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Abstract 

This paper describes * model to estimate the distribution of active 
fission products among the OO; grains, grain-boundaries, and the free 
void spaces in CAMDU fuel elements during normal operation. This 
distribution is required for th« calculation of the potential ralaasa of 
activity froa failed fuel Shaaths during a loss-of-coolant accident. The 
activity residing in the free spaces ("free* inventory) is available for 
release upon sheath rupture, whereas relatively high fuel teaperatures 
and/or thermal shock are required to release the activity in the grain 
boundaries or grains. 

A preliminary comparison of the model with the data from in-reactor 
sweep-gas experiments performed in Canada yields generally good 
agreement, with overprediction rather than underprediction of 
radiologically important isotopes, such as The model also 
appears to generally agree with the "free" inventory release calculated 
using AMS-5.4. 

1. nfrHODCCTIOM 

Mission products generated within 002 grains during irradiation diffuse 
to the grain boundaries, reside there until reaching a saturation 
concentration, and are released via grain edge tunnels to the 
interconnected free void spaces within the fuel element. While this 
process is occurring, certain fission products may be subject to removal 
via radioactive decay. At any time during the irradiation, therefore, a 
distribution of fission products exists among the grain-bound inventory, 
the grain-boundary inventory and the "free" inventory. 

The "free" inventory fraction is available for release upon rupture of 
the fuel sheath barrier, for example, during a loss-of-coolant accident. 
This fraction has been traditionally estimated for all species of fission 
products, whether stable or active, based on experimental fractional 
release data for stable volatiles. This method neglects radioactive 
decay, and hence, grossly overestimates release fractions for the 
important short-lived isotopes. In an effort to correct this situation, 
an AM Subcommittee has proposed a standard method (ASS-S.4) for 
calculating the "free" inventory of various radioactive nuclides, based 
on sn empirical fit to data on the release of stable fission products 
from fuel irradiated under a broad spectrum of conditions. 

This paper describes a model to estimate the distribution of active 
fission products among the UOj grains, grain boundaries, and the "frse" 
inventory in CANOO fuel during irradiation. The model takes into account 
radioactive decay as diffusion occurs through ths grain to the grain 
boundaries. Phenomena such as grain growth, and grain boundary sweeping, 
and their related affects on release are implicitly included in the 
model. Since the assumption is mads that all volatilss diffuse like 
stabls noble gas atoms with known diffusion coefficients, the only 
variable in the release calculation associated with any decaying speciss 
is its effective half-life. 
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In addition Co estimating she "free" inventory, the modal allows an 
estimate of the grain-boundary inventory. This is a significant 
improvement ovtr previous models which do not consider this component. 
The inventory residing on the grain-boundaries is potentially available 
for release, for example, when the fuel is subjected to thermal shock. 

2.0 STABLE GAS RELEASES 

Models describing the release of stable gas atoms from nuclear fuel 
generally assume that the noble gas atoms diffuse, either atomically or 
as bubbles, through the 0O2 grains to the grain boundaries. Release 
due to knockout and recoil can be neglected (except at very low 
temperatures) due to their smell contribution. When the gas atoms arrive 
at the grain boundaries, they precipitate to form bubbles, which can grow 
until they interlink. Gas atoms can also be swept from the grains by the 
migration of gas bubbles or the grain boundaries, adding to the gas 
inventory on the grain surfaces. Once the gas bubbles interlink and the 
grain boundary saturates, tunnels form at the grain edges which 
eventually interlink and vent gas to the free void spaces. This vented 
gas contributes to the internal gas pressure, and hence, affects the 
subsequent conditions for bubble isterlinkage on grain boundaries via the 
hydrostatic stress acting on the bubbles. 

The stable gas release model, used as the starting point for the activity 
release model, is taken from the ELESIM coded). The diffusional release 
of stable gas atoms from OO2 grains is calculated in ELESIM using 
Booth's "Equivalent Sphere Model"(2). 

ELESZM models a single fuel element in a one-dimensional axisysmetric 
manner through a pellet mid-plane. For an input element power, the cod* 
calculates the temperature profile across the pellet, and the production 
rate of stable gas atoms. Fuel temperature at a radial location is the 
dominant controlling paramenter, since it determines the diffusion 
coefficient, and in conjunction with irradiation time, determines grain 
growth and fractional gas release. 

Figure 1 shows the ELESIM calculations of the number of stable gas atoms 
retained in the (TO2 grains as a function of fuel burnup and 
temperature. The total number of stable gas atoms produced minus the 
number retained in the grains, gives the release of stable gases out of 
the 0O2 grains shown in Figure 2. This represents the sum of the 
fractional releases to the "free" inventory and the grain boundary 
inventory. The EUSZM calculations of the fractional release of stable 
gases to the "free" inventory alone, axe shown in Figure 3. 

3.0 RELEASE OF ACTIVE ISOTOPES FROM PO2 CHUMS 

The diffusion of atoms to the grain boundary occurs *m a result of a 
concentration gradient in the grain. The model described in this report 
makes two fundamental assumptions with regard to the diffusion of the 
unstable species in the grains 

The concentration ratio J» of the unstable species relative to the 
ensemble of diffusing atoms is approximately constant across the 
grain, and can be represented by an average value at any time. 

The diffusion of the unstable species is governed by the diffusion of 
the ensemble. Thus, it Is postulated that a diffusing atom, whether 
stable or unstable, is unable to differentiate between itself and 
other members of the ensemble, and therefore "sees" only the 
concentration gradient of the entire ensemble. 

If the •nsemble of atoms diffuse to the grain boundary with a loss rate 
{,, the above two assumptions enable the loss,rats of the unstable 
spsciss to be written as *-£.. The loss rate L of the ensemble from the 
grain is given by the Booth model in the ELESIM code, since the ensemble 
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is almost entirely comprised of the stable noble gas atoms. The loss 
rata L and the production rats k of ths stable gas atoms determine ti, 
the numbar of atoms retained in tha grain, shown in Figure 1. 

If tha yield fraction of ths unstable species relative to the stable gas 
atoas is ol , the unstable species are born at the rate o{ k in the grain. 
Assuming an average concentration ratio & across the grain, the total 
number of atoms of the unstable species in the grain is jl N, and these 
decay at tha rate \ B U. Treating the grain as a control volume, the 
following rate equation is derived for the unstable species: 

Birth Rate - Loss Sate to Grain Boundaries - Decay Sate 
• Rata of Change of Inventory in Grain 

i.e. of k - & L - ̂ p M » ̂  ( p S) (1) 

The atasM lost at the rate |»U froa the grain contribute to the 
inventory n outside the grain and continue to decay. This process is 
described by the rate equation: 

Production Rata (Loss Rate Prom Grain) - Decay Rate 
• Rate of Change of Inventory Outside Grain 

i.e. pL -*»V«f| (2) 
Equations (1) and (2) are solved for fl and n using the ZLESIM 
(i.e.. Booth) solution for N, and the equation 

k - » - L 

The fractional^release of the unstable species froa the grain is given by: 

f • n 
R ™ n +«;» 

The validity of this solution method for obtaining the fractional release 
of unstable species, largely depends on tha assumption that the diffusion 
o» any individual isotope is governed by the diffusion of the ensemble of 
atoas, comprised mostly of the stabla noble gas atoms. If this were 
true, than all isotopes would diffuse as single atoms, with diffusion 
coefficients identical to those of the noble gas atoms. It has bean 
noted! 3) from in-reactor measurements that, xenon, krypton and iodine 
diffusion coefficients *x* very similar, so the above assumption is not 
unreasonable. 

At temperatures less than 1400 *C, the curves for M are found to fit tha 
equation: 

W - A [1 - exp (-•jp')] 

where N is tha number of retained atoms, k is the production rata of 
stable noble gas atoms, t is the time, and A is a fitted constant for 
each temperature. 

With the above relationship for ti, the stsady-state (%t*l) fractional 
release at a constant temperature reduces to(4): 
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At high temperature (^1400*C), where grain growth affects begin to 
retard the diffusion rate of atoas, the equation for N changes from an 
exponential to a linear form, resulting in a store complicated solution 
for the fractional release fa.(4). 

4.0 RELEASE or ACTIVE ISOTOPES TO FREE IHVBITORT 

Although the model only calculates the fractional release from the U0 2 

grains, and makes no distinction between the "free" inventory and the 
grain boundary inventory, a simple approximation was developed to 
apportion the release between the "free" and the grain boundary 
inventories* 

Consider the curves shown in Figures 2 and 3 for the release of stable 
gases to the "free" plus grain boundary inventories, and to the "free" 
inventory, respectively. At any given power, the ratio: 

Fractional Release to Free Inventory 
7 " Fractional Release to Free and Grain Boundary Inventories 

represents the effective fraction of interlinked grain edge tunnels 
venting gas to the free spaces of the fuel element. This ratio, 
calculated using the fractional releases given in Figures 2 and 3, is 
shown in Figure 4. It can be seen that the effective fraction of 
interlinked tunnels generally increases with element power, reaching an 
approximately constant value after a burnup of about SO Mlh/kgO. 
According to Turnbull and Friskneyt S), when the volume swelling caused by 
the interlinked tunnels is sufficiently large, the open tunnel networks 
have liittle propensity to pinch off and sinter, but remain as open 
channels for the easy release of fission products* Before this stage is 
reached, however, periodically venting tunnel networks are fozaed, which 
go through the cyclic process of fission gas buildup, venting, pinching 
off and sintering, during which time the short-lived fission products in 
the tunnels can be further depleted by decay. 

For the present purpose, we assume that sufficient volume swelling occurs 
that open channels exist for easy release from the interconnected grain 
boundaries to the "free" inventory, and that fission products do not have 
sufficient time to decay during the transit. If the tunnel networks 
occupy a fraction (As/S) of the total grain boundary area, the "free" 
inventory of any isotope can be calculated(S) as: 

t - A l f 
F S R 

and the grain boundary inventory as 

fOB - (1 "H> fR 

where fg is the fractional release from the grains given by the model. 
The fraction (As/S) is equivalent to the ratio v plotted in Figure 4, 
and thus the above equation affords a simple method of estimating the 
distribution of fR among the "free" and grain boundary inventories for 
decaying isotopes. Note that an increasing proportion of the release 
from the grains resides on the grain boundaries as the power decreases. 

The ratio v (or squivalently AS/S) obtained froa the ZLZSIM code 
calculations applies only to the noble gases, and is not necessarily 
valid for the iodines. In fact, the "free" inventory of the iodines has 
been shown to be higher than that of the noble gases, possibly due to 
enhanced diffusion along the grain boundaries. Therefore, for 
consistency, a slightly different method is used to obtain the ratio v 
both for the noble gases and the iodines. The denominator in the 
expression for v is obtained from OISXM as before, but the numerator 
(i.e., the fractional release of stables to the "free" inventory) is 
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based OR t«ptri—«til data(6) for stable volatile release from CJkMDO 
fuel. The ratio v calculated for the noble gases using this method is 
shown as a sat of dashed lines in Figure 4. It can ba sua that the 
ratio at each power is in reasonable arrreamant with the EUSZM calculated 
values* The corresponding ratio v calculated for the iodines is shown in 
Table 1, together with the noble gas ratios for comparison, note that 
compared to the noble gases, a greater fraction of the iodines is 
released to the "free" inventory at any given power. The ratios shown in 
Table 1 are u»*d to estimate the "free* inventory of the decaying noble 
gas and iodine isotopes, using the equationfsa> fp above. Figures S and 
6 show the estimates of "free" inventory release integrated over the fuel 
eleaent. 

s.o COW?JUHSOH TO sxpntpanmu. DATA 

to experimental program is being conducted(7) at Chalk liver, with joint 
funding from Ontario aydro and aiCL, to measure the "free" inventory of 
short-lived fission products in an operating OUnXJ 0O2 fuel element. 

A preliminary comparison of the fractional "free" release calculated by 
the model against the xenon, krypton, and iodine (inferred) data from 
these tests is shown in Figure 7 for FZO-122 and Figure 8 for FXO-124. 

The data points with short arrows belong to a group of noble gas isotopes 
with half-lives in the range of 0-3 hours, and their calculated release 
fractions are based on the longest-lived isotope Kr*8 in the group. 
The actual calculated release fractions for these isotopes would be lower 
by up to an order of magnitude depending on half-Life. 

Based on this preliminary comparison, the model tends to generally 
ovsrpredict releases > 10""* by a factor of t:wo to five. Release 
fractions less than aboir. 10~* tend to be underpredicted, probably due 
to neglecting recoil ana knockout contributions. 

Hastings(7) shows a similar comparison of the data with the calculated 
values using- AHS-S.4. Thus, there appears to be general agreement 
between the AMS-5.4 calculated values and the values calculated by the 
model. 

6.0 COHCUDIMG BPBUqcS 

The model appears to give reasonable agreement when compared with the 
"free" release data from in-reactor sweep-gas experiments. The "free" 
release fractions tend to be overpredicted rather than underpredicted for 
releases > 10"4, particularly for the radiologically important I 1 3 1 

isotope. It is anticipated that further work will be necessary for 
comparison with these tests. The model could be improved in some areas, 
notably for the prediction of Low fractional releases, although this 
would sake little difference to the release calculations in safety 
analysis where practical use of the model is made. 

There seems to bet generally good agreement between the "free" release 
given by the model, and that given by AM-5.4. Unlike AM-5.4, however, 
the model also provides an estimate of the activity residing on the grain 
boundaries. The activity could potentially be available for release, for 
example, following fuel fragmentation due to thermal shock. This could 
occur when fuel cools rapidly from a relatively high temperature tnxm 
revetting by the emergency coolant following a loss-of-coolant accident. 
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Table 1 

Element Power 
W/m Hoble Gases* 

40 5.7 x 10-2 

50 3.2 x 10"1 

60 S.6 10'1 

Shown in Figure 4. 

Assumed equivalent to Cesium. 

Iodines** 

4.1 x 10-1 

6.6 x 10"1 

7.9 x 10"1 
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