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Abstract

An analytical model has been developed to describe the release behavior of low-volatile fission products from uranium
dioxide fuel under severe reactor accident conditions. The effect of the oxygen potential on the chemical form and volatility
of fission products is determined by Gibbs-energy minimization. The release kinetics are calculated according to the
rate-controlling step of diffusional transport in the fuel matrix or fission product vaporization from the fuel surface. The
effect of fuel volatilization (i.e., matrix stripping) on the release behavior is also considered. The model has been validated
against several out-of-pile annealing experiments performed at high temperature in various oxidizing and reducing

conditions. © 1998 Elsevier Science B.V.

1. Introduction

During a severe reactor accident, fission products (FPs)
will be released from the degraded core. The release
behavior will depend on the various physical and chemical
processes that occur in the fuel matrix and in the surround-
ing gaseous atmosphere. The release kinetics of the more
volatile FPs (e.g., Xe, Kr, Cs and |) have been shown to
depend on a rate-limiting process of solid-state diffusion
through the UO, fuel matrix [1,2]. On the other hand, the
release of the low-volatile FPs will more likely depend on
the partia pressures of the various chemical forms of the
FP (e.g., metal, oxide, hydroxide, mixed oxide, etc.) [3—7].
The FP speciation will be influenced by the oxygen poten-
tial of the gas environment, which can change as a result
of hydrogen production from steam oxidation of the struc-
tural materials (i.e., zircaloy) within the damaged core, the
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relative quantities of fuel to gas at the site of the reaction,
temperature and total hydrostatic pressure.

An additional mechanism of release results from the
volatilization of the fuel matrix itself as the UO,, , oxi-
dizes to the more volatile UO4 phase. Fission products that
were previously contained in the volatilized portion of the
matrix will be immediately released if they have a high
partial pressure, whereas the low-volatile ones will con-
dense and become concentrated at the underlying fuel
surface. The fuel volatilization therefore results in a * ma-
trix stripping’ process of release in place of matrix diffu-
sion [8-10]. For these low-volatile products, the subse-
quent release will again be dictated by vaporization from
the fuel surface.

In this work, an analytica model is developed to
describe the low-volatile fission-product release behavior
and fuel volatilization kinetics in accordance with equilib-
rium thermodynamics and mass transfer considerations [4].
Chemical equilibrium is assumed for the determination of
the FP chemical form and partial pressure using a Gibbs-
energy minimization technique based on the Facility for
the Analysis of Chemical Thermodynamics (FACT) [11].
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The FACT database [12—15] has been supplemented with
additional thermodynamic data on 150 chemical species
following an extensive literature review [5-7,16—21]. This
treatment is much more extensive than earlier work since
both CANDU and pressurized water reactor (PWR) fuel
types are considered over a wide range of accident condi-
tions of temperature and oxygen potential; in addition,
previous thermodynamic calculations ignored the possibil-
ity of a compound containing more than one metal [5-7].
A closed-form algorithm, based on a method of chemical
potentials, is also developed to rapidly re-construct al
partial compound pressures for the vaporization calcula-
tion.

The model has been compared to measured data ob-
tained in several high-temperature annealing experiments,
conducted in both reducing and oxidizing conditions. These
measured results include earlier published data for tests
with Zircaloy-clad fuel specimens from spent PWR fuel
rods at the Commissariat a I’ Energie Atomique [4,22], and
new data from a separate-effects experiment at the Chalk
River Laboratories using a fuel fragment from a spent
CANDU fud rod.

2. Model development

The release of fission products from the damaged fuel
rod occurs as a multi-step process, consisting of: (i) trans-
port through the fuel matrix and/or release due to
volatilization of the fuel matrix, and (ii) fission-product
vaporization into the gas stream flowing past the rod. The
release kinetics are therefore controlled by the rate-limiting
step. These mechanisms are described mathematicaly in
the following sections.

2.1. Fission-product transport through the fuel matrix

Fission-product transport in the uranium dioxide fuel
matrix can be described by a generalized diffusional re-
lease process. The release fraction is given by
N7

Npo
where Ny(7) is the number of atoms which have diffused
through the solid matrix and Ny, is the origina inventory

in the fuel at time t = 0. The function Fy(7) is given by a
transformed Booth relation [2,4],

B 6y7/m — 31,

C | 1-(6/m2)exp{— 7>}, forr>0.1.

Fa €y

forr<0.1,

)

d

The dimensionless variable 7 is evaluated from the inte-
gral relation

T=f01D’(t)dt, 3)
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where D' = D /&2, D is the diffusion coefficient (in m?/s)
and a is the grain radius (in m). Eq. (3) accounts for a
time-variable diffusivity that depends directly on the tem-
perature T and on the stoichiometry deviation x in UO,,
as the fuel is oxidized. The Booth model implicitly as-
sumes that the controlling process in fission product re-
lease is lattice diffusion through a collection of ‘equiv-
dent’ grain spheres. The subsequent migration of the
fission product from the grain boundaries to the free
surfaces of the fuel specimen is assumed to occur without
delay. This approach is reasonable since gaseous diffusion
coefficients are so much larger than solid-state diffusivities
that transport in the existing open porosity of high burnup
fuel could not be rate limiting. In addition, release by grain
boundary sweeping is not an important release mechanism
because the grain growth is limited by the pinning of the
grain boundaries by the fission-product bubbles.

The diffusion coefficient for the volatile cesium species
is given by the composite expression [2,23]

%)
RT

2

The parameters in Eq. (4) for the two different fuel types
are listed in Table 1. In the Booth representation, the
diffusivity in Eqg. (4) is an ‘effective’ quantity, incorporat-
ing lattice diffusion, trapping and any delay in the tunnel
interlinkage. In particular, the first term in Eq. (4) accounts
for intrinsic diffusion, including any augmented release
during temperature ramps as a consequence of fuel crack-
ing, bubble precipitation and release, whereas the second
term describes accelerated diffusion from fuel-matrix oxi-
dation due to enhanced uranium vacancy production.

Equivalently, Egs. (2)—(4) could be replaced by a more
sophisticated treatment as used, for example, in the Victo-
ria code of Ref. [21] to account for extra-granular transport
in the fuel porosity. Alternatively, the more complicated
model of Ref. [24] could be employed which accounts for
both diffusion and bubble trapping effects during anneal-
ing where the fission-product transport is described by a
series of coupled reaction rate equations. However, fuel-
oxidative effects have been ignored in this latter model,
and diffusion has been treated as a smple first-order rate
process in order to provide a more tractable solution. Thus,
the present model has been adopted since it contains the
underlying physical phenomena, but is not as computation-
aly intensive.

For the evaluation of the diffusivity in Eqg. (4), the fuel
oxidation kinetics must be determined. The stoichiometry
deviation x can be evaluated as a function of time accord-
ing to [2]

dT
D(x,T)= 1+F”‘E Dinexp{

QOX
RT

+ X?Dy, exp{ - (4

X_ —a(S/V)[x—x(1],

p” ®)



Table 1
Parameters for diffusion coefficient

T T T e T e TN e ey e e T

Fuel type Intrinsic diffusion V acancy-enhanced diffusion
temperature ramp factor,  pre-exponential factor,  activation energy,  pre-exponential factor,  activation energy,
Fin (s/K) D, (M?/9) Qi (cal /mal) D,y (M?/9) Q. (cal /moal)
PWR? 0 1.35x 1078 79700 222x10°8 40200
CANDUZ  178° 76 x107 %0 70000 222x10°8 40200

3Taken from Ref. [2].

The pre-exponential factor incorporates the temperature ramp effect.

°Based on the analysis in Ref. [23].

where a = 0.365exp{ —23500/T} (m/s) and S/V is the
effective surface-to-volume ratio of the fue (m~1). This
effective ratio is equal to ~ 3 times the geometrical one in
order to account for surface roughness and microcracking
of the fuel [2]. The equilibrium stoichiometry deviation,
Xe in Eq. (5) can be evaluated by equating the oxygen
potential in the fud to that in the atmosphere. The oxygen
potential (in kJ/mol O,) for hyperstoichiometric fuel
(UO,, ,) can be caculated from the Blackburn thermo-
chemical model [25],

2

k}, (6)

where Ink = 108x2 — 32700/T + 9.92, R is the ideal gas
constant (= 8.314x 1072 kJ mol~* K~ 1), T is the tem-
perature (in K) and po, is the oxygen partial pressure (in
atm). Eq. (6) is only strictly valid for pure UO, (.e, at
zero burnup) and neglects the effect of any dissolved
fission products in the lattice. The oxygen potential for an
ideal gas mixture in the atmosphere consisting of H,O, H,
(produced from the Zircaloy /steam reaction), O, and inert
gas (due to the possible presence of air in the reactor
vessel or channel) can be evaluated as [26,27]

Pi n,
Pt Z]LiN, ’

x(2+x)

AGo, =RT In( po,) = RT In{(

)

where p; is the partial pressure of component i, p,, is the
total pressure of all gases (atm), n; is the instantaneous
molar flow rate of component i, and N is the total number
of component gases in the system. For the H,O decompo-
sition reaction

Kh,0
H,O0 < H,+ 30,, ©)
the equilibrium constant, Ky, o is[28]

sz\/p_Oz

Ku,o
PH,0

28820
exp{0.9794InT — 11125 — ——— . (9)
T

If the rate of H,O dissociation required to maintain equi-
librium is B, the molar flow rates after dissociation are
[26]

S _ o S _ 20
Np,0=Np,0— B, Ny, = Np, + B,

. . B

ho, =M, + > (10
where the superscript ‘O’ refers to the initia input gas
quantities. Hence, the conditions for equilibrium can be
described by combining Egs. (7), (9) and (10),

20
NG, + B

0
Nh,o— B

H,0 —

20 1
ptot{n02+ EB}
X . 11
n o+ nd +n +nd,, + 38 (=)
H,0 H, O, inert 2

Eg. (11) can be solved for B, and knowing the input molar
flows, the partial pressures of the individual components
are determined as follows:

-0 0,1
Pu, Nu,+ B Po, Mo, + 3B
= =N , =—=N
Pt Zj=1N Prot LN,
-0 -0
pHZO . nHZO_ B Pinert _ Minert (12)
- N ! T yvN !
Prot XN Prot Lo

where TNin; = n} o+ 0+ Mg + Mg + 58. This
methodology can also be developed further to include the
measurement of the oxygen content of the flowing gas
mixture with the use of solid-state oxygen sensors at
upstream and downstream locations of the fuel specimen
(see appendix A of Ref. [26]).

Thus, equating the oxygen partial pressures in Egs. (6)
and (12), one can obtain X, as a function of time for
variable atmospheric conditions (i.e., a changing H,/H,0
ratio). The H,/H,O ratio will change with time as a
consequence of hydrogen production from cladding and
fuel oxidation. In turn, x(t) can be evaluated with Eq. (5)
for use in the diffusion coefficient of Eq. (4).
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2.2. Fission-product release from fuel volatilization

As discussed in Section 1, fission-product release from
the fuel matrix can aso arise from a matrix-stripping
process as a conseguence of fuel voldtilization. Fuel
volatilization in oxidizing conditions can be described by
the following reaction [10]:

U0, «(s) + %(1 —X)O, © UO4(9). (13)

The equilibrium partial pressure of UO, for the above
reaction will depend on the exposure time [10],

AG 5 (t
puo (1) = ot 7 exp| ~ S (14)
where
AGyy(t) = AGP(UO4(g)) — AGP(UO,)
1 [x(t)
—5j0 AGo, dx. (15)

Eq. (14) is conservative since it implicitly assumes that the
equilibrium in Eq. (13) has been reached for a given value
of x(t) as determined by the kinetics of Eq. (5). The
partial molar Gibbs energy of oxygen in UO,,, can be
integrated using the Blackburn thermochemical model in
Eqg. (6) such that

%fOXAGOde= RT{In(
X ( 32700
- —(— - 7.92) +18x3).  (16)
2 T
In addition, the UO, and UO, formation energies (in kJ
mol 1) in Eq. (15) are given by [29,30]
AGP(UO4(g)) — AGP(UO,) = 253.33 — 0.09523T.

X2+ x)" (@ -x)
o

an

For the evaluation of Eq. (14), the oxygen partial pressure
and instantaneous stoichiometry deviation x(t) is deter-
mined in accordance with the analysis of Section 2.1. This
treatment for the prediction of the partial UO; pressure,
however, neglects the presence of the fission product
dissolved in the fuel at the solid—gas interface.

The rate of volatilization of the fuel matrix is controlled
by UO; mass transport through a boundary layer at the
surface of the fuel. Thus, the fuel voldtilization rate de-
pends on the difference between the UO, partial pressure
at the solid—gas interface and in the bulk gas, and the mass
transfer from the fuel surface into the carrier gas stream.
From mass transfer theory, the volatilization rate R, (in
molecule s™1) from an exposed surface area S (m?) is
given by [3,4,10,31]

dm

N
A= SNAkm(

_ pﬁo3
Myo,,, dt

S
Plo,
plOl

R ) (18)

ot
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where N, is Avogadro's number (= 6.022 X 10%
molecule mol ~1), Myo,., is the molecular weight of
U0, , (kg mol~1), dm/dt is the vaporization mass flux
of UO,,, (kg m~2 s 1), k., is the mass transfer coeffi-
cient (mol m~? s™') (see Section 2.3.1), po, is the
equilibrium partial pressure of UO; at the fuel surface (Eq.
(14)) and p{o, is the UO; partial pressure in the bulk gas
stream which is conservatively assumed to be negligible in
the present analysis, i.e., this partia pressure would be
negligible for the small fuel samples.

In the matrix stripping process, the fission product
release from the volatized fuel matrix will concentrate on
the underlying fuel surface (for eventual vaporization). The
fraction of fission products released from the fuel matrix
can be equated to the mass fraction of volatilized fuel
material (F,y ), such that

Am
vol = Fo' (19)

where my is the initial mass of fuel (in kg) and Am is the
mass of volatilized UO,, ,,

Am

M t
%LRVOML (20)
In this calculation it is implicitly assumed that a constant
fission-product distribution exists within the fuel, i.e., pel-
let rim effects that develop, for example, in high-burnup
fuel are ignored.

The fission products released by matrix stripping are no
longer available for diffusional transport in the fuel matrix.
Hence, using Egs. (1) and (19), mass conservation implies
that the number of atoms which reach the fuel surface by
either diffusion or matrix stripping (N;,) are

N = {(1_ I:vol)':d'i_ FvoI}Ngo' (21)

Equivalently, the combined release fraction (F;,) for the
two release processes from the matrix to the fuel surface is

_ M

Nyo
The fission products that have reached the fuel surface
(N;,) are concentrated at this surface and must be subse-

quently vaporized for any release to occur (see Section
2.3).

Ffs = {(1 - FvoI)Fd + Fvol} : (22)

2.3. Fission-product vaporization

The vaporization release of low-volatile fission prod-
ucts from the fuel depends on the partial pressure of the
species and the mass transfer from the fuel surface into the
carrier gas stream. Analogous to Eq. (18), the release rate
(R;,) (in atom/s) of afission product species i, vaporized
from an exposed fuel surface area S (in m?) is

Riv = Syi Ny Kim( Xis = Xiee), (23)
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where k;,, is the mass transfer coefficient (see Section
2.3.1) (mol m~2 s71), x;, is the mole fraction of fission
product i at the surface of the fuel, x;,, isthe mole fraction
of fission product i in the bulk gas stream, v; is the
number of atoms per molecule of fission product i and N,
is Avogadro’s number (= 6.022 X 102 mol ~1).

The mole fraction of fission product at the surface of
the fuel is

P
Prot

where p,, is the partial pressure (in atm) of the fission
product i in the vapor phase (see Section 2.3.2), and p,,
is the total system pressure. For the small quantities of
low-volatile fission products anticipated in the bulk stream,
it can again be assumed that x;.,, = 0.

The number of atoms of a given fission product which
are released by vaporization from the fuel surface (N,) is
given by

Xis =

24

t

N=[Ry(t)dt, (25)
0

thereby yielding a release fraction for vaporization (F,) of

£ o N _ JoRw(Ddt

TN Nyo

Finaly, the overall release fraction (F) for a given
fission product is taken as the smaller of the two release
fractions for release to the fuel surface (F;) (Eq. (22)
versus vaporization from that surface (F,) (Eq. (26)) [4],

F=min(Fg, F,). (27)

The smaller fractional release value indicates the rate-con-
trolling step [4].

If the fuel is surrounded by a Zircaloy cladding, some
fission products can be chemically-trapped in the cladding
until it becomes oxidized. For example, tellurium will be
released when the clad is ~ 60% oxidized, while antimony
will remain trapped until the oxidation process is complete
[4]. The effect of fission-product trapping for these species
can be empirically modelled as a reduced overall fractional
release where the result of Eq. (27) is multiplied by the
fraction (1 — ¢). Here ¢ is a trapping fraction which can
be correlated with the oxidation state of the cladding and
the temperature as shown in Ref. [4].

(26)

2.3.1. Mass transfer coefficient

The mass transfer coefficient can be evaluated for a
given geometry based on a heat/mass transfer analogy.
For example, in the case of a forced-convective (annular)
flow around a cylindrical fuel specimen (in the laminar
flow regime) (dropping the subscript i) [4],

4cD,g
m= d ’

(28

et it A

where c is the molar concentration of gas around the fuel
specimen (= p,,;/RT), D,g is the binary diffusion coeffi-
cient of a FP (for the dominant chemica form) or UO,
compound (A) in a carrier gas atmosphere (B), and d is
the equivalent diameter. As discussed in Ref. [4], for a
cladded fuel specimen, this coefficient represents an
upper-bound value since it implicitly assumes that the
mass transfer across the oxidized and cracked cladding
offers little resistance. The mass transfer in the fuel-to-clad
gap for the CEA fuel specimens, however, is less restricted
(see Section 3.1.1) since the fuel specimens did not have
any end caps. For the CRL test (see Section 3.1.2), the fuel
specimen did not contain any cladding, and therefore Eq.
(28) is directly applicable. The mass transfer coefficient
for other flow conditions are given in Ref. [4].

From the Chapman—Enskog kinetic theory, the quantity
cDpg (in mol cm™! s71) in Eq. (28) is given by [31]

JT(A/My +1/Mg)

2
LAY

CD,g = 2.2646 X 1075

, (29)

where T isin K, M is the molecular weight in g mol ~*
and o,g is the collision diameter in A. The collision
integral (2,5 is a function of the Lennard-Jones force
constant e,g/ x [4],

1
Qg = :
AB " 0.7049 + 0.2910In(Tk/ £a5)

(30)

The combining laws for the parameters o, and epg/«
are based on the individual quantities

op = 3(0p + 0p), (31)
€aB €A €B

==, ==, 32
V. (32)

which can be obtained from Ref. [21] where data exist.
Unfortunately, these quantities are not known for many
compounds. In this case, within the uncertainty of the
present analysis, it can be assumed that (2,5 ~ 1. Alterna-
tively, £, /k can be obtained from a simple linear correla-
tion with the molecular weight of the compound [21], from
which Q,5 follows via Egs. (30) and (32). However, the
linear correlation in Ref. [21] is only specificaly valid for
the noble gases and is not representative of al fission
product species. This latter methodology typically yields a
greater percent error difference (i.e., 19% =+ one standard
deviation of 12%) than the simple assumption of unity for
the collision integral (i.e., 7% + one standard deviation of
17%) when 0,g is evaluated from the existing data for
en/ K in Ref. [21]. Furthermore, the collision diameter o,
(in A) can be estimated from the liquid molar volume at

the normal boiling point V,, (in cm® mol ~1) [31],
o, = 1166V}, (33)

For a given fission product or actinide compound, V,, can
be obtained by a summation of the additive contributions
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Fig. 1. Relation between Le Bas volumes and atomic weights.

of the individual atoms making up the compound [32—34].
For instance, a periodic relation exists where the atomic
volume can be correlated with the atomic weight (and to a
lesser extent with the periodic grouping, i.e., valence state)
[32]. Hence, using the structural data of Le Bas as shown
in Fig. 1[32,33], an empirical correlation can be developed
as a function of the atomic weight A (g mol 1) for the
prediction of the atomic volume contributions AV, (cm?®
mol 1),

AV,

0.3196 A + 2.734(In A)® + 8.479 X 10~ A2,
(34

In summary, using the available Le Bas structural data
in Table 2, or Eq. (34) for any missing data, V,, can be

Table 2
Volume increments for the calculation of molar volumes

Element Le Bas atomic volume increment, AV, (cm® mol 1)
As 30.5

Br 27.0

| 37.0

Sb 34.2

Sn 42.3

H 37

¢} 7.4(12.0in acids)

determined additively for the fission product compound of
interest (which exists as either a metal, oxide, hydroxide,
etc.) or actinide compound (e.g., UO,). In turn, o, can
then be predicted from Eq. (33). This additive methodol-
ogy yields an average error difference for o, of 17% as
compared to the measured data in Ref. [21].

2.3.2. Equilibrium partial pressure calculations

The FACT computer program EQUILIB was used to
determine the thermodynamic equilibrium state of the FPs,
including a calculation of the partial pressure of the gaseous
compounds [11]. In the thermodynamic model, it isimplic-
itly assumed that there is a closed system consisting of
both fuel and FPs in a specific proportion, and a gaseous
atmosphere of hydrogen/steam at a given system (hydro-
static) pressure and temperature. It is further assumed that
al gaseous species behave as an ideal gas mixture. In
addition, it is assumed that the liquid metallic elements,
when this phase is present, behave as an ideal solution. For
this single liquid phase, consisting of some 20 metallic
elements (see Table 3), the activity of any one element
would then be its mole fraction within the liquid. The
presence of the ideal liquid solution, however, was not
found in the majority of cases as it required very specific
conditions of temperature and oxygen potential (i.e., a
reducing atmosphere). All condensed species, composed of
single metallic oxides, hydrides, or hydroxides, metallic
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Table 4
Moles of actinides and fission product elements used in the FACT
anaysis

Element CANDU channel PWR core
Actinides

Uranium? 1015 279673
Neptunium 0.096 184
Plutonium 2.754 3423
Americium 0.0064 51
Fission products

Cerium 0.824 1431
Yttrium 0.215 378
Tellurium 0.138 269
Lanthanum 0.332 638
Zirconium 1.442 2823
Barium 0.389 798
Ruthenium 0.899 1878
Molybdenum 1.150 2480
Praseodymium 0.265 565
Strontium 0.421 728
lodine 0.077 135
Neodymium 0.859 1845
Niobium 0.043 32
Cesium 0.745 1591
Rhodium 0.166 287
Antimony 0.006 10
Europium 0.025 95

®Assumed chemical form for FACT analysis is UO,.

compounds; or spinels, are further considered to be mutu-
ally insoluble stoichiometric compounds. The Gibbs phase
rule limits the maximum number of phases possible in the
calculation. Similar assumptions were also considered in
the earlier analysis of Cubicciotti et al. [5-7]. In view of
the large number of components and species (see Table 3),
and the incompleteness of data on non-ideal behavior (i.e.,
for the heavy metal compounds), these assumptions were
considered appropriate to identify major fission product
species, and to provide a good basis for further study and
model refinement. Moreover, non-ideal behavior isin many
circumstances a second-order effect. Experimental work is
currently underway to study the non-ideal, multi-compo-
nent solution phase, i.e, FACT has the computational
capability to incorporate non-ideal modelling once thermo-
dynamic data become available. Thus, the present analysis
provides for the best estimation of fission product partial
pressures that are currently possible.
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For the CANDU reactor analysis, the FP inventory is
assumed to be present in asingle fuel channel (13 bundles),
as calculated with the ORIGEN code for a Bruce A reactor
(with an equilibrium burnup of 100 MWh/kg U) (see
Table 4). The FP inventory, assumed to be present in an
entire PWR core, was caculated with the MARISE com-
puter code for a commercia French 900 MWe pressurized
water reactor (PWR) with a fuel core of 70,000 kg of
uranium and burnup of 35 MWd/kg U (see Table 4) [35].
Within the limitations of the FACT architecture, 23 ele-
ments were considered for a given calculation which in-
cluded: the actinides (U, Np, Pu, Am), FPs(Ceg, Y, Te, La,
Zr, Ba, Ru, Mo, Pr, Sr, I, Nd, Nb, Cs, Rh, Sbh, Eu), and
atmospheric constituents (H,, H,0). The chemical effects
of the graphite coating used in CANDU fuel as a lubrica-
tion interlayer between the fuel and cladding, has not been
considered in the present analysis since this materia is
rapidly washed out or chemically decomposes when the
rod defects during normal or accident situations. For in-
stance, during the initial phase of high-temperature tran-
sients after the fuel rod defects, steam will react with the
graphite coating to form gaseous CO,/CO, which will
quickly dissipate from the rod.

In order to cover various accident scenarios, the calcu-
lations were performed over a wide range of input parame-
ters. As shown in Table 5, the matrix parameters included:
(i) temperatures from 1000 to 3000 K; (ii) total system
pressure of 1 atm (typical of annealing tests) for PWR fuel
and 1, 10 and 30 atm for CANDU fuel; (iii) hydrogen-to-
steam ratios (i.e., H,/H ,0) of 100000, 10000, 1000, 100,
10, 1, 0.1 and 0.01; and (iv) FP-to-gas atmosphere ratios
(i.e, Cs/(H,+H,0) of 1075 1075 and 10™* The
Cs/(H,+ H,0) ratios are representative of conditions
that develop as the origina coolant vaporizes during blow-
down in the PWR vessel or CANDU fuel channel, as well
as those conditions which arise in the annealing tests.
Similar ratios were also considered by Cubicciotti et al.
[7]. This matrix yields a total of 744 cases for PWR fuel
and 2232 cases for CANDU fuel.

The present treatment includes a total of 450 different
compounds, with the corresponding distribution of 23 ele-
ments over 173 gaseous species and 277 possible con-
densed (liquid and solid) species (see Table 3). The partial
pressures of the various FP compounds calculated for each
set of conditions of H,/H,0O ratio and Cs/(H, + H,0)
ratio in Table 5 can be summed for each of the four
actinide and 17 FP elements. Several calculations are

Table 5

Matrix of conditions for FACT calculations?

Fuel type Temperature (K) Cs/(H, + H,0) molar ratio H,/H,0 molar ratio

CANDU, PWR 1000-2000 (steps of 50 K), 1074,1075,10°6 10°%, 10%, 10%, 102,10, 1, 107 %, 1072

2000—-3000 (steps of 100 K)

&gystem pressure of 1 atm for PWR fuel and 1, 10 and 30 atm for CANDU fuel.
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Fig. 2. Total elemental partial pressure (calculated by FACT) versus temperature for low-volatile fission products at a total system pressure

of 1 atm for CANDU fuel.

shown as a function of temperature for various H,/H,0
and Cs/(H, + H,0) ratios for CANDU (Fig. 2) and PWR
(Fig. 3) fuel. As discussed in Ref. [5], for different fuel
burnups, the results can be scaled accordingly. However,
no consideration has been given in the present analysis to
account for the changing fission product distribution as
fission products are lost from the system as a result of
vapor transport.

2.3.3. Analytical representation: Method of chemical po-
tentials (MOCP)

The partial pressure of an individua compound can
also be analyticaly extracted from the FACT analysis in
terms of a stand-alone algorithm [36]. For example, for the
genera reaction for formation of a compound from the
elements,

XA +yB +2C & A,B,C,, (35)

it follows that

K= hBc, z=exp(— AGO). (36)
(Pa) (Ps) (Pc) RT

Here R is the ideal gas constant, T is the temperature, K

is the equilibrium constant for Eq. (35) and AGP is the
standard Gibbs energy change of the reaction which can be
computed from the standard (‘absolute’) Gibbs energy
equations for the elements and compounds,

AG® =GP g ¢, — XGP — yGY — 2G2. (37)
These (‘absolute’) Gibbs energy equations represent the
combination of enthalpy change (AH°) and absolute en-
tropy (S°) by the relation

D
G°=AH°—TS°=A+BT+CT2+? +ETINT+FT3

H
+GTY2 + 2t InT + JT*.
(38)

The apparent mixing of enthalpy change and absolute
entropy combines in Eq. (38) to yield the correct AG® for
the process in Eq. (35). The use of Eq. (38) is simply a
convenience in computing AG®. The coefficients for the
Gibbs energy data (for G° given in Jmol ~ 1) in the second
relation of Eq. (38) are taken from the FACT database in
order to calculate the partial pressures of the gaseous
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Fig. 3. Total elemental partial pressure (calculated by FACT) versus temperature for low-volatile fission products at a total system pressure

of 1 atm for PWR fuel.
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compounds in Table 3. Eq. (36) can therefore be equiva-
lently written as

AG°

2.303RT"

(39)
The partial pressures of individual elemental species i at
equilibrium, p, (for i =A, B, C, ...) can be represented
from the FACT results using a Legendre—Fourier series
representation for a given H,/H,0 and Cs/(H, + H,0)
situation,

10g Pa,g,c, = X109 pa +yl0g pg + zl0g pc —

11
|Og( pi) = Z aum(Tr)l (40)
m=0

where P,, is a Legendre polynomia of order m and
T,=T,/3000. A reduced temperature (T,) is required so
that Eq. (40) is an orthogonal series over the given temper-
ature range. To provide an accurate evaluation of Eg. (40),
without the need to carry a large number of significant
figures, the Legendre polynomials can be evaluated from
the specific values of the two lower-order ones at a given
temperature using the recursive relation [37]

P,=1, P,=T, and
p (T) _ (2m+1)Ter(Tr)_um71(Tr)
m+ 1\ 'r m+1
x(m=1,2, ...,10). (41)

The coefficients (a,,,) in Eqg. (40) covering the full range of
conditions in Table 5, plus those for the Gibbs energy data
in Eq. (38), total about 23000 and are tabulated in Ref.
[38] and stored in an electronic database form (Microsoft
Access program) for efficient use in a computer code.
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Thus, using Eq. (40) for the fitted partial pressure func-
tions of the individua elements, with the Gibbs energy
data for Eq. (37), the partial pressures of all the individual
compounds can be explicitly recalculated from Eq. (39)
[38]. On summing the partial pressures for a compound
containing a common element i, one aso obtains an
evaluation of the total elemental partial pressure as de-
picted in Figs. 2 and 3,

pé ement E pj . (42)

j= compound containing element i

As shown in Fig. 4 for a representative case, the average
percent difference between FACT and the total pressure
reconstitution of Eq. (42) is typically ~ 3% over the full
range of temperature for the 17 FP elements. The inability
to refit the data more precisely is due to the change in
condensed phase assemblage as temperature alters, which
causes small kinks in an otherwise monotonic function
(see Fig. 5). Thus, Egs. (39) and (42) provide a closed-form
algorithm to rapidly re-construct the total pressure of an
element and al partia pressures of the various compounds
containing the element, including the dominant chemical
form (i.e,, the maximum p; for a given element i) for a
particular reactor accident condition of temperature,
H,/H,O ratio and Cs/(H, + H,0) ratio. The purpose of
this procedure is to provide a simple agorithm for com-
paction of the extensive FACT results with the ability for
interpolation over the full range of temperature without the
necessity of the time-consuming, Gibbs-energy minimiza-
tion [38]. The proposed function in Eq. (40) is well-be-
haved, as shown for example in Fig. 5, and therefore the
given algorithm also yields an accurate interpolation be-
tween the stated temperatures as compared to actual FACT

Log Partial Pressure of Cesium, p., (atm)

« FACT
FITTED Eq. (40)
500 1000 1500 2000 2500 3000 3500

Temperature (K)

Fig. 5. Example of the fitting of Eq. (40) for the Cs partia pressure to actual FACT calculations as a function of temperature for CANDU

fuel, with H,/H,0 =1 and Cs/(H, + H,0) = 1074,
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calculations (see Table 6). This means that the full consid-
eration of the basic premise of low-volatile FP release,
based on the assumption of local equilibrium at the point
of origin, can be fully explored where the source partial
pressure and dominant chemical form of the fission prod-
ucts are quickly retrievable in a more complex model
which deals with mass transfer from the source to the
environment (see Section 2.3).

3. Comparison of model to experiment

The low-volatile, fission-product release and fuel
volatilization model can be applied to annealing experi-
ments conducted at the Commissariat a I’ Energie Atom-
ique (CEA) and the Chalk River Laboratories (CRL).
Experiments conducted at the Oak Ridge National Labora
tory (ORNL) [1,22] have not been considered in the pre-
sent analysis because of significant steam bypass in the
test facility, and the complicating effect of fuel-to-clad gap
transport, i.e., the ORNL fuel specimens contained end
caps in contrast to those used at the CEA (Section 3.1.1)
[2]. Also no kinetic data were available in the ORNL
experiments for the low-volatile fission products (only
end-of-test release measurements were made for 2°Sb,
ey and ®Ru) due in part to the fact that the fuel was
not re-irradiated before the experiment.

A brief description of the various CEA and CRL test
conditions are given in Section 3.1. The model is com-
pared with the experimental results in Section 3.2.

3.1. Experiment description

Several high-temperature annealing tests were con-
ducted at atmospheric pressure at the CEA using short-
length, Zircaloy-clad, fuel specimens in both a hydrogen
(Heva-6) and steam atmosphere (Vercors-2), and at the
CRL using a small fuel fragment in a steam environment
(MCE2-T19). The details of the fuel specimen, pretest
irradiation conditions and experimental parameters are
briefly summarized in Table 7.

3.1.1. CEA tests

A complete description of the experiments are given in
Refs. [2,4,22]. The fuel specimens were cut from spent
commercial rods, and consisted of three pellets contained
in the original Zircaloy cladding. A half-pellet of depleted
UO, was placed at each end of the fuel stack, which was
held in place by crimping the ends of the cladding (i.e., no
end caps were used). The total fissile height was about 45
mm and the total sample height was ~ 80 mm. In order to
restore the short-lived inventory after the long cooldown
periods, the fuel samples were re-irradiated in the SILOE
experimental reactor for ~ 6 days a 8 W/cm for the
Hevatest and at 15 W /cm for the Vercors test.
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In the Heva-6 experiment (see Table 7 and Fig. 6), an
initial phase was performed to oxidize the zircaloy cladding
during which the fuel specimen experienced a mixture of
steam (25 mg/s) and hydrogen (0.2 mg/s) a a tempera-
ture of ~ 1570 K for 60 min. The sample was then
exposed to a reducing atmosphere of helium (8 mg/s) and
hydrogen (0.2 mg/s) and ramped in temperature (1.4
K/s), where it was maintained at a high-temperature level
of 2320 K for ~ 30 min. During this second phase, it is
believed that the carrier gas (helium and H,) had an
impurity level of ~ 50 ppm of water vapor [2].

The Vercors-2 experiment (see Table 7 and Fig. 6) was
carried out at a low-temperature plateau of ~ 1780 K for
30 min in a gas flow mixture of steam (25 mg/s),
hydrogen (0.05 mg/s) and helium (0.5 mg/s). The fuel
was then ramped in temperature (1.6 K /s), and experi-
enced a high-temperature level of ~ 2100 K in a predomi-
nantly oxidizing atmosphere of steam (25 mg/s) and
hydrogen (0.5 mg/s) for 13 min.

3.1.2. CRL test

In the MCE2-T19 experiment, the fuel specimen was
obtained by cutting a section of a spent element of a
Bruce-type design. The fuel fragment was roughly cylin-
drical in shape (~ 2.2 mm diameter and 5 mm length),
with a weight of 0.200 g and a burnup of 457 MW h/kg
U. The sample was introduced into a flowing mixture of
argon/2% H, (40 ml /min at STP) and ramped in temper-
ature at arate of ~ 0.15 K /s to 2300 K (see Table 7 and
Fig. 6). After the temperature plateau had been reached,
the fuel was exposed to an oxidizing mixture of steam (15
g/h) and argon (40 ml/min a STP) for 7 min. The
atmosphere was then replaced by an argon/2% H, flow
(40 ml /min at STP) and the temperature decreased at the
same ramp rate as during the heating period. The oxygen
partial pressure of the atmospheric composition was con-
tinuously monitored with yttria-stabilized zirconia oxygen
sensors at upstream and downstream locations from the
fuel specimen (see Fig. 6) [26]. Fission products released
from the fuel specimen were swept away such that a
gamma-ray spectrometer, collimated at the sample loca-
tion, provided information on the kinetic release behavior.

Table 6
Comparison of the method of chemical potentials (MOCP) (inter-
polated) with FACT calculations?

Temperature (K)  Vapor pressure of BaMoO, (atm) A%
FACT MOCP

1225 2.86x1071%  260x10° % 9.2

1725 417%x107°8 439%x1078 -51

2250 3.25x107¢ 3.61x1076 -11.0

2750 3.84x1077 427%x1077 -113

#For CANDU fuel case with H, /H,0=1 and Cs/(H, +H,0)
=10"*



Table 7
Summary of experimental parameters for CEA and CRL tests

Parameter CEA tests? CRL test
Heva-6 Vercors-2 MEC2-T19
Test description fission product release at fission product release at fission product release
2370 K in H, with irradiated / 2150K in H,0 and H, with at 2300 K in H,O with
rerradiated zircaloy-clad irradiated /reirradiated irradiated fuel-
fuel specimen zircaloy-clad fuel specimen fragment specimen
Fuel specimen
fuel type Fessenheim 1/2 Bugey /3 NRU XM
rod identification C12 (FDC 57) C19 (FGC 53) AC-19
enrichment (wt% *°U) 31 31 138
clad outer diameter (mm) 9.50 9.50 -
pellet /fragment diameter (mm) 8.19 8.19 ~22
pellet /fragment length (mm) 13.96 13.96 ~5
fissile length (mm) 46 44 -
sample height (mm) 80 80 -
Specimen weight (g)
pretest — - 0.200
posttest - - 0.046
Geometrical surface-to-volume ratio (m=*)° 532 534 1890
Surface area (m?) 1.18x10°3 1.13%x10°8 3.46x107°
Irradiation data
burnup (MWd /kg U) 36.7 383 19.0
average heat rating /discharge linear power (kW /m) 185/— -/- -/32.1
cooling period (y) 7 7 -
grain radius (pm)°® 75 75 11.8
Test conditions®
channel diameter (mm)® 25 25 4.75
test date 3/88 6,/90 5/92
temperature rise (K /s) 14 16 0.15
maximum temperature (K) 2370 2150 2300
time at high-temperature plateau (s) 1800 780 420
flow rate (mg/s)
H, 0.2 0.5 0
H,0 0 25 417

Taken from Refs. [2,4,22].

PFor the fuel oxidation model, S/ V is taken as 3 times (S/ Vgeometrical -

“Mean grain radius = (measured grain sizex 1.570) /2 (see Ref. [39)]).

9For CRL test: temperature ramp in argon-2% H, (40 ml /min at STP) and temperature plateau for 7 min in steam (15 g/h) and argon (40 ml /min at STP).
®For the calculation of the mass transfer coefficient, the equivalent diameter (d) is equal to the channel diameter minus the fuel (rod) diameter.
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3.2. Model application

For the given atmospheric and temperature conditions
in Fig. 6, the model of Egs. (5), (6), (9), (11) and (12)
yields the oxygen partial pressure, hydrogen-to-steam par-
tial pressure ratio and stoichiometry deviation kinetics as
shown in Fig. 7 for the three experiments [38]. These
calculations are based on the methodology in Ref. [2] to
account for hydrogen production from the clad/steam
reaction for the CEA tests. The effect of steam bypass in
the CEA experimental facility has also been considered in
the present analysis based on the original analysis in Ref.
[2] (see also Ref. [38]). For the CRL test, the measured
Po, data were directly employed. Using the fission-product
diffusion model (Section 2.1), the fuel volatilization/ma-
trix stripping model (Section 2.2), the fission-product va-
porization model (Section 2.3), and the fission product
inventories (N,,) of Table 8, the predicted release fractions
were calculated for the various release processes (see
Table 9) [38]. For the noble gas (i.e., xenon) prediction,
only the diffusion model was utilized. In the present
analysis, the data in Table 7 were employed for the
geometrical surface area (S), the effective surface-to-
volume ratio (S/V), the grain radius (a) and the equiva-
lent diameter (d). The binary diffusion coefficient was
evaluated for the case of a trace fission-product species
diffusing in the carrier gas mixture of Fig. 6 according to
the combining law [4]

1-x noox
Aoy (43)
Dag j=1 DAj
j=A

where | refers to the components of the gas mixture, and
X; and X, are the mole fractions of the gas components

Table 8
Initial fission product inventory in annealing tests
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and fission products, respectively. Eq. (43) results from the
Stefan—Maxwell equations for multi-component diffusion
in which the various gas constituents move with the same
velocity [31].

The equilibrium partial pressures (pligney) Were de-
rived as described in Section 2.3.3 for the hydrogen-to-
steam partial pressure ratio in Fig. 7 and a fixed Cs/(H,
+ H,O + inert) molar ratio. In the case of an excessive
partial pressure of inert gas (e.g., He), the equilibrium
calculations as detailed previousy may be affected to a
modest degree although the validation does not reveal this.
The Cs/(H,+ H,O + inert) ratio was determined by di-
viding the ‘exposed’ molar inventory of cesium by the
integrated gas flow rate, where the integration starts at a
time when the volatile release is first observed to occur.
The ‘exposed’ cesium inventory is estimated as the total
quantity (N,,) in Table 8 times the diffusive release frac-
tion (Fy) in Table 9. This latter calculation accounts for the
fact that not al of the fission product inventory is in
contact with the gas atmosphere, where it is implicitly
assumed that all fission product species have roughly the
same diffusion coefficient in the fuel matrix. This assump-
tion is supported by observed kinetic data, where a similar
release behavior was observed for **'1, **'Cs and **°Baiin
the Heva-6 test, and for ***Te, ***|, *Xe and **'Csiin the
Vercors-3 test, after the Zircaloy cladding had been oxi-
dized [4]. The molar ratio Cs/(H, + H,O + inert) is there-
fore taken as 3.3x107% 3.0x10°° and 49x 1076,
respectively, for the Heva-6, Vercors-2 and MCE2-T19
tests. Model parameters, representative of the high-temper-
ature plateau region in Fig. 6 for each experiment, are
shown in including: the dominant chemical form of the
fission-product compound (calculated by MOCP), the lig-
uid molar volume of the fission-product compound (V,),

Element Inventory, Ny, (atom)
CEA tests CRL test
Heva-6 Vercors-2 MCE2-T19
Antimony 3.74 % 10® 1.24 x 108 -
Barium 1.41 x 10%° 1.37 X 10%° -
Cerium? 2.85 x 10% 2.74 x 102 8.17 x 10Y7
Cesium 2.67 x 102 2.51 x 10%° 8.71 x 10Y7
Europium? 1.6 x 10° 1.5x 10%° 452 x 10
lodine 2.76 x 10%° 2.63 x 10'° -
Molybdenum 5.14 x 10% 4.99 x 10%° -
Niobium - - 1.61 x 106
Praseodymium - - 3.28 x 10Y7
Rhodium - - 2.39 x 10Y7
Ruthenium 454 x 10%° 3.14 X 10%° 1.14 x 10'®
Tellurium 5.57 x 10%° 5.38 x 10%° -
Zirconium - - 1.56 X 108

#Estimated using the relative ratio of cesium to the given isotope of interest in Table 4.
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the collision diameter (g,) and Lennard-Jones force con-
stant (&, /) of the fission-product compound, the binary
diffusion coefficient parameter (cD,g), the mass transfer
coefficient (k,,) and the total partia pressure of dl fission
products containing a given element ( pgment)-

3.3. Discussion

As shown in Table 9, the overall release fractions (F)
that are predicted for most of the observed fission products
are in good agreement (typicaly within a factor of two)
with the measured results over the full range of atmo-
spheric conditions (i.e., oxidizing and reducing conditions)
prevalent in the various experiments. The release behavior
of the low-volatile species are controlled by the rate-limit-
ing step of fission-product vaporization from the fuel
surface (F,). On the other hand, the release behavior of
xenon and the other more-volatile species (typically, ce-
sium, iodine, antimony and tellurium) are determined by
the slower matrix diffusion step (F,). The release fractions
for the various release mechanisms were evaluated at each
time step of ~ 1 min, in which the corresponding rate-
limiting step was determined [38]. For some isotopes, the
overall release fraction (F) in Table 9 is smaller than that
given for either diffusion (Fy) or vaporization (F,). This
result arises when there is an insufficient diffusional re-
lease (or matrix-stripping release) to keep up with the
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fission-product vaporization from the fuel surface early in
the experiment. The results in Table 9 also show that
releases of the relatively-volatile tellurium and antimony
species are somewhat restricted due to chemical trapping
in the Zircaloy cladding (see Section 2.3).

The measured release fractions of **‘Ce and *®Ru have
been inferred from the release behavior of their short-lived
daughter products (***Pr and "®Ru). Due to the very short
half-life of 29.8 s for ®®Ru, the measured release fraction
of this isotope is directly indicative of the parent fraction
(see Appendix A). No significant release of ***Pr (half-life
of 17.3 min) was observed within the measurement uncer-
tainty up to the end of the high-temperature steam period
in Fig. 6(c). Consequently, it is believed that the cumula-
tive release of this isotope is attributable solely to the
release of its parent (which would therefore affect the
parent—daughter equilibrium in accordance with Appendix
A). However, if some release of ***Pr did in fact occur, the
stated value in Table 9 would be an overestimate of the
measured release of ***Ce (i.e., some release of Pr is
expected on thermodynamic grounds as a consequence of a
finite partial pressure for this species). In this case, the
model prediction would be in better agreement with exper-
iment.

The underprediction of the cesium release fraction in
Vercors-2 (resulting from the rate-controlling vaporization
process) suggests that an important volatile compound

1000 1000
4 O e Tey K3 ° L
i é——iM(OH% A L
800 - \® 1 4 800
| M(OH), e / i
E 600 + N / T 600 g
= AN LA Y YU /e a o
=) J A 7 L £
% 1 / : =
T 400 i M(OH), [4> / -+ 400 %
| e pa v F
] VM(OH)& MR I
200 - ~ MOH /== 200
] o—% l 4 o
1 o -0~ MOH i
0 I T I I I I I 0
56 57 58 59 60 61 62 63 64
Ba La Ce Pr Nd Pm Sm Eu Gd

Atomic Number

Fig. 8. Enthalpy change and absolute entropy plotted against atomic number for the lanthanide hydroxides. The larger symbols for Eu
correspond to the data in the Victoria code. The smaller symbols for Eu are extrapolated values from the given trends of the lanthanide

series (as used in the present analysis).
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(such as cesium telluride) may have been omitted in the
present thermodynamic analysis (see Table 3). In particu-
lar, this suggestion is supported by the fact that the pre-
dicted diffusion release fraction (F,) is in good agreement
with experiment. In the previous analysis of Ref. [4], the
vaporization process was not considered for the cesium
release prediction. In addition, the europium release is
overestimated in all cases, which is particularly significant
where a hydroxide compound predominates (Table 10). In
fact, the original thermodynamic data of Ref. [21] yielded
an unredlistically high vapor pressure for the europium
hydroxide compounds, EUOH and Eu(OH),. As shown in
Fig. 8, the thermodynamic data from the Victoria code [21]
for these compounds are not consistent with the enthalpy
change and absolute entropy data for the hydroxides of the
other lanthanide series elements taken from Cubicciotti [6].
Instead, a new set of thermodynamic quantities were esti-
mated for the europium hydroxides (see Table 3) for usein
the present FACT analysis, based on an extrapolation of
the trends in the data presented in Fig. 8. However, this
extrapolated set still results in an overprediction of the
partial pressure for europium, as shown in Table 9, indicat-
ing a need for better thermochemical data for the hydrox-
ide forms of europium.

In the present analysis, al ‘low-volatile' fission prod-
ucts are treated equivalently ignoring the effects of their
solubility in the UO, lattice, i.e., Zr and the rare earths
(eg., Ce, Pr, Nd, and Eu) are soluble in the fuel matrix
whereas Mo, Ru and probably Ba at higher burnup are not
[40]. Conseguently, the soluble fission products can have a
non-zero boundary condition at the end of their diffusion
path (which depends on the rate of the gas-phase mass
transfer step). This situation is contrary to that assumed in
the derivation of the Booth diffusion model of Eq. (2). The
present treatment will therefore yield a conservative esti-
mate of the diffusion release fraction (F,) for these species.
However, if the rate-controlling step is indeed vaporization
(e.g., see Table 9), this result will not have a significant
effect on the overall release fraction in accordance with
Eg. (27). On the other hand, the insoluble fission products
always have a zero concentration in the lattice adjacent to
a free surface or grain boundary where, for instance,
metallic inclusions will result. In this case, the condition
given by Eq. (27) applies.

As expected in a reducing hydrogen atmosphere, or in a
hydrogen/steam gas mixture, as prevaent in the CEA
zircaloy-clad tests, the amount of fuel volatilization (i.e.,
F.o) is small due to the presence of a lower UO; partial
pressure (see Table 9). Hence, matrix stripping is not an
important fission-product release process in this case. On
the other hand, in the CRL fuel-fragment test conducted in
steam (MCE2-T19), significant fuel volatilization oc-
curred. In fact, the fuel volatilization fraction predicted
with the thermodynamic/mass transfer model of Section
2.2 (i.e, F,=70% in Table 9) was in excellent agree-
ment with observation, as inferred from the measured pre-
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and post-test sample masses in Table 7, i.e, Am/m=
(0.200 — 0.046 g) /(0.200 @) ~ 77%.

3.3.1. Comparison of fuel volatilization models

The fuel volatilization model of Section 2.2 can also be
compared to that developed by Alexander and Ogden [9].
In the derivation of the latter model, it is implicitly as-
sumed that the sublimation rate per unit area (Z) can be
described by an effusion process in accordance with the
Knudsen equation [41],

p
 (swmkT)Y?’

where p and T are the pressure and temperature of the gas,
m is the molecular mass and k is Boltzmann's constant.
The mass loss rate expression, as employed in Ref. [9],
therefore follows where [41]
M\ L2
44.3p( T ) .

m \1/2
27 kT)

For the last expression of Eq. (45), my is given in units of
gcem~2 s % where M is the molar mass (g mol~1), p is
inbar and T isin K [9]. The overall vaporization mass flux
(dm/dt) (in g cm~2 s 1) then follows by accounting for
the subsequent mass transport across a film boundary
layer. Hence, using a heat /mass transfer analogy based on
a Langmuir analysis for the flow of heat from a cylindrical
wire of radius a across a film boundary layer of thickness
b [9],

(44)

g = mz = p( (45)

Tl.75

) C;
= —— ——+/1+0.05U, ;,
m°{ in(b/a) p3? Y }

where ¢; = 1.16 X 1078, In(b/a) = 0.331, T isin K, py

isin bar and U, isthe bulk stream velocity incm s~ The

fuel volatilization model of Egs. (45) and (46) has been

adopted for both the Victoria and ELSA computer codes

[21,42], in which the partial pressure p for UO; resulting

from an average UO,, , composition is evaluated from
AGwo,

=)

where AG0,, = 59700 — 19.9T (cal mol ~%). Inspection
of Egs. (14) and (47) shows that the average stoichiometry
deviation is arbitrarily set to x = 0.1 in Eq. (47). The term
in curly brackets in Eq. (46) is also set to a representative
value of 20% in the Victoria code, based on the specific
experimental results of Alexander and Ogden. On compari-
son of the two models, it can be seen that the temperature
and pressure dependencies are quite different, i.e, Egs.
(45) and (46) predict dependencies of T? and pg2/°
whereas Egs. (18), (28) and (29) predict dependencies of
T2 and pgt. Moreover, for the present anayss, the
model of Alexander and Ogden predicts a much greater
vaporization by a factor of ~ 70. A similar observation
was made by Manenc and Notley who subsequently ad-

dm

o (46)

0.45

Puo, = Po, exp{ - (47)
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justed the fitted coefficient in Eq. (46) to other experimen-
tal data for the implementation of the model into the ELSA
code [42]. However, it is important to note that Eq. (45) is
only strictly applicable to an effusion process. In this type
of process, gas a a uniform pressure, p, is typicaly
allowed to escape into a vacuum through a very small hole
in a container and, hence, is unable to return into the
container. This situation is not strictly applicable to the
percolation of UO, vapor in the inter-connected tunnels
and at the surface of the fuel specimen in which the gas
concentration is no longer uniform but where, in fact, a
concentration gradient exists. In reality, UO; molecules
that travel in one direction are aso free to return to their
initial region where bulk migration results from a net flux.

Thus, the use of the Alexander and Ogden model for
the calculation of fuel volatilization is questionable as a
result of the assumption of effusive flow. On the other
hand, the present model of Section 2.2 is self consistent
with the given formalism for fission product vaporization
(Section 2.3), and is in excellent agreement with the CRL
test results (Section 3.3). In addition, contrary to the
Alexander and Ogden model, no adjustable constants have
been used in the present treatment, i.e., this model is based
on thermochemical data and a well-established heat (mass)
transfer coefficient for annular flow.

4, Conclusions

(1) A model has been developed to describe the release
behavior of low-volatile fission products from uranium
dioxide fuel during severe reactor accident conditions. The
vaporization model is based on the equilibrium partial
pressures of the fission products and mass transport theory.
The equilibrium partial pressures were determined by
Gibbs-energy minimization with the FACT thermodynam-
ics package for a system consisting of a condensed phase
(UO, plus fission products) and a gas phase (H,0 and H,
plus gaseous fission products). The extensive FACT results
were recast into an anaytical form, using the method of
chemical potentials, for model implementation into a
stand-alone computer code.

(2) A theoretical treatment has also been used to de-
scribe the effect of fuel volatilization on the fission-prod-
uct release behavior. The model includes the effects of the
fuel oxidation kinetics on the production of UO5 vapor and
the subsequent mass transfer of this gaseous phase through
a boundary layer at the surface of the fuel. This matrix-
stripping process competes with that of solid-state diffu-
sion as a mechanism of fission-product release to the fuel
surface.

(3) The mode is in good agreement with the fission-
product release data obtained in the CEA tests, Heva-6 and
Vercors-2, which were conducted with zircaloy-clad fuel
specimens at temperatures of 2370 and 2100 K, in a
hydrogen and steam atmosphere, respectively. The model
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has also been validated against fission-product release data
from the CRL test, MCE2-T19, performed with a fuel-
fragment specimen at 2300 K in steam. This model is also
able to predict the observed fuel volatilization in the CRL
test.
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Appendix A. Calculation of release fraction for

parent—daughter pair

The mass balance equations for the rate of change of
the inventory of a given parent (1)-daughter (2) fission-
product pair contained in an irradiated fuel sample are

dN,
dt = —Ry(t) = AN, (AD
dN,

W= —Rz(t)—)\zN2+)\lN1, (A2)

where R is the release rate due to fission-product vaporiza-
tion from the sample and A is the radioactive decay
constant. At the start of the annealing experiment, it is
assumed that N;(t = 0) = N, and N,(t = 0) = N,,.

The solution of Egs. (A.1) and (A.2), subject to the
given initial conditions, is

Ny(t) = Nyp et — &4t ['Ry(r)el dir, (A.3)
0

— At ANy — At — At
Ny(t) =Nye 2+)\—[e t—e ]

27 )\1
- e_Azt{ftRz(T)e’\zT dr+ A, [
0 0

x[fOTRl(g)eM‘fdg}dr}. (A.3)
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In the Chak River experiment, the release fraction was
obtained from a direct measurement of the activity ( A) by
following a gamma-ray of a particular isotope, such that

Azo_Az(t) _ )\2N20_/\2N2(t)
A Az Ny

Substituting Eg. (A.4) into the second relation of Eq. (A.5)
yields

F

(A 5)

R, (7
ft—Z( ) et dr

F()=(1—-e M)+ e‘A2‘<

0 Ny

by [t
0

f;@ylfdg}dr}. (A.6)

In the derivation of Eq. (A.6) it has been assumed that the
parent isotope has a very long half-life compared to that of
the daughter isotope so that an equilibrium is established
after the initial irradiation period; thus, an equilibrium
exists prior to the anneal where A;N;g = A, Ny.

If the release rate of the parent and daughter isotopes
are constant in time, and A,> A,, Eq. (A.6) reduces
further to

Rt

Rt
F=(l-e M)+ —=
N Ny

20
Fz[

In the second relation, the release fractions for the parent
and daughter isotopes are defined, respectively, as F; =
Rit/N;o and F, = R,t/N,,. Interestingly, if the daughter
isotope has a very short half-life, were A,t> 1, then the
observed release fraction (as obtained by the monitoring of
the gamma ray of the daughter isotope) is simply due to
that of the parent, i.e, F=F,. In fact, this situation
corresponds to the measurement of *®Ru in Table 9 where
the measured gamma-ray of the short-lived isotope *®Rh
(half-life of 29.8 s) simply reflects the release behavior of
its long-lived parent *®Ru (half-life of 372.6 d).

1—e At
At
1—e 2t

+F,.
At !

(A7)
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