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RÉSUMÉ 

Nous présentons ici un modèle décrivant le comportement de produits de fission gazeux lors de leur 
propagation dans le jeu axial gaine-pastille d'un élément combustible défecteux vers le circuit de 
caloportage. Le modèle s'applique dans le cas d'un élément devenu défectueux dans des conditions 
normales d'exploitation de même qu'au cours d'un accident de perte de caloporteur. 

Étant donné les nombreuses différences qui existent .entre les paramètres d'exploitation, les 
caractéristiques du transport de produits de fission gazeux dans un élément défectueux diffèrent 
considérablement dans ces deux types de conditions d'exploitation. Toutefois, il s'agit dans les deux 
cas d'un processus de transport par convection et diffusion des produits de fission se propageant sous 
forme de mélange gaz-vapeur en mouvement. La propagation par convection du mélange dans le 
milieu est due à la libération continue de produits de fission de la pastille de combustible dans 
l'intervalle gaine-pastille. 

Dans des conditions normales d'expioitation, la vitesse de propagation du mélange dans le milieu est 
négligeable à cause du faible taux de libération des produits de fission de la pastille. Le processus 
s'apparente très bien à la diffusion des produits de fission dans un mélange stagnant de gas et de 
vapeur. 

L'effet de la convection sur le transport des produits de fission devient cependant significatif lors d'un 
accident de perte de caloporteur au cours duquel le taux de libération des produits de fission de la 
pastille peut être de plusieurs fois supérieur à celui observé dans des conditions normales 
d'exploitation. Non seulement la convection du mélange dans l'intervalle gaine-pastille augmente le 
flux du mélange gazeux, elle accroît aussi le gradient de concentration des produits de fission à travers 
l'ouverture, augmentant ainsi le flux de diffusion vers îe caloporteur. 

Conséquense d'une telle propagation du mélange dans le milieu, le transport des produits de fission 
dans l'intervalle gaine-pastille subit une accélération et le temps de transit des isotopes de courte 
période dans l'intervalle diminue considérablement. L'admission de vapeur par l'ouverture dans 
l'intervalle est obstruée par la propagation du mélange dans le milieu, ce qui abaisse la concentration 
de vapeur dans l'intervalle lors d'un accident de perte de caloporteur. 
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ABSTRACT 

A model is presented to describe the transport behaviour of gaseous fission products along the 
axial fuel-to-sheath gap of a failed fuel element to the coolant system. The model is applicable 
to an element having failed under normal operating conditions or loss-of-coolant-accident 
conditions. 

Because of the large differences in operating parameters, the transport characteristics of gaseous 
fission products in a failed element under these two operating conditions are significantly 
different. However, in both cases the transport process can be described by convection-diffusion 
of fission products in a flowing gas-steam mixture. The bulk-flow convection of the mixture is 
caused by the continuous release of fission products from the fuel to the gap. 

Under normal operating conditions, the bulk-flow velocity is found to be negligible, due to the 
low release rate of fission products from fuel. The process can be well approximated by the 
diffusion of fission products in a stagnant gas-steam mixture. 

The effect of convection on the fission product transport, however, becomes significant under 
loss-of-coolant-accident conditions, where the release rates of fission products from fuel can be 
several orders of magnitude higher than that under normal operating conditions. The convection 
of the mixture in the gap not only contributes an additional flux to the gas-mixture transport, but 
also increases the gradient of fission products concentration across the opening, and therefore 
increases the diffusion flux to the coolant. 

As a result of the bulk flow, the transport of fission products along the gap is accelerated and the 
hold-up of short-lived isotopes in the gap is significantly reduced. Steam ingress through the 
opening into the gap is obstructed by the bulk flow, resulting in low steam concentrations in the 
gap under loss-of-coolant-accident conditions. 
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1. INTRODUCTION 

A breach in the sheath of a fuel element can occur during normal operating conditions (NOC), 
as the result of a defect such as due to stress-corrosion cracking. A fuel element can also fail 
during a postulated loss-of-coolant accident (LOCA), as the result of high-temperature failure 
processes, such as sheath over-straining. 

When an opening is formed in the sheath, a leak path exists for the escape of gaseous fission 
products (FPs) that have accumulated within the element to the primary heat transport system, 
and at the same time, for the ingress of coolant into the fuel-to-sheath gap. Under NOC the 
coolant is initially high-pressure water, which is vaporized to steam once it enters the gap and 
contacts the hot fuel. During a LOCA, the coolant is in the form of low-pressure steam. 
Depending on the size of the opening and on the thermal and hydraulic conditions, the entering 
steam can locally oxidize the inner sheath surface as well as the fuel. This can in turn result in 
changes in the thermal properties of the gap, fuel and sheath, as well as in the enhanced release 
of FPs as the fuel oxidizes. Thus, knowledge of the timing and extent of FP release to the 
coolant system and steam ingress into the element is important in the assessment of fuel 
behaviour during both NOC and high-temperature conditions. 

The transport of gaseous FPs from the fuel element to the coolant system, together with any 
steam ingress, can be divided into two stages. Immediately following the formation of the 
opening, the element internal gas pressure will rapidly approach the coolant pressure, either by 
pressurization (for a defected element under NOC) or by depressurization (for a failed element 
under LOCA). The transfer of FPs and steam during this brief transient period is governed by 
the pressure drop across the opening, and can be approximated using isentropic or isothermal 
models [1]. The second stage, which is discussed in this paper, refers to the consequent transport 
of a FP-steam mixture along the fuel-to-sheath gap in the absence of significant pressure 
difference between the fuel-to-sheath gap and the coolant. 

Lewis [2] developed a model for the steady-state transport of FPs from a defected fuel element 
under steady-state NOC. In his treatment, the mechanism of FP transport in the gap is assumed 
to be by atomic diffusion of fission gases in a stagnant bulk steam environment, governed by: 

D^-ÇQ-XC(z)+Rf=Q (1) 
dz2 

where C is the local concentration of a FP species in the gap; z is the axial position; X is the 
radioactive decay constant; D is the diffusion coefficient in the fuel-to-sheath gap; and Rfis the 
FP release rate from the fuel to the gap, which is assumed constant. Predictions of this model 
are reported to be in excellent agreement with experimental data for a wide range of defect states. 

In general, atomic diffusion is not the only mechanism governing the transport of FPs along the 
gap. As FPs are continuously released from the fuel, an excess pressure is built up in the gap, 
causing a bulk-flow of FPs along the gap toward the opening. The magnitude of the bulk-flow 
velocity depends largely on the magnitude of the release rate of FPs from fuel. Because under 
steady-state NOC the release rate of fission gas from fuel to the gap is small, the convection term 
can be neglected, as is implicitly assumed in Equation (1). 

Although the Lewis model is well suited to describe FP transport under NOC, it cannot be 
applied to describe the time-dependent FP transport along the gap of a failed element under 
LOCA conditions, where the release rates of FPs from the fuel can no longer be assumed 
constant spatially and temporally and, more importantly, they can be several orders of magnitude 
higher than those under NOC. Other parameters, such as gap gas temperature and gap width, 
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are significantly different during LOCA conditions than during NOC, and consequently result in 
markedly different transport of FPs along the gap. 

In this paper a unified model, applicable to both a defected element under NOC and a failed 
element under LOCA conditions, is presented. 

2. TRANSPORT MODEL 

Consider a failed fuel element with a single defect opening located at one end, as shown in 
Figure 1. 

The transport of FPs along the gap is considered as a process of diffusion of FP species in a 
moving gaseous mixture of fission gas and steam. The bulk-flow of the mixture is caused by the 
continuous release of FPs from the fuel. Because the length of the element is much longer than 
its diameter, both diffusion and bulk-flow convection are considered to be one-dimensional along 
the element axis in this model. Any variation in the local gap width is accounted for by a local 
porosity, which is defined as the ratio of local-to-average width. 

The mass fraction of an isotope in the gap is calculated by solving the convection-diffusion mass 
conservation equation for this isotope [1]: 

4;(pex)+4;lpeXU~(pex)]=e(SrXpx) (2) 
ot az oz 

where t is time, z is axial position and 

X(t,z) = mass fraction of the isotope in the gap 

D(t,z) = diffusion coefficient of the isotope in the mixture 

p(t,z) = density of the mixture, varies with local temperature and composition 

e(t,z) = local porosity of the gap 

u(t,z) = bulk flow velocity 

Sj(t,z) = volumetric release rate of the isotope from the fuel 

X = decay constant of the isotope. 

"With the opening located at z = 0, the boundary conditions are: 

X i (2=o)=0-0' °P e n er,d *s a perfect sink for FPs, 
d%/dz | (Z=L)=0.0; no mass transfer at the closed end, 

u | (z«L)=0.0; zero flow velocity at the closed end. 

Assuming that the mixture is incompressible and behaves as an ideal gas, the convection velocity 
of the mixture can be estimated from the mixture continuity equation: 
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-|(p€)+-|W)=eS, (3) 
at dz 

where St is the total volumetric release rate of all the FPs from fuel. If we further assume that 
the gap flow is adequately described by laminar flow between parallel plates, the pressure 
gradient along the gap is related to the flow velocity by: 

„--$L£ (4) 
12n dz 

where 5 is the local gap widm, u is the gas mixture viscosity and p is the gas excess pressure 
defined by p= (pgas-p0), and p0 is the coolant pressure. 

To estimate the mixture gas density which depends on mixture composition and temperature, the 
gas in the gap is considered as a mixture consisting of only two species: steam and fission gas 
as a whole. By doing so, the molecular weight of the fission-gas-steam mixture can be calculated 
as: 

1 Y 1~Y 
1 _ Ag + _ _ £ (5) 

Mm M„ M, 
m g s 

where: M,,, = molecular weight of the mixture (kg/kmol) 
Mg = molecular weight of the fission gas (kg/kmol) 
M, = molecular weight of steam (kg/kmol) 
Xs = mass fraction of fission gas mixture in the gap. 

The mixture density is therefore calculated from: 

where: p0 = system pressure, 
T = local gas temperature, 
R° = universal gas constant. 

The diffusion coefficient of fission gas (or a particular isotope) in the fission-gas-steam mixture 
is calculated from Chapman-Enskog kinetic theory [3] as: 

_ 1.8583xlO-,y3*(VMi +1/M„) ( ? ) 
D= 

po2 
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where: D = diffusion coefficient (rrr/s), 
M, = molecular weight of the isotope of interest (kg/kmol), 
M,,, = molecular weight of the gas mixture (kg/kmol), 
p = gas pressure (arm), 
T = gas temperature (K), and 
CT = molecular potential energy parameter = 3.2 Â. 

The mass fraction of each isotope along the gap can be obtained from the solution of Equations 
(2-7). The mass fraction of steam in the gap at any time t and at any axial location z can then 
be approximated as: 

Xs = I " Xs (8) 

Equations (2-8) are solved numerically using the finite-control-volume method [4]. The Power 
Law method of Patankar [4] is used to approximate the convection-diffusion terms in Equation 
(2). Time derivatives are estimated using the Crank-Nicholson scheme, which is second-order 
accurate in time. Because the mixture density varies both spatially and temporally, iteration is 
required to converge the solutions during each time step. For reasonably small time steps (less 
than 1 second), the overall solution converges with a few iterations. 

3. APPLICATION 

The model was applied to simulate FP transport along the gap to the coolant for both a defected 
element under NOC and a failed element under LOCA conditions. The two simulations were 
initiated with steam conditions in the gap, to provide a common basis for assessing the FP 
transport response for the two sets of conditions. Two species, stable gas and Xe-138, are taken 
as examples, to show the transport behaviour of long-lived and short-lived FPs along the gap. 
The element used in the computations is a single CANDU element, 0.5 m in length and 
containing 0.53 kg of U02, with a single opening (a defect or a failure rupture) located at one 
end of the element. For demonstration purposes, constant release rates and gap conditions were 
assumed in calculating the results presented here. The model, however, can handle varying 
operation conditions and various initial conditions. To show the effect of the convection term, 
computations for each case were repeated, with the convection term suppressed by setting the gas 
bulk-flow velocity equal to zero. 

The operating parameters used in the calculations are: 

Defected element 
under NOC 

Failed element 
under LOCA 

Gap 
temperature 

(K) 

600 

1373 

Gap gas 
pressure 

(MPa) 

10.0 

0.5 

Gap 
clearance 

(urn) 

20 

200 

Release rate 
of stable 

gases from 
fuel (g/s) 

3.298-10-8 

3.3 MO'4 
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The above parameters were evaluated from simulation results using CANDU fuel performance 
codes ELESIM [5] and ELOCA [6], which simulate the behaviour of an element under NOC and 
postulated LOCA conditions, respectively. 

Figure 2 shows the response of release rate of the stable gas from a defected element under NOC. 
When the defect is formed, the high-pressure coolant enters the element through the opening, so 
that the element gap is initially filled with coolant. Although fission gases are continuously 
released at a constant rate from the fuel, it takes a long time for the release to the coolant to 
reach the same rate, regardless of whether convection is considered. A similar trend is indicated 
in Figure 3 for Xe-138. The hold-up of the short-lived isotope in the gap, represented by the 
difference between the asymptotic values of the release rate from the fuel and that to the coolant, 
is also unaffected by the convection term. 

Figures 2 and 3 indicate that under NOC the contribution of the convection term to the release 
rate is negligible, compared to the diffusion term. The excess pressure and bulk-flow velocity 
are found to be of the order of 1 Pa (at the closed end of the element) and 1 um/s (at the 
opening), respectively, which explains the insignificance of the convection contribution under 
NOC. After a long period, the release rate predicted by the model converges to a value that is 
in excellent agreement with the steady-state exact solution of Lewis' model (Equation (1)), as 
indicated in Figure 3. 

The convection contribution, however, becomes important under LOCA conditions, as shown in 
Figures 4 and 5. In the case of long-lived FPs, it takes about 9000 s for the release rate to the 
coolant to reach the value of the release rate from fuel, if only the diffusion term is considered. 
This transient period is reduced to about 200 s when both the diffusion and convection terms are 
taken into account, indicating that the convection term significantly accelerates FP transport along 
the gap (Figure 4). 

For short-lived isotopes (e.g., Xe-138), not only the transient period, but also the hold-up of the 
isotopes due to decay in the gap, are reduced significantly (Figure 5). In this computation, the 
maximum excess pressure and flow velocity are estimated to be in the order of 100 Pa and 1 
cm/s, respectively. Although significantly accelerating the transport of FPs in the gap, the values 
of excess pressure and flow velocity are sufficiently small to justify the assumption of 
incompressible gas flow. 

There are two aspects of the effect of the gas bulk flow on the FPs transport: 

1. it contributes an additional gas flux to the gas release to the coolant, and 
2. results in a steeper fission-gas concentration profile near the opening, as shown in 

Figure 6, and thus increases the diffusion flux to the coolant. 

The above indicates that the gas bulk-flow contribution must be considered in the estimation of 
FP release to the coolant from a fuel element that has failed under LOCA conditions. 

An additional LOCA simulation was done starting with 100% FPs in the gap, which is more 
representative of actual initial conditions. Figure 7 shows the release response for conditions 
where the release rate from the fuel is specified to be initially high and then drops down to a 
relatively low value. The highest release rate to the coolant is calculated to occur at t = 0, since 
the mass concentration gradient of the fission gas near the opening is highest then. After about 
15 s, the release rate to the coolant approaches the release rate from the fuel. 

Figure 8 shows that the mass fraction of steam in the gap is negligible during the initial high 
release period, and remains low even during the relatively low release period that follows. This 
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is because diffusion of steam into the gap is counteracted by the bulk flow of the FP-steam 
mixture to the coolant 

4. SUMMARY AND CONCLUSIONS 

A convective-diffusive model has been developed and applied to simulate FP transport along the 
gap of a defected element under NOC and a failed element under LOCA conditions. The results 
of the simulations lead to the following observations and conclusions: 

1. Under NOC, the release rate of FPs from the fuel is low, leading to a negligible bulk-
flow velocity. Hence, the process is dominated by diffusion. 

4. Under LOCA conditions, the release rate of FPs from fuel can be several orders of 
magnitude higher than that for NOC, and hence the process can be dominated by 
convective transport. The hold-up of short-lived isotopes is decreased significantly due 
to the bulk-flow convection. The convection of the gas mixture effectively obstructs 
steam ingress into the element. Except around the site of failure, the steam 
concentration in the gap remains low. 
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Figure 1. A defected fuel element with a single opening located at one end (z=0). 
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Figure 2. Release rate of stable gas from a defected fuel element under NOC to coolant 
vs. time. The gap is initially filled with steam. 
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Release rate of Xe-138 from a defected fuel element under NOC to coolant vs. time. 
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Figure 4. Release rate of stable gas from a failed fuel element under LOCA to coolant vs. 
time. The gap is initially filled with steam. 
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Release rate of Xe-138 from a failed fuel element under LOCA to coolant vs. time. 
The gap is initially filled with steam. 
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Figure 6. Comparison of fission gas concentrations at time = 500 s (see Figure 4) predicted 
by diffusion model and by convection-diffusion model, respectively, for a failed fuel 
element under LOCA condition. The gap is initially filled with steam. 
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Figure 7. Release rate of stable gas from a failed fuel element to coolant during high and low 
release periods under LOCA conditions. The gap is initially filled with fission gas. 

0.1 0.2 0.3 
Axial position (to) 

tim«=300$ _«_ time=2500$ 

Figure 8. Steam mass fraction distribution in the gap of a failed fuel element at the ends of 
the high and low release periods of a LOCA (see Figure 7). The gap is filled with 
fission gases initially. 
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