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Abstract

The multi-component transport of steam, hydrogen and stable fission gas in the fuel-to-clad gap of defective
CANDU fuel rods, during severe accident conditions, is investigated in the present work based on a general Stefan—
Maxwell treatment. In this analysis, incoming steam must diffuse into a breached rod against a counter-current flow of
non-condensable fission gases and out-flowing hydrogen that is produced from the internal reaction of steam with the
Zircaloy cladding or urania. A solution of the transport equations yields the local molar distribution of hydrogen and
steam so that the internal oxygen potential can be estimated along the length of the gap as a function of time. These
equations are numerically solved using finite-difference and control-volume methods with a sparse matrix approach.
The model has been used to interpret the fission product release and fuel-rod (i.e., Zircaloy and urania) oxidation
behavior observed in high-temperature annealing experiments that were conducted at the Chalk River Laboratories
with spent fuel samples with Zircaloy cladding. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The transport of the short-lived volatile fission
products in the gap has been studied extensively during
normal reactor operation, where diffusion is shown to
be the dominant process of transport in the fuel-to-clad
gap [1-5]. During a high-temperature reactor transient,
if the heat-up rate of the fuel rod is typically less than
<0.5 K/s, the fuel cladding is completely oxidized to
ZrO, under steam-rich conditions before reaching the
melting point of metallic Zircaloy [6]. Although the
cladding is embrittled due to the oxidation process, it
will remain in place and act as a physical barrier unless
the ZrO, shell is compromised as result of rod frag-
mentation by mechanical stress or chemically dissolved
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by molten material [6]. In the event that the ZrO, shell
remains in place, an enhanced stable gas release from
the fuel matrix into the fuel-to-clad gap at the higher
temperature may lead to a pressure differential between
the internal rod atmosphere and the bulk coolant (i.e.,
the bulk coolant system pressure will decrease with
coolant blowdown). As such, bulk convection of fission
gases in the gap could also occur as a transport process
[5,7]. During the oxidation of the internal and external
Zircaloy cladding surfaces, hydrogen will be generated
which will initially lower the oxygen potential in the
bulk coolant and locally in the fuel-clad gap. Thus, any
incoming steam into a breached rod must diffuse
against a counter-current flow of non-condensable fis-
sion gases (as released from the fuel matrix), and any
outflowing hydrogen that is produced from internal
reaction of the incoming steam with the Zircaloy clad-
ding or urania [8].

It is important to determine the molar concentration
distribution along the gap for this multi-component
mixture (i.e., consisting of steam, hydrogen and fission
gas) since the oxygen potential in the gap will depend
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on the local constituent partial pressures. The oxygen
potential is an important parameter since it will dictate
the fuel oxidation state, and hence the rate of fission-
product diffusion in the fuel matrix and the subsequent
volatile fission product release into the gap [9]. In ad-
dition, the oxygen partial pressure is a boundary con-
dition that controls the amount of fuel volatilization
(i.e., formation of gaseous UO; and UO,(OH),), as
well as the chemical form of the fission products
themselves in the fuel matrix [10-13]. This chemical
speciation will specifically determine the amount of
vaporization of the low-volatile fission products from
the fuel surface [10,13]. Thus, for a proper simulation
of the fuel and fission product release behavior during a
severe accident, the oxygen potential must be known
a priori.

As previously mentioned, earlier analyses have prin-
cipally focused on fission-product transport in the gap
(in accordance with binary diffusion of a trace fission
product species diffusing in a continuum steam medium,
and the possibility of bulk-convective transport with
pressure differential) [5,7]. Although multi-component
transport in the gap of breached rods has been consid-
ered for severe accident conditions, this work did not
specifically consider oxygen potential effects (i.e., it was
implicitly assumed that the breached site becomes a
source of hydrogen due to steam reaction with the
cladding) [14]. In other work, the effect of a reduced
oxygen potential in the gap was modeled by simply re-
ducing the oxygen potential in the bulk coolant by an
empirical factor; i.e., this factor was derived by matching
the predicted fuel oxidation kinetics to the observed end-
state weight gain for the test rods in specific high-tem-
perature annealing experiments [9]. In contrast, in the
current work, the general mathematical model of [8] is
adopted for the complete description of the multi-com-
ponent transport of steam, hydrogen and fission gas in
the fuel-to-clad gap of a breached fuel rod in which the
resultant ZrO, layer, produced by metal-water reaction
at high temperature, can inhibit steam penetration into
the fuel rod. The numerical solution of the generalized
transport equations is detailed in the current work based
on a finite difference and control volume approach with
a sparse matrix scheme to reduce the computational
requirements.

The solution of the transport equations provides the
time-dependent molar distributions of steam, hydrogen
and fission gas components in the fuel-to-clad gap from
which the oxygen potential can be directly estimated.
The present model is specifically applied to the simula-
tion of three annealing experiments conducted in steam
at the Chalk River Laboratories (CRL) from 1628 to
1915 K, using short-length spent fuel samples with Zir-
caloy cladding. The current model is used to interpret
the observed fission product (i.e., cesium) release, and
the Zircaloy and urania oxidation behavior.

2. Model development
2.1. Gap transport equations

A one-dimensional model can be considered for the

transport of steam, hydrogen and stable fission gas in
breached fuel rods during accident conditions since, in
the absence of significant clad ballooning, the annular
gap between the fuel and cladding is quite thin com-
pared to the axial transport path length. In the devel-
opment of this model, it is assumed that a breach is
present at the down-stream end of the rod as shown in
Fig. 1. The gap transport equations for this multi-
component mixture follows from the conservation
equation [15]:
%:*%JF%*'}% (1)
Here for a given component i, ¢; (mol m™) is the molar
concentration, &; is the molar flux in the z-direction (mol
m~2 s71) (resulting from diffusion and a total bulk molar
flow), and ¢; and r; are the production and loss rates,
respectively (in mol m— s7!). For the evaluation of the
molar flux with an ideal gas mixture of #» components,
the Stefan—-Maxwell equations are employed [15]

ayl- _ n 1
5 j:;j#i 5:/ [N, — y;Ni]. (2)

Here c is the total molar concentration
n
c=Ye, (3)
j=1

and y;(= ¢;/c) is the mole fraction of species i. The dif-
fusivity D;; (m~2 s7!) of the i—jth pair is evaluated for the
binary mixture with Chapman-Enskog kinetic theory

(8]-
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Fig. 1. Schematic of a breached fuel rod with axial discretiza-
tion (finite-difference mesh) and control volume grid used for
the solution of the gap transport equations.
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For the current problem, in addition to the compo-
nents of the bulk atmosphere (steam and hydrogen),
there is also a release of fission gas from the fuel into the
gap, which can be represented by xenon. Thus, as de-
tailed in [8], the Stefan—Maxwell equations in Eq. (2) can
be used to relate the molar fluxes to the concentration
gradient of the mole fractions, which results in an ex-
pression for V; in Eq. (1). Consequently, a set of coupled
equations for the multi-component mixture follows (i.e.,
where 1 = Xe, 2 = H,O and 3 = H,) [8]:

o
ot
0 0 0 0
=3 I:C(DII£+DIZ§>:| _NT%+ (1=y1)q1(z,1),
(4a)
o
ot
0 )% 5)3 0
=3 {C(Du o + Dy 2 )} — N % —nq1(z,1)
oz ), (4b)
n=1=y—n (4c)

For this ternary system (i.e., H,O—H,—Xe mixture), only
two equations are independent (i.e., Egs. (4a) and (4b)),
due to the constraint that the mole fractions must sum to
unity as shown in Eq. (4c). The source term due to stable
fission gas release into the gap (q;) and the loss terms
due to steam oxidation with the fuel (#*¢' °*) and the
Zircaloy cladding (5% °%) are detailed in Section 2.2.
The multicomponent diffusion coefficients are defined as

D“:)/12-1')’324-)’237 Du:le—Yn7
det det (5a)
D :Y2|—Yz3 b :1’21+Y31+1/13
2= e e
where
det = p2! + 2 + V3 and
D;yDy; DiaDys DizDys
N N »
Yo=2"0 vu=21 p =2
=50 Epy M Tps (5b)
N2 3 3
n=p WEp mEgs

The total molar flux Nt = N; + N, + Nj, is derived from
a total gas balance

oc GNT
o e T (6)

In Eq. (6), the source of gas ¢; is attributed to xenon
since there is no net gain of gas for steam and hydrogen
due to the equal molar production and loss of these
species in the oxidation reactions of the clad and fuel
(see Section 2.2.2).

The initial and boundary conditions for the transport
equations are

y=3y, m=y fort=0, 0<z<lL, (7a)
Oy _

5_62_0 forz=0, >0, (7b)
n=0, »m=y(» forz=L, t>0. (7c)

The quantities » and )} in Eq. (7a) are the initial
quantities of xenon and steam present in the gap at the
start of the transient for a given accident scenario. The
reflexive conditions in Eq. (7b) indicate no flow at the
intact end of the fuel rod in Fig. 1. The boundary con-
dition at the breached end in Eq. (7c) indicates a zero
concentration of fission gas since it is continually being
swept away by the bulk gas atmosphere flowing past the
fuel rod. On the other hand, there is a constant supply of
steam (with a mole fraction )5(¢)) at this exposed end
from the reactor coolant system (RCS) (see Section 2.4).

During a reactor transient, a temperature gradient
may be present in the fuel rods so that the temperature
profile T(z,#) must be known for solution of the gap
transport equations (based on previous reactor safety
calculations). In addition, a pressure gradient may also
arise along the gap due to the continual release of stable
fission gas into the gap [5,7]. Considering these effects,
the molar concentration can be generally derived from
the ideal gas law

P(z,1)

D= 1) ®

where R is the ideal gas constant. For determination of
the pressure gradient, the momentum equation can be
approximated by a steady-state Hagen—Poisseulle solu-
tion for laminar flow, where the bulk mass average
velocity (u) is related to the pressure gradient (dP/dz)
via [5]
K dpP

ERR T ©)
where p is the viscosity of the gas mixture and 4 is the
radial gap thickness. Furthermore, assuming that the
bulk molar velocity (v) is equal to the bulk mass average
velocity (u) then Nt = cu so that Egs. (6), (8) and (9) can
be related. These equations are then subject to the initial
and boundary conditions:

P= PSOys =constant, (=0, 0<z<L, (10a)
P=Py(t), z=L, t>0, (10b)
dP/dz=0, z=0, >0, (10c)

where PJ_ is the initial coolant pressure at t =0 and
Py(t) is the bulk system pressure (i.e., at the breached
end of the rod). Eq. (10c) follows from Eq. (9) where it is
assumed that the velocity u = 0 at the intact end of the

rod.
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2.2. Production and loss terms for the transport equations

2.2.1. Fission gas source term

A calculation of the fission gas source term ¢, is re-
quired for Egs. (4a) and (4b). Mechanistic treatments
have been developed to assess the distribution and
release of fission gas from the solid fuel matrix by
considering the combined effects of fission product
generation, atomic migration, bubble nucleation and
resolution, bubble migration and coalescence, channel
formation on grain faces, interlinking on grain edges,
microcracking and grain boundary sweeping [13,16,17].
For the current analysis, a model is required to predict
the stable gas release from the fuel for out-of-pile con-
ditions at high temperature. If the fuel is trace-irradiat-
ed, significant grain growth can occur during the high-
temperature anneal under an oxidizing environment due
to an enhanced uranium ion diffusivity in UO,,,, which
supplements intragranular diffusion as a means of de-
livering fission products to the grain boundaries. How-
ever, for higher burnup specimens (i.e., typical of the
CRL fuel samples), the grain growth mechanism is
limited with a pinning of the grain boundaries by fission
product bubbles [13]. Hence, a simple annealing diffu-
sion model can be adopted in the current treatment to
support the gap-transport analysis of the CRL experi-
ments. This model, however, must account for the pos-
sibility of a changing fuel stoichiometry and, as such, a
generalized Booth diffusion type model can be employed
for the evaluation of ¢, where [14]

_ V Cg)(e dfrel
o= (5),,% % a

Here (V/S)g,q 1s the volume-to-surface ratio of the fuel
(= ar/2, where a; is the fuel pellet radius) and / is the
radial gap thickness. The parameter c¢%, is the initial

fission gas concentration in the fuel

e = YxerkrCu By, (12)

where Yx..k is the rare gas fission yield (=0.25 atom
fission™!'), ¢y is the molar density of uranium in
UO,(= 41 x 10* mol m~?), and f; is the burnup fraction
(i.e., 1 at.% burnup equals 9.5 GWd/tU). The fission gas
release rate from the fuel (df./df) can be evaluated
from the slope of the diffusional release fraction [10]:

for 1<0.155,

6\/E -3t

frel = T (13)
- exp(—n*t) for t > 0.155,

where D'(¢) = D/a?, and D is the time-dependent fission

gas diffusivity in the fuel grain of radius a. The param-
eter 7 is a dimensionless variable

T= /ID/(t) ds, (14)

which accounts for a time-dependent diffusivity where
the start of the transient is assumed to occur at 1 = 0. A
variable diffusivity results from changing temperature
conditions 7(¢) during the transient. In addition, due to
a changing oxygen potential in the gap (see Section 2.3),
a variable stoichiometry deviation x(¢) in the UO,, fuel
also arises. The functional dependence of the fission gas
diffusivity (in m? s~!') on both temperature and non-
stoichiometry is given by [9,10]

D(x,T)=17.6 x 10"°exp{ —w}
40200
2.22 x 10782 e 1
+ x 10 xexp{ =T }, (15)

where R is the ideal gas constant (=1.99 cal mol ' K™')
and T'is in K. The quantity of fission gas release ¢, into
the gap will implicitly depend on the mole fraction dis-
tribution (which in turn determines the local oxygen
potential and the subsequent fission gas solid-state dif-
fusivity in the fuel matrix). Hence, an iteration will be
required for solution of Egs. (13) and (15) when feed-
back effects are considered.

The fuel exhibits structural defects like porosity that
is not taken into account in the present model, where
fission product trapping may in fact occur. To account
for this effect, a simple scaling parameter ¢ can be in-
troduced. In addition, fuel cracking can also occur on
temperature ramp up, resulting in a partial release of the
grain boundary inventory, which is not explicitly treated
for the diffusional release process of Eq. (13), so that an
additional source release gy must be considered. Con-
sequently, the release fraction in Eq. (11) can be replaced
by an overall release function F to account for these
effects [9]:

F=(1-gy—&frea + go- (16)

2.2.2. Loss terms due to fuel rod oxidation processes

The production rate of hydrogen and the loss rate of
steam are equal to one another for a given chemical
process. This result arises since the molar quantities of
hydrogen and steam are balanced in each oxidation
reaction for the Zircaloy and fuel

Zr + 2H,0 < ZrO, + 2H,, (17a)
tzO + U02 <~ U02+x + XHz, (17b)
where x is the stoichiometry deviation in UO,,,. The

kinetics for these oxidative processes are detailed in the
following sections.

2.2.2.1. Steam loss reaction rate by urania oxidation. The
steam loss rate due to fuel oxidation is given by [8]
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1/2
i :%%:%ﬂ{xeﬁ(z)}, (18)

where Py,0 is the steam pressure (atm), o is a surface ex-
change coefficient (= 0.365exp{—23500/T(K) m s'}),
and x, is the equilibrium stoichiometry deviation. Eq. (18)
can be integrated analytically, assuming that x. is con-
stant over a given time-step At, for a calculation of x().

The value of x. in Eq. (18) is obtained from the
Blackburn thermochemical model [18]

Xe(2 +xe)

32700
I —x. T

InPo, =2In ( ) + 108x2 — +9.92,

(19)
where Po, (x) is calculated as shown in Section 2.3.

2.2.2.2. Steam loss reaction rate by internal clad oxida-
tion. The steam loss rate for the internal Zircaloy oxi-
dation process can be described by

« inside
w,
clad ox tot

The metal-water reaction is mass transfer limited by the
amount of steam which is available in the gap for con-
sumption in the given time step Az such that

« insid . . - insid
e = min (Sore, W5 ) (21)
where
. h
- inside
=Ccy—. 22
eyl (22)

Here ¢; = y,c¢ is the molar concentration of steam in a
given control volume within the gap that decreases to-
wards the intact end of the rod. This steam will react
more rapidly with the cladding than with the fuel where
equilibrium thermodynamics indicates that the free en-
ergy of formation of the oxide is lower for ZrO, than for
UO,,, [11,14]. Thus, in the model, any steam uncon-
sumed in a given control volume will then become
available for oxidization of the fuel. The time-step At
must be sufficiently small so as not to artificially limit
these oxidation reactions.

The corrosion rate, Weor, can be estimated from
parabolic rate theory where the mass of zirconium
consumed per unit area per unit time (kg m~2 s~') by the
steam reaction is [19]

L f (23)

Weorr =
Mz NVt

Here M7, is the molecular weight of zirconium
(=0.091 kg mol’l) and k, is the parabolic rate constant

kw :kwoexp{ _%}7 (24)

where ky, and Qp are constants determined by various
investigators as tabulated in [8] and detailed in [20-23].
The Zircaloy oxidation reaction will cease when the total
clad thickness is consumed. The parabolic model of Eq.
(23) has been used to describe the Zircaloy oxidation
process in the current analysis since its numerical im-
plementation is quite straightforward as compared to a
more complex moving-boundary diffusion treatment as
detailed in [24] (see Section 3.4.1). The parabolic model
is only strictly valid for a semi-infinite medium however,
under isothermal conditions (i.e., relevant to the CRL
anneal tests), both models yield identical kinetics until a
small thickness of Zircaloy is left after which the diffu-
sion model indicates a slightly accelerated behavior. This
difference between the two models does not give rise to a
significant variation in the hydrogen generation predic-
tion as observed in annealing experiments at the Oak
Ridge National Laboratory [25].

2.3. Oxygen potential in the gap

The oxygen potential along the gap as a function of
time can be obtained from the mole fractions solutions
(i.e., partial pressures) of the gap transport equations in
Section 2.1. As previously mentioned, however, there is
a feedback effect where the source term of fission gas (g;)
in Section 2.2.1 actually depends on the state of fuel
oxidation which, in turn, is affected by the oxygen po-
tential [10].

The oxygen potential for an ideal gas mixture in the
gap consisting of Xe, H,O and H, can be evaluated
following the methodology of [9]. For the H,O decom-
position reaction

Ki,0 1
H;0 <= H; +50, (25)

the equilibrium constant is

P, /P
Ko = V"2 — exp {0.9794lnT— 1.1125 —M}.
Pio T

(26)

The oxygen partial pressure, Po, (in atm), can therefore
be evaluated at equilibrium on solving the following
cubic equation, which results from mass balance con-
siderations for the H and O in the gas mixture before
and after steam dissociation

2
(P +4[1, ~ K o] (o + | (Pho) + 4P oo
2
X Po, — {(P;‘ho) KIZ{ZO} —0. 27)

Here the superscript ‘0’ refers to the initial partial
pressure quantities derived from the solution of the gap
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transport equations in Section 2.1. Eq. (27) can be
solved either numerically or analytically.

2.4. Boundary conditions in the bulk coolant

The mole fraction of steam in the bulk coolant at the
defect site (e.g., y5(¢) in Eq. (7¢)) is a boundary condition,
which must be known for solution of the gap transport
equations. Although steam is initially the main compo-
nent in the RCS at the start of the transient, hydrogen
will also be generated as a consequence of external clad
oxidation during the high-temperature transient.

The mole fraction distributions in the RCS can be
derived from the continuity equation [§]

6<C J’H20> _ Y Do _ yext clad ox (28)
ot Se oz MO

where Q (mol s7!) is the total molar gas flow rate of the
bulk coolant through a cross-sectional flow area S, (m?).
Here ¢° is the total molar gas concentration in the RCS
such that

¢ _ Pos(0)

& = )
RTy(t)

(29)
The parameter 7{}'™! °* (mol m~ s7!) in Eq. (28) ac-
counts for steam losses due to external clad oxidation

nd
ext clad ox __ - ext
"H,0 = (S )Wlot7 (30)
c

where d is the fuel rod diameter (m). Eq. (30) must ac-
count for mass transfer limitations through the bound-
ary layer on the outside cladding surface such that
[26,27]

- ext T . - ext
Wiy = min (wcm, WMT), (31)

where W, 1s again evaluated in accordance with the
parabolic kinetics of Eq. (23) and

s ext

Wat = gle—IZO' (32)

Here the mass transfer coefficient &, (mol m~2 s7!) is
obtained from a heat-mass transfer analogy [10,11,15]

koD

1
where Nu;; is the Nusselt number for mass transfer
(which equals 4 for laminar flow), D, is the equivalent
diameter that equals the channel diameter minus the fuel
rod diameter, and Dj; is the diffusion coefficient for the
H,O-H, binary mixture.

Thus, neglecting any inert gas in the bulk coolant, the
hydrogen and steam molar distributions in the RCS
follow on solution of Egs. (28)—(33). Eq. (28) is subject
to the following initial and boundary conditions:

c 0
Yito =Yoo, =0, 0<z<L,
H,0 H,0 (34)

input

yﬁlz():y]_,zo7 z=0, t>0,

where y}; o is the initial mole fraction for steam in the
bulk coolant and yj’' is the input mole fraction of
steam in the bulk coolant at z = 0. The corresponding
distribution for hydrogen is determined from the mass
balance relation ), =1 —3f;,o (neglecting any fission
gas in the RCS).

The parabolic model of Eq. (23) is only strictly valid
for oxidizing conditions. In contrast to a moving-
boundary diffusion model, the parabolic model cannot
account for any physical shrinkage of the oxide scale due
to its dissolution in the remaining metal during steam
starvation [27]. Moreover, in the event that the oxide
scale completely disappears, hydrogen can also rapidly
saturate the metal, resulting in a removal of hydrogen
from the bulk gas flow [27]. These effects are not con-
sidered in the current treatment.

3. Numerical implementation

3.1. Numerical discretization of the gap transport equa-
tion

Egs. (4a) and (4b) can be discretized using a finite-
difference scheme over an axial mesh as illustrated in
Fig. 1. For the first derivative, the following finite-dif-
ference approximation is used (where the discretization
index is in brackets):

of _fi+1D)—f-1)

o = A= 1)+ A (35)

Thus for calculation of the derivatives in Egs. (4a) and
(4b), the first-order derivatives are replaced by the two
lateral finite-difference forms

of
cD g

— (s — N\ f)=fi—1
c (l)D (l)‘f(A)z({,(l))

left lateral first derivative,

c*(i)D*(i)%w right lateral first derivative.
(36)
These lateral derivatives are estimated at the midpoints
of the mesh intervals ‘(i — 1)’ and ‘7, respectively, in

Fig. 1. The second derivative in Eq. (4a)-(4c) is then
replaced by the finite-difference equivalent

o[ of 1 D (i) .
&{c &} :(ZOT—ZIN){ TS A
WD
o L )
- 0w @
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Here
ZOT = % z() +z(i + 1),

ZIN = % [z(i — 1) +z(i)] and (38a)

ZOIN = ZOT — ZIN

and the interval-effective diffusivities and interval-aver-
age molar concentrations are defined by

2D(i — 1)D(i) 2D(i)\D(i + 1)

P O=pi—n+pw PV =b@-piriy
)= LUNED oy D relir D)

(38b)

The following notation can be further used to define the
coefficients of the discretized equations:

o) — < 0D(0)
ZOTNAz(i — 1)’ (39)
0= oy B0 =40+
and
(s e NT
a'(i) = { (l)+m}7
v o Ny (39b)
“0- [0z raw)

b"(i) = [b'(i) + q:1 (1))

where ¢, (i) corresponds to the xenon source term at
mesh point i. Thus, using these definitions, Eqs. (4a) and
(4b) can be discretized, respectively, where on consid-
ering the multicomponent indices that arise from the
diffusion coefficients

c(i)

=50 - )

~{anomi-n- |0+ o

G+ 1)} T {dEpii— 1)

~ BaAG) + G+ 1}, (400)
-0 86) + (9
~{ami -0~ |0+ |

i 1>} (@i~ 1)

= by V() + ey (i + D}, (40b)

where r(i) = 1589 % (z;, 1) — v (7, ¢). The ¥ and »)
parameters in Eqgs. (40a) and (40b) correspond to the
previous time-step values.

At the intact end of the fuel pin (i.e., i = 0) (see Fig.
1), the boundary condition in Eq. (7b) is implemented by
assuming a virtual point at i = —1 and equating its value
to that of i = 1 for a reflective condition. Also, the sec-
ond term on the right-hand side in Egs. (4a) and (4b) is
zero at i = 0 for the condition in Eq. (7b). Due to the
symmetry of the parameters in Eqgs. (39a) and (39b)
around i = 0, it follows that &'(0) = ¢/(0) in Eq. (39a)
and therefore 5'(0) =2¢(0). Moreover, the double-
primed coefficients for @ and ¢ in Eq. (39b) reduce to the
primed ones in Eq. (39a) since there is no flow at i = 0.
The coefficient ZOTN in Eq. (38a) is also equal to Az;.

The boundary conditions in Egs. (7c) at the breached
end (i.e., i =N + 1) are implemented so that the first
term on the left-hand side of Egs. (40a) and (40b) can be
moved to the left-hand side since these quantities are
now known.

3.2. Solution of the linear system of equations

The discretized equations in Egs. (40a) and (40b),
constitute a linear system which can be written in matrix
form

AY =B (41a)

or alternatively

ry() 7 [ ) — (1) ]
{ALI ARl} AN | [ =AW — (V)
AL2  AR2] | y2(1) —AU0(1) + (1)

La(N) 1 | —4M0(N) + r(N) |

(41b)

Here the matrix A is composed of four tri-diagonal
N x N blocks called 4AL1,4L2 for the y, part and
AR1, AR2 for the y, part, where the sub-matrices have the
form

[=bh() = (D) 0 0
a/]/] (2) 7})/]/] (2) _ % C’]’l (2) 0
ALl = 0 aj;(3) —b1,(3) *% (3
0 0
[—b1,(1)  a(1) 0 0
a,(2)  =bh(2) p(2) 0
AR1 = 0 0/12(3) _b/12(3) 0112(3) )
0 0
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__b121(1) ey (1) 0 0
ay(2) =0y (2)  (2) 0
AL2 = 0 ay(3)  —by(3) & (3) |,
0 0
r o _ ) /"
b, (1) ; (1) 0 0
a5 (2) —b5(2) -2 5(2) 0
AR2 = 0 an(3) ) - )
0 0

(42)

The solution procedure is an adaptation of the Gauss—
Jordan reduction method by taking advantage of a
banded structure to reduce the computational require-
ments. At the end of this procedure, the upper left sub-
matrix is diagonalized and the lower left sub-matrix is
reduced to zero, while the upper right sub-matrix is full
but the lower right sub-matrix is brought to a triangular
form with the lower part zeroed. This permits a back-
substitution process to be performed, first for y,

(i) = [fb(i) - W2(i,])yz(j)} /Wz(l? i), (43a)

j=it1

where ar2 denotes the elements of the AR2 matrix and tbh

stands for the bottom free term corresponding to y;.
For the computation of y;, all values of y, will be

used since AR1 is full at the end of the reduction process

n(i) = [tu(i) —Zarl(l}j)yz(j)} /all(i» i) (43b)

and arl and ar2 correspond to the elements of the 4RI
and 4AR2 matrices, respectively.

3.3. Solution of gas bulk-flow equations

It is traditional to solve gas flow problems with a
control-volume (CV) technique on a staggered mesh for
the continuity equation (Eq. (6)) and the momentum
equation (Eq. (9)). A fully implicit scheme is employed
for improved stability. The CV grid is shown in Fig. 1,
with an overlaid finite-difference mesh, which coincides
with the CV midpoints. The following parameters are
defined at the CV midpoints: the pressure, molar con-
centration, temperature and source/loss terms, while the
molar flux is defined at the rightward side of a given CV.
The CV equations are obtained by integrating the dif-
ferential equations over a CV and applying the mean-
value theorem for scalar expressions, and the Stoke’s
theorem for expressions which involve any gradients.
The result of applying this procedure to Eqgs. (6) and (9) is

(e = &) /At + [(Nr)} — (o)) Az = g, (44)

where i indexes the CVs, while the superscripts ‘n’ and
‘0’ correspond to ‘new’ and ‘old’ values, respectively.
Moving the old values to the RHS, Eq. (44) can be
re-written as

e+ [(Np)f = (ND)? AL/ Az = qide + . (45)

The momentum equation (Eq. (9)) is discretized by in-
tegrating it around the interface between CV (i)’ and
CV ‘(i + 1)’ and taking half of the corresponding CVs to
obtain
n 0 [n+1 _P[n

(Vo)! + oy = 0 (46)
Here of = h*¢?/(12y,), and Az, represents the distance
between the midpoints of CVs (i)’ and ‘(i + 1)’ (which is
identical to the spatial step quantity Az(7) in the finite-
difference mesh). Eq. (46) can be used to eliminate the
molar fluxes (Nt) in Eq. (45). Furthermore, using the
equation of state in Eq. (8), Eq. (45) can be written in
terms of the gas pressure P such that

QP+ biP! + Pl = di (47a)
where

a; = o, 1At/ (AziAz;_y ),
¢; = oAt/ (Az;Az;141),

b,' = —a; — C; — 1/(RT;)7
d; = —qiAt — ).

(47b)

For the intact end of the fuel pin (i = 0), the molar flux
is zero so that aq is zero in Eq. (47a). At the breached
end, Py, is equal to the given system pressure as de-
tailed in Eq. (10b). The system of equations in Eqs. (47a)
and (47b) is a tri-diagonal system, which can be directly
solved by an adaptation of the Gauss—Jordan elimina-
tion method similar to that used in Section 3 for solution
of the transport equations. Thus, with back-substitution

P, =d;/b;. (48)

Once the new values of gas pressure along the fuel pin
are determined with the solution of Egs. (47a) and (47b),
the molar fluxes Nt needed for the gap transport equa-
tions, can be calculated via Eq. (46).

3.4. Oxidation treatment

3.4.1. Zirconium oxidation
For the numerical implementation, the parabolic rate
law of Eq. (23) can be written as [28]

dw(t)  /W2(t) + koAt — w(t) . (49)

Wcorr = =

dr At

For the external zirconium oxidation reaction, steady-
state conditions can be assumed, i.e., a(ccyﬁbo)/ﬁt =0,
since the storage capacity of gas in the cell is much less
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than the total quantity of steam fed to the cell for the
normal time duration of a typical experiment or accident
[27]. As such, Eq. (28) can be directly integrated over the
cell distance Az and if r{j!5™¢ °* is constant over Az [27]

Shole ) =sto(e) - (5 )i (50)
where Eq. (30) has been used in this discretization.
A.(= mdAz) is the surface area of the clad in the given
cell volume. Thus, the steam distribution in the reactor
coolant system can be given by the marching numerical
solution of Eq. (50).

3.5. Fuel oxidation

Eq. (27) is usually solved numerically for the oxygen
mole fraction f§ (where Po, = f/2). However, when the
hydrogen concentration is very small, the numerical
solution becomes unstable and the cubic equation can
then be solved analytically. The final partial pressures
after dissociation follow as

Pu,0 :plqle - ﬁ:

(51)
pu, =Py, + B,

where the terms containing the superscript ‘0’ corre-
spond to the partial pressure solution of the gap trans-
port equation prior to dissociation. The oxygen
potential in the gap follows from the standard definition:

By equating the oxygen potential in the gap to that in
the fuel, Eq. (19) can now be solved. Thus, with a
knowledge of the oxygen partial pressure in the gap,
Po, = /2, Eq. (19), when written in the form f(x.) = 0,
can be solved by a standard Newton-Raphson numeri-
cal technique for x..

4. Model analysis

The transport model was applied to annealing ex-
periments performed at the Chalk River Laboratories
(CRL). A description of the experiments is given in
Section 4.1 and their simulation is detailed in Section
4.2. Section 4.3 provides an interpretation of the fuel-
rod oxidation and fission product release behavior ob-
served in these experiments based on a model analysis.

4.1. Experimental description

In the CRL experiments, short-length ‘mini-elements’
were fabricated by cutting a section of a spent Candu-
type fuel element and adding loose-fitting end caps onto
the cladded fuel segment. Each fuel specimen was in-
troduced into a flowing mixture of argon/2% H, (400 ml/
min at STP) and ramped to a given temperature plateau
as detailed in Table 1. After the temperature-plateau had
been reached, the fuel was exposed to an oxidizing

AGo, = RT In(Fo,). (52) mixture of steam (60 g/h) and argon (100 ml/min at
Table 1
Summary of annealing experiments for mini-element test at CRL [9]
Conditions HCE-2-CM2 HCE2-CM6 HCE2-CM1
Pretest conditions
Element identity AC-19 AC-19 AC-19
Discharge linear power (kW m™') 32.1 32.1 32.1
Burnup (MWh/kgU) 457.2 457.2 457.2
Test description
Fuel specimen UO,/Zr-4 U0,/ Zr-4 UO,/Zr-4
Initial enrichment (wt% 2*U in U) 1.38 1.38 1.38
Pellet diameter (mm) 12.15 12.15 12.15
UO, length (mm) 9 11 10
Specimen weight (g) 14.696* 16.890* 16.969*
Temperature (K) 1628 1768 1915
Environment®
Temperature ramp (K/s) 0.9 0.9 0.9
Hold Steam (h) 2.5 2.5 2.5
Grain radius (um) 3.5-21¢ 3.5-21¢ 3.5-21¢

#Includes the weight of the Zircaloy end caps (each cap weighed about 2.03 g and cladding 1.07 g).
® Atmospheric conditions for temperature ramp: argon/2%H, at 400 ml min~"' argon at STP; temperature plateau: 60 g h™' steam and

100 ml min~" argon at STP.

¢ Based on grain size measurements of the as-received, irradiated fuel pellet (volumetrically averaged value is 6.5 pum). The grain size did

not increase because of pinning fission product bubbles.
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Fig. 2. Post-test longitudinal ceramograph of the mini-element
sample from the HCE2-CM1 test.

STP). The details of the experiments are summarized in
Table 1 [9].

Post-test metallography was performed on each of
the three fuel specimens. The post-test micrographs of
HCE2-CM1 sample (1915 K) is shown in Fig. 2. A piece
of one end-cap is missing, but this probably occurred
during handling after the test. Single-sided oxidation of
the sheath and significant UO,—Zircaloy interaction was
observed. The gap had opened up in some areas by
distortion of one side of the sheath, resulting in a more
open pathway for atmosphere exchange down the length
of the mini-element. In experiment HCE2 CM2 (1628
K), the oxidized sheath was fragmented during handling
and cracks in the oxidized sheath during the test cannot
be ruled out. In experiment HCE2 CM6 (1768 K), a
segment of the sheath and part of an end-cap were ex-
amined. In these latter two tests, double-sided oxidation
had occurred, implying a significant atmosphere-ex-
change even before the completion of sheath oxidation.

The precise size of the radial gap in these experiments
at temperature is unknown from the post-test examin-
ation due to differences in the thermal expansion of the
Zircaloy clad and UQO, fuel. The fuel will also swell due
to expansion of fission gas in the fuel matrix porosity.
On oxidation of the cladding, there is also an increase in
volume (with a Pilling-Bedworth ratio of 1.56 for zir-
conium dioxide). For example, on annealing a cladded
sample to 1870 K in a furnace, the area of the UO,
expands by 3.7% while the area encompassed by the
Zircaloy sheath expands by between 1.6% and 2.8% [29].
Prior to the annealing, the mini-elements exhibit a
cracked-fuel structure, as typically shown in Fig. 3. Al-
though these cracks could close up by the difference in
thermal expansion, the cracks will be resistant to closure
by compression of the sheath because of possible rear-
rangement of the fragments [30], and the fact that the
Zircaloy (at elevated temperatures) is soft enough that it
will deform before it can apply a significant compressive
force [29]. Residual cracks will also exist in the fuel

Fig. 3. Transverse ceramograph of as-received Darlington fuel
element Q53150C element #16 (HCE4 experiment; 42 kW m™!
peak linear power, 219 MWh/kgU burnup).

element at temperature when the thermoelastic stress
components exceed the fracture strength of the fuel in
tension. This cracking can also provide a limited net-
work (in addition to that of the gap) for atmosphere
exchange throughout the mini-element. Such cracking,
however, is not typical of an in-reactor event since
cracking does not occur in the plastic zone of the fuel.

4.2. Experiment simulation

For application of the one-dimensional model, it is
implicitly assumed that the loose-fitting end caps do not
offer any restriction to the atmospheric exchange.
Moreover, with the model representation of Fig. 1
(where steam can only enter at the downstream end of a
defective rod), the experimental specimens can be sim-
ulated by considering a path length of half their actual
length. This type of analysis follows from symmetry
arguments since the same reflexive condition (i.e., at the
intact end of the rod in Fig. 1) will result at the centre of
the fuel rod when it is breached at both ends [3]. Thus, as
shown in [3], a rod with a breach at both ends can be
simulated as two half-length rods with a breach at only
one end. This symmetry argument can also be extended
to many equally spaced breached sites along the entire
cladding length [3].

For the current simulation of the CRL experiments,
only one-half of the rod was therefore considered for the
model of Fig. 1 since the fuel specimens had loose-fitting
end caps at both ends. This treatment is only approxi-
mate since it does not properly account for the presence
of pure steam as a boundary condition at the upstream
end but rather assumes the given steam/hydrogen
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Table 2
Model parameters and results for CRL hot cell experiments

Test Temperature Stoichiometry deviation Model parameters
X) Calculated Measured S/V ratio  Initial release  Trapping
—1 ; . . P
End-of-test, x(¢) Equilibrium, x. End-of-test (m™) fraction, g fraction, & (%)
CM2 1628 0.15 0.17 0.18 2.32 0.22 15
CM6 1768 0.16 0.16 0.16 2.08 0.25 15
CM1 1915 0.13 0.14 0.15 2.19 0.32 15

mixture at the downstream end which results from ex-
ternal clad oxidation in the RCS along the simulated
length. However, once external-clad oxidation is com-
plete, the current representation is directly applicable
(with a uniform steam boundary condition in the RCS).

As previously mentioned, in a high-temperature
steam atmosphere, the zirconium cladding oxidizes
where the resultant oxide occupies a larger volume than
the metal. This volume change can cause additional
stress in the brittle oxide, leading to possible cracking
and fragmentation as indicated in the metallographic
analysis (see Section 4.1). Initially, any thermal stress
should not cause cracking because the Zircaloy metal is
ductile, however, later in the oxidation process, cracks
may form in the brittle oxide layer. Thus, to account for
this possibility of enhanced atmospheric exchange, an
empirical cracking model is introduced by simply re-
ducing the path length for gap transport, i.e., by con-
sidering a number of shorter-length segments in
accordance with the symmetry arguments of Ref. [3].

Experimental simulations were carried out for the
three short-length mini-elements CM2, CM6 and CM1,
with an outer diameter of 13.11 mm for the experiments
at temperatures of 1628, 1768 and 1915 K, respectively.
The temperatures were measured using a Type T ther-
mocouple within a few millimeters of the sample and
were known within a relative error of 1.5%. An input
RCS steam mole fraction of yi’' = 1 (with an external
gas flow rate of O =9 x 107* mol s7!) at atmospheric
pressure (Pys = 1 atm) was used. The initial mole frac-
tions for the gap atmosphere were taken as y) = 0 (xe-
non), 3 = 1 (steam) and »? = 0 (hydrogen).

The mini-elements were composed of standard
CANDU fuel pellets with a diameter 12.15 mm. The
mini-elements also had a cladding thickness of 0.43 mm
and an overall length of 9 mm (CM2), 11 mm (CM6)
and 10 mm (CM1). An internal gap size of 20 um was
assumed in all of the analysis. This latter input param-
eter represents the largest uncertainty in the given
analysis (see Section 4.3). A diametral gap of D, = 1.2
cm for the test rig setup was used in the mass transfer
calculation of Eq. (33). In addition, the intermolecular
parameters for hydrogen and steam for the binary dif-
fusivity in Eq. (33), and the coefficients of Urbanic and
Heidrick for the parabolic rate constant in Eq. (24), are
obtained from previous work [9]. For the fuel oxidation

model, a surface-to-volume (S/V) ratio of three times
the geometric value (see Table 2) was used to account for
surface roughness and fuel cracking effects as suggested
in [9].

This simulation was performed with 30 mesh points
along the length of the element, yielding a spatial step
size Az of 0.18 mm. With the assumption of cracking, the
spatial step size was reduced to 0.02 mm. The time step
size At was varied between 0.1 and 0.5 ms, where a
smaller step size was required for stability at high tem-
perature with the cracked-clad model.

4.3. Discussion of results

The predicted fractional release is presented in
Fig. 4(a). These results can be compared to the experi-
mental measurements of the volatile cesium release ob-
tained at the CRL. The relative uncertainty for the
measured cesium release fractions was ~1% (for one
standard deviation). Prior to complete clad oxidation,
the release kinetics are in reasonable agreement but are
underpredicted after this time. A sensitivity analysis of
the model was further performed by increasing the size
of the radial gap 10-fold. Thus, even with the largest
possible gap width of 220 pm (as observed in the me-
tallographic examination at room temperature), the re-
lease is still considerably underpredicted for the low-
temperature experiment. Moreover, this large gap size
also did not provide for the correct timing for the
completion of clad oxidation as well as for the effect of
single or double-sided oxidation as discussed below. As
mentioned, the geometry of the mini-element is not ex-
actly reproduced, where (pure) steam entry at the up-
stream end could enhance the local fuel oxidation
process (while external clad oxidation is occurring).
However, this effect would not be significant due to
continued hydrogen production from (internal) clad
oxidation, which would lower the oxygen potential and
restrict any fuel oxidation. This scenario was in fact
exploited in the analysis of [14] where it was assumed
that the defect site acts as a source of hydrogen pro-
duction (due to clad oxidation). Indeed, the model is
able to predict reasonably well the time that the fission
product release (and hence fuel oxidation) starts to take
off in all three experiments following complete clad ox-
idation. On the other hand, after this time, not enough
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Fig. 4. Fractional release as a function of time. The experi-
mental points are for the CM2, CM6 and CM1 mini elements
with corresponding temperatures: 1628 K (triangles), 1768 K
(squares) and 1915 K (circles). The model simulations are
shown assuming (a) an uncracked sheath and (b) a cracked
sheath (see text).

steam is able to enter into the fuel rod at the breach
location. Thus greater atmospheric exchange must be
occurring, indicating increased oxygen transport.

One possibility for increased oxygen transport is the
presence of a cracked oxide layer. This type of effect can
be modeled with a reduced gap-transport length fol-
lowing clad oxidation when the oxide is most susceptible
to cracking. With the lack of a mechanistic cracking
model for this stochastic effect, one can invoke an em-
pirical approach by assuming symmetrically spaced
cracks for the mini-elements in the simulation. Thus, in
order to match the observed release behavior, the fol-
lowing number of cracks are required: two cracks for
CM2 at 1915 K (i.e., path length of 1.7 mm), five cracks
for CM6 at 1768 K (i.e., path length of 0.9 mm), and
eight cracks for CM1 at 1628 K (i.e., path length of 0.5
mm). As seen in Fig. 4(b), the cracked model is now able
to reproduce the fractional release behavior much better.

Since cracking is not assumed to occur until after
complete clad oxidation, the non-cracked and cracked

models yield identical results up to this point. In fact,
both of these models are able to predict the observed
Zircaloy oxidation behavior including whether single-
sided or double-sided oxidation had occurred in accor-
dance with the metallographic examination of Section
4.1 (see Fig. 5). For the high-temperature case, the
model predicts essentially single-sided oxidation (see
Fig. 5(a)). In this case, the clad-oxidation process pro-
ceeds so quickly that there is little time for steam pen-
etration, particularly with an enhanced fission gas
release (at the elevated temperature) which retards such
penetration. On the other hand, for the two lower tem-
perature tests, more steam penetration is predicted to
occur (see Fig. 5(b)), which results in the observed
double-sided oxidation behavior. It is interesting to note
that a greater number of cracks are needed to reproduce
the observed results in those experiments where double-
sided oxidation had occurred. As previously mentioned,
the model is also able to predict in Fig. 4 when the fis-
sion product release will take off at the end of the Zir-
caloy-oxidation stage; i.e., at this time, the oxygen
potential in the gap increases since hydrogen is no longer
being produced from metal-water reaction.
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Fig. 5. Internal and external oxidation profile for the cladding
when oxidation is complete at (a) 1915 K (i.e., at 4200 s) and (b)
1628 K (i.e., at 7800 s). The stoichiometry deviation at this time
is also shown.
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Fig. 6. Calculated oxygen potential inside the gap and in the
RCS outside the clad for the 1628 K simulation: (a) at the end
of clad oxidation and (b) at the end of the experiment (i.e., at
7800 s) assuming a cracked sheath.

The model describes the hydrogen/steam distribution
in the bulk coolant system, as well as in the fuel-to-clad
gap, over the length of the fuel segment. This calculation
yields a comparison of the corresponding oxygen po-
tentials in the RCS and gap, as shown in Fig. 6(a) at the
end of clad oxidation phase (which is appropriate to
both models) and in Fig. 6(b) for a cracked rod at
the end of the low-temperature experiment. Clearly, the
oxygen potential within the gap is less than that in the
bulk coolant, which can be principally attributed to a
local hydrogen production from urania oxidation. As
expected, with completion of fuel oxidation, the oxygen
potential in the gap approaches that of the bulk coolant
(see Fig. 6(b)).

Fig. 7(a) and (b) show the average stoichiometry
deviation (x), equilibrium stoichiometry deviation (x.)
and thickness of oxidized zirconium (at three different
positions along the element length), as predicted by the
model as a function of time, for both the low and high
temperature experiments. As discussed earlier and de-
picted in the figure, the fuel does not start to oxidize
until the clad is fully oxidized. Both the clad and fuel
oxidation processes are faster with increasing tempera-
ture. The end-of-test stoichiometry deviations for the
three experiments are in reasonable agreement with es-
timated values derived from the weight gain (see Table
2), although these estimates are subject to a large un-
certainty that cannot be specifically quantified. In par-
ticular, a difference in the upstream and downstream
oxygen sensor data provides an integral measurement of
oxidation of the clad and fuel. Thus, with a determina-
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Fig. 7. Calculated average stoichiometry deviation (x), equi-
librium stoichiometry deviation (x.) and thickness of oxidized
zirconium at various places along the length of element as a
function of time for the uncracked element (prior to complete
zirconium oxidation) and a cracked element after clad oxida-
tion for (a) CM1 (i.e., two cracks) and (b) CM2 (i.e., eight
cracks).

tion of the total oxygen consumption for the mini-ele-
ment from the oxygen sensor data, and using the
calculated weight gain for a completely oxidized clad, an
estimate of the fuel weight gain (and hence stoichiome-
try deviation) can be deduced as reported in Table 2.
In summary, the results of the fully mechanistic
transport calculation, derived from a solution of the
Stefan—Maxwell equations for the multi-component gap
mixture, suggest that there must be an enhanced oxygen
exchange occurring following completion of clad oxi-
dation. In particular, initially with steam reaction, the
zirconium forms an oxide in which oxygen-ion diffusion
predominates over cation diffusion where simple diffu-
sion results in scale formation at the metal-scale inter-
face. However, a large increase in volume due to the
Pilling-Bedworth ratio induces severe tensile stress into
the scale so that fracture occurs in the brittle ZrO, layer
which becomes porous on a microscopic scale and
cracked on a macroscopic scale [31]. Consequently,
following complete clad oxidation, oxygen molecules
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can diffuse in the gas phase filling the voids which offers
much less resistance for oxygen transport [31]. To ac-
count for this enhanced transport, a cracked-oxide
model was therefore adopted (i.e., in order to predict the
enhanced cesium release kinetics). If the oxide layer were
completely intact and protective, oxygen transport
through the layer would be more restrictive and could
only occur by solid state diffusion via perhaps a per-
meation process. For instance, if the oxygen dissolves in
ZrO, as an atomic species, then by assuming Henry’s
law of solubility, the dissolved concentration of oxygen
C can be related to the oxygen partial pressure Po, as

C =58Py’ (53)

where S is the oxygen solubility in the ZrO,. Using the
Fick’s law of diffusion and Eq. (53), the oxygen flux
through the oxidized clad can therefore be determined
from [32]

—D%—SZ—P<\/}%@_\/@>/& (54)

where D is the diffusion coefficient for oxygen in the
oxide layer, P = DS is the permeability and ¢ is the
thickness of the layer. Thus, permeation results from a
difference in the oxygen partial pressures on either side
of the layer, i.e., in the external bulk coolant and within
the internal gap. A quantitative assessment of this effect
requires that the oxygen solubility S is known a priori.
Any cracks present in the layer though offers a more
efficient process for oxygen exchange since gas phase
transport is much more rapid than that permitted by
solid state diffusion.

5. Conclusions

A model based on a generalized Stefan—Maxwell
treatment has been used to describe the multi-compo-
nent transport of steam, hydrogen and stable fission-
product gas in the fuel-to-clad gap of defective CANDU
fuel rods during severe reactor accident conditions. The
governing transport equations, which involve a system
of coupled partial differential equations, have been
solved using a finite-difference and control-volume
methodology.

The model has been used to interpret the volatile
(cesium) fission product release behavior, and the Zir-
caloy and fuel oxidation behavior, as observed in three
high-temperature annealing experiments (from 1628 to
1915 K) in steam. For these experiments, mini-elements
were fabricated from spent fuel samples and cladded in
Zircaloy. The present analysis indicates that hydrogen
produced from the Zircaloy oxidation reaction will sig-
nificantly lower the oxygen potential so that significant
fuel oxidation (and corresponding fission gas release)

will not occur until after completion of the clad-oxida-
tion process. When the oxidized cladding remains as a
physical barrier, steam ingress is more difficult where it
must diffuse against a counter-current flow of out-going
fission gas and any hydrogen produced from urania
oxidation. Local hydrogen production (from the internal
fuel oxidation process) will also result in a reduced local
oxygen potential in the fuel-to-clad gap compared to
that which occurs in the bulk coolant.

During the initial Zircaloy oxidation phase in the
CRL experiments, the model was able to predict the re-
duced fission product release kinetics as well as the
timing for the completion of the clad-oxidation process.
In this simulation, the model (with an effective gap size
of 20 um at temperature) was able to successfully predict
whether single-sided or double-sided oxidation had oc-
curred in accordance with the metallographic examina-
tion. However, in order to account for the observed
release kinetics after the completion of clad oxidation, it
was necessary to assume a greater atmospheric exchange
due to possible cracking of the brittle oxide layer. With
the assumption of cracking (by assuming a reduced path
length for gas transport), the model was successfully
able to reproduce the fission product release kinetics and
the final fuel stoichiometry as determined from end-of-
test weight gain measurements.
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