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Abstract

A mechanistic model has been developed to predict the release behavior of fission gas during

steady-state irradiation of LWR UQ: fuel. Under the assumption that UOz grain surface is compos-
ed of fourteen identical circular faces and grain edge bubble can be represented by a triangulated
tube around the circumference of three circular grain faces, it introduces the concept of continuous
formation of open grain edges tunnels that is proportional to grain edge swelling. In addition, it tak-
es into account the interaction between the gas release from matrix to grain boundary and the rein-
troduction of gas atoms into the matrix by the iradiation-induced re-solution of grain face bubbles.
It also treats analytically the behavior of intragranular, intergranular, and grain edge bubbles under
the assumption that both intragranular and intergranular bubbles are uniform in both radius and
number density. Comparison of the present model with experimental data shows that the model’s
prediction produces reasonable agreement for fuel with centerline temperatures of 1000 to 1400°C,
wide scatter band for fuel with centerline temperatures lower than 1000°C, and underprediction for

fuel with centerline temperatures higher than 1400°C.

1. Introduction

The thermal and mechanical design of fuel requir-
es that fission gas production and release from the
fuel be known accurately throughout the lifetime of
the fuel. This information is needed to calculate the
buildup of internal pressure of fuel and the reduction
of thermal conductivity of the filling gases during ir-
radiation. It is therefore apparent that fission gas re-
lease from fuel pellets during operation is of con-
siderable importance in assessing the behavior of nu-
clear fuels.

Up to the present, a great number of fission gas

models had been developed and some of them were
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reviewed in detail by Villalobos et al. [1] based on
the approaches they had taken. Since it is generally
difficult that even the most sophisticated model can
consider all the pertinent processes simultaneously,
each model has some shortcomings over the other
models in some respects as well as some advantages
in other respects.

Inspection of the literature reveals that following
two points need to be improved further. The first
one is that interaction between the con- centration of
gas atoms in matrix and that at grain face were treat-
ed rather simply under irradiation conditions. As
more fission gas atoms are produced in the matrix

and more fission gas atoms are accumulated in both
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intragranular and intergranular bubbles, the phenom-
enon of resolution of the gas atoms from both
intragranular and intergranular bubbles becomes
more important since the amount of gas atoms re-
leased to the grain boundary is affected by these two
processes. Furthermore, the matrix concentration is
related to the number of gas atoms contained in the
intergranular bubbles in that the former is influenced
by the number of gas atoms continuously injected
back into the matrix by the re-solution from the inter-
granular bubbles. By contrast, the latter, the number
of gas atoms contained in the intergranular bubbles
is determined by the matrix concentration, the for-
mer. That is, the former and the latter are inter-de-
pendent. Therefore, in order to calculate the distri-
bution of fission gas between the matrix and grain
face, this interaction must be treated quantitatively.
Another common drawback of existing models is
that most of them considered the formation of open
tunnels at grain edges, through which gas atoms es-
cape to the open space of fuel rod, in a rather sim-
ple way [2, 3]. They assumed that release path at
grain edge is established suddenly at the moment
that grain edge swelling due to gas bubbles reaches
some experimentally or theoretically pre-determined
value. This means that the gas release actually occur-
ring before grain edge swelling reaches the pre-deter-
mined value can not be considered in their models.
Consequently, with emphasis given to the two
points mentioned above, a new model is developed
in this paper to describe the release behavior of fis-
sion gas and gaseous swelling at temperatures below
approximately 1700°C where grain growth of UO:
fuel is not expected to occur. The model introduces
the concept of continuous formation of open tunnels
at grain edges, where the degree of formation‘ is pro-
portional to the grain edge swelling. This enables to
treat the continuous gas release through open tunnel-
s from the beginning of life of fuel. In addition, the
model describes analytically the amount of fission gas
atoms released to grain boundary considering the in-
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teraction between the matrix and grain face concen-
tration of gas atoms.

2. Model Dewvelopment
2.1. Intragranular Behavior

It is a generally observed phenomenon that fission
gas bubbles are not very mobile under most normal
operating conditions and gas atom migration is the
dominant mechanism by which gas reaches grain
boundary [4]. In addition, it is commonly observed
[5] that after a short period of irradiation the intrag-
ranular structure of UQO: is decorated by a population
of small bubbles with radius of about 10~m (10A).
Also it has been found out that under any particular
set of operating conditions, power density, tempera-
ture etc., these bubbles stabilize in such a way that
concentration of bubbles remains invariant under fur-
ther irradiation. Under these circumstances, the rate
equations that determine the concentration of gas in
dynamic solution and the amount precipitated into
intragranular bubbles are expressed by

dc —_ A am . igl’_ (1)

dt dt dt

%=gic'_bim, (2)
where

¢ =concentration of gas in dynamic solution
(atom/m?®)

m =concentration of gas in bubbles (atom/m?®)

@& =concentration of gas atoms released to the
grain boundary (atom/m?)

B =gas production rate =0.3 F (atom/m?® - s)

F =fission density (fissions/m?® - s)

g =47tm3pi

=probability per second of gas atoms in dy-

namic solution being captured by bubble of
radius p; at any time t (s™%)

D =gas atom diffusion coefficient in the fuel lat-
tice {m?/s)
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P =average radius of intragranular bubble {m)

Cs =number of intragranular bubbles of radius p,
(1/md)

b =intragranular re-solution parameter {s™?)

a =grain radius (m).

It should be emphasized here that the relation for
g given above is based on two major simplifications
[6]. The first one is the quasi- stationary approxi-
mation. The second one is that the radius of spheri-
cal intragranular bubble p; is very small compared to
the distance R separating the intragranular bubbles,
that is p,/R<1 (see Fig. 1). Since steady-state con-
dition is being treated in this paper, the first simplifi-
cation is satisfied automatically. According to Baker’s
observation [7], the radius of spherical bubble is small
compared to the distance between the bubbles as
can be confirmed in Eq.(3) given below. Therefore,
the second simplification also can be regarded as be-

intra-granular
(a) Bubble

Capture Volume
for Single Intra-
granular Bubble

pi : Radius of Intra-granular Bubble
R : Radius of Capture Volume

(b)
Fig. 1(a). Intra-granular Fission Gas Bubbles in the Mat-
rix and
(b). the Unit Cell for Fission Gas Atom Absorp-
tion by the Intra-Granular Bubble.

¢. : Grain Radius

ing satisfied.

White and Tucker [8] described the Baker's [7]
observation of bubble density Cs by the following
analytical formula :

Cs=1.52x107/T—-3.3x102 (m®%,

where T is fuel temperature in K.

For very small bubbles, the interal pressure due
to surface tension restraint is so high that the gas
behavior deviates considerably from the ideal gas law,
and the van der Waal's equation of state becomes
more appropriate. It is assumed that the bubble in
the matrix is in mechanical equilibrium with the bulk
solid subjected to external hydrostatic stress o.. Then
the volume of a gas atom V, contained in a bubble

of radius p; is

v, = B+[ (—2%)% + Z'T] T, @
where B and 7 are taken to be 85;\3/atom and 1
N/m, respectively [6]. Under most steady-state oper-
ating conditions where only rod internal pressure exis-
ts, external hydrostatic stress g, is less than around
150 atm (atmospheric pressure) and the radius of
intragranular bubbles is usually less than about 30A
as calculated by the present model. Under this situ-
ation, since the first term in the bracket of Eq.(4) is
much larger than the second term, Eq.(4) can be sim-
plified as

_ kT
Vi=08B+ 27,p,.

Since kT/ZrZIISP at all temperatures of interest in
reactor fuel operation [6], V1 can be given by

Vi=B+op,-1A2 (A3),
The number of gas atoms n, contained in a bubble
whose radius ¢: is smaller than about 30A can be
expressed approximately as [6]

n= M = (4”_Pi3)L

CB 3 V1
- 47rp.~3) 1
- (44 ey oG
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From Eq.(5), the following cubic equation for the
radius of intragranular bubble is derived :

4xCgp° —3mp;+1A2—=3mB=0 . (6)

A real root of Eq.{6) that exists under the con-
dition of ¢*+7? being greater than zero, which is
found to be satisfied at all temperatures of interest, is

given by
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Pi=[ 7~l~(113+7’2)2]3

@At W, @)
where
-} () w0 ().

Two assumptions are introduced to describe the ir-
radiation-induced grain boundary re-solution. First, a
flux of gas atoms is induced to be ejected to an aver-
age distance A from the grain face through the action
of imadiation-induced re-solution. Second, only the
grain boundary surface covered with gas bubbles is
influenced by the re-solution (see Fig. 2). Then the
net rate of fission gas release from the matrix to the
grain boundary per unit time and unit area under

Matrix Region Affected
by Re-solution at Grain
Face Bubbles

Grain Face
Grain Face Bubble

Diffusion ~a

A : Resolution Layer Depth
from the Grain Face

Fig. 2. Representation of Imadiation-Induced Resolution

at Grain Face.
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re-solution, dN,/dt, is expressed by

INe _ B, 1=/, b,(b;+8)N,A/2Db; Bt} ,

dt
(8)
where

F, =release flux to grain face without the action of
the irradiation-induced re-solution

] 112

f» =fraction of grain face covered by gas bubbles
as defined by Eq.(19)

b =intergranular resolution parameter (s™')

Db;t
(b + &)

BDb;¢t

ZG+gy L9

:25[

A =re-solution layer depth from the grain face
(m).

The analytical solution of Eq.(8) is

_ 2BDb; _ 2 an
NeD = 73 b, ¥ 292 [ 2=t
2 2 fi by At
2 (qy__ —AM a _ 2a (9
+ 2 (1-e ) 2 e )] @
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bt (b; +g) A
7I'Db,'

2
where A=2 [ fs

From the assumption that fission gas atoms re-
leased to the grain face are distributed uniformly

over the grain face area, the following relation is
obtained between dg./dt and dN,/dt :

dg,
dt

Substitution of Eq.(8) into Eq.(10) with the initial
condition of g(0) =0 gives

(10)

-(3)%

gy~
__ 68Db 2 a2 2 (1., -AM"
afbb/(bi+g‘_),‘[2t Gt (e )
fibat
2a T 2a (11)
+f,,b,,i (1—e )

Egs.(1) to (11) can be solved numerically to obtain
the amount of fission gas contained in both the mat-
rix and the intragranular bubbles, and the amount re-
leased to the grain boundary as a function of ir-
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radiation conditions and time.
For a van der Waal's gas, the swelling due to
intragranular bubbles is given by

(45 - dzgier e

The diffusion coefficient of fission gas D(m%/s)
used here is given in Ref. 10:

D =176 x10"" exp(—7 x10YRD)

+ 5, V+2 x107YF, (13)

2.2. Intergranular (Grain Face) Behavior

For the treatment of gas release from grain face to
grain edge, a more realistic grain shape must be used
instead of assuming that grain shape is spherical. In
this paper, it is assumed that UO: grain face is com-
posed of fourteen identical circular faces {11]. The
grain edge porosity in this shape is represented by a
triangulated tube around the circumference of the
grain face as can be seen in Fig. 4. Hence the name
of this model is the “toroid” model. In addition, a
grain edge bubble is shared by three neighboring
grains and is bounded by three identical circular fac-
es. The gas atoms collected there are assumed to be
distributed evenly so that the circular edges form a
torus where the fission gas atoms are stored. The
equivalence in volume between the toroid and the
spherical grain model gives the following relationship
[8]:

7y = 0.5557a, (14)

where 7y is the radius of a circular grain face in the
toroid model (see Fig. 3). For triangulated tunnels of
radius of curvature p. and semi-dihedral angle 6
=50°, the fraction of grain edge area occupied by
tunnels is given by [8]

(55) =1.»(%) —0.6041 (£

e
a

)2 L)

Grain face

Torus Grain Bubble

Edge Bubble

Fission Gas .°
Atom

Pf . Radius of a Grain Face Bubble

R,: Radius of the Unit Cell for the Associated
Capture Area of a Grain Face Bubble

(b)

Fig. 3(a). Fission Gas Bubbles at the Grain Face and
(b). the Unit Cell for the Capture of Gas Atoms by
a Grain Face Bubble.

Fission gas atoms produced during the irradiation
of UO: fuel diffuse through matrix until they encoun-
ter grain boundary, where they tend to precipitate
into lenticular bubbles. It is necessary, therefore, to
consider the nucleation and growth of the popu-
lation of grain face bubbles. This bubble population
will inhibit gas release and contribute to fuel swelling.
Here a model is introduced for the grain face bub-
bles by assuming that the concentration of grain face
bubbles is only a function of temperature given by
Eq.(18). These bubbles are allowed to grow accord-
ing to the rate of arrival of gas atoms at the grain
face. As soon as a chosen fraction of grain face area
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is covered by bubbles, all the gas atoms reaching the
grain face are assumed to be released to the grain
edge.

Observation of the fracture surfaces of UO:z fuel
reveals that grain face bubbles exhibit a remarkable
uniformity of both size and spacing at least during
the early stages of irradiation. Tucker [12] also justi-
fied the use of uniformly sized grain face bubbles in
the modeling of fission gas release and swelling in
UQ: fuel. Therefore, it is assumed furthermore that
the gas atoms arriving on a grain face are equally dis-
tributed among the fixed concentration of grain face
bubbles. Then under these circumstances, where the
enhancement of gas release due to grain growth that
is known to occur above about 1700°C not being
considered, the rate equations that account for the
concentration of fission gas atoms on the grain face
and the amount of fission gas on a grain face bubble
are described as follows before grain face saturation

is achieved :
e 2 dg
_at_/ = (1 —f—( —S—i)‘,)%—dfl -~ NrgrCr . (16)
and

d , a
N,-% = N;- 2 np,* smze—g‘— % +N g0, 17
where

C,=concentration of fission gas atoms on a grain
face (atoms/m?)
N;=concentration of grain face bubbles

(bubbles/m?}

g = probability per second of fission gas atoms in
solution on the grain face being captured by a
grain face bubble of radius p; at any time
(m?/bubble -s)

= 21D, [ 1]

_ 1
(II'N/)I/Z o/

Ds=diffusion coefficient of fission gas in the grain

surface (m?/s)

my=number of fission gas atoms in a bubble of rad-

ius pr (atoms/bubble).
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Once the saturation of grain face by gas bubbles is
achieved, all gas atoms arriving at grain boundary are
assumed to be released to the grain edge. Therefore,
after the grain face saturation, C; and my remain un-
changed just maintaining the values for the satu-
ration state.

The concentration of grain face bubbles has been
experimentally observed to fall with increasing tem-

perature [13] :

4
N, =3.587x108exp[ L3227l ]

(bubbies/mz) . (18)

At temperatures lower than 1300K, the concen-
tration is given an upper limiting value of 10™ bub-
bles/m? [14].

Since the projected radius of grain face bubble is g
sin 0, the fraction of grain face f, covered by the gas
bubbles is

fo = Ny(zpstsin?6) , (19)

where py is the radius of grain face bubble.

There are several observations about when grain
face saturates by gas bubbles. According to White
and Tucker [8], the maximum fraction of grain face
covered with bubbles is about 0.25. Hayns and Wood
[2] assumed that the maximum coverage is 0.50. On
the other hand, Tucker [22] asserted that typically a
maximum coverage of around 0.70 is observed. If we
denote the maximum coverage as f,™, the radius of
grain face bubble required for grain face saturation
o is

£, 12

br = ( N; nsin® @ ) ) (20)

Therefore, if the radius of grain face bubble is less
than this value, no release from the grain face to the
grain edge occurs except direct release from matrix
to grain edge. After the grain face saturation, how-
ever, all the gas atoms arriving at the grain face are
assumed to be released to the grain edge.
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The volume of a grain face bubble is given by [8]

Ve = ‘g‘ xos £(8) 1)

(8 =1-— %cos0+ %cosaﬁ.

It is assumed that the pressure of gas pressure is

where

always balanced by the sum of lattice surface tension

and local hydrostatic stress ; that is, bubbles are always

in equilibrium. It is also assumed that the supply of

vacancies to the bubbles is sufficient to constrain the

bubble growth to the limitation of gas atom supply.

Then, assuming ideal gas law, the number of gas

atoms my in a bubble of radius g required for mech-

anical stability is

3

43720]{ §.0)] (lpjl + o‘,) ,

(22)

where o, is the external hydrostatic stress on fuel pel-
let. Then Eq.(22) can be written as

27 _ 3kTm/
a,p,) T Anf6) o, - (23)

Mf=PVR//kT=

P/3 (1 +

Since 7 is a physical constant and o, can be obtain-

ed from fuel rod internal pressure and contact press-
ure if PCI exists, the right-hand side of Eq.(23) can
be regarded as constant once ny is determined. Then
the radius of grain face bubble p; can be calculated
depending on the relative magnitudes of 1 and
27/a,p. That is, in cases that 1 is very smaller or lar-
ger than 27/a.p;, 1+27/0,ps can be reduced to 1 or

27/a.py, respectively. If 1 is comparable to 27/a.p;,
Eq.(23) can not be simplified and so the cubic equa-
tion must be solved. For convenience, however, it is
assumed that the above three cases can be reduced
to the following two cases depending on whether 1
is smaller than 27/a.p; or not.

The fractional volume swelling of the grain face
bubbles, normalized to unit volume of grain matrix,
can be computed by

(), =45y (470 540). o

In the above equation, the factor 1/2 is required
since a grain face bubble is shared by two neighbor-

ing grains.
1) 1(2r/o.ps (ps is relatively small)

In the beginning of reactor operation, the radius of
grain face bubble p; would be very small due to the
small amount of fission gas released to the grain
boundary. In this case, 27/0,p is much greater than
1 and hence Eq.(23) can be simplified as

2 _ 3 kTmf
p/ - 8 T Yf/( 0) . (25)
Therefore, pr is expressed as
[ _3kTm, \'?
Pf_( 87F7'f/(0)) (26)

By inserting Eq.(26) into Eq.(24), the swelling due
to grain face bubbles is obtained by

(), - PERIAD ( e )m @7)

2) 1{27/a.p; (ps is relatively large)

As irradiation of fuel continues, p; would become
larger due to the increased amount of fission gas re-
leased to the grain boundary and the time would be
reached when 27/6,p; is much smaller than 1. Then
Eq.(23) can be simplified as follows :

3 _ 3 kTm/
°r = Taf() o, - (28)

Therefore, pr is expressed as

1/3
kT ) m/l/J. (29)

_ 3
"f‘(nf,(e) o,

Inserting Eq.(28) into Eq.(24) gives the swelling
due to grain face bubbles as

(57), =S2L nym, . (30)

According to Reynolds [15], surface diffusion coef-
ficient D, (m?/s) is

D,y=560exp(— Q/RT), (31)
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where Q is 119 kcal.

Egs.(16), (17), (26) and (29), and (27} and (30)
are solved numerically to obtain the amount of gas
contained both on the grain face and in the grain
face bubble, the radius of grain face bubble, and the

swelling due to grain face bubbles.
2.3. Grain Edge Behavior

It is assumed that release rate of fission gas from
grain edges to open space is proportional to both
the instantaneous fission gas inventory at the grain
edges and the fraction of grain edge bubbles interlin-
ked to open spaces. Before grain face saturation is
achieved, direct release from the matrix to the grain
edge only exists. In addition, since a triangulated
grain edge bubble is shared by three neighboring

Torus Grain —"
Edge Bubble

p”: Equivalent radius of tri-angulated

grain edge bubble
Pe : Radius of curvature of grain edge bubble
6 : Semi di-hedral angle

(b)

Fig. 4. Schematic Diagram of a Torous Grain Edge
Bubble
(a) Side View and (b) Cross-Sectional View.

dJ. Korean Nuclear Society, Vol. 29, No. 3, June 1996

grains as shown by Fig. 4 and is bounded by three
equivalent spherical surfaces, the rate equation des-
cribing the concentration of fission gas atoms along
the grain edge bubble is expressed as follows before
grain face is saturated :

dC,
2y =30 =N (4E) §5 e

where
C.=fission gas atom concentration along grain
edge (atom/m)

f =fraction of grain edge bubbles interlinked to
open surfaces that would be discussed in Sec.

24.
Using Eq.(14), Eq.{32) can be reduced as
aC. _ 2 (LS 98
e ma-noma (L5 R 33

After grain face saturation, the rate equation for
the grain edge concentration can be expressed as fol-
lows based on the assumption of Sec. 2.2 that all the
gas atoms amiving at grain boundary are released to
the grain edge:

dcC, dg
2rry—gy =301 ‘—f)zrrgf%-d—; . (34)

Using the relation of Eq.(14), Eq.(34) can be expres-
sed by

dC. _ 2 98
at =(1-7)0.28a" " . (35)

Then the equation for the number of gas atoms in

a grain edge bubble (circular torous in the “toroid”
model) m. is given by

m,=2nryC,. (36)

As in the case of grain face bubble, the pressure of
gas bubble is assumed to be always balanced by the
lattice surface tension and the local hydrostatic stress.
Also it is assumed that grain edge bubbles receives
sufficient vacancies to enable them to grow as equi-
libium gas bubbles limited by the arrival rate of st-
able gas atoms. Then the number of gas atoms m,
required for mechanical stability in a triangulated
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grain edge bubble of radius of curvature p. is calcul-

ated from
- Ve (22
m, = ET ( 0. +U,) R (37)
where

Ve=2nry {70% fL0)}

f(8) = 3 {6-F ~2c0s0- sin(0— £)/V3) [ 8]
=factor which relates the cross-sectional area
of a triangulated tunnel to that of a circular

tunnel of the same radius of curvature.
Combination of Eq.(36) with Eq.(37) gives

2 27 \ _
Pe (l+ drpe)—

kRTC,
7 £(8) g, *

As in the case of Eq.(23), p. is determined dep-
ending on the relative magnitudes of 1 and 27/, p..

(38)

The fractional volume swelling of the grain edge
bubbles, normalized to unit wolume of grain matrix,
can be computed from

(47, =} gzbys 2 e 100
=Irrgdio . B39

where the factors 1/3 and 14 are introduced be-
cause a grain edge bubble is shared by three neig-
hboring grains and there are 14 circular faces per
grain, respectively.

1) 1{27/a.ps {p; is relatively small)

In the beginning of reactor operation, the radius of
grain edge bubble p. would be very small and hence
Eq.(38) would result in

2 27 — che
Pe G0 A(O 0,
which leads to
kTC,

b= Zar7a0) - o

Inserting Eqs.(14) and {(40) into Eq.(39) gives

( AVV)zz 12.22 2f;(&) (

a

ETC, |\
27r7f;(6’))' (1)

2) 1{27/a,p; {p; is relatively large)

As irradiation of fuel goes on, p. would become
larger due to the increased amount of fission gas re-
leased to the grain boundary and the time would be
reached when 27/s,p. (p. is much smaller than 1.
From that moment, Eq.(38) can be simplified as

2 kTC,
Pe =770 a,

which reduces to

. (%)1/2

Inserting Eqs.(14) and (42) into Eq.(39) gives

[4), - LS

(42)

{43)

Eqs.(33), (35), (40), (42), (41) and (43) are solved
numerically to obtain the amount of gas contained in
the grain edge bubble, the radius of grain edge bub-
ble, and the swelling due to grain edge bubbles.

2.4. Incubation Period for Interlinkage at
Grain Edge

According to Sontheimer et al. [16], the least vol-
ume (threshold volume) of fission gas atoms requir-
ed for gas bubble interlinkage at grain boundary is
107*m3(STP)/m?® at a hydrostatic pressure of 23 atm.
Then the total number of gas atoms on grain edge at
this situation is {nry®—nlry—p*)? - 10-*m3(STP),
where p* is the equivalent radius of triangulated
grain edge bubble (see Fig. 4). The radius p* is
obtained from the relation that the cross-sectional
area of the bubble np2f.(0) is equal to np™. If we
convert the above threshold volume into that corre-
sponding to operating temperature and pressure,
then the volume V7 is given by

PsT

Ve = P Ty

{rry® = n(ry —pM 21078 (),
(44)
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where Ps Ts are 23 MPa and 298K, respectively.
Then the following relation would be satisfied when
the incubation of grain edge is established :

~ Va
Vi =2nvyC, Now (45)

where V,, is the volume of one mole gas (0.0224m?)
and N is the number of atoms in one mole gas
(6.023x10%). Therefore, the concentration of gas
atoms at grain edge at the moment that incubation
of grain edge is completed, Ci*, is

inc __ NAV _L:‘
cm = 277y Vm (46)

1) 1{27/a.p. {p. is relatively small)

In case that p. is relatively small and the relation-
ship 1{27r/a,p. is satisfied, combination of Eqs.(41)
and (46) gives the minimum swelling (AV/V);" that

are required to form a release path at the grain edge :

2

ETC
e 47
2”7f1(6)) . @7)

2

()7 -5

12.22 £,(6)
v |

2) 1(27/o.p. (p. is relatively small)

In case that p. is relatively large and the relation-
ship 1(27/o,p. is satisfied, combination of Eqgs.(43)
and (46) gives the minimum swelling (AV/V)7" that

are required to form a release path at the grain edge :

( AV)m=_a_8_L7;C_ _ (48)

2.5. Interlinkage at Grain Edge

It is well known that, as residence time and fuel
temperature increase, networks of channels are es-
tablished at grain edges and that fission gases are re-
leased through some of these channels connected to
the open space of fuel. Many attempts have been
made so far to correlate, both theoretically and by
observation, grain edge swelling to the extent of for-

mation of grain edge tunnel. Tucker and Turnbull
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[17] have shown theoretically that a stable tunnel net-
work forms when the swelling at grain edges is great-
er than 5%. Tumbull [18] shown experimentally that
tunnels form when the swelling is greater than 7%.
Beere and Reynolds [19] predicted that tunnel is es-
tablished when the swelling at grain edges is greater
than 8%. Based on these works, many models assum-
ed that release pathways at grain edges are achieved
suddenly at the moment that grain edge swelling due
to gas bubbles reaches some preassigned value. Ac-
cording to percolation theory [31], however, networ-
ks such as grain edge tunnels have non-zero prob-
ability of being open at any instant of time. Hence a
long range interlinkage among grain edge tunnels
would be established at fractional swelling less than
the above-mentioned threshold values at which all
tunnels are suddenly interlinked to the fuel open
space. These approaches, therefore, have a common
drawback that they did not taken into account the
fact that gas release takes place actually even before
the grain edge swelling reaches some threshold val-
ue.

Based on the above argument, it is assumed in
this paper that the fraction of grain edge bubbles
interlinked to the fuel open space, f, depends on the
grain edge swelling. It is evident that f should in-
crease from a value of zero as the grain edge swell-

ing {AV/V). increases. For this reason f is proposed

as follows :
0t (7). = (3)
s = ’ T | 149
Lo (57), = (),

Then as was done by Sontheimer et al.[16] and
as was supported by experiments [20], the depen-
dence of f on (AV/V), between 0 and 1 is defined as
follows :

f= (50)

().~ (971 L) - (997
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In addition, once grain edge tunnels are devel-
oped, they are assumed to be stable and hence con-
tinue to provide release pathways. After maximum
grain edge swelling is achieved, all the gas atoms that
reach the grain edges are assumed to be released to
the fuel outside.

2.6. Fission Gas Release
1) Release via Interlinked Tunnel

The amount of fission gas released to open space
through interlinked grain edge tunnels should be cal-
culated by considering whether grain face is saturated
by gas bubbles or not. Before grain face is saturated,
gas release rate R. is

Ro=1 17 3ar,(48) 2% )

1
3 S /.3 dt

where again the factors 1/3 and 14 are introduced
for the same reason given for Eq.(39).

After the grain face is saturated, all gas atoms re-
leased to the grain boundary would migrate to the
grain edge. Therefore, gas release rate through inter-
linked grain edge tunnel is

4 fe3ar e By (52)

R = 3 at

CAJ'P—‘

2) Release Due to Recoil and Knock-out

At low temperatures where gas atom mobility is
very low, only the fission gases formed very close to
an external surface can escape by the mechanisms of
recoil and knock-out. These release mechanisms,
which are independent of both temperature and its
gradient, affect only the outer layer of the fuel (wit-
hin about 10um of the free surface). The release rate
per unit fuel volume due to recoil and knock-out R,
is given by [21]

Ry=XE (S, p, +25, u%), (53)
where

y =fission vield of stable fission products (0.3)

F =fission density (fissions/m? - s)

S, =geometrical surface area of the fuel (m?)

S =total surface area of the fuel (m?)

1, =range of the fission fragment in the fuel
(~10um)

1 =range of the higher-order uranium knock-on
in U0z (~50 A).

3) Total Release

Total release rate R. of fission gas atoms to the
fuel outside is the sum of the release rate R. through
interlinked grain edge bubbles and the release rate R,

due to recoil and knock-out. Therefore, R; is
Rt = Re + Rd . (54)
Before grain face is saturated by gas bubbles, the
sum of Eqgs.(51) and (53) gives the total release rate
R.:

—L.y. . 265\ a d&
R =73 14f3m,( 5)23 -

+J4—F (Seug +25 %) 69

On the other hand, after grain faceAis saturated,
the total release rate R. is obtained from the sum of
Egs.(52) and (53) :

R, =%--14-f'37rrg/2%%

+2E (s, u, 125 u8)  (56)

3. Physical Parameters

Main physical parameters affecting fission gas re-
lease to grain boundary are temperature, volume dif-
fusion coefficient, grain size, intra- and intergranular
re-solution probabilities, and re-solution depth layer.
According to Turnbull and Cornell [23], intragranular
re-solution probability bi is around 3.0 X107 Interg-
ranular re-solution probability by and re-solution layer
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depth from the grain boundary A are taken to be
1.0x107% and 1.0x 1078, respectively [8]. Also the

maximum fraction of grain face covered with gas bub-

bles £+ is assumed to be 0.25 [8]. Maximum grain
edge swelling at which release paths are completed is
given as 0.07 [18]. Table 1 shows the reference val-
ues used in the present parametric analysis. Tem-
perature distribution along radial direction is calcul-
ated as a function of burnup and enrichment con-
sidering power depression with the use of FACTOR
(24].

4. Pellet Division for Analysis

When the fuel pellets are subjected to temperature
gradient, they crack both radially and axially when a
threshold power level is exceeded. According to Not-
ley [26], it is assumed that a fuel pellet is composed
of two regions depending on its temperature distribu-
tions : (a) an inner plastic region whose temperature
is greater than 1400°C and (b) an outer region con-
taining a number of radial cracks through which gas
release can occur. Oguma [27] has shown that the
number of pellet cracks increase almost linearly with
the linear power of fuel rod and the number of rad-
ial fuel cracks is about one-half of the linear power
(in kW/m). In addition, according to Merckx [30],
axial cross section of a pellet ramped to a nominal
operational power shows three to four circumfer-
ential cracks along axial direction of a pellet. Based
on these observations, the schematic geometry of a
fuel pellet during irradiation can be ideally repres-

Table 1. Physical Parameters

Parameter Value

e Maximum grain edge swelling, (AV/V)7™ 0.07

e Maximum coverage of grain face by bub- 025
bles, f5™

e Intragranular re-solution probability, b 30x107*
¢ Intergranular re-solution probability, b 1.0x1075
* Re-solution depth layer, 1 1.0x1078
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ented as in Fig. 5. Therefore, once the fuel rod pow-
er and pellet dimensions are given, the total surface
area available for fission gas release by recoil and
knock-out can be calculated.

5. Comparison with Experimental Data

In this section, predictions of the present model
are compared with experimentally observed gas re-
lease data for light water reactor (LWR) fuels using
the physical constants given in Table 1. These con-
stants are available in open literatures and are not
adjusted to fit the measured data. Generally only a
few data of the measured fission gas release are well
characterized. Therefore, in cases that pertinent infor-
mations such as grain size, fuel surface temperature,
radial power change as a function of burnup, etc. are
not well specified, typical values for commercial LWR
fuels are used for calculation.

To benchmark the present model, the first com-
parison is made with the UK. Atomic Energy Auth-
ority (UKAEA) data [28]. These high burnup UO:
data were reported for small diameter fuel rods irrad-
jated in the UK. Atomic Energy Authority reactor
DIDO to about 45MWd/kgU. The UQ: specimens
were irradiated at a fission rate that ranged from
2.75x% 10" to 8.54 % 10" fissions/cm® - s. The meas-
ured grain size and the fuel surface temperature were
15m and ~600°C, respectively. The as-fabricated
data and irradiation conditions are given in Table 2.

Elastic
Region
Plastic S
Region
S
(a) Topview (b) Ovetview

Fig. 5. Ideal Representation of a Cracked Fuel Pellet
During Irradiation
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Fig. 6 shows that the present model adequately pred-
icts fission gas release for intermediate release range
of 1 to 10%. But Fig. 7, which displays the ratio of
calculated to measured release data as a function of
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Fig. 6. Comparison Between the Calculated and the
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fuel centerline temperature, indicates another aspect
of the present. model. For higher centerline temper-
atures greater than about 1400°C, though data poin-
ts are not enough to draw any clear conclusion, the
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Fig. 7. Comparison Between the Calculated and the

UKAEA Fission gas release data UKAEA Fission Gas Release Data Based on
Fuel Centerline Temperature.
Table 2. UKAEA Fission Gas Release Data [28]
Pellet Average Centerline Fuel He Fill Gas
Pin No. Diameter Burnup Temperature Density Pressure Release

(mml (MWdAU)  (O) (% TD) (atm) (®)
5020 594 7.40 1279 95.1 10 126
5027 6.56 940 1218 95.1 10 141
5028 594 10.0 1205 95.1 1.0 0.92
5036 594 16.2 1373 95.1 10 139
5026 482 179 1250 95.1 1.0 242
5042 482 278 1341 95.1 10 112
5040 3.70 342 1220 95.1 10 484
5034 426 12.1 1357 985 10 0.12
5033 470 126 1072 985 10 0.90
5031 3.64 142 1033 982 10 0.15
5019 582 174 1073 985 1.0 1.63
5041 4.70 29.8 1100 985 1.0 312
5022 374 323 1160 98.2 10 2.66
5039 364 36.6 1150 982 1.0 324
5050 374 417 1010 98.1 1.0 4.80
5049 374 442 1020 98.1 10 7.90
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Fig. 8. Comparison Between the Calculated and the
Measured fission Gas Release Data LWR Fuel

model shows the tendency to underpredict the meas-
ured data. It seems that this tendency can be explain-
ed by the fact that the present model is developed
based on the assumption that fission gases are re-
leased by only gas atom diffusion and gas bubbles
are stationary. However, for fuel temperatures of hig-
her than certain value, bubbles of gas atoms both in
the matrix and on the grain face move along tem-
perature gradient and this contributes to the fission
gas release [6]. Furthermore, additional release due
to grain growth at fuel temperatures greater than ~
1700°C has not been treated, which is another main
source of gas release. These two simplifications are
likely to be the most probable cause for the underp-
rediction of the present model for fuels with high cen-
terline temperatures.

The second comparison is made with the exper-
imental data obtained from various LWR fuel rods
[29]. Since the detailed power history informations
are not available, each rod was assumed to be irrad-
jated by the constant average linear power of Table
3. Based on this assumption and other data of Table
3, fuel centerline temperatures were calculated for
each data. Except for burnup, the as-fabricated data
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Fig. 9. Ratio of Measured to Calculated Fission Gas Re-
lease Data For LWR Fuel as a Function of Fuel
Centerline Temperature.

and the irradiation conditions for this comparison
cover almost all the ranges found in LWR fuel rods ;
average linear heat rate of 9.0 to 44.2kW/m, fuel
density of 922 to 95.3% TD, fill gas pressure of
0.987 to 30.62 atm and grain size of 2.5 to 15m. Fig.
8 indicates that the present analysis shows no bias
for five kinds of fuel. But as shown in Fig. 9, the
model shows wide scatter band in the ratio of calcul-
ated to measured data for lower centerline temper-
atures. This tendency can be explained as follows:
when the fuel centerline temperature is lower than
about 1000°C, the dominant mechanism for fission
gas release is direct recoil and knock-out. Then in
this case, the sum of the area of geometrical surface
and that of the surface created by cracks decides the
amount of gas released to fuel outside, since the di-
rect release occurs through these surfaces. Though
one simplified approach was made at Sec. 4, it is
very difficult to quantify the crack surface area since
the cracking of UO: fuel is a complex phenomenon.
This complexity and the very small fractional release
which can cause measurement uncertainty may be
the reason for large variation in the ratio of calcul-
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Table 3. Fission Gas Release Data for LWR Fuel [29]

Pellet Bumup Linear Heat Fuel He Fill Gas Grain
Diameter Peak/Average Peak/Average  Density Pressure Size Release
mm)  (MWdhgD)  (Wm)  BTD)  (am)  Gm) D
CE
46 9.64 23.8/21.6 36.4/22.0 930 30.62 150 071
47 9.64 320/29.1 36.4/20.7 93.0 30.62 15.0 0.64
50 9.64 21.4/18.7 299/19.0 95.0 30.62 40 033
51 9.64 28.6/25.8 299/184 95.0 30.62 40 035
01 9.64 214/187 29.9/9.00 93.0 30.62 25 027
05 9.64 28.6/25.8 299/184 93.0 30.62 25 034
RISO
M2.2C 126 44.3/419 63.6/44.2 949 1.0 100 366
HALDEN
432-1 10.7 22.2/202 449/359 95.0 10 100 7.50
432-5 10.7 22.2/20.0 46.3/353 920 10 10.0 8.00
4326 10.7 222/20.0 449/354 920 10 10.0 10.05
BNFL
1-BS 9.26 411/315 581/381 953 1361 10.0 212
2-AZ 9.26 41.1/304 58.1/38.1 953 1361 10.0 15.7
3-CM 9.26 41.1/32.7 58.1/381 953 1361 100 158
4CJ 9.26 411/31.1 581/38.1 934 1361 100 240
5-DH 9.26 41.1/334 58.1/38.1 932 13.61 10.0 20.0
6-BR 9.26 41.1/31.8 581/381 932 13.61 10.0 15.7
7DG 9.26 41.1/345 58.1/381 932 13.61 10.0 205
8BC 9.26 41.1/334 58.1/38.1 934 10 100 253
9-CX 9.26 41.1/304 58.1/381 934 13.61 100 243
10-BT 9.26 411/328 581/381 932 13.61 10.0 254
11-CC 9.26 41.1/342 58.1/38.1 931 1.0 10.0 229
12-BG 9.26 41.1/328 58.1/381 934 1.0 100 16.3
13-AR 9.26 41.1/314 58.1/381 934 13.61 10.0 242
15CL 9.26 41.1/31.7 58.1/381 932 10 10.0 178
16-BX 9.26 41.1/340 58.1/381 932 10 10.0 219
18-CF 9.26 41.1/319 581/381 95.3 10 100 14.7
19-BU 9.26 41.1/30.2 58.1/381 953 1.0 10.0 16.7
20-AD 9.26 41.1/317 58.1/38.1 95.3 10 10.0 18.6
kWU
8610 9.1 34.5/30.1 24.8/17.6 944 0.987 100 234
5348 9.1 345/30.1 247/176 944 0987 100 211
8613 91 345/30.1 248/176 944 0.987 10.0 0.85
2736 91 23.2/206 267/21.1 944 217 10.0 0.73
11159 9.1 124/11.1 279/221 944 217 10.0 021
150 91 225/19.9 46.8/364 922 276 100 259
45 91 42.6/38.1 459/353 922 276 100 55.5
98 9.1 35.1/314 36.5/29.0 922 276 100 332
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ated gas release to measured data. But for inter-
mediate centerline temperatures of 1000 to 1400°C,
the agreement between calculation and measurement
is reasonable except one data for KWU fuel because
the gas released by direct recoil and knock-out is
only the small fraction of the total released amount.
Therefore, it can be concluded that the model devel-
oped in this paper shows reasonable agreement for
fuel centerline temperatures of 1000 to 1400°C,
wide scatter band for centerline temperatures lower

than 1000°C, and underprediction for centerline tem-

peratures higher than 1400°C.

Although accurate assessment of the present mod-
el against fission gas release data obtained for LWR
fuel has to be made after it is incorporated into a
well proven code, Figs. 13 to 16 show that the pres-
ent model reasonably predicts the fission gas release
for fuel centerline temperatures between 1000 to
1400°C, which is typical value for current LWR fuels.

6. Conclusions and Recommendation

A mechanistic model has been developed to pre-
dict the release behavior of fission gas during
steady-state irradiation of LWR UQO: fuel. Under the
assumption that UQ2 grain surface is composed of
fourteen identical circular faces and grain edge bub-
ble can be represented by a triangulated tube around
the circumference of three circular grain faces, it
introduces the concept of continuous formation of
open grain edges tunnels that is proportional to
grain edge swelling. In addition, it takes into account
the interaction between the gas release from matrix
to grain boundary and the reintroduction of gas
atoms into the matrix by irradiation- induced re-sol-
ution of grain face bubbles. It also freats analytically
the behavior of intragranular, intergranular (grain
face), and grain edge bubbles using the assumption
that both intra- and intergranular bubbles are uniform
in both radius and number density.

Parametric analysis has been performed to deter-
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mine how the main physical parameters such as tem-
peratuge, diffusion coefficient, and grain face bubble
concentration influence the fission gas release. The
analysis shows the trend that agrees with other fis-
sion gas release models found in the literature and
experimental findings.

Comparison of the present model with experimen-
tal data shows that the model’s prediction produces
reasonable agreement for fuel with centerline temper-
atures of 1000 to 1400°C, wide scatter band for fuel
with centerline temperatures lower than 1000°C, and
underprediction for fuel with centerline temperatures
higher than 1400°C.

It is recommended that the present model should
be improved by considering the enhancement of fis-
sion gas release due to both bubble movement and
grain growth at higher fuel temperatures. Further-
more, to analyze the performance of high burnup
fuel whose average burnup is greater than about 50
MWd/kgU, additional release at rim region of fuel
should be considered.
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