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Abstract

A model has been developed to describe the fuel oxidation behaviour, and its influence on the fuel thermal con-

ductivity, 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 1473–1623 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.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The release behaviour of fission products from de-

fective rods will depend directly on the fuel oxidation

state. More mechanistic theoretical treatments are cur-

rently being developed to predict the fuel-oxidation ki-

netics at high pressure during normal defect operation

[1,2]. 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 con-

strained by equilibrium thermodynamics [1]. Unfortu-

nately, 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 per-

oxide produced in the gap due to radiolysis of steam by

fission-fragment bombardment [3–5]. Moreover, a tem-

perature gradient also arises in operating fuel in contrast

to a uniform temperature profile in annealing experi-

ments which can further affect the stoichiometry distri-

bution 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 as-

sess these effects. The high-pressure oxidation of the fuel
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by steam is treated in this work by adsorption theory.

Radiolysis-assisted oxidation is also modelled consider-

ing limited experimental observations and energy de-

position calculations in the fuel-to-clad gap. Diffusional

transport of oxygen ions in the solid fuel is further in-

vestigated in this work.

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 oxy-

gen. In this case, the fuel oxidation kinetics are described

by the phenomenological model [6]:

cU
V
S

� �
fuel

dx
dt

¼ cUafxe � xðtÞg; ð1Þ

where cU is the molar density of uranium (¼ 4:0� 104

mol of uranium m�3), a is a surface exchange coefficient

(¼ 0:365 expf�23500=TðKÞg ms�1), xe is the equilib-

rium stoichiometry deviation, and (V =SÞfuel is the vol-

ume-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 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 nor-

mal defect operation. In this case, one must appeal to a

more mechanistic treatment for extrapolation, such as

the Langmuir adsorption theory [9]. For this type of

adsorption isotherm, the corresponding relation that

describes the oxidation kinetics is given by [1,2,10]:

cU
V
S

� �
fuel

dx
dt

¼ nsk0a
AðT ÞPH2O

1þ AðT ÞPH2O

1

�
� qðxÞ
PH2O=PH2

�
:

ð2Þ

Here ns ¼ 1:66� 10�6 molm�2 is the density of ad-

sorption sites which assumes a monolayer coverage of

1018 moleculesm�2. In Eq. (2), the oxygen activity qðxÞ
for a gas–solid equilibrium is defined as

qðxÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
PO2

ðxÞ
p
KH2O

: ð3Þ

For the H2O decomposition reaction

H2O ()
KH2O

H2 þ 1
2
O2 ð4Þ

the equilibrium constant in Eq. (3) is evaluated at tem-

perature T (in K) from

KH2O ¼
PH2

ffiffiffiffiffiffiffi
PO2

p
PH2O

¼ exp 0:9794 ln T
�

� 1:1125� 28820

T

�
: ð5Þ

In Eq. (2), PH2O and PH2
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

qðxÞ=ðPH2O=PH2
Þ in Eq. (2) equals

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PO2

ðxÞ=PO2

p
where

PO2
ðxÞ pertains to the oxygen partial pressure in the fuel,

and PO2
refers to the oxygen partial pressure in the gap

atmosphere (see Appendix A). The parameter AðT Þ
(atm�1) is defined as

AðT Þ ¼ 1:0135� 105 s

nska
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2pRTMH2O

p ; ð6Þ

where T is the temperature (in K), R ¼ 8:314
Jmol�1 K�1 and MH2O ¼ 18 � 10�3 kgmol�1. The de-

sorption rate constant, ka, the steam dissociation rate

constant, k0a, 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 experi-

ments at the Chalk River Laboratories (CRL) 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 xðtÞ in Eqs. (1)

and (2). For the current analysis, the Blackburn model

was used to evaluate the oxygen partial pressure in the

fuel. An ðS=V Þfuel ratio of 330 m�1, typical of a CANDU

fuel rod, was also assumed in the calculation. The
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Fig. 1. Comparison of the fuel oxidation kinetics at a pressure

of 0.1 MPa (1 atm) in a pure steam and steam-1%H2 atmo-

sphere 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).
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parameters resulting from this fitting are: ka ¼ 1013

expf�21557=Tg s�1, k0a ¼ 2:48� 1010 expf�28105=Tg
s�1 and s ¼ 0:023. This result is comparable with other

fittings of Eq. (2) to the available fuel oxidation data

[1,2,10]. 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 ka
(i.e., �180 kJmol�1) is typical of that expected for a

chemisorption process for H2O [9]; 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 ka is also a

physically accepted value for the vibration frequency of

an adsorbed molecule. In addition, the assumption of a

single monolayer coverage for ns is reasonable consid-

ering that a monolayer is not normally exceeded with

chemisorption.

Without existing data for high-pressure fuel oxida-

tion, one cannot rule out the possibility of a Freundlich

isotherm in the adsorption model for the oxidation ki-

netics [2]. In particular, the surface coverage term for

Langmuir adsorption in Eq. (2), i.e.,

h ¼ AðT ÞPH2O

1þ AðT ÞPH2O

ð7Þ

can be replaced by the corresponding Freundlich iso-

therm [9]:

h ¼ c1P
1=c2
H2O

ð8Þ

in which c2 ¼ 2 in the present situation. Thus, a similar

fitting yields:

cU
V
S

� �
fuel

dx
dt

¼ nsk0a
ffiffiffiffiffiffiffiffiffiffi
PH2O

p
1

�
� qðxÞ
PH2O=PH2

�
; ð9Þ

where, k0a ¼ 1:04 � 109 expf�23690=Tg s�1. As ex-

pected, the latter activation energy for k0a (i.e., 23 690 K)

is similar to that for the surface-exchange coefficient 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 0.01–1 atm, where a roughly

square-root dependence on the pressure is observed

[1,6,10]. 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 H2O/Ar experiments of

Albrefah et al. (for steam pressures of 0.25–1 atm at 1623

K) [11], Eq. (6) yields a value of A ¼ 2:11 atm�1, and Eq.

(7) subsequently predicts a reduction factor for the

lower-pressure oxidation kinetics of: 2:11ð1Þ= ½2:11ð1Þþ
1� � 2:11ð0:25Þ=½2:11ð0:25Þ þ 1� ¼ 2:0. This value is in

excellent agreement with an observed square-root de-

pendence of ð1=0:25Þ1=2 ¼ 2:0. Similarly, for the CEA

He/H2O experiments (i.e., for steam pressures of 0.01–

0.03 atm at 1473 K) [6], with A ¼ 8:56, a ratio of

f8:56ð0:03Þ=½8:56ð0:03Þþ1�g� f8:56ð0:01Þ=½8:56ð0:01Þþ
1�g ¼ 2:59 is obtained. This value is also in good agree-

ment with an observed ratio of 18:2=8:2 ¼ 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 pres-

sure (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., rele-

vant to defective fuel operation (e.g., 100 atm), a sig-

nificant deviation occurs (see Fig. 3). For instance, at

1500 K in pure steam, A ¼ 6:5 so that h � 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 phe-

nomenological model and the Langmuir model are

comparable (i.e., only the equilibrium value of the sto-

ichiometry deviation is slightly affected in these models).

On the other hand, there is a direct
ffiffiffiffiffiffiffiffiffiffi
PH2O

p
dependence

for the Freundlich isotherm in Eq. (9), resulting in en-

hanced kinetics by an order of magnitude (i.e.,
ffiffiffiffiffiffiffiffi
100

p
)

(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 pre-

diction of the Freundlich model [12].

2.2. Radiolysis-assisted fuel oxidation

Since the dose rate due to energy deposition from

recoil fission fragments in the steam-filled gap is two
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Fig. 2. Comparison of the adsorption isotherm models

(Langmuir and Freundlich) versus the phenomenological model

of Cox et al. for fuel oxidation in pure steam at a pressure of 0.1

MPa (1 atm) and temperatures of 1500 and 1700 K.
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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 fuel-

to-clad gap of defective rods [4]. Knockout of particles

near the fuel surface, due to elastic collision of primary

fragments with stationary oxygen or uranium atoms of

the fuel, or with other energetic particles created in a

collision cascade, is also a potential process for energy

deposition in the gap. However, although there is a

greater surface current release, particularly for the

higher-order knock-on particles, they have substantially

lower energy (i.e., �200 eV versus 80 MeV for a recoil

particle), which results in many orders of magnitude less

energy deposition in the gap [13]. Hence, knockout is an

inefficient process for the radiolysis reaction compared

to that of recoil.

Although many free-radical intermediates are pro-

duced, the overall radiolytic reactions are [5]:

2H2O ! H2O2 þ H2 ð10aÞ

2H2O ! O2 þ 2H2 ð10bÞ

The radiolysis products of steam (e.g., H2O2 and

perhaps O2) can oxidize the fuel. In particular, the for-

mation 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 Eqs. (10a) and (10b)

do not reach thermodynamic equilibrium [5,14–16]. 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 [5,14–16]. Al-

though a significant portion of the hydrogen that is

liberated in the reactions of Eqs. (10a) and (10b) 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 temper-

ature is raised, radiolytic effects should become insig-

nificant to thermal effects as the thermal reactions and

the recombination of transient species become faster [4].

Eventually, at a sufficiently high temperature, the ther-

mal reactions will control the process of fuel oxidation.

Within the current level of uncertainty for the com-

plex radiation chemistry of water vapour, the radiolysis

effect can be modelled as a production of equal amounts

of H2O2 and H2 in accordance with Eq. (10a) [5]. Since

experiments show that H2O2 rapidly oxidizes UO2 even

in excess H2 [17], it can be conservatively assumed that

all of the H2O2 produced by steam radiolysis is con-

sumed by the fuel-oxidation reaction [5].

2.2.1. Radiolysis production rate

The volumetric rate of production Qrad (molm�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 fuel

[13]. 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 en-

ergy-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 [18]. As shown in

Fig. 4(a), the energy loss, dE=dx, can be reasonably

approximated as a linear function of distance x:

dE
dx

� � 2E0

r

� �
1
h

� x
r

i
; ð11aÞ

) EðxÞ ¼ E0 1
h

� x
r

i2
; ð11bÞ

where r is the fission fragment range and E0 is the initial

fission fragment energy (i.e., 101.5 for bromine and 66.5

MeV for iodine). Eq. (11b) follows on integration of Eq.

(11a) with the condition, Eðx ¼ 0Þ ¼ E0. 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., rBr-88 ¼ 8:70þ 0:68 lm ¼ 9:38 lm and rI-135 ¼
6:43 þ 0:76 lm ¼ 7:19 lm) instead of just the average

range itself [18]. The same relationship in Eq. (11b) has

been proposed in Ref. [4]. Thus, the average energy hEi
of the fission fragments leaving the UO2 is simply ob-

tained on use of Eq. (11b) where by definition:

hEi ¼
Z r

0

EðxÞdx
Z r

0

dx
�

¼ E0

3
: ð12Þ

Therefore, a fragment with an initial energy E0 will be

reduced by a factor of 3 (on average) as it enters into the
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Fig. 3. Comparison of the adsorption isotherm models

(Langmuir and Freundlich) versus the phenomenological model

of Cox et al. for fuel oxidation in pure steam at a high pressure

of 10 MPa (100 atm) and temperature of 1500 K.
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fuel-to-clad gap. The high-energy fission fragments

subsequently traverse through the thin annular gap of

thickness h � 12:5 lm (i.e., for CANDU fuel) with a

mean chord length �zz ¼ 2h ¼ 25 lm [13]. 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 Qrad
j (molm�3 s�1) due

to steam radiolysis of molecule j (i.e., hydrogen or hy-

drogen peroxide) per unit volume in the gap is given by

Qrad
j ¼ qH2OGj�zz

NAvVgap

X
i¼I;Br

1

4
riS _FF

� �
LETi: ð13Þ

The quantity in square brackets is the familiar recoil

release rate of fission fragments from a solid fuel body

[3]. Here NAv is Avogadro�s number (¼ 6:022 � 1023

moleculemol�1), �zz is the path length in the gap (m), ri is
the fission fragment range in the fuel (¼ 9:38 � 104 �AA for

88Br and 7:19� 104 �AA for 135I), S is the surface area of

the fuel (m2), Vgap is the gap volume (m3), _FF is the fission

rate density (fissionm�3 s�1) and LET is the fission

fragment linear energy transfer (eV�AA�1). As a conser-

vative 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 [19]. Therefore, in Eq. (13),

LET ¼ ðdE=dxÞloss, where the average energy loss in the

gap over the given path length �zz is evaluated from Fig.

4(b) as ðdE=dxÞBr-88

loss � 15:7 eV�AA�1 and ðdE=dxÞI-135loss �
12:8 eV�AA�1. The parameter Gj 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 qH2O. 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 mgml�1)

[20]. 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 occur-

rence of impurity (uranium) species in the gap and
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Fig. 4. Energy loss of fission fragments 88Br and 135I in the (a) UO2 fuel and (b) steam-filled fuel-to-clad gap. A linear energy loss

approximation for the slowing down of the fission fragments in the UO2 is also shown.
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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 sat-

urated steam at 70 atm [5,17]. Thus, in the present

analysis, in accordance with Eq. (10a), it can be assumed

that GH2
¼ GH2O2

¼ G � 6:5=100 eV.

Since the experiments show that H2O2 rapidly oxi-

dizes the UO2, even in the presence of excess H2, it can

be assumed that all of the H2O2 produced by radiolysis

is consumed in the fuel oxidation process. Thus, by ne-

glecting gas phase recombination reactions involving

H2O2 and the loss of this species by cladding corrosion,

this assumption will yield an upper limit of the radio-

lytically driven fuel oxidation rate. Hence, the rate at

which the H2O2 is consumed per unit surface area of fuel

is given by Rox
H2O2

(in mol m�2 s�1):

Rox
H2O2

¼ hQrad ¼ qH2OG�zz _FF
4NAv

X
i¼I;Br

r
dE
dx

� �
loss

� �
i

: ð14Þ

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 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 stoichio-

metry deviation is reached (see Figs. 1–3). In contrast,

the (maximum) radiolytically driven fuel oxidation rate

in Eq. (14) is not thermodynamically limited. Hence, the

conservation equation for the oxygen balance in the fuel

is [5,17]:

cU
V
S

� �
fuel

dx
dt

¼ Rox
H2O2

þ Rox
H2O

� Rred
H2
; ð15Þ

where

Rox
H2O

� Rred
H2

¼ f ðT ; PH2OÞ 1

�
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PO2

ðxÞ=PO2

q �
: ð16Þ

Here the function f ðT ; PH2OÞ depends on the choice of

the adsorption isotherm,

f ðT ; PH2OÞ ¼
nsk0a

AðT ÞPH2O

1þAðT ÞPH2O
ðLangmuirÞ

nsk0a
ffiffiffiffiffiffiffiffiffiffi
PH2O

p
ðFreundlichÞ

8<
:

9=
;: ð17Þ

Alternatively, at atmospheric pressure, Eq. (1) can

also be used for Rox
H2O

� Rred
H2

. 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 [17]:

H2O2ðgÞ ! OðsÞ þ H2OðgÞ ð18Þ

where OðsÞ represents oxygen in the solid fuel above the

normal O/U ratio of two. The quantities of PO2
ðxÞ and

PO2
in Eq. (16) are evaluated with the models in Ap-

pendix A, considering the initial quantities of H2O and

H2 in the gap atmosphere prior to dissociation.

Eq. (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

kWm�1 (i.e., a fission density rate of 1:35� 1019 fis-

sionm�3 s�1) in a pressurized water loop at 10 MPa.

Based on an analysis with the ELESIM fuel perfor-

mance code (using the MATPRO.11 thermal con-

ductivity correlation for hyperstoichiometric fuel), the

experimental rod had an average fuel temperature of

�1550 K (see also discussion in Section 2.2.3) [21]. In

this analysis, it can be assumed that the gap is essentially

filled with pure steam, implying an oxygen partial

pressure of 3:23 � 10�3 atm (see Appendix A). The so-

lution of the fuel oxidation model in Eqs. (14)–(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.
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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) actu-

ally limits the overall equilibrium stoichiometry devia-

tion in Eq. (15). Here, the increased PO2
ðxÞ is eventually

higher than the value of the atmospheric PO2
(for pure

steam) in Eq. (16) so that a reduction actually occurs

(i.e., Rox
H2O

� Rred
H2

< 0Þ. 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 consis-

tent 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 reac-

tions 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 PO2
in Eq.

(16) must be evaluated for the relevant hydrogen/steam

mixture in the gap [2].

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 dis-

tribution 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 nor-

mally observed in defective rods [12]. 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 tem-

perature [21]. Consequently, an oxygen profile will de-

velop in the fuel pellet since the thermodynamics of the

oxidation reaction is temperature dependent. In partic-

ular, Olander et al. have proposed a complicated deliv-

ery mechanism involving a two-zone transport/reaction

model for fuel oxidation in which the H2O/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 trans-

ported 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 H2O/H2 from the gap [21]. However, as a re-

sult 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 tem-

perature 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:

cU
dx
dt

¼ cUaðPH2OÞ
1=2 S

V

� �
fuel

fxe � xðtÞg

þ cU
r

o

or
Dr

ox
or

� �� �
; ð19Þ

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
ffiffiffiffiffiffiffiffiffiffi
PH2O

p
has been added to

account for high pressure in accordance with the Fre-

undlich adsorption theory (see Section 2.1). Eq. (19) is

subject to the following initial and boundary conditions.

The fuel pellet is initially assumed to be stoichiometric:

x ¼ 0; 06 r6 a; t ¼ 0: ð20aÞ

A reflexive boundary condition follows at the centre of

the pellet (r ¼ 0) due to symmetry:

ox
or

¼ 0; r ¼ 0; t > 0: ð20bÞ

At the surface of the pellet, the stoichiometry xðr ¼ aÞ 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 ¼ xe 1

�
� exp

�
� S
V

ffiffiffiffiffiffiffiffiffiffi
PH2O

p
at
��

; r ¼ a; t > 0:

ð20cÞ

In fact, due to the lower temperature at the fuel surface,

the fuel essentially remains stoichiometric at this loca-

tion (i.e., x � 0 at r ¼ 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 oxy-

gen ions in the presence of an oxygen concentration

gradient as opposed to that of self diffusion which ap-

plies to simple random Brownian motion for a fuel

sample with a homogeneous stoichiometry [22]. The

chemical diffusion coefficient is much less dependent on
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stoichiometry and can be represented by the simple

Arrhenius form [22]:

D ¼ 2:5 � 10�4 exp

�
� 16400

T

�
m2 s�1: ð21aÞ

Eq. (21a) is an average over the stoichiometry range

10�5
6 x6 10�1 and is specifically valid for a temperature

range of 7006 T 6 1800 K [22]. Recent measurements

of the chemical diffusion coefficient at 1000 K (i.e.,

2:5� 10�11 m2 s�1 at x � 0:002 and 5:6� 10�12 m2 s�1 at

x � 0:12) [23] are in good agreement with the predictions

of Eq. (21a) which yields a value of 1:89� 10�11 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]:

D0 ¼ 3:82 � 10�5

� x

(
þ x2
�

þ 0:464 exp

�
� 26700

T

��1=2
)

� exp

�
� 16500

T

�
m2 s�1; ð21bÞ

which is valid for the same temperature range and a

stoichiometry range of 0–0.2. Over typical fuel operating

temperatures and stoichiometries, Eq. (21a) yields sig-

nificantly 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 equation [24]:

1

r
d

dr
rk

dT
dr

� �
þ H

ðjaÞ
2I1ðjaÞ

� �
I0ðjrÞ ¼ 0: ð22Þ

Here k is the thermal conductivity, which is a function of

both temperature T and the fuel stoichiometry deviation

x that depend on the radial position r. The second term

in Eq. (22) is the volumetric heat generation rate which

takes into account the effect of flux depression. The

parameter H is related to the linear power P of the fuel

rod such that H ¼ P=ðpa2Þ and j is the inverse neutron

diffusion length (which is taken equal to 1.1 cm�1 for

naturally-enriched fuel at a burnup of 8000 MWd/t).

Similarly, Eq. (22) is subject to the boundary conditions

[24]:

dT
dr

¼ 0; r ¼ 0 ð23aÞ

and

T ¼ Ts; r ¼ a; ð23bÞ

where Ts is the fuel surface temperature.

2.2.3.1. Fuel thermal conductivity. 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 trans-

ferred by both radiation (photons) and by conduction via

lattice vibration (phonons) and electron–hole movement

(polarons).

The radiative contribution to the thermal conduc-

tivity is typically less important at normal fuel operating

temperatures as given by [25]:

krad ¼ 1:5� 10�10 N 2

aRðT Þ

� �
T 3 kWm�1 K�1: ð24aÞ

The index of refraction N can be taken to be indepen-

dent of temperature and wavelength and set equal to

2.25, and

aRðT Þ ¼ C1 expðC2 � T Þ; ð24bÞ

with C1 ¼ 8750 m�1 and C2 ¼ 7:5971� 10�4 K�1.

The phonon contribution to the thermal conductivity

kph is generally the dominant component as represented

by [26]:

kph ¼ 1

AðxÞ þ BðxÞT kW m�1 K�1; ð25aÞ

where

AðxÞ ¼ 14� 10:763
ffiffiffi
x

p
� 2381:4x

þ 12819:86ð
ffiffiffi
x

p
Þ3 � 14000x3 ð25bÞ

and

BðxÞ ¼
0:2218 þ 0:2562

ffiffiffi
x

p � 0:64x� 3:6764ð ffiffiffi
x

p Þ3;
x < 0:155;

0; xP 0:155:

8<
:

ð25cÞ

For numerical computations, Eq. (25c) can be equiva-

lently replaced by a single equation (which avoids the

difficulty of a negative B value):

BðxÞ ¼ 0:2218þ 0:2562
ffiffiffi
x

p
� 0:64x

� 3:6764ð
ffiffiffi
x

p
Þ3 þ 17:3x3 ð25dÞ

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 kWm�1 (see the following discussion and

Fig. 8) [27]. However, as shown in Fig. 6(a), the corre-

lation in Eq. (25b) is in good agreement with other

available data and theoretical predictions [26,28–34]. As

suggested in Ref. [26] and shown in Fig. 6(b), the cor-

relation for B in Eq. (25c) is only allowed to take on

positive values and is in good agreement with the liter-

ature data [28–30]. The 95% confidence limits for the

model fittings to the data are also shown in Figs. 6(a)
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and (b). In particular, the larger spread in the confidence

limit of Fig. 6(a) permits the introduction of a bias in

Eq. (25b) from the original model fitting of Ref. [26].

The third contribution to the thermal conductivity

arises from electron–hole (polaron) transport, which

becomes more important at a higher temperature and a

lower stoichiometry deviation [25]:

ke ¼
kB
e

� �2

T
rerh

re þ rh

DU
kBT

� �2

: ð26Þ

Here kB is the Boltzman constant, e is the electron

charge, re is partial dc electric conductivity due to

electron transport, rh is the partial dc electric conduc-

tivity due to the hole transport and DU is the Mott–

Hubbard energy gap. Eq. (26) can be further developed

as [25,35]:

ke ¼ Cr
DU
kBT

� �2 npð1� n� pÞ
nþ p

e�DE=ðkBT Þ kWm�1 K�1;

ð27aÞ

where Cr ¼ 3:71� 10�3 kWm�1 K�1, DU is the Mott–

Hubbard energy gap ¼ 4:33� 10�19 J, and DE is the

electron mobility activation energy ¼ 4:81 � 10�20 J

[25,36]. The molar electron (n) and hole (p) concentra-

tions can be determined from conditions of electroneu-

trality and thermodynamic equilibrium, where for a

given stoichiometric deviation x:

p ¼ xþ�2c þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2ð1� 4cÞ þ c

p
1� 4c

; ð27bÞ

n ¼ p � 2x; ð27cÞ

c ¼ expf�DF =ðkBT Þg, DF ¼ DU � TDS and DS ¼
2:62� 10�23 JK�1 [25,36].

Thus, the overall thermal conductivity which results

from the three contributions in Eqs. (24a), (24b), (25a),

(25b), (25d), and (27a)–(27c) is given collectively by (see

Fig. 7):

k ¼ kph þ ke þ krad: ð28Þ

Fig. 7 depicts the total thermal conductivity in Eq. (28),

and the dominant phonon contribution in Eqs. (25a),

(25b) and (25d). The thermal conductivity is reduced

with increasing stoichiometry but becomes less depen-

dent on temperature.

2.2.3.2. Fuel temperature and stoichiometry deviation

profile. To calculate the temperature profile in an oper-

ating fuel rod, Eqs. (19), (20a)–(20c), (21a), (22), (23a),

(23b), (25a), (25b), (25d), (27a)–(27c) and (28) are solved

iteratively using a finite difference approach. For the

thermal conductivity contributions only the phonon and

polar components are considered in this calculation

(since the radiation component is typically small and has

a large uncertainty). As an example, Figs. 8(a) and

(b) show the temperature and stoichiometry deviation
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profile for a defective CANDU-size fuel rod with an

ðS=V Þfuel ratio of 330 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

kWm�1 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 pre-

dicted 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 kWm�1. 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

curves in Fig. 8 have already reached a steady state

distribution in this period of time). This theoretical re-

sult is comparable to a reported value of 2.276 as de-

termined 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 attrib-

uted 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 post-test

examination in the hot cell.

It can been seen in Fig. 8(b) that oxygen diffusion does

not significantly affect the stoichiometry deviation pro-

file 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 de-

picted in Fig. 8(b) for the curve in which oxygen diffu-

sion is neglected, the resultant simple thermodynamic

model is able to predict the occurrence of an oxide phase

higher than U4O9 (x ¼ 0:25) in a thin band near the

outer region of the pellet. Interestingly, the radial loca-

tion of this higher oxide corresponds precisely to the

position of a dark band feature observed in the post-

irradiation metallography of Fig. 9 [27]. This feature is

generally observed in the metallography of defective fuel

rods. However, it has been suggested that this banding

structure may be related to the presence of bubbles [37].

With a reduction in the chemical diffusion coefficient in

the current model, the stoichiometry deviation profile
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Fig. 9. Post irradiation examination of the defective rod in

experiment FFO-103 showing central melting and a dark band

structure near the surface of the pellet.
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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.

In defective fuel rods with typical-sized failures, hy-

drogen generated by oxidation of the fuel and clad must

counter-diffuse against incoming steam that enters

through the remote defect site. The presence of this hy-

drogen will affect the local oxygen potential in the fuel-

to-clad gap and thus the stoichiometry deviation in the

fuel. For instance, the stoichiometry deviation profile

that arises with pure steam or a hydrogen-to-steam

partial pressure ratio of PH2
=PH2O ¼ 0:1% is shown in

Fig. 10 at different linear heat ratings. The influence of

oxygen diffusion in the model is also shown. Interest-

ingly, with the presence of a small quantity of hydrogen

in the internal rod atmosphere, the stoichiometry devi-

ation is significantly reduced in the lower-powered rod

of Fig. 10(a) (i.e., at 25 kWm�1) relative to the higher-

powered one of Fig. 10(b) (i.e., 52 kWm�1). This result

occurs because of the influence of the fuel temperature on

the equilibrium stoichiometry deviation in Fig. 11. The

equilibrium stoichiometry deviation in Fig. 11 has been

evaluated with the Blackburn model of Appendix A.1.

Recently, a coulometric titration method has been

used at the Chalk River Laboratories (CRL) to measure

the O/U ratio of small samples taken from a spent

CANDU fuel element that had defected in a commercial

power reactor [38]. The element had a low burnup of 80

MWh/kgU and operated at a low power rating of 23–28

kWm�1. Four samples (�100–200 mg per sample) were

taken 6 cm from the primary defect location, where the

primary defect had resulted from debris fretting. The

average of the four samples yielded an O/U ratio of

2:044� 0:003, which is consistent with the low-power

prediction of Fig. 10(a) (i.e., for a representative

PH2
=PH2O ratio of 0.1%). Unfortunately, the current

technique did not permit information about the radial
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location of the samples. Improved sampling methods at

the CRL are currently being developed to obtain the O/

U ratio as a function of the pellet radius [38].

3. Discussion

3.1. 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 tem-

perature 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 DFP (in m2 s�1) for the fission

products (FP) in the solid matrix which requires a spe-

cific knowledge of the fuel stoichiometry and tempera-

ture 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 oxida-

tion) and athermal mechanisms where [39]:

DFP ¼ 7:6 � 10�10 exp

�
� 35230

T

�

þ
ffiffiffi
2

p�
� 10�25

ffiffiffiffi
_FF

p
exp

�
� 13890

T

�

þ x22:22� 10�8 exp

�
� 20230

T

��
þ 2� 10�40 _FF

ð29Þ

in which _FF 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 fash-

ion 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

kWm�1 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
=PH2O �

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 exper-

iments conducted at the Chalk River Laboratories

(CRL) [3,40,41]. In particular, an empirical diffusivity

(D0
defect) can be determined for defective fuel by scaling

the sweep gas data by a correction factor H such that

D0
defect ¼ HD0

sweep gas; ð30Þ

where

H ¼ DFPðx; T Þ
DFPð0; T Þ

� �
pellet

: ð31Þ

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 stoi-

chiometry deviation profiles).

This methodology can be subsequently tested against

the empirical diffusivity (D0
s) 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 agree-

ment is quite good (i.e., typically within a factor of 2).

3.2. Comparison to in-reactor experiments

As previously shown in Section 2.2.2, 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 ki-

netics at high pressure (see Fig. 5). In fact, recent in-

reactor experiments at Halden showed that irradiation

of steam did not induce fuel oxidation in a closed system

[17]. 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 an equilibrium oxidation state

is rapidly approached in defective rods is further sup-

ported (indirectly) by observations of the fission product

release behaviour in in-reactor loop experiments at the

Chalk River Laboratories [3].
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4. Conclusion

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 con-

ductivity (i.e., due to the phonon and polaron contri-

butions).

This model accounts for high-pressure oxidation in

steam/hydrogen mixtures, based on Langmuir and Fre-

undlich adsorption theory, and also considers radiolysis-

assisted oxidation as a result of hydrogen peroxide

production. Both isotherms predict a square root de-

pendence on pressure from 0.01 to 1 atm in agreement

with experimental data at 1473–1623 K. However, on

extrapolation to high pressure (e.g., 100 atm), the pre-

dictions deviate where the Freundlich isotherm predicts

faster kinetics which is in agreement with lower-tem-

perature annealing experiments at 70 atm pressure.

Furthermore, radiolysis does not appear to be an im-

portant consideration for the enhancement of the fuel

oxidation kinetics in defective rods.

A stoichiometry profile will develop in defective rods

under normal operation as a consequence of the tem-

perature profile from the internal fission heating where

the fuel oxidation thermodynamics are temperature de-

pendent. This profile will tend to flatten out as a con-

sequence 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, during normal operating

conditions, this uncertainty is not important from the

perspective of the fission product release since the oxy-

gen 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., PO2
ðxÞ (in atm), is given by either the Blackburn

thermochemical model [7]:

ln PO2
¼ 2 ln

xð2þ xÞ
1 � x

� �
þ 108x2 � 32700

T
þ 9:92

ðA:1Þ

or the solid solution representation of Lindemer and

Bessman [8]:

PO2
¼ minðP1; P2Þ; ðA:2Þ

where P1 and P2 are given by

ln P1 ¼ 2 ln
xð1� 2xÞ2

ð1� 3xÞ3

 !
� 37621

T
þ 15:15;

ln P2 ¼ 4 ln
2xð1� 2xÞ
ð1� 4xÞ2

 !
� 43298

T
þ 25:74:

ðA:3Þ

A.2. Oxygen partial pressure in the gap

The oxygen potential in the gap atmosphere, PO2
(in

atm), is determined from the initial partial pressure of

steam (P 0
H2O

) and hydrogen (P 0
H2

) in the fuel-to-clad gap,

by solving the following cubic equation that results from

mass balance considerations for the H and O in the gas

mixture before and after steam dissociation [2,6]:

Table 1

Empirical diffusion coefficient for defective fuel

Comparison with CRL experiments

Linear power (kWm�1) H a D0
sweep gas (s�1)b D0

defect (s�1)c D0
s (s�1)d

30 329 7.1� 10�14 2.3� 10�11 2.2� 10�11

60 2289 4.4� 10�12 1.0� 10�8 8.7� 10�9

a Evaluated from Eq. (31).
b Taken from Ref. [3].
c Evaluated from Eq. (30).
dDerived from the correlation in Ref. [41].
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4ðPO2
Þ3 þ 4½P 0

H2
� K2

H2O
�ðPO2

Þ2 þ ½ðP 0
H2
Þ2 þ 4P 0

H2O
K2

H2O
�PO2

� ½ðP 0
H2O

Þ2K2
H2O

� ¼ 0: ðA:4Þ

The equilibrium constant KH2O is detailed in Eq. (5) as a

function of temperature T .
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