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ÉNERGIE ATOMIQUE DU CANADA LIMITÉE

FREEDOM: UN MODÈLE DE REJET TRANSITOIRE DES ESPÈCES DE PRODUITS DE FISSION
STABLES ET RADIOACTIVES

par

L.D. Macdonald, D.B. Duncanl, B.J. Lewis2 et F.C. Iglesias

RÉSUMÉ

On a réalisé un modèle de rejet de gaz de fission et gonflement dépendants
de la microstructure (FREEDOM) pour le combustible d'UO2. Le modèle décrit
le comportement sous rejet transitoire des espèces de produits de fission
stables et radioactives. On peut l'appliquer dans l'éventail complet de
conditions de fonctionnement et dans les conditions d'accidents entraînant
de hautes températures de combustible. Il rend les produits de fission par
diffusion du réseau et le balayage des limites de granulation vers les
limites de granulation où les produits de fission s'accumulent en bulles de
faces de grains du fait de la diffusion des places vacantes. Le rejet de
gaz de fission au vide libre de l'élément de combustible se produit par
l'interliaison (interconnexion) des bulles et fissures aux limites de
granulation. Le modèle rend également les effets de la chaîne de
désintégration radioactive et de la transmutation par les neutrons. Ces
phénomènes sont décrits par des équations de bilan de masse qu'on résout
numériquement à l'aide d'une méthode des éléments finis à conditions aux
limites mobiles à réseau amélioré. Les effets des bulles de faces de
grains sur le gonflement du combustible et la conductivité thermique de
celui-ci sont inclus au programme de calcul du comportement du combustible
ELESIM. FREEDOM a une précision supérieure à 1% lorsqu'on l'évalue par
rapport à une solution analytique du rejet par diffusion. On évalue le
programme de calcul par rapport à une base de données sur le comportement
du combustible dans le cas du rejet de gaz stable et par rapport à des
essais de rejet de gaz de balayage et produits de fission en cellule
effectués à Chalk River quant aux espèces radioactives.
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ABSTRACT

A microstructure-dependent fission-gas release and swelling model (FREEDOM) has been
developed for UO2 fuel. The model describes the transient release behaviour for both the
radioactive and stable fission-product species. The model can be applied over the full range of
operating conditions, as well as for accident conditions that result in high fuel temper attires.
The model accounts for lattice diffusion and grain-boundary sweeping of fission products to
the grain boundaries, where the fission gases accumulate in grain-face bubbles as a result of
vacancy diffusion. Release of fission-gas to the free void of the fuel element occurs through
the interlinkage of bubbles and cracks on the grain boundaries. This treatment also accounts
for radioactive chain decay and neutron-induced transmutation effects. These phenomena are
described by mass balance equations which are numerically solved using a moving-boundary,
finite-element method with mesh refinement. The effects of grain-face bubbles on fuel swelling
and fuel thermal conductivity are included in the ELESIM fuel performance code. FREEDOM
has an accuracy of better than 1% when assessed against an analytic solution for diffusional
release. The code is being evaluated against a fuel performance database for stable gas release,
and against sweep-gas and in-cell fission-product release experiments at Chalk River for active
species.
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1. PHYSICAL MODEL

1.1 Introduction

FREEDOM is an extension of the successful NOTPAT[l] microstructure-dependent fission-
gas release and swelling model. This extended model is now capable of describing transient
release behaviour for both the stable and radioactive fission-product gases in UO2 fuel.

The first step in fission-product release is diffusion and sweeping by grain growth of the fission
products to the grain boundaries. On the grain boundaries, the fission gases accumulate in
grain-face bubbles. Fission products on the grain boundary vent to the free voidage through
interlinked bubbles, tunnels and cracks.

By including yield both from an arbitrary fission-rate history as well as precursors, and treating
decay chains and neutron capture, FREEDOM simulates fission-product inventories during
normal reactor operation as well as for accident conditions. A moving boundary, finite-element
method with mesh refinement is used to accurately simulate diffusion and sweeping of fission
products to the grain boundary. Incorporating vacancy diffusion in grain-face fission-gas
bubble growth allows transient predictions of swelling, fuel thermal conductivity degradation,
and fission-product release through bubble interlinkage or grain-face separation.

1.2 Fuel Pellet Representation

The fuel pellet is represented by a set of regions of arbitrary volume that consist of voidless
grains of UO2 with lenticular grain-face bubbles on the grain boundaries. A network of grain-
edge tunnels is assumed to exist to allow the venting of fission products to the free voidage
of the fuel element. Each region is simulated independently and is characterized by a time-
dependent local temperature T, hydrostatic stress a, neutron flux 0, and fissile nuclide (TV)
of concentration Cjv in the grain.

1.3 Equiaxed Grain Growth

Thermally-activated migration of UO3 across grain boundaries causes curved boundaries to
have a net motion since there are more atoms surrounding a surface atom on one side of the
surface than the other, and an atom has a higher probability of migration across the boundary
if it has less neighbours. Hence, larger grains tend to grow at the expense of the shrinking
smaller ones.
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The experimentally-based correlation from the NOTPAT model is used to determine the rate
of change of the average grain size R.

R = kae-Q/kT/n2nRn-1

In natural UO2, k0 = 2.22 x lO"9 m ^ s " 1 , n = 2.5, and Q = 39 200fc K. In enriched UO2, k0

changes to 1.39 x 10"12 m - V 1 and Q = 27 OOOfc K.

1.4 Total Fission-Product Inventory

The ordinary differential equation for the total fission-product concentration is

N n<

This is based on a mass balance for the production from fission and by decay of precursors,
and for the loss by decay and neutron capture.

In particular, given a neutron flux (j) and concentration Cjy in the grain of fissile nuclide N (for
235U or 239Pu) with fission cross-section a^, the fission-rate density is o-f^C^. The rate of
change of the concentration Cn, of a fission-product nuclide n, has a contribution j^cr^<f)CN

from fission with a yield 7^. Cn also has a contribution £n> 7n'\n'Cni from decay of longer-
lived parents n' with decay constant \ni and branching ratio 7^ . However, losses occur due
to radioactive decay and neutron transmutation — (An + cr"(/))Cn with decay constant An and
neutron-capture cross-section <r".

Neutron-capture-induced transmutations on fission products yield stable nuclides and an in-
significant quantity of radioactive nuclides. The breeding of 239Pu requires the flux spectrum
from a full reactor-physics calculation to be known. Instead, the 235U and 239Pu concentra-
tions are inputs to the model. At present, the depletion of 235U and breeding of 239Pu is not
considered, and is approximated by the initial concentration of only 235U. The corresponding

"B used is 584 Barns. The nuclides modelled are shown in Table 1.

1.5 Intragranular Fission-Product Behaviour

The partial differential equation governing the fission-product concentration c^{f,t) in the
grain, of a fission-product nuclide n, is

N n'

Moreover, the average grain concentration is defined by C% = / dr c^/ / dr.
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TABLE 1
Fission-Product Nuclides

n

gases
137Cs
131J

133J

133mXe

133Xe

135j

1 3 5m X e

135Xe

85mKr

88Kr
87Kr

138Xe

An

0
7.2804 x 10-1 0

9.9782 x 10"7

9.2568 x 10"6

3.6632 x 10"8

1.5281 X 10"6

2.9129 x 10"5

7.5556 x 10~4

2.1182 x 10- 5

4.2978 x 10"5

6.7796 x 10"5

1.5161 X lu" 4

8.1758 x 10"4

(Barns)

0
.1
.7

15.
50.

185.

.02

2.636 x 106

In

( % )

30.8
6.2205
2.8831
6.6989

2.0785 x 10"3

7.0684 x 10~4

6.2966
.17133

7.0588 x 10"2

1.3046
3.5521
2.5176
6.4231

n'

133J

133|

1 3 3 m X e

135J

135J

135mXe

7n"'
(%)

2.88
97.12
100.

16.5
83.5
100.

* Yields for nuclides with modelled precursors are direct yields. All other yields are cumulative.

The terms for diffusion, and sweeping, are described in the following sections.

1.5.1 Diffusion of Fission Products

The fission fragments dissipate the kinetic energy impar ted to them in the fission event
(~80 MeV) by passing as ions for about 10 microns through the UO 2 fuel. This redissolves
fission products in the intragranular pores, activates fission products in the grains to diffuse,
and releases fission products near the edge of the fuel. The fission products which have dis-
solved into the fuel migrate randomly by independent thermally-activated or fission-enhanced
events until they intercept the grain boundary. Thus , the distribution of fission products
changes from a uniform profile to one which is peaked near the center of the grain. If the
fission product is unstable, then its distribution will not change as much from the uniform
distribution or from its parent ' s distribution.
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As a result of random migration in independent events, the net number of atoms of a given
fission product that pass through a surface element per time interval can be evaluated from
the Fick's law of diffusion, and is therefore proportional to the negative gradient of the local
concentration. Using this and continuity, where it is assumed that the diffusion coefficient Dn

is only a function of temperature and fission rate and the grain is approximated as a sphere,
the distribution of fission products can be calculated for an arbitrary fission rate, temperature,
and grain-size history. This results iu a contribution to c° of DnV2c^ with boundary conditions
Vc^{r = 0,i) = 0 and c^r = R,t) = 0. The diffusion coefficient includes fission enhancement
and has an Arrhenius form Dn = DOne~E°/kT where Z>On = 7.8 x 10~10 m2s~1 for all nuclides and
T = max{T,1.6 x 104/(32.6 _ Iog10(£jv afcf>CN))}- The activation energy E0/k is 34 500 K.

1.5.2 Grain-Boundary Sweeping of Fission Products

Motion of the grain boundaries through the UO2 by equiaxed grain growth causes the grain-
face bubbles to intercept fission products in the adjacent grains. Although the boundary
condition used in the equivalent-sphere diffusion calculation is c£(r = R,t) = 0, the grain
radius R is only an approximate equivalent-sphere radius for the average grain. The actual
equivalent sphere radius should be slightly larger than the grain radius since there is some
resolution of fission products from the grain boundary back into the grain. This implies that
there is a non-zero concentration adjacent to the grain boundary that can be swept to the
grain-face bubbles by sweeping.

The sweeping contribution to fission-product release from the grain by equiaxed grain growth
can be estimated by calculating the change in concentration with the change in volume for a
constant number of fission products in the grain. Assuming that the concentrations of fission
products in the shrinking grains are uniform, this contribution to c» is —3RC^/R. Topology
implies that the average grain growth is not equivalent to average grain-boundary movement in
a 3-dimensional geometry, so this contribution to release is multiplied by an experimentally-
determined factor / , and a "decay approximation" is assumed for fission-product sweeping
where the local fission-product concentration is used instead of the average concentration.
Hence, the repeated sweeping of the grain during grain growth makes a contribution to c^ of
—3f,Rcfl/R. As long as the implementation of the diffusion model allows the concentration
profile near the edge of the grain to become denuded as the grain grows, a certain amount of
sweeping is simulated by the diffusion model alone since the number of grains decreases.

1.6 Grain-Face Bubble Growth

The precipitation of fission products on the grain boundary, and grain boundary sliding,
provide stress concentrations to overcome surface tension effects for void nucleation. The
voids grow by absorbing vacancies from the grain boundary by grain-boundary diffusion,
which tends to be greater than lattice diffusion, and by dislocation creep of the surrounding
grain.
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The Hayns and Finnis[2] extension of the grain-face bubble growth model derived by Speight
and Beeré[3] is used to determine the transient fission-gas swelling and the time of bubble
interlinkage or grain-face separation. The latter model has been tested[4] by small-angle
neutron scattering in Cu with good agreement.

As fission gas arrives at the grain boundary, small bubbles diffuse and coalesce to form an
array of grain-face bubbles with a density JVj, = 6x 1012 m~2. The bubbles are lenticular with a
semi-dihedral angle ij) — arccos(7;g/27) determined by the force balance of the grain-boundary
surface tension 7^ and bulk surface tension 7. An estimated value of if) = TT/3 corresponding to
7 = 70 = .34 - 4 X lu"1 min{500, max{0, T - 1673}} N-m""1 is used. These bubbles continue to
grow by vacancy diffusion in response to the chemical potential n = <rQ generated by an applied
stress <r across the boundary on a vacancy of volume fi = 4.1 X 10~20 m3. The grain-boundary
area feeding a bubble is approximated by a circle of radius b = Jl/N^ir ss 2.3 X 10~7 m and
in the absence of dislocation creep generates and absorbs vacancies uniformly. The boundary
conditions are p-\-cr\T = 2jsiT\.ij)/r and da/dr\b = 0 from the surface tension 7 and gas pressure
p within the bubble. This gives a grain-face bubble radius r growth rate of:

. _ DlilS (p + <7- 2-ysinij)/r)
T ~ 2kTr2a [log(6/r) - (1 - (r/6)2)(3 - (r/6)2)/4]

where D'v = Dloe~E*lkT is the vacancy self-diffusion coefficient with D*o = 54 m2s~a and
activation energy E^/k = 54100 K. The width of the grain-boundary diffusion layer is S =
3.4 x 10~10 m. The pressure within fission-gas bubbles on the grain boundary is

_ NkT
P 4 T *

|7Tr 3 û!

Here, the lenticular bubble volume is equal to a = (1 — (3cos^> — cos3 ip)/2)/ sin3 if) times
the sphere volume. The number of fission-gas atoms in the bubble from neighboring grains is
N = 2CbR/3Nb, where Cb is the number of fission-gas atoms in grain-face bubbles per unit
volume of grains.

1.7 Fission-Product Release: Grain-Face Separation or Bubble Interlinkage

If the grain-face bubbles grow large enough to touch, at a radius r « yl/Nb/2 « 2.0 X 10~7 m,
the bubbles will either interlink or the faces will separate, depending on the sign of the applied
stress. For negative stress, the bubbles will interlink and vent any subsequent fission products
arriving at the grain boundary through grain-edge tunnels to the free voidage. If the stress is
positive, there will be a burst release of fission products when the bubbles grow large enough
for the faces to separate. Fission-product release from the low-temperature intragranular
cracking mode can be approximated by use of a fuel performance code that gives the surface
area of such cracks and by multiplying that surface area by the diffusive flux of fission products
to it. This is implemented by multiplying the crack and fuel surface area by the diffusive flux
at the grain surface. (Diffusion to fuel surfaces is the predominant release mode for short-lived
fission products.)
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To determine the amount of a fission product available for release, the average inventory in
the grain C% is subtracted from the total inventory Cn. If the grain faces have separated, this
is the released inventory C^ — Cn — C^ since the bubble inventory C£ is zero. If the bubbles
are not touching, decay and neutron capture in any previous release C£ is accounted for by a
set of equations of the form

and so the bubble inventory is C£ = Cn — C£ — C£. If the bubbles are interlinked, the gas
in the bubbles is determined from the equilibrium 0 = p + a — 27sin^>/7* (see § 1.6) and the
gas released is CT = C — C° — Ch. For active fission products, release is treated the same as
grain-face separation with C£ = 0 so C£ = Cn — C%.

Finally, the total amount of fission-product release is calculated as the sum of that released
by bubble interlinkage or grain-face separation (C£) and that released when fission products
intercept the fuel surface before arriving at a grain boundary (C^x)- X 1S the ratio of the
fuel-surface area[5] to the grain-boundary area.

1.8 Fission-Product Swelling

Swelling occurs from both solid fission-product accumulation and fission-gas bubble forma-
tion^].

V ~ \~V~)SFP+ \ V )b

The volumetric swelling (&V/V)SFP from solid fission products is

24ÏÏÔ5 f d

where UJ is the burnup in MWh-kgU"1 and the temperature T in kelvins is a function of u in
the integral. The volumetric swelling (AV/V)b from fission gases is the ratio of the grain-face
bubble volumes to the grain volume

/AV\ \

where (AV/V)0 is any remaining initial porosity in the fuel.
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2. NUMERICAL METHODS

In order to accurately simulate the diffusion of the radioactive species with grain growth and
surface release from the fuel, the code uses a moving-boundary finite-element method with
mesh refinement. All the differential equations, except the bubble growth equation which uses
the first-order Backward Euler method, are integrated through time using the second-order
Trapezoidal Rule. These fully implicit methods are combined with Richardson Extrapolation
for error and time step control.

3. VERIFICATION

3.1 Diffusion Accuracy

In order to test the transient capability of the diffusion algorithm, FREEDOM has been
compared to Beck's analytical solution for diffusional release[6] for temperatures (T) from 600
to 3113 K, half-lives ( r ^ ) from 5.3 s to 7 X 1012 s, grain radii (R) from 5 to 100 /im, and for
times (t) from 100 s to 3 years. Following the method of Beck, these limits correspond to the
range of reduced times T = tD/R2 and reduced decay constants /z = fL2log2/Ti/2.D shown in
Table 2, where the diffusion coefficient D = 3 x 7.8 x io- 1 0

e - 3 4 5 0 0 / r m'-s"1. The difference
between the fractional release from Beck's analytical solution and FREEDOM'S calculations
was divided by the analytical solution to give the fractional error for the applicable range
of time, half life, and temperature. This applicable range is the diagonal band enclosed by
the dots for 'he active fission products and the line at infinite half life (Iog10^i = —oo) for
the stables. The run time for the code varies less than an order of magnitude in this region.
As shown in this table, the accuracy of the fractional release is typically better than one
percent over most of this range of conditions. The accuracy tends to be worse for times
and half lives near the diffusion time-constant since these are the only conditions when the
concentration profile is changing significantly everywhere in the grain. It also deteriorates
when the concentration gradient at the grain surface is very large as in the case of very short
times in fresh fuel and for very short half lives.
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TABLE 2
Comparison Between FREEDOM and Analytic Predictions of Fission-Product Release

log10
 T -»

l o g 1 0 H
24

21

10

4

1

- 1 0

— oo

- 2 4 - 2 1 ••
Fractional

7.9

3.0

3.0

3000

.79 ••

8.5

4.6

•

20. ••

- - 15
Release Accuracy*
• .79

.78 •••

4.7

•

• 5.1

- 4 _ 1 . . .

(parts/thousand)

8.0

4.0

4.0

8.8

.03

5.3

6.7 ••• <

6.7 ••• <

5

.03

9.3

.001

.001

r> i A FREEDOM-Analytic v , n 3^Release Accuracy = Analyt ic—— X °

The code has a similar accuracy for step increases and decreases in power from a steady-state
distribution of fission products in the grain when compared to the analytical solution for
stables.

3.2 Fission-Gas Release

FREEDOM has been incorporated into a version of the fuel performance code ELESIM, replac-
ing its NOTPATfl] fission-gas release model, and the resulting fission-gas release predictions
were compared to a database of measured stable-gas release. The database[7] includes 100
experimental and commercial fuel cases covering a wide range of power histories with burnups
to 700 MWh/kgU and powers to 120 kW/m.
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In this database comparison, the fuel surface area used to determine the fuel-surface to grain-
boundary area ratio, Xt *s the sum of the outside area of the as-manufactured fuel plus the
area from radial cracks[5]. Diffusion is calculated at this surface and there is no recoil or
knockout calculation in the FREEDOM model. The results shown in Fig. 1 demonstrate the
capability of FREEDOM in ELESIM as a best-estimate code. The positive intercept shown
on the figure is from release data near 10% dominating the fit. FREEDOM'S accuracy for
cases from 1% down to the 0.01% release limit of the database is typically within an order of
magnitude of the measured release. The observed increase in the relative gas-release error for
release less than a few percent is likely due to experimental gas-measurement error.

The code is presently being evaluated for radioactive fission-product release against in-reactor
sweep gas and in-cell transient release data.

4. CONCLUSIONS

1. A transient fission-product release and swelling model (FREEDOM) has been developed
for radioactive and stable species.

2. FREEDOM uses an accurate and efficient numerical method.

3. FREEDOM gives good agreement with the fuel performance database.

4. Future developments at CRNL before the code is endorsed for general use include

« validation of radioactive fission product release against

— transient in-reactor sweep gas data

— in-cell transient-release experiments

• addition of models for

— columnar grain growth
— fuel melting
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