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A model of the gaseous fission product release from the nuclear fuel pellet is proposed. The presence of fission product
bubbles in the fuel matrix is simulated as periodical modulation of the diffusion coefficient by chain of Gaussian functions.
The numerical solution of a diffusion equation shows enhanced fission product release at larger bubble concentrations. It is
related to the facilitated diffusion of gaseous fission products in grain boundary bubbles of medium and higher burnup fuel
(>30 MW d/kg U). The calculated profile of the fission product concentration distribution is similar to that obtained in the
experimental studies. It is demonstrated that the influence of the developed fuel microstructure on the gaseous fission product
release can be equivalently taken into account by modifying the Arrhenius behaviour of the diffusion coefficient.
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1. Introduction

Deep understanding of the fission product (FP) re-
lease is essential for determining operational and safety
characteristics of a nuclear reactor as well as the ra-
dioactive waste generation process in nuclear power
plants. Knowledge of these processes could be effi-
ciently used for radioactive waste characterization, such
as the scaling factor estimation and application. In par-
ticular, this can be used to determine the concentra-
tions of some difficult-to-measure radionuclides, such
as 129], 99T, 239.240py 241 Ay 2422440y 55Re 63N,
14¢, 998, etc., which is of primary importance in the
radioactive waste management at nuclear power plants
[1]. Moreover, the detailed knowledge of the FP re-
lease mechanism is essential for prediction of radionu-
clide releases during the operational stages of the reac-
tor, postulated accidents or spent nuclear fuel storage
and disposal [2]. FP release mechanisms are essential
for the assessment of nuclear fuel burnup extension pos-
sibilities as well. On the other hand, understanding of
the FP diffusion process in solids with a complex struc-
ture is a challenging problem. The release of FP from
the matrix of nuclear fuel is considerably influenced by
the structural formations, namely, FP bubbles in fuel
grains and between them, and defects of UOy matrix
as well [1]. The influence of FP bubbles is ambivalent.
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It is known that in general the bubbles in the low bur-
nup fuel reduce the release rate of FP due to their trap-
ping effect [2]. However, at medium and higher bur-
nups (> 30 MW d/kg U), the coarse bubbles at grain
boundaries build the porous structures which facilitate
the FP release from the fuel pellets. We propose here
to take into account the porous microstructure of the
fuel by applying periodic modulation of the diffusion
coefficient by chain of Gaussian functions and to show
that enhanced diffusion can be rationalized by modify-
ing the Arrhenius behaviour of the diffusion coefficient.

2. Model of FP diffusion in nuclear fuel

The nuclear fuel pellet composed of UO; has a spe-
cific cylindrical form and internal microstructure prede-
termined by the production process. The UO2 grains in
the fresh fuel are of the 6—10 pm diameter [2, 3]. There-
fore, it is possible to build the following geometrical
model of the fuel pellet for the FP release estimation.

A fuel pellet can be divided into separate cylinders.
Then the cylinders can be divided by horizontal and ra-
dial planes resulting in a cube of a convex form. An av-
erage temperature gradient of 1.4-10% K/m is observed
in the fuel pellet during the reactor operation. Due to
this fact we simplify the description of the diffusion
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Fig. 1. Cross-section of the fuel pellet. R and r are the outer and
inner pellet radii, respectively.
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Fig. 2. Temperature dependence of the diffusion coefficient along
the pellet radius.

process to the 1D problem just taking a radial compo-
nent into account in the mathematical model of FP dif-
fusion.

A widely used approach is to apply the so-called ef-
fective diffusion coefficient defined simply as an em-
pirical function of temperature and the fission rate [4].
It is well accepted that the main mechanism of the FP
release from the sintered fuel is the gas atom diffusion
to grain boundaries and from there to the free volume
of the rod by venting through porous grain boundary
structures [5]. This model of the gas release results in
a complex set of differential equations. On the other
hand, the characteristic size of fuel grains and inhomo-
geneities in fuel rods are very small in comparison with
the pellet size, so the large-scale description of this pro-
cess as ordinary diffusion can help us to understand the
whole problem [6].

We consider a simple model of FP diffusion in sin-
tered UOy pellets or rods, the most common fuel type
in light water reactors. Both of them have cylindrical
symmetry and the gas atom concentration is assumed
to be uniform along the rod, hence independent of the
third cylindrical coordinate z and cylindrical angle ¢
(Fig. 1).

Referring to our previous study [6] we present here
just the final form of the diffusion equation for the re-
lease of some FP concentration ¢ from the nuclear fuel
pellet characterized by diffusion coefficient D(p):

dc(p,t) 10 dc(p, t)
5 pap<pD(p) 9 ) —AC(p,t)Jrg(i)l;

where A is the FP decay rate and g is the FP generation
rate. We express the dependence of the diffusion co-
efficient on fuel temperature 7' by the usual Arrhenius
form:

D(p) = D(T(p)) = Dy exp(—,j(m) @

and by taking into account the experimental depen-
dence of temperature on a radial variable p , i.e., T'(p),
we obtain its dependence on p [7].

Equation (1) holds for the fuel pellet region r < p <
R with the following radiation boundary conditions:

D02 )| 0.
p=r

[Do)) affp ‘)

where b stands for the gaseous FP leakage rate, r and
R correspond to the inner and outer radii of the fuel
pellet, respectively. Boundary conditions indicate that
FP particles leak out through the boundaries r and R of
the fuel pellet all the time and the flux is proportional
to the concentration of particles at the boundary.

In our further analysis and calculations we use di-
mensionless form of Eq. (1) and its boundary condi-
tions Eq. (3). We express the variable length p, time
t and concentration ¢ by dimensionless variables z, T,
and n as follows:

P \/DO z, t ! & L n
== _— 5 :—-’]” :73
A A &

A

The main diffusion equation with the new variables:
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Fig. 3. Quasi-stationary concentration distribution of FP along the
pellet radius for different number of peaks of modulating function
in Eq. (6). Peak width parameter 0.25-107° is used.

here we use the dimensionless parameter y of isotope
generation expressed as v = (Do/A)%/2 - X\~1 . g. The
leakage rate b of gaseous FP is expressed by the dimen-
sionless variable 3 as follows: 8 = b(Dg)\)~'/2. As
a result we get the following dimensionless boundary
conditions of diffusion Eq. (4):

D on(z,T) B
D on(z, 1) }
— 2 +pn=0 , 5

where z(r) = r\/\/Dg and z(R) = R+/\/Dy.
Referring to the experimental measurements, we ap-
plied two values of the diffusion coefficient at different
temperatures for iodine in UOs, i. €.: (i) ~5-10714 cm? /s
at 1923 K and (ii) 3-107%° cm? /s at 1673 K [7]. Then,
having inserted these two values into Eq. (2) we calcu-
lated values of Ey =3.12eV and Dy =7.5-106 cm2/s,
respectively. Further calculations were performed us-
ing these values. The dependence of the diffusion co-
efficient on the UO; temperature is presented in Fig. 2.

3. Simulation results

The release of FP from the nuclear fuel is greatly in-
fluenced by the fuel microstructure, in particular by the
FP bubbles. Four phases of the structure, namely, the
fuel matrix (UOy), intragranular bubbles, bubbles at the
grain boundaries, and open grain boundary bubbles af-
fect the diffusive release of FP to the void space be-
tween the pellets and fuel cladding [2, 4, 8]. It is known
from experiments that porosity at grain boundaries of
high burnup fuel acts like structures facilitating the FP
release [2-5]. The grain boundary bubbles grow, they
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Fig. 4. Dependence of the exponent power « on the number of
bubbles along the pellet radius.

can interconnect and form the tunnels resulting in the
FP release to the fuel-to-clad gap. The gaseous FP, such
as noble gases, iodine, or cesium, can be very mobile in
these pores. We propose to take into account coarse in-
tergranular bubbles formed at high burnups by the peri-
odical modulation function of the diffusion coefficient
as follows:

D =D, <1+

E
xexp{—kBOT} : (6)

where o is the parameter corresponding to the inter-
granular bubble radius, z; is the bubble site position,
N is the number of bubbles. The maximum positions
of D indicate the location of grain boundary bubbles
representing the increased diffusion of mobile FP.

The FP concentration profiles of quasi-stationary
state in the pellet are obtained by numerically solv-
ing Eq. (1). The different number of bubbles repre-
sented as peaks in the modulating function of the dif-
fusion coefficient was applied in order to show the in-
fluence of the bubble concentration on the FP migra-
tion in the fuel pellet. We show that the migration of
FP is faster if more grain boundary bubbles are present
along the pellet radius. This qualitatively agrees well
with experimental observations of the FP release from
the high burnup fuel [2, 3]. With increasing burnup the
grain boundary porosity of the fuel increases due to the
formed routes for the FP release to the fuel-to-clad gap.
Comparison of FP concentration distributions across
the pellet radius calculated with diffusion coefficients
expressed by Eqs. (6) and (7) is depicted in Fig. 3. One
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can clearly see the enhanced FP diffusion to the pellet
boundary at higher bubble concentrations.

Finally, we have found that the FP distribution pro-
files obtained with the modulated diffusion coefficient
(Eq. (6)) can be equivalently reproduced by solution of
Egs. (1)—(3) with the diffusion coefficient involving the
modified temperature dependence:

D= Doexp{— <57(1> } . (7

Having applied the modified Arrhenius relation (Eq. (7))
we have determined the dependence of the exponent
power « on the number of bubbles along the pellet ra-
dius depicted in Fig. 4. The fuel microstructure with
the spatially modulated diffusion coefficient along the
fuel pellet radius can alternatively be described by reg-
ular diffusion with the modified activation law. The in-
creased fuel porosity results in enhanced effective dif-
fusion of FP and can be described by weakened diffu-
sion dependence on the temperature characterized by
the power index o smaller than 1.

4. Conclusions

The diffusion of FP in nuclear fuel is influenced by
the fuel microstructure — fuel grains, defects, and poros-
ity in the UOy fuel matrix. We have taken into ac-
count the effect of nuclear fuel grain boundary bubbles
introducing the periodical modulation function of the
FP diffusion coefficient. The numerical solution of the
diffusion equation with the modified diffusion coeffi-
cient shows that the FP migration is qualitatively well
approximated. Our model predicts the enhanced FP dif-
fusion with a modified diffusion coefficient as it is ob-
served experimentally for medium and higher burnup
fuel. Furthermore, we qualitatively reproduced the ex-
perimentally observed FP distribution profile in the fuel

pellet. On the other hand, the effect of developed grain
boundary structure can be characterized with the modi-
fied Arrhenius expression (Eq. (5)) of the diffusion co-
efficient. The power index « less than 1 in Eq. (5) weak-
ens Arrhenius behaviour of the diffusion coefficient and
indicates the enhanced diffusion of FP in the fuel ma-
trix with developed porosity.
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BRANDUOLINIO KURO MIKROSTRUKTUROS ITAKOS DALLJIMOSI PRODUKTY SMELKIMUISI
MODELIS
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Santrauka

Dujiniy branduolinio kuro (BK) dalijimosi produkty (DP) iSsi-
skyrimui i§ BK tablec¢iy UO2 matricos Zymig itaka daro BK mik-
rostruktdiros dariniai — granulés, DP ertmés granulése ir tarp jy bei
UO- matricos defektai. Pastebéta, kad vidutinio ir didelio iSdegimo
BK ertmés pagreitina DP smelkimasi, veikdamos kaip poringi kuro
dariniai, lengvinantys DP iSsiskyrima. Sitloma atsiZvelgti { BK
table¢iy mikrostrukttros poringuma, moduliuojant DP difuzijos ko-
eficientg periodine funkcija. Tokia radialioji difuzijos koeficiento
priklausomybé siejama su BK dariniais — tarpgranulinémis ertmé-
mis ir granuliy kraStais, egzistuojanciais SvieZiame ir panaudotame

BK. Skaitmeninis DP BK tabletéje difuzijos lygties sprendimas pa-
rodé, kad DP i§ BK matricos smelkiasi grei¢iau lyginant su atveju,
kai { kuro mikrostrukttira neatsizvelgiama. Tai siejama su greitesne
DP difuzija BK tarpgranulinése ertmése, kai BK iSdegimas yra vi-
dutinis ir didelis (> 30 MW d/kg U). Rasta, kad DP koncentraci-
jos radialusis pasiskirstymas BK tabletéje yra kokybiSkai panasus {
pateikiamus literatiiroje. Modeliuojant dalijimosi produkty smelki-
masi | branduolini kura, iSaiSkinta, kad moduliuota difuzija atitinka
iprasto difuzijos koeficiento temperatiirinés priklausomybés nukry-
pima nuo aktyvacinio désnio.



