), (15) and (16) (with the 
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For typical defective rods, where the coolant entry is more limited, hydrogen liberated in tlle oxidation 
reactions will reduce the oxygen potential in tlle gap and hence tlle amount of fuel oxidation. The steam must also 
diffuse into ilie gap as a source from tlle defect site. Tims, under normal defect occurrences, tl1eP0 in Eq. (16) must 
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2.2.3 Oxygen Transport in the Solid Fuel 

In most high-temperature annealing experiments, the fuel is heated in a furnace producing a constant 
temperature across the pellet. This out-of-pile heating method will yield a uniform oxygen concentration distribution 
in the solid fuel. On the other hand, during in-reactor operation, a temperature profile develops due to the internal 
fission heating. As such, if the steam delivery is only to the external surface of the pellet via gap transport, the 
surface temperature of the pellet is too low during normal operation to provide sufficiently rapid kinetics to yield the 
oxidation state that is normally observed in defective rods.' z However, the gas present in the gap can penetrate 
through cracks in the pellet by gas phase transport and react with the fuel at temperatures much higher than the fuel 
surface temperature.2' Consequently, an oxygen profile will develop in the fuel pellet since the thermodynamics of 
the oxidation reaction is temperature dependent. In particular, Olander et al. have proposed a complicated delivery 
mechanism involving a two-zone transport/reaction model for fuel oxidation in which the H20/H2 gas mixture in the 
gap diffuses radially through a network of cracks to a central reaction zone where the kinetically-limited oxidation of 
the fuel occurs.12 The reaction products that consist of H2 in the gas in the cracks and interstitial oxygen ions in the 
solid fuel are then transported by diffusion in their respective phases back to the pellet periphery. The outer pellet 
surface however is assumed to remain stoichiometric in the model. 

In reality, transport in the gas phase is much more rapid than that of solid state diffusion so that it can be 
assumed that the cracks in the fuel act as a continuous supply of H20/H2 from the gap.21 However, as a result of the 
temperature profile in the fuel, an oxygen concentration profile will develop that can lead to a re-distribution of the 
interstitial oxygen ions up the temperature gradient via radial diffusion. In this situation, the kinetic model of Eq. (1) 
can be modified, where from a mass balance for the cylindrical fuel pellet of radius a: 

cc, —dx =cuck„,,)"2 (—S) {X — X(i)}± Ha (Dr 51 
dt 

fuel 
e r ar ar 

where D is the solid state diffusion coefficient for the interstitial oxygen transport in the solid fuel. The simple 

phenomenological model of Eq. (1) has been assumed in Eq. (19) however a factor of FF'1. 120 has been added to 

account for high pressure in accordance with the Freundlich adsorption theory (see Section 2.1). Equation (19) is 
subject to the following initial and boundary conditions. The fuel pellet is initially assumed to be stoichiometric: 

x=0, 0 a, t = 0. 

A reflexive boundary condition follows at the centre of the pellet (r = 0) due to symmetry: 

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

(19) 

(20a) 

(20b) 

At the surface of the pellet, the stoichiometry x(r = a) is set equal to the value of x which is established as a result of 
an equilibrium between the solid fuel and the gap atmosphere, where on solution of Eq. (1) (accounting for high 
pressure effects): 

x=x11—exp(---FPHoat , r=a, t>0. 
V 

(20c) 

In fact, due to the lower temperature at the fuel surface, the fuel essentially remains stoichiometric at this location 
(i.e., x r 0 atr=a,t>0). 

The diffusion coefficient for oxygen in Eq. (19) should correspond to that for chemical diffusion rather than 
for self-diffusion since it determines the movement of oxygen ions in the presence of an oxygen concentration 
gradient as opposed to that of self diffusion which applies to simple random Brownian motion for a fuel sample with 
a homogeneous stoichiometry.22 The chemical diffusion coefficient is much less dependent on stoichiometry and can 
be represented by the simple Arrhenius form22 

2.2.3 Oxygen Transport in the Solid Fuel 
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fission heating. As such, if the steam delivery is only to the external surface of the pellet via gap transport, the 
surface temperature of the pellet is too low during nonnal o~ration to provide sufficiently rapid kinetics to yield the 
oxidation state that is normally observed in defective rods.1 However, the gas present in the gap can penetrate 
through cracks in the pellet by gas phase transport and react with the fuel at temperatures much higher than the fuel 
surface temperature.21 Consequently, an oxygen profile will develop in the fuel pellet since the thennodynamics of 
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where D is the solid state diffusion coefficient for the interstitial oxygen transport in the solid fuel. The simple 
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account for high pressure in accordance wit11 the Freundlich adsorption theory (see Section 2.1). Equation (19) is 
subject to the following initial and boundary conditions. The fuel pellet is initially assumed to be stoichiometric: 
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In fact, due to the lower temperature at the fuel surface, the fuel essentially remains stoichiometric at this location 
(i.e., x ~ 0 at r = a, t > 0). 

The diffusion coefficient for oxygen in Eq. ( 19) should correspond to that for chemical diffusion rather than 
for self-diffusion since it determines the movement of oxygen ions in the presence of an oxygen concentration 
gradient as opposed to tllat of self diffusion which applies to simple random Brownian motion for a fuel sample with 
a homogeneous stoichiometry.22 The chemical diffusion coefficient is much less dependent on stoichiometry and can 
be represented by the simple Arrhenius form22 
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D =2.5 x10—A exp 
16400) 

mss"' 
T 

(21a) 

Equation (21a) is an average over the stoichiometry range 10-5 x 104 and is specifically valid for a temperature 
range of 700 __ T _.. 1800 K.22 Recent measurements of the chemical diffusion coefficient at 1000 K (i.e., 2.5 x 10-11
m 2 S-1 at x — 0.002 and 5.6 x 10-12 m2 

s' at x — 0.12)23 are in good agreement with the predictions of Eq. (21a) which 
yields a value of 1.89 x 1041 m2 s-1. By comparison, the diffusion coefficient for oxygen self-diffusion in 
hyperstoichiometric uranium dioxide is given by a best fit equation to all available data as:22

{ 5 D = 3.82 x10- x+ x2 +0.464ex-p [ 
26700 112 16500 m2.5.1

T exp 
T ' 

(21b) 

which is valid for the same temperature range and a stoichiometry range of 0 to 0.2. Over typical fuel operating 
temperatures and stoichiometries, Eq. (21a) yields significantly larger values compared to that of Eq. (21b) and 
therefore only chemical diffusion will be included in our calculations. 

For a solution of Eq. (19), the temperature profile must also be known as follows from a solution of the 
steady state heat conduction equation24

—
1 

—
d (

rk 
dT

j+ H =O. 
r dr dr 

(22) 

Here k is the thermal conductivity, which is a function of both temperature and the fuel stoichiometry, and 
consequently depends on the radial position r. The parameter H is the volumetric heat generation rate which, for the 
purposes of this analysis, can be taken to be constant throughout the pellet and equated to the linear power P such that 
H = Pl(na2). Similarly, Equation (22) is subject to the boundary conditions:24

dT 

dr 

and 

=0, r=0 

T =T„ r = a, 

where Ts is the fuel surface temperature. 

2.2.3.1 Fuel Thermal Conductivity 

(23a) 

(23b) 

In order to determine the temperature distribution in uranium oxides, the thermal conductivity of the fuel 
must be known. The urania is a Mott insulator in which heat can be transferred by both radiation (photons) and by 
conduction via lattice vibration (phonons) and electron-hole movement (polarons). 

The radiative contribution to the thermal conductivity is typically less important at normal fuel operating 
temperatures as given by:25

[ 2 

krad = 3 x10-11  N  T3 (24a) 
aR(T) 

The index of refraction N can be taken to be independent of temperature and wavelength and equal to 2.25, and 

a R (T) = C, exp(C2 x T) 

with C1 = 8750 m 1 and C2 =  7.5971 x 10-4 K4 . 

(24b) 
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D 2 5 10- 4 ( 16400) ] -1 = . x exp - -- m s . 
T 

(21a) 

Equation (21a) is an average over the stoichiometry range 10·5 s; x s; 10"1 and is specifically valid for a temperature 
range of700 s; Ts; 1800 K.22 Recent measurements of the chemical diffusion coefficient at 1000 K (i.e., 2.5 x 10·11 
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which is valid for the same temperature range and a stoichiometry range of O to 0.2. Over typical fuel operating 
temperatures and stoichiometries, Eq. (21a) yields significantly larger values compared to that ofEq. (21b) and 
therefore only chemical diffusion will be included in our calculations. 

For a solution ofEq. (19), the temperature profile must also be known as follows from a solution of the 
steady state heat conduction equation24 
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(22) 

Herek is the thermal conductivity, which is a function of both temperature and the fuel stoichiometry, and 
consequently depends on the radial position r. The parameter His the volumetric heat generation rate which, for the 
purposes of this analysis, can be taken to be constant throughout the pellet and equated to the linear power P such that 
H = P/(na2

). Similarly, Equation (22) is subject to the boundary conditions:24 
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where Ts is the fuel surface temperature. 

2.2.3.J Fuel Thermal Conductivity 
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(23b) 

In order to determine the temperature distribution in uranium oxides, the thermal conductivity of the fuel 
must be known. The urania is a Mott insulator in which heat can be transferred by both radiation (photons) and by 
conduction via lattice vibration (phonons) and electron-hole movement (polarons). 

The radiative contribution to the thermal conductivity is typically less important at normal fuel operating 
temperatures as given by:25 

(24a) 

The index of refraction N can be taken to be independent of temperature and wavelength and equal to 2. 25, and 

a R (T) = C, e>..'P(C2 x T) 

with C1 = 8750 m·1 and~= 7.5971 x 10-4 K"1
. 

(24b) 
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by:26 
The phonon contribution to the thermal conductivity kph is generally 

1 
K-1

kph 
kW 

the dominant component as represented 

(25a) m4
= A(x) + B(x)T 

where 
(25b) 

A(x) =14 —10.763j— 2381.4x +12819.844 —14000x3

and 

B(x) = {0.2218+0.2562]-0.64x-3.6764(J) x <0.155 
(25c) 

0, x 0.155 

The parameter A in Eq. (25b) has been slightly modified from the original analysis in Ref. 26 in order to predict the 
central melting that was observed in the lower part of the fuel rod in experiment FFO-103 at a linear power rating of 
52 kW/m (see the following discussion and Fig. 8).27 However, as shown in Fig. 6(a), the correlation in Eq. (25b) is 
in good agreement with other available data. As suggested in Ref. 26, the correlation for B in Eq. (25c) is only 
allowed to take on positive values and is in good agreement with the literature data as shown in Fig. 6(b). 

The third contribution to the thermal conductivity arises from electron-hole (Rolaron) transport, which 
becomes more important at a higher temperature and a lower stoichiometry deviation:

ke 
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e 6e + _ cr h kBT 
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Here kB is the Boltzman constant, e is the electron charge, cre is partial dc electric conductivity due to electron 
transport, crh is the partial dc electric conductivity due to the hole transport and AU is the Mott-Hubbard energy gap. 
Equation (26) can be further developed as:25'28
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where C, = 3.71 W m' K-1, AU is the Mott-Hubbard energy gap = 4.33 x 10-19 J, and AF is the electron mobility 
activation energy = 4.81 x 10-20 J.29 The molar electron (n) and hole (p) concentrations can be determined from 
conditions of electroneutrality and thermodynamic equilibrium, where for a given stoichiometric deviation x: 

— 2y + Vx2 (1 — 4y) +y 
p = x + (27b) 

1-4y 

n= p -2x (27c) 

y = exl+- AF /(kB T)), AF = AU — T AS and AS = 2.62 x 10-23 J1(-1 .29

Thus, the overall thermal conductivity which results from the three contributions in Eqs. (24), (25) and (27) 
is given collectively by (see Fig.7): 

k = kph +ke + k rad (28) 

The dashed line in Fig. 7 depicts the total thermal conductivity in Eq. (28), whereas the solid line shows the dominant 
phonon contribution in Eq. (25). The thermal conductivity is reduced with increasing stoichiometry but becomes less 
dependent on temperature. 
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The parameter A in Eq. (25b) has been slightly modified from the original analysis in Ref. 26 in order to predict the 
central melting that was observed in the lower part of the fuel rod in experiment FFO-103 at a linear power rating of 
52 kW/m (see the following discussion and Fig. 8).27 However, as shown in Fig. 6(a), the correlation in Eq. (25b) is 
in good agreement with other available data. As suggested in Ref. 26, the correlation for Bin Eq. (25c) is only 
allowed to take on positive values and is in good agreement witl1 tl1e literature data as shown in Fig. 6(b). 

The third contribution to the thermal conductivity arises from electron-hole (!'solaron) transport, which 
becomes more important at a higher temperature and a lower stoichiometry deviation: 
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where Ca= 3.71 W m·1 K1, L1Uis the Mott-Hubbard energy gap= 4.33 x 10·19 J, and L1Eis the electron mobility 
activation energy= 4.81 x 10·20 J.29The molar electron (n) and hole (p) concentrations can be determined from 
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-2r +✓x2(1-4y)+r 
p=x+--~---- (27b) 

l - 4y 

n=p-2x (27c) 

r =exp{-Af' l(kBT)}, Af' = !).U -TAS and AS= 2.62 x 10·23 J K 1
.
29 

Thus, the overall thermal conductivity which results from tlle tllree contributions in Eqs. (24), (25) and (27) 
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dependent on temperature. 
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2.2.3.1 Fuel Temperature and Stoichiometry Deviation Profile 

To calculate the temperature profile in an operating fuel rod, Eqs. (19) to (28) are solved iteratively using a 
finite difference approach. As an example, Figs. 8(a) and (b) show the temperature and stoichiometry deviation 
profile for a defective CANDU-size fuel rod with an (S/V)fuei ratio of 329 nil . This analysis is representative of 
experiment FFO-103 where the bottom section of the defective rod operated at a maximum linear rating of 52 kW/m 
with a surface fuel temperature of 870 K.21 It is also assumed that there is a pure steam atmosphere in the gap since 
the rod had 23-machined slits along the entire length of the cladding. Consequently, the fuel thermal conductivity 
was degraded due to significant fuel oxidation which led to central fuel melting as predicted in Fig. 8(a) and observed 
in Fig. 9. The current analysis in fact predicts a much greater degradation in the fuel conductivity than that simulated 
with the MATPRO.11 correlation in the analysis of Ref. 21. Also, in agreement with experiment, no central melting 
is predicted in Fig. 8(a) at the mid-plane section of the rod that had operated at 48 kW/m. As shown in Fig. 8(b), a 
volumetrically averaged 0/U ratio of 2.18 is calculated for one day of irradiation (i.e., where the curves in Fig. 8 have 
already reached a steady state distribution in this period of time). This theoretical result is comparable to a reported 
value of 2.276 as determined by gravimetric analysis at the mid-plane section of the rod following the 15-day test. 
This slight discrepancy in the 0/U ratio may be somewhat attributed to the neglecting of radiolysis effects in the fuel 
oxidation calculation (see Section 2.2.2), the uncertainty in the Blackburn thermochemical model and for the 
gravimetric measurement technique, and the possible air oxidation of the defective fuel rod during the posttest 
examination in the hot cell. 

It can been seen in Fig. 8(b) that oxygen diffusion does not significantly affect the stoichiometry deviation 
profile except towards the surface of the pellet where it tends to flatten out. In fact, the shape of the stoichiometry 
deviation profile in Fig. 8(b), in which oxygen diffusion is considered in the model, is similar to that predicted with 
the more complex treatment of Olander in Ref. 12. On the other hand, as shown in Ref. 21 and depicted in Fig. 8(b) 
for the curve in which oxygen diffiision is neglected, the resultant simple thermodynamic model is able to predict the 
occurrence of an oxide phase higher than U40 9 (x = 0.25) in a thin band near the outer region of the pellet. 
Interestingly, the radial location of this higher oxide corresponds precisely to the position of a dark band feature 
observed in the post-irradiation metallography of Fig. 9. This feature is generally observed in the metallography of 
defective fuel rods. However, it has been suggested that this banding strucutre may be related to the presence of 
bubbles.3°

With a reduction in the chemical diffusion coefficient in the current model, the stoichiometry deviation 
profile tends to peak in a small region near the outer surface of the pellet where the banding is observed to occur. In 
addition, near the centre of the pellet where there is less of an oxygen concentration gradient, the use of a self 
diffusion coefficient in the model (Eq. (21b)) may be more appropriate. 

2.3 Fission Product Diffusion in Defective Rods 

A methodology has been established to determine the fuel oxidation kinetics in operating defective rods. 
This oxidation process will directly enhance the fission product release as a consequence of a higher fuel temperature 
from a reduced thermal conductivity (Section 2.2.3) and a direct enhancement of the fission product diffusivity. 

In accordance with the methodology of Ref. 21, the fission product release from the solid fuel matrix can be 
evaluated by integrating the release fraction over the fuel pellet radius. The release fraction in turn will depend on the 
diffusion coefficient D (in m2 s') for the fission products (FP) in the solid matrix which requires a specific 
knowledge of the fuel stoichiometry and temperature profile as detailed in Section 2.2.3.21 This coefficient is 
composed of three separate components that cover the low, intermediate and high temperature regimes as 
characterized, respectively, by the intrinsic, vacancy-enhanced (i.e., from radiation and fuel oxidation) and athermal 
mechanisms where:3' 

D. = 7.6 x 10-1° exp 35230 + px10-25,F, exp{ 
13890 

T 
+ x2 2.22 x 10-8 

20230 
exp + 2 x 10-4° • P (29) 

T T 
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To calculate the temperature profile in an operating fuel rod, Eqs. (19) to (28) are solved iteratively using a 
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profile for a defective CANDU-size fuel rod with an (S/V)ru.1 ratio of 329 m·1• This analysis is representative of 
experiment FFO-103 where the bottom section of the defective rod operated at a maximum linear rating of 52 kW Im 
with a surface fuel temperature of 870 K. 21 It is also assumed that there is a pure steam atmosphere in the gap since 
the rod had 23-machined slits along the entire length of the cladding. Consequently, the fuel thennal conductivity 
was degraded due to significant fuel oxidation which led to central fuel melting as predicted in Fig. 8(a) and obsexved 
in Fig. 9. The current analysis in fact predicts a much greater degradation in the fuel conductivity than that simulated 
with the MATPRO.11 correlation in the analysis of Ref. 21. Also, in agreement with e>..'periment, no central melting 
is predicted in Fig. 8(a) at the mid-plane section of the rod that had operated at 48 kW/m. As shown in Fig. 8(b), a 
volumetrically averaged O/U ratio of 2.18 is calculated for one day of irradiation (i.e., where the cuxves in Fig. 8 have 
already reached a steady state distribution in this period of time). This theoretical result is comparable to a reported 
value of 2.276 as determined by gravimetric analysis at the mid-plane section of the rod following the 15-day test. 
This slight discrepancy in the O/U ratio may be somewhat attributed to the neglecting of radiolysis effects in the fuel 
oxidation calculation (see Section 2.2.2), the uncertainty in the Blackbum thennochemical model and for the 
gravimetric measurement technique, and the possible air oxidation of the defective fuel rod during the posttest 
examination in the hot cell. 

It can been seen in Fig. 8(b) that oxygen diffusion does not significantly affect the stoichiometry deviation 
profile except towards the surface of the pellet where it tends to flatten out. In fact, the shape of the stoichiometry 
deviation profile in Fig. 8(b), in which o>..'}'gen diffusion is considered in the model, is similar to that predicted with 
the more complex treatment of Olander in Ref. 12. On the other hand, as shown in Ref. 21 and depicted in Fig. 8(b) 
for the cuxve in which oxygen diffusion is neglected, the resultant simple thennodynamic model is able to predict the 
occurrence of an oxide phase higher than U4O9 (x = 0.25) in a thin band near the outer region of the pellet. 
Interestingly, the radial location of this higher oxide corresponds precisely to the position of a dark band feature 
obsexved in the post-irradiation metallography of Fig. 9. This feature is generally obsexved in the metallography of 
defective fuel rods. However, it has been suggested tl1at this banding strucutre may be related to the presence of 
bubbles.30 

With a reduction in tile chemical diffusion coefficient in the current model, the stoichiometry deviation 
profile tends to peak in a small region near the outer surface of the pellet where the banding is obsexved to occur. In 
addition, near the centre of the pellet where there is less of an oxygen concentration gradient, the use of a self 
diffusion coefficient in the model (Eq. (2lb)) may be more appropriate. 

2.3 Fission Product Diffusion in Defective Rods 

A methodology has been established to determine the fuel oxidation kinetics in operating defective rods. 
This oxidation process will directly enhance the fission product release as a consequence of a higher fuel temperature 
from a reduced thermal conductivity (Section 2.2.3) and a direct enhancement oftl1e fission product diffusivity. 

In accordance with tile methodology of Ref. 21, the fission product release from the solid fuel matrix can be 
evaluated by integrating the release fraction over the fuel pellet radius. The release fraction in turn will depend on the 
diffusion coefficientDFP (in m2 s·1) for the fission products (FP) in the solid matrix which requires a specific 
knowledge of tile fuel stoichiometry and temperature profile as detailed in Section 2.2.3.2 1 This coefficient is 
composed of three separate components that cover the low, intennediate and high temperature regimes as 
characterized, respectively, by the intrinsic, vacancy-enhanced (i.e., from radiation and fuel oxidation) and athermal 
mechanisms where:3 1 
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in which F is the fission rate density (fission m-3 s-1) and T is the fuel temperature (K). Thus, one can evaluate the 
solid-state diffusion coefficient (DFp) for volatile fission products from the above formula with knowledge of the 
calculated fuel temperature and stoichiometry deviation profiles. 

The oxygen partial pressure in the gap atmosphere must be known a priori to estimate the fuel oxidation 
state and fuel temperature. As an alternative approach, the fuel oxidation model can be used in a reverse fashion to 
determine the typical hydrogen-to-steam partial pressure ratio that must have existed in the gap to yield an observed 
fuel oxidation state in a given defective rod. For such an analysis, the natural defect experiment, FFO-102-2, is 
typical of an in-reactor hydride failure. This rod had operated at a high linear rating of 67 kW/m in a high-pressure 
coolant of 100 atm. A post-test gravimetric analysis yielded a value of xe — 0.14. Thus, using the fuel oxidation 
model of Section 2.2.3 (i.e., with oxygen diffusion), a value of PH2 / PH20 0.15% is obtained to match the end-of-

test equilibrium stoichiometry deviation (with a predicted value of xe — 0.17). Moreover, with this ratio, the model is 
able to predict the observed melt radius for the high-powered FFO-102-2 rod. 

This representative hydrogen-to-steam ratio can be used to investigate the effect of fuel oxidation on the 
fission product release. The model can be further tested against in-reactor sweep gas experiments (i.e., with non-
oxidized CANDU fuel elements) and defect fuel experiments conducted at the Chalk River Laboratories (CRL).3'32'33
In particular, an empirical diffusivity (D 'defect) can be determined for defective fuel by scaling the sweep gas data by a 
correction factor H such that 

where 

D efee, = I-ID „vei gas

H (D FF, (x,T) 

D (0, T)  pellet

Here the diffusion coefficient DFp is evaluated from Eq. (29) and H is obtained by averaging the oxidized-to-non-
oxidized diffusion coefficient ratio over the fuel pellet volume (i.e., for the given temperature and fuel stoichiometry 
deviation profiles). 

(30) 

(31) 

This methodology can be subsequently tested against the empirical diffusivity (D 15) derived from a number 
of in-reactor defect experiments at the CRL.3 For example, this comparison is shown for a low and high-powered rod 
in Table 1 where it is seen that the agreement is quite good (i.e., typically within a factor of 2). 

3. CONCLUDING REMARKS 

A model has been developed to describe the fuel oxidation kinetics in operating defective fuel rods. The 
model also considers the impact of the fuel oxidation behaviour on the degradation of the fuel thermal conductivity 
(i.e., due to the phonon and polaron contributions). 

This model accounts for high-pressure oxidation in steam/hydrogen mixtures, based on Langmuir and 
Freundlich adsorption theory, and also considers radiolysis-assisted oxidation as a result of hydrogen peroxide 
production. Both isotherms predict a square root dependence on pressure from 0.01 to 1 atm in agreement with 
experimental data at 1473 to 1623 K. However, on extrapolation to high pressure (e.g., 100 atm), the predictions 
deviate where the Freundlich isotherm predicts faster kinetics which is in agreement with lower-temperature 
annealing experiments at 70 atm pressure. Furthermore, radiolysis does not appear to be an important consideration 
for the induction of fuel oxidation in defective rods where the Freundlich isotherm already yields rapid oxidation 
kinetics at high pressure. In fact, recent in-reactor experiments at Halden showed that irradiation of steam did not 
induce fuel oxidation in a closed system.14 Although the hydrogen that is liberated in the radiolysis reaction can 
result in clad hydriding, this product may neutralize the tendency of its oxidizing counterparts to increase the 
stoichiometry of the fuel. Furthermore, as the temperature is raised, radiolytic effects should become insignificant to 
thermal effects as the thermal reactions and the recombination of transient species become faster. The prediction that 
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In particular, an empirical diffusivity (D 'ti,Jw) can be determined for defective fuel by scaling the sweep gas data by a 
correction factor H such that 
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Here the diffusion coefficient DFP is evaluated from Eq. (29) and His obtained by averaging the oxidized-to-non­
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an equilibrium oxidation state is rapidly approached in defective rods is further supported (indirectly) by observations 
of the fission product release behaviour in in-reactor loop experiments at the Chalk River Laboratories. 

A stoichiometry profile will develop in operating defective rods as a consequence of the temperature profile 
from the internal fission heating where the fuel oxidation thermodynamics are temperature dependent. This profile 
will tend to flatten out as a consequence of chemical diffusion of the interstitial oxygen ions in the solid. However, if 
this oxygen re-distribution process is ignored in the model, the profile determined solely by equilibrium 
thermodynamics is able to predict the observed occurrence of a dark band structure that may be due to the presence of 
a higher oxide phase (or perhaps gas bubbles). A measured radial profile of the stoichiometry deviation in a defective 
rod is needed to better understand and establish the oxygen transport effect in the model. However, this uncertainty is 
not important from the perspective of the fission product release since the oxygen transport only affects the 
stoichiometry deviation in the outer region of the pellet where the temperature is lower, and hence the fission product 
release contribution is less significant. 
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APPENDIX A: OXYGEN PARTIAL PRESSURE IN THE FUEL AND GAP ATMOSPHERE 

A.1 Oxygen Partial Pressure in the Fuel 

The oxygen partial pressure in the fuel as a function of x, i.e., Poe (x) (in atm), is given by either the 

Blackburn thermochemical model:' 
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or the solid solution representation of Lindemer and Bessman:8
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A.2 Oxygen Partial Pressure in the Gap 

The oxygen potential in the gap atmosphere, P02 (in atm), is determined from the initial partial pressure of 

steam (P;120 ) and hydrogen (NZ) in the fuel-to-clad gap, by solving the following cubic equation that results from 

mass balance considerations for the H and 0 in the gas mixture before and after steam dissociation:26 
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+ 02 )3 + 4[P,°,2 - K:1201P02 )2 +1(13,72 )2 + 4P;120K:12,11302 -[(P:.,20)2 K;120.1= 0. 

The equilibrium constant K H20 is detailed in Eq. (5) as a function of temperature T. 
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Figure 1. Comparison of the fuel oxidation 
kinetics at a pressure of 0.1 MPa (1 atm) in a 
pure steam and steam-1%H2 atmosphere at 
1500 and 1700 K. The fuel oxidation kinetics 
are based on a solution of the 
phenomenological model of Cox et al. in Eq. 
(1) and the Langmuir adsorption treatment of 
Eq. (2). 

Figure 2. Comparison of the adsorption 
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of 1500 and 1700 K. 

Figure 3. Comparison of the adsorption 
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pure steam at a high pressure of 10 MPa 
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