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Abstract

A finite volume method is presented to analyze the fission gas release from UO, fuel during Light Water Reactor normal
or off-normal operations, the latter being limited to Class-Il type incidents. The model assumes gas diffusion inside a
spherical grain under time-varying conditions. It also uses a time-varying imperfect sink condition at the grain boundary due
to the accumulation of gas by irradiation-induced re-solution. The onset of gas release occurs due to the saturation of the gas
amount in the grain boundaries. The problem is efficiently solved by a fast numerical technique which uses finite volumes,

well-suited for application in fuel rod analyses computer codes.

1. Introduction

The release of stable fission gases from UO, fuel is
important in predicting fuel rod performance during Light
Water Reactor (LWR) operation. Gas release increases the
fuel rod internal pressure and temperature by degrading the
pellet-cladding gap conductance. Both effects must be
minimized for safe fuel rod performance.

Fission gas release is a complex phenomenon, involv-
ing many mechanisms (see for instance Ref. [1]). It can be
divided into an athermal regime and a thermally-activated
regime. Athermal release is the result of gas atom motion
by recoil and knock-out which escape through the free
surfaces of the fuel. Its amplitude remains low except at
high burnups in the rim region. This type of release will
not be dealt with in this paper.

Thermal release is observed above a temperature ‘in-
cubation’ threshold that decreases with burnup [2]. This
threshold can be identified by the presence of inter-granu-
lar gas, most often observed as lenticular bubbles, whose
radius is a fraction of one micron. Gas atoms diffuse from
the center of UO, grains towards grain boundaries with a
velocity that increases with temperature. Initially, these
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atoms accumulate at the grain boundaries and there is no
release. When the number of gas atoms per unit area, N,
reaches a saturation value, Ng, there is the onset of the gas
release.

The presence of inter-granular gas introduces another
phenomenon. Fission spikes bring back into solution a
fraction of inter-granular atoms. This induces a ‘re-solu-
tion' flux which counter-acts in part the flux diffusion.
Re-solution is also acting inside the grains where atoms
cluster into fine bubbles made of a few atoms and whose
radius is ~ 10~° m. These bubbles are brought back into
solution, recombination and re-solution balancing out.

Since the pioneering work of Booth [3] and Speight [4],
there is a well-established mathematical framework to
solve the above-mentioned diffusion problem. Booth de-
rived analytical expressions for constant irradiation condi-
tions in two cases relevant to LWR operations. (i) the
constant gas production case relevant to steady-state opera-
tion, and (ii) the zero gas production case which is more
relevant to transient operation (load-follow and incidents)
when the power level is high enough for the gas produc-
tion to be neglected with respect to diffusion release. This
study was limited to a perfect sink boundary condition
where there is a release as soon as gas atoms reach the
grain boundary, or expressed mathematically, the concen-
tration at the grain boundary is zero. Speight improved this
Booth model by introducing re-solution. Then, there is an
imperfect sink condition where the concentration at the

0022-3115,/97 /$17.00 Copyright © 1997 Published by Elsevier Science B.V. All rights reserved.

PIl S0022-3115(96)00720-9



76 L.C. Bernard, .E. Bonnaud / Journal of Nuclear Materials 244 (1997) 75-84

grain boundary remains finite. A closed form analytical
solution of the model is given by Turnbull [5].

Later works [6-18] treat the general problem of time-
varying conditions. There is no closed form analytical
solution to this problem and the problem is solved either
with a numerical approach or a semi-analytical approach.
Both approaches have their merits and drawbacks. In
principle, with a numerical approach, one can obtain the
required accuracy by increasing the number of meshes
and/or time-steps, at the expense of computer time. The
other approach is computer-time efficient but may not be
accurate enough for all situations.

Here, we present a new method which combines the
advantages of both approaches. It is numerical but fast
enough to compete with semi-analytical methods. It is
based on the finite-volume method for space discretization.

To be more specific, Section 2 describes the physical
model. It is important to know the order of magnitude of
the physical quantities in order to look for the numerical
algorithm that is best suited to the physical problem.
Although we want an agorithm that is accurate for a wide
range of conditions, we restrict ourselves to al situations
encountered in LWR normal operations and off-normal
operations that are limited to Class-I incidents. Section 3
presents the numerical technique. Several algorithms have
been tried for space and time discretization. An optimal
choice was found. The results are presented in Section 4.
The method is initially tested with three constant condition
cases which have analytical solutions. These cases pro-
vided a means of evaluating the power of the method. The
results of numerical cases with time-varying conditions are
then presented. The results are discussed in Section 5,
together with other numerical schemes. A conclusion is
presented in Section 6.

2. The model

2.1. Introduction

The model is based on previous closely related models
considered by severa previous investigators [4-6,12—17].
Gas release is calculated by modeling one UO, grain. The
grain shape isidealized by a spherical shape. Gasreleaseis
a two-step diffusion process from the interior of the grain
to the grain boundary. In the first step, gas atoms accumu-
late at the grain boundary without release. In the second
step, gas release is activated when the gas density at the
boundary is bigger than at saturation density. The problem
is then to solve a diffusion equation inside the grain with a
time-varying condition at the grain boundary.

This Section is devoted to formulate the ensuing mathe-
matical problem. First, the expressions and/or orders of
magnitude of key physical parameters are given, namely,

the grain size, the diffusion coefficient of Xenon inside
UO,, and the saturation density. It is important to know
the range of these parameters to find an efficient algorithm
for solving the mathematical problem.

2.2. Grain size

Observations indicate that grain growth occurs at ele-
vated temperatures in agreement with grain growth models
[19]. However, we have chosen to model the grain size as
congtant. This approach was taken with for simplification
and because grain growth induces opposite effects. On one
hand, grain growth tends to lower diffusion and hence gas
release. To rigoroudly treat the problem, one must tackle
the more difficult task of solving the diffusion equation
with a moving boundary [20]. On the other hand, grain
growth causes a sweeping of the gas accumulated on the
grain boundaries which enhances the gas release. Compu-
tations though have shown [21] that gas release is higher
with constant grain size and no gas sweeping than when
both effects of grain growth and gas sweeping are taken
into account.

2.3. Diffusion coefficient

We follow the formalism of Turnbull et al. [22,23]. In
this formalism, the diffusion coefficient, D, is the sum of
three components D,;, D,, and D;. The D; term repre-
sents the intrinsic diffusion in the absence of irradiation.
The D, and D5 terms represent the thermal and athermal
contributions induced by irradiation, respectively. A cor-
rection due to the irradiation-induced re-solution of intra-
granular bubbles is, according to Ref. [4]:

_ Diigys )
1+g/0"’
where
Dii213=D;+D,+D; 2

and g and b’ are the probabilities of trapping atoms within
intra-granular bubbles and of re-solution of these atoms by
fission spikes. The random-walk formula [1] gives

9=Di4.3/L% (©)

where L is the mean free-path between two bubbles. Egs.
(D) and (3) yield

1
D= .
1/(Dy1ip43) +1/(L7D)

)
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The preceding expression indicates that D attains a
saturation value of L2l at high temperatures. The expres-
sions for the diffusion coefficient terms are

_T01
Dy =D exp| —— |, ©))
K
27T Tx 20’
D,=D il 7
37 032—01 ( )

where T, is the local temperature (K) and P’ is the linear
heat generation rate (LHGR) expressed in kW /m units.
The following values [22—24] were chosen where D is
expressed in m?/s units: Dy, =3.9X 107% m?/s, Ty, =
45275 K, Do, = 1.77 X 10715 m?/s, To, = 13800 K, Dyg
=4x10"2 m?/s, L0 =107 m?/s.

2.4. The incubation threshold

The incubation threshold is obtained from theoretical
and experimental considerations. The theoretical back-
ground follows [12]. Fission spikes bring back into solu-
tion part of the gas contained within inter-granular bub-
bles. The corresponding re-solution flux is
Js=(bN)/2, (8)
where b is the probability of re-solution of the inter-granu-
lar atoms, N is the density per unit area at the grain
boundaries. An expression for the mean concentration at
the grain boundaries, c;, is obtained by assuming that the
re-solution flux is close to the diffusion flux. From Fick's
law, the diffusion flux DVc ~ (Dcs)/8 where c; is the
width of the re-solution layer at the grain boundaries.
Hence

;= (bN&)/(2D). 9
Moreover, following Ref. [4], the flux out of the grain
is of the form

J=J(1-c;/(BY)), (10)
where B is the creation rate and J, is the flux in the
absence of re-solution. This flux, J,, for a spherical grain
of radius a is

1 df4
‘]D= ma[gﬂaaﬁtlzo}, (ll)

where F, is the gas release fraction in the absence of
re-solution. The Booth diffusion model [3] gives an ap-
proximate solution for low releases:

4 Dt

Finaly, the evolution of the surface density at the grain
boundaries is obtained from the following equation:

d VDt Nbs
EN_%ﬁ(l_—zDBt)' (13)

The incubation time, t;, is given by the solution of the
previous equation for t; = t(Ng) where Ng is the threshold
value of the surface density. When D is constant with
time, two asymptotic solutions of this equation at low and
high temperatures are obtained:

Tiow: ti~ (bNsd)/(2DB),

. 9 \*(Ns\¥® 1
Thgn i~ | g B DU (14)

The expression of the incubation burnup B, ~ Bt; /(6.9
X 10%!) can be deduced from Egs. (1)—(7) of the diffusion
coefficient. At low temperatures

B bNg6 -
" 2(D,+Dy)’ (19
and at high temperatures
g \1/3 1 1/3
B~ (_) (Ns)2/3:31/3(_ +|-2b/) : (16)
8w D,

Two important remarks enable one to combine these
two asymptotic expressions in one single expression. On
the one hand,

Too ~ Tor/3. (17)

On the other hand, there are great uncertainties for the
values of the parameters b, 6 and Ng and, a fortiori, on
the combination of these parameters. We therefore seek a
solution for the incubation threshold of the form

B,
B =
I exp(—Tg/ Ty ) + Bo(Tx — By)

where T = local temperature (K), Tg = T, = 13800 K.
The parameters B,, B,, B;, and B, are the adjustable
parameters of the model, in agreement with experimental
fission gas release results. The initial values of these
parameters were taken from the usua vaues found in
literature. The following set of parameters proved to be a
reasonable experimental fit: B, = 1 MWd/tM, B, = 3.3 X

+ Buin: (18)
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Fig. 1. Incubation threshold. The solid line is given by Eq. (18).
The dashed line is given by Eq. (13).



78 L.C. Bernard, .E. Bonnaud / Journal of Nuclear Materials 244 (1997) 75-84

1078 K™%, B;=603 K, B,y = 1500 MWd/tM, T =
13800 K. Fig. 1 shows the evolution of the thermal
threshold, as given by Eq. (18).

The order of magnitude of Ng can be estimated [13] by
supposing that inter-granular atoms cluster into lenticular
bubbles. The parameters of the bubble shape are, the
radius Rg, the volume Vg, and the dihedral angle 26.
Ideal gas law links the bubble pressure, P, and the number
of atoms, n, in a bubble:

PVg = nkT. (19)
The following relations hold:

ngn=Ng, (20)

ng = Fg/mR3 sin%, (21)

P=Pexr +27/Rg, (22)

Ve = (4m/3)R3f(0), (23)

f(0) =1— 3cos 6+ 3cos¥, (24)

where ng is the number of bubbles per m?, Fg is the
fractional coverage of bubbles (i.e., the ratio of the area
occupied by bubbles to the grain area), and P is the sum
of the surface tension and of the other contributions (hy-
drostatic, mechanical stresses). These expressions allow
one to deduce the following equality for Ng:

Ns= [4f(68)/3KT sin®)| (Pexr + 27/Rg)RsFg. (25)

Not al quantities in Eq. (25) are well known. Most
analyses assume y=1J m~2, Rz =05 u, Fg=0.25,
#=50° and then f(#)/sin® = 0.288. The pressure is the
least-well known term. Between the two limiting cases
Pexr = 0 (then, P =4 MPa) and Pgyr ~ 120 MPa (UO,
fracture threshold [25]): Ng varies from 10%° m~2 (similar
to the value given by a mono-atomic layer) to 3 x 10%°
m~2. From Ref. [26], P is close (~ 90 MPa) to the upper
limit, in agreement with the values of Ng reported in Ref.
[27] (a few 1072 m~2). The dashed curve of Fig. 1
represents the solution of Eq. (13) for the expressions of
the diffusion coefficient presented in Egs. (1)—(7) and the
following values of Ng=3x 10%°1273/T, m~2and b=
2 x 1078 51, With this choice, both curvesin Fig. 1 were
found to match closely.

The gas equation of state differs slightly from the ideal
gas law (Eq. (19)) for the preceding values of parameters.
However, the order of magnitude of Ng is the same. For
instance, one finds Ng = 2 X 10%° m~2 instead of 3 X 10%°
m~2 by using a hard sphere equation of state [28].

2.5. The diffusion equation

Gas release follows the kinetics of diffusion from the
interior of the grain towards the grain boundary. This
mechanism is described with the classical model of an
equivalent sphere of radius a.

The diffusion equation can be expressed as

Z_(t: = B +div( D grad(c)), (26)

where c(r, t) is the local concentration (number of gas
atoms per unit volume) and r is the space variable.
The boundary condition is given by Eq. (9).

3. The finite volume method
3.1. Introduction

The finite volume method consists in integrating the
equation to be solved over control volumes and then
discretizing the integral form. It has several attractive
features. It ensures conservation of the integrated quanti-
ties, a fundamental property to respect in physics. It com-
bines the simplicity of finite differences with the flexibility
of finite elements.

Since the grain size is small, D can be assumed to be
space-independent. Then, the diffusion equation (Eq. (26))
can be simplified with the following change of time vari-
able

D
7= fo é dt’ (27)
to read
d
6_j —div[grad(c)] =B’. (28)

In Eq. (28), the creation rate is normalized from B to
B'=Ba?/D and r isnormalized to x=r/a.

The integral form of Eq. (28) over a control-volume is
ac

X%

a

Xis1 Jc
—/ Tlex2dx — x2
ar Iy

|+1(7X

" ,
Xit+1 X

Xis1 , 2
fo' B'x*dx. (29)

Control-volumes are iso-volumes. Denoting the bound-
aries (node points) of control-volume i by x; and X,
and the number of control-volumes by N,:

iR
X%+1=(W) : (30)

The mesh points, x;, are located at a mid-distance
between the node points:

X = 05(; + X, ). (31)

3.2. Space discretization

3.2.1. Low-order scheme
This is the standard scheme. It consists of differencing
the spatial-derivative term as follows:

ac Ci—C_;

— =21 32
X |x Ax_, (32)
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where Ax;_; = X; — X;_;. A piece-wise constant variation
is assumed for the spatial-derivative term:

, '3 '3
0 X 2 de; Xi%q — X
—f CX“ax= ——
T

= 33
X, dr 3 (33)

The outcome is a classical tri-diagonal system of equa-
tions that can be solved for the unknown values c;. This
type of systemis quickly solved by the well-known TDMA
algorithm.

This type of discretization is akin to finite differencing
and is known to have rather poor convergence properties
[9,15]. It needs a rather large number of mesh points,
particularly at low release. In order to increase the accu-
racy of the method, a new higher-order scheme has been
developed and is addressed in the following section.

3.2.2. Higher-order scheme

This is the highest-order scheme for the derivative
terms that is compatible with the tridiagonal system struc-
ture. Namely, a linear variation is assumed everywhere for
the concentration except at end-volumes where a quadratic
variation is assumed. Then, for i#1, 2, N,_,;, N,, Eq.
(31) holds and Eq. (33) is replaced by

9 Xy
—f' cx?dx
aT/x

dci,lfxgﬂxi—x ) dc;

dr Jx, Ax_, T

Xj X — X X1 X=X
X ———x2dx x2dx
[ A X f A ]

Xi i+1 Xi Xi

dCi+1jx]+lXi+1—X

2
ar Ax x“dx. (34)

For control-volume 1, dc/dx=0 a x=0, and the
quadratic variation assumption yields
dC X,

cx?dx
at /o

de, | ¢ %2 X, X*dx
=g f 2 2x2dx—f 2_ 2
dr |Jo X5—X;i 0 X5—Xi

de, [ .x x*dx X, X2
+—= ——— — [ ———=x%dx 35
dr [fo X3 — x2 -/;) X2 — x2 (%)

and the spatia-derivative term is

! !
2%, 2X5

= - c, + C,. (36)
x X -

Similar expressions can be derived for control-volume
N, where a quadratic variation can be assumed and where
the end-concentration, cg, a x=1 is known. However,
the quadratic-variation algorithm did not improve signifi-
cantly the results for the test cases over the linear-variation
algorithm. This result indicates that the spatial derivative at

the grain boundary (x = 1) is not more accurately approxi-
mated by the quadratic variation than by the linear varia-
tion. In the following, only the results for the linear
variation of the spatial derivative will be presented.

3.3. Time discretization

The time-derivative term is discretized with the back-
ward Euler approximation:

dCi Cin+ 1_ Cin

CEE
where superscripts n and n+ 1 represent the beginning

and the end of atime-step, respectively. The spatial-deriva-
tive terms are fully implicit:

ac o
il I S E 38
X |x; AX;_, (38)

(37)

thus ensuring numerical stability.

With the combination of the previous spatial scheme
and this time scheme, for a constant increment AX,
higher-order terms are minimized when the following con-
dition is fulfilled:

Ar=C,Ax? (39)

where C, is the condition number found by varying At
until error minimization is achieved.

In our case of variable spatial increments, we general-
ize the previous formula for given test cases by searching
for the optimal value, Atqpr:

Aopr = CAXE . (40)

In fuel rod design computer codes like
TRANSURANUS[29], the time-step, A7opg, IS cOmmon
to al physical models. It is managed by finding the
smallest time-step that is compatible for numerical stability
and/or precision of the models. The following strategy is
proposed for such codes: if ATope < ATgpr, COMpute the
concentrations with Aroer and interpolate for Areope.,
otherwise impose A7cope = ATgpr. This strategy, that is
discussed in the next Section, proved to be efficient.

Once discretized with this double choice of space and
time discretization, the diffusion equation symbolically
reads

i+B c““=ic”+P (41)
At AT '
where A and B are tridiagonal matrices.

4, Results
4.1. Introduction

Simple cases are presented initially before the full
problem of time-varying conditions as well as time-vary-
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Fig. 2. Gas release fraction versus time for constant gas produc-

tion, zero concentration at the boundary and D /&% = 7.1x 1010
—1

s

ing boundary conditions is presented. For steady-state
conditions, analytical solutions exist that can be compared
with predictions. The first case represents constant gas
production and a perfect sink. This case is relevant to
steady-state LWR operation (except for the perfect sink
condition). The second case represents zero gas production
and a perfect sink. This case is relevant to power transients
when the diffusional release dominates the gas production.
The third case represents constant gas production with an
imperfect sink. This case is similar to the first case but is
more realistic.

4.2. Steady-state conditions

4.2.1. Perfect sink with gas production
In this case,
B = constant, c(r,0)=0, c(a, t)=0. (42)
Booth [3] found an analytical expression for the release
fraction, F:
1 — exp( n*w?Dt/a?)
)y

F(t)=1-
() Dt/a?| /=) ntm4

(43

Fig. 2 presents a comparison between the analytica
solution (Eq. (43)) and predictions made with 10 higher-
order finite volumes. Typical LWR steady-state operations
were chosen, namely, T=900°C, P’ =20 kW/m. From
Egs. (D~(7), D=178x10"% m?/s and a grain size
with radius a=5 X 10~ m was assumed. The irradiation
range extends to about 70000 MWd/tM.

Fig. 3 illustrates the absolute error

AF(%) = Fyum (%) — Fanac(%), (44)
where Fyyw is the result of computations and Faya, IS
the analytical expression (Eq. (43)). Fyum Was derived
with the relation

Faum = 100[ 1

(45

Jgex?dx
Jgdr'fgB'x*dx |’

2

151 1\
\ ,LOW-ORDER
1+ \

05 T el

0 L 4 n ’

-05 +

ABSOLUTE ERROR (%)

a4+
HIGHER-ORDER
15 T

-2

GAS RELEASE FRACTION (%)

Fig. 3. Absolute error for 10 low-order and 10 high-order finite-
volumes and the case of Fig. 2.

where the higher-order spatial variation is assumed for c.
Fig. 3 also presents a comparison of the predictions obtains
with 10 low-order finite-volumes and clearly demonstrates
the improvement in accuracy achieved by going from the
low-order to the higher-order spatial scheme. Note the
error becomes larger at low releases. This is of no impor-
tance because, with this simple case, low release occurs at
the very early stage of irradiation (< 100 h) in typical
LWR steady-state operation.

Fig. 4 illustrates how the absolute error varies with the
condition number C, for 10 higher-order finite-volumes.
An optimal choice with C, ~ 0.2 was found. The error is
below 0.2% over the entire irradiation range with this
value of the condition number.

The minimum number of finite-volumes that are com-
patible with a required bound for the error will now be
determined. Fig. 5 shows the error calculated for different
numbers of finite-volumes and with a condition number of
0.2 (this condition number was found to be optimal irre-
spective of the number of finite-volumes). Except at the
very early stage of irradiation, three finite-volumes are

,/CONDITION NUMBER = 0.4
/

ABSOLUTE ERROR (%)
o

GAS RELEASE FRACTION (%)

Fig. 4. Variation of the absolute error with time-step for 10
high-order finite-volumes and the case of Fig. 2.
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Y
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Fig. 5. Variation of the absolute error with the number of finite-
volumes for the case of Fig. 2.

sufficient for good accuracy. This number is identical to
the number of quadratic finite-elements used in Ref. [9].

4.2.2. Perfect sink without gas production

Except for the perfect sink condition, this case is
relevant to LWR Class-| and Class-I| type conditions. The
diffusion Eq. (26) is solved with the following conditions:

B=0, c(r, 0) = constant = ¢, c(a, t) =0.
(46)
This problem has the following analytical solution [3]:
exp( —n?w2Dt/a?
F(ty-1-6y SRTTRVE) (1)
n=1 n m

The following conditions, typical of an upper-bound
limit of all Class-I conditions wee chosen for this test case:
T=1500°C, P'=40 kW/m, D =32 X 10"Y m?/s, and
transient length equal to 10 h. For an upper-bound limit of
al Class-l incidents, the power is dightly higher, but the
transient length is shorter, resulting in less release. Fig. 6
presents a comparison between the analytical expression

-]
o

\

IS
=)
GAS RELEASE FRACTION (%)
)
a

w
=3

EXACT

© 3 FINITE-VOLUMES

N
=]

* 10 FINITE-VOLUMES

GAS RELEASE FRACTION (%)

-
=)
+

o

TIME (h)

Fig. 6. Gas release fraction versus time without gas production,
zero concentration at the boundary and D /&% =1.3x10"° s71.

(Eq. (47)) and numerical computations made with 10 and 3
high-order finite-volumes. Again, a condition number equal
to 0.2 was used. As before, three finite-volumes are suffi-
cient for good accuracy.

With three finite-volumes, the optimum choice for the
previous constant gas production case is At= 1240 h,
which is greater than typical time-step values of fuel rod
design computer codes (of the order of 100 h). Therefore,
the strategy ATcope < ATopr holds.

For this case, At=0.75 h and the other aternative
strategy A7cope = ATopr iS likely to hold.

4.2.3. Imperfect sink
The diffusion equation is solved with the following
boundary conditions:

B = constant,
c(a, t) =c;=(bN;5)/(2D). (48)
The solution is [5]
F(t)=1—[ B/15+ cs+ 6X,_1((co— ) /(n?w?)
—B/(n*n*))exp( —n*=*Dt/a’)
/(co+ JsBdt)]. (49)

The same irradiation conditions as the perfect sink test
case of Section 4.2.1 were chosen. Additional conditions
are for ¢, and c;: ¢, = 2.15 X 10%® m~2 (gas production
after 20000 h of irradiation) and c; = 3.15 X 10%® m~3.
Fig. 7 is similar to Fig. 6 and the conclusions are identical:
three finite-volumes give good accuracy.

c(r, 0) = constant = ¢,

4.3. Time-varying conditions
4.3.1. Perfect sink
The agorithm will now be tested for time-varying

conditions, with a perfect sink boundary condition (this
Sub-Section), and then, with an imperfect sink condition

1
45 1
40 1 ,
35 T

EXACT

©  3FINITE-VOLUMES

* 10 FINITE-VOLUMES

20000 25000 30000 35000 40000
TIME (h)

Fig. 7. Gas release fraction versus time for constant gas produc-
tion, finite concentration at the boundary D /a?=7.1x1071°
s, Ng=25%X10® m 2 and b=10"% s7%.



82 L.C. Bernard, .E. Bonnaud / Journal of Nuclear Materials 244 (1997) 75-84

80

10 FINITE-VOLUMES

UMES 5\‘%@—&4&&“
2

M

70 A

60 1

50 T

© 3 FINITE-VOL
0 T

30 1 -

10 /
+ + + + +

0

GAS RELEASE FRACTION (%)

0 5000 10000 15000 20000 25000 30000 35000 40000
TIME (h)

Fig. 8. Gas release fraction versus time for time-varying condi-
tions and zero concentration at the boundary.

(next Sub-Section). As mentioned before, the time-varying
operating condition of most interest is a power transient
that represents an upper-bound of Class-| conditions. A
test case with irradiation conditions made up of 5 time
intervals is presented. Time intervals 1 and 5 represent
steady-state operations with T=950°C and P’'=25
kW /m. The power transient lasts during time intervals 2
(ramping-up phase), 3 (high power hold phase) and 4
(ramping-down phase). Time intervals 2 and 4 are 1 h.
Time interval 3 is 10 h. Conditions for interval 3 are the
same as those in Section 4.2.2 except that gas production
is now finite.

Fig. 8 shows the evolution of the gas release fraction.
Again, 3 higher-order finite-volumes are enough for good
accuracy. The time-step management has been studied.
The interpolation scheme described in Section 3.3 has been
refined. With the above-mentioned conditions during
steady-state, the time-step is equal to 1240 h for a condi-
tion number of 0.2 and 3 higher-order finite-volumes. This
value is more than 10 times larger than the typical value
found in fuel rod design computer codes (about 100 h).
Direct interpolation, for that reason, gives a dightly inac-
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Fig. 9. Gas release fraction versus time for time-varying condi-
tions and finite concentration at the boundary.

curate value. However, when the second derivative of the
concentration with respect to time is negative, direct inter-
polation under-estimates the value of the concentration. On
the other hand, Figs. 2-5 show that with a condition
number less than 0.2, the values of the concentration are
over-estimated. Hence, we have tested the following algo-
rithm:

c"t=05(ctt +cot), (50)

where ¢! is evaluated with time-step A7cope and ¢y t?

is obtained by linear interpolation (or extrapolation) from
ATopr 10 ATeope!

= [Cn+ "ATcope + C"(ATopr — ATCODE)] /ATopr.

(51)

This time-step a gorithm was adopted (using A7cqpe =
100 h during intervals 1 and 5) for Fig. 8 and, as shown,
yields good results.

4.3.2. Imperfect sink

The conditions for this case are the same as those of
Section 4.3.1, except, now, the boundary condition is
given by Eg. (8). Below saturation (N < Ng), the surface
density N is numerically evaluated through the mass bal-
ance equation (gas production is then equal to the amount
of gasinside the grain and on the grain boundary):

1, 1N T 1 )
cxcdx+—-——= | dr’ 'x*dx. 52
A PRl N (52)

An iteration scheme is used and stops at iteration |
whenever

IN"*1—N'|/N"*! <0.01. (53)

In practice, two iterations were sufficient for conver-
gence.

The saturation value Ng is obtained when the burnup of
the incubation curve (Fig. 1) is reached. Fig. 9 illustrates
the evolution of the gas release fraction. In the test case,
Ns has been assumed constant for the purpose of illustra-
tion. Obviously, a more complicated law could be used
that includes a temperature and pressure dependence, and
even more, a kinetic evolution. The refined time-step
algorithm defined in the previous Section was used to
generate the curves of Fig. 9. This algorithm, together with
only 3 higher-order finite-volumes, yields good results.

5. Discussion

5.1. Comparison with other algorithms

For the steady-state case, Refs. [12,13] use the semi-
analytical approximation (Eqg. (49)) where, now,

Co= Bt —3Ns/2a (54)
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and t isreplaced by t —t; in the exponential term. Fig. 10
presents a comparison between this approximation and the
numerical scheme for the steady-state irradiation condi-
tions used in Section 4.3.1. Results shown in Fig. 10 and
in Ref. [12] are virtually identical (see for instance fig. 10
in Ref. [12]). This approximation over-estimates the gas
release fraction. This over-estimation is more pronounced
at low release values and is less than 3% at the highest
release value. The approximation, in effect, smears out the
initial concentration profile at incubation. Hence, the initial
concentration gradient at the boundary is too steep and
induces an initial release too quickly.

The physical model [12] is similar to the model pre-
sented in this paper. The maor difference is that the
incubation is prescribed in the present model and the
density at saturation, Ng, is numerically deduced from the
mass balance Eq. (52). In Ref. [12], Ng, was prescribed
and then, the incubation curve was deduced by solving the
approximate equation, Eq. (13). Other differences come
from the numerical treatment. In Ref. [12], finite differ-
ences were used. Also, re-solution was treated as a bound-
ary layer whose thickness was 26. That is, the gas produc-
tion in the boundary layer, Bg , was Bg = B+ bN/45,
and the boundary condition remained c(a, t) =0. This
approach required 100 mesh points, as mesh accumulation
close to the boundary was needed, due to the small value
of §~10"% m. From the previous discussion, a small
mesh size aso limits the time-step. The finite difference
scheme was improved by using finite elements [14] (10
finite elements only were needed for good convergence).
However, in Ref. [14] like in Ref. [12], the boundary layer
approach is somewhat penalizing. On the other hand, the
similarity between the results presented here and those of
Ref. [12] indicate that both approaches are nearly equiva
lent.

Another approximation in the case of a transient has
been tested. It consists of neglecting the gas production
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Fig. 10. Gas release fraction versus time for constant gas produc-
tion. Comparison between finite-volume calculations and the
semi-analytical approximation used in Ref. [12].
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Fig. 11. Grain volume average concentration versus time for
time-varying conditions. Comparison between finite-volume cal-
culations and the semi-analytical approximation used in Ref. [15].

during the transient. The approximation then becomes a
generalization of Eq. (47)

ting

1 t
(c)= <c>n\||6n§l Wexp[—nzfrrzf Ddt/az},

(55)

where {c) is the grain volume average of the concentra-
tion, t;y, is the time when the transient begins and {c)
is the concentration at t,,,. For example, with this approxi-
mation, the gas release fraction is over-estimated by 7% at
the end of the transient shown in Fig. 9. The approxima
tion has the same smearing-out effect on the initial concen-
tration profile as mentioned before.

A third approximation was proposed in Ref. [15]: the
evolution of {c) from a given time t, follows the evolu-
tion of {c) at an equivalent time. This equivaent time is
given by the time needed to reach the value of {c) at t,
assuming the temperature level is constant and equal to the
value a t,. Fig. 11 compares the evolution of {c) between
this approximation and numerical scheme for the case of
Section 4.3.2, starting at the beginning of interval 5.
Adgain, this approximation over-estimates the gas release as
it smears out the concentration profile.

5.2. Computer time

This fission gas release model has been implemented in
the version of the fuel rod computer code TRANSURANUS
[29] used at Framatome. The computer time used by the
model has been measured. It is about 10% of the computer
time used by the code. This number applies to the refer-
ence numerical scheme that consists of 3 higher-order
finite-volumes, 2 iterations for convergence of the bound-
ary concentration, and 2 time-steps per code time-step,
following Eq. (51). The relative low time spent in calculat-
ing fission gas makes the numerical scheme presented here
attractive.
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6. Conclusion

A moded for thermally-activated fission gas release
from UO, fuel has been developed. The model includes
relevant physica phenomena such as the diffusion of
fission gas from the UO, grain interior to the grain
boundary, re-solution within the grain and grain boundary,
and gas saturation at the grain boundary.

The problems were numerically solved by applying a
finite-volume method. The method was optimized for LWR
operations (within Class| and Class-Il limits). A new
space and time discretization scheme was found. There is
an excellent agreement between the numerica computa-
tions and the known analytical results that pertain to
time-independent conditions. The method is efficient for
application in fuel rod design computer codes because the
computer time spent in the fission release calculations is
typicaly 10% of the total computer time.
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