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ABSTRACT 

An analytical model has been developed to describe the release kinetics of non-volatile fission products 
(e.g., Mo, Ce, Ru and Ba) from uranium dioxide fuel under severe reactor accident conditions. The 
present treatment considers the rate-controlling process of release in accordance with diffusional transport 
in the fuel matrix and fission product vaporization from the fuel surface into the surrounding gas 
atmosphere. The effect of the oxygen potential in the gas atmosphere on the chemical form and volatility 
of the fission product is considered. A correlation is also developed to account for the trapping effects 
of Sb and Te in the Zircaloy cladding. 

This model has been used to interpret the release behaviour of fission products observed in the CEA 
experiments conducted in the HEVA/VERCORS facility at high temperature in a hydrogen and steam 
atmosphere. 

1. INTRODUCTION 

During a severe reactor accident, fission products will be released from the degraded core. The amount 
of release will depend on various physical and chemical processes that occur in the fuel matrix and in the 
surrounding atmosphere. The release kinetics of the volatile fission products (Xe, Kr, Cs and I) can be 
described by a rate-limiting process of solid-state diffusion through the U02 fuel On the other 
hand, vaporization from the fuel surface is the governing mechanism of release for the relatively involatile 
species (Sr, Y, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Ba, La, Ce, Pr and ~ d ) . ~ 1 ~ 3 ~ - ~ 7 ~ 9 ~ ~  This second process will 
depend directly on the vapor pressure of the fission product and on the subsequent mass transfer from the 
fuel surface to the gas stream that flows past the fuel. It may also involve chemical reactions of the 
fission product with the gaseous environment. 

Since high temperatures are experienced during a severe reactor accident, chemical equilibrium can be 
assumed for the determination of the chemical form of the fission product. The speciation will depend 
directly on the oxygen potential of the gas environment, which can change as a result of hydrogen 
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production from steam oxidation of structural materials (i.e., Zircaloy) within the damaged core. The free 
energy of formation of various fission product oxides are shown as an Ellingham diagram in Fig. 1 .6311-*-13 

The most stable oxides ( e g ,  Ce203 and La&) are formed at low oxygen also quite stable are 
BaO, SrO and Eu203. Oxides requiring relatively high potentials include the species TeO,, Sb203 and 
Ru04. The range of the oxygen potential in the gas atmosphere anticipated in a typical reactor accident 
is shown in Fig. 1 for a partial pressure ratio of hydrogen-to-steam of 0.1 to 10. Within this range, oxides 
are expected to form for the La, Eu, Sr and Ba fission products, whereas metals will form for the Ru, Te 
and Sb products. 

The chemical form (metal versus oxide) of the fission product can significantly affect its volatility.6 
For example, in the Vertical Induction (VI) tests at the Oak Ridge National Laboratory (ORNL), small 
releases of barium and europium have been observed in a steam environment where these products occur 
as low-volatility oxides in the fuel (BaO and E m ) .  In comparison, higher releases were observed in a 
hydrogen atmosphere, under similar temperature conditions, in which higher-volatility metallics may have 
formed. 1114 

to the present work, an analytical model is developed to describe the non-volatile release behaviour. 
This physical model is based on mass transfer  consideration^.^*^^ The present treatment also employs the 
results of an earlier determination of the fission-product vapor pressure based on a free energy 
minimization calculation for a system consisting of a condensed phase ( ~ 0 ~ ) l u s  fission products) and 
a gas phase (H20 and H, plus gaseous fission product  specie^).^'^ The model is validated against non- 
volatile release data measured in high-temperature, annealing experiments, conducted in both hydrogen 
and steam, as part of the HEVAmERCORS test program at the Commissariat a 1'Energie Atomique 
(CEA). ' 

2. MODEL DEVELOPMENT 

The release of fission products from the damaged fuel rod occurs as a two-step process, consisting of: 
(i) transport through the fuel matrix, and (ii) vaporization into the gas stream flowing past the rod. Thus, 
the release kinetics are controlled by the rate-limiting step. As discussed in Section 1, the first process 
is the slower one for the volatile species; in contrast, the second process becomes rate-limiting for the non- 
volatile products. These mechanisms are described mathematically in the following sections. 

2.1 Fission-Product Transwrt Through Fuel Matrix 

As detailed in Ref. 4, fission-product transport in the uranium dioxide fuel matrix can be described by 
a generalized diffusional release process. The release fraction (in the case of no fission product trapping 
in the fuel porosity) is given by: 

where &(t) is the number of atoms which has diffused through the solid matrix and Ngo is the original 
inventory in the fuel at time t = 0. The function /Â¥(-I is given by a transformed Booth re la t i~n:~  



- 37, forr < 0.1, - - 
- -- 

6 1 - expf-+TI, for r > 0.1. 

The dimensionless variable T is evaluated from the integral relation 

in which D' = ~ / a ~ ,  D is the diffusion coefficient (in m2/s) and a is the grain radius (in m). 

Equation (3) accounts for a time-variable diffusivi ty that depends directly on the temperature T and on 
the stoichiometry deviation x in U02+, as the fuel oxidizes in steam. The diffusion coefficient D(x,T) for 
the volatile cesium species is given in Ref. 4. The calculation of the fuel oxidation kinetics in a variable 
hydrogen/steam gas mixture is also detailed in this reference. The oxygen potential curves (in kJ/mol 0;) 
shown in Fig. 1 for hypeistoichiometric fuel (U02+J can be calculated from the Blackburn thermochemical 
 mode^:^^^^ 

where in k = 1089 - 32700lT + 9.92, R is the ideal gas constant (= 8.3 14 x kJ mol-' K1), T is the 
temperature (in K) and pm is the oxygen partial pressure (in atm). Similar curves in Fig. 1 for a gas 
mixture in the atmosphere (as a function of the partial pressure ratio of hydrogen-to-steam (pa/pmo)) can 
be evaluated from the Wheeler and Jones f~r rnula t ion:~~~~ 

The equilibrium stoichiometry deviation of the fuel for a given fuel temperature is simply evaluated on 
equating Eqs. (4) and (9, i.e., as indicated by the intersection of the corresponding oxygen potential lines 
for the fuel and atmosphere in Fig. 1. 

2.2 Fission -Produc t Vawriza tion 

The vaporization release of non-volatile fission products from the fuel depends on the the partial vapor 
pressure of the material and the mass transfer from the fuel surface into the carrier gas stream. From mass 
transfer theory, the release rate (4) (in atomjs) of a fission product species i, from an exposed fuel surface 
area (S) (in m2), is 



where A,,,, is the mass transfer coefficient (see Section 2.2.1) (mol rn-2 d ) ,  x., is the mole fraction of fission 
product z at the surface of the fuel, xi. is the mole fraction of fission product i in the bulk gas stream, y i  
is the numbemf atoms per molecule of fission product i, and NA is ~vo~adr&number (= 6.022 x 
mol-I). The mole fraction of fission product at the surface of the fuel is 

where pÃ is the partial pressure (in atm) of the fission product i in the vapor phase (see Section 2.2.2), 
and p-~- is the total system pressure (= 1 atm in the present analysis). For the small quantities of non- 
volatile fission products anticipated in the bulk stream, it can be assumed that xi- = 0. 

Depending on the chemical form of the fission product as a result of the atmospheric conditions (e-g., 
metal versus oxide) (see Section I), the species may be sufficiently volatile that the rate of release is 
dominated by mass transport through the solid fuel. The rate-controlling step (solid-state diffusion versus 
vaporization) can be determined from mass-balance considerations. At a given time t, the number of 
atoms in a condensed phase (liquid or solid) on the fuel surface, Nc(f), is equal to the number atoms that 
diffuse to the surface, Nd(t), (see Eq. (1)) minus the amount which is released by vaporization, Nr(t), i.e., 

where, using Eq. (6) (and dropping the subscript 1): 

Obviously, if i N, in Eq. (8), there is an insufficient release to the fuel surface to keep up with the 
vaporization (i.e., N must be 2 0) and, therefore, the release kinetics will be dictated by the diffasional 
process of Eq. (1). 

2.2.1 Mass Transfer Coefficient. Using a heat/mass transfer analogy, the mass transfer coefficient km 
(dropping the subscript 0 in Eq. (6) for a cylinder fuel specimen can be determined using correlations for 
annular flow, i.e., in the case of a forced-convective carrier gas flow in the laminar regime (see Section 
3):18,19 

V\.~~(R~SCD/L)'/~ forLI(DReSc) < 0.07, NutB= - = { 
cD. 4 for L f  (DReSc) 2 0.07, 

where & is the Nusselt number for mass transfer, Re is the Reynolds number = DVp/\i, Sc is the 
Schmidt number = p/(pf^n), D is the equivalent diameter = Dl - D2 (m), Dl is the channel diameter = 

25 x loe3 m (see Section 3), D2 is the fuel rod diameter = 9.5 x lo-' m (see Section 3), L is the fuel rod 
length = 80 x 1 0-3 m (see Section 3), c is the molar concentration of gas around the fuel specimen = pr 
1(RT), DAB is the binary diffusion coefficient of fission product (A) in carrier gas (B) (m2/s), V is the bulk 
flow velocity (m/s), p is the bulk gas density (kg/m3), and ft is the bulk gas viscosity (kg m-I s"). 
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The bulk gas density p can be evaluated using an ideal gas law 

where pr is the system pressure (= 1.013 x 10' N/m2) and M is the molecular weight of the carrier gas. 
For a gas mixure, M can be evaluated from 

where i refers to the gas component and xi is the mole fraction in the atmospheric mixture. The bulk gas 
viscosity p (in g cm-' s-') is calculated from" 

where T is in K, M is in gJmo1, and o is the collision diameter of the molecule in the gas (in A). The 
parameter Q ,, can be determined from the expression Q 11 = l/ { 0.644 1 + 0.25 8 1 ~ ( K T ' E )  } (i. e., this relation 
is derived from the values in Table 9-1 of Ref. 20), where ?/K is a characteristic temperature (in K) of 
interaction between the molecules of the carrier gas. The values of o and E/K for various carrier gases 
are given in Table 1. Similarly, for a gas mixture" 

in which 

Here n is the number of chemical species in the mixture, and the subscripts i and j correspond to the 
species i and j. The quantity Qi, is dimensionless and equals unity when i = j. 

Finally, the binary diffusion coefficient Dm (in cm2/s), as needed for the calculation of the Schmidt 
number, can be evaluated from the Chapman-Enskog kinetic theory:18~20J1 



where T is in K, kf is in g/mol, urn is in ii, and the parameter Qnna = 1/{0.7049 + 0.2910 h ( ~ r / 6 * ~ ) }  

(i.e., this relation is derived from the values in Table 1 1-1 of Ref. 20). The combining laws for the 
parameters and cm are based on the individual quantities for the fission- product (A) and carrier gas 
(B) species such that:" 

The parameter S, is a correction factor to account for the diffusion of a nonpolar-polar gas pair; for 
example, this factor would arise if a nonpolar fission product is diffusing in a polar steam medium. In 
this case, 

where the subscripts n and p refer to the nonpolar and polar constituents. Here, an is the polarizability 
of the nonpolar molecule ( eg ,  see pg. 10- 197 in Ref. 22), and 

where piffpole is the dipole moment of the polar gas. As shown in Table 3.10- 1 of Ref. 2 1, tPr = 1.2 for 
steam. In the case of a nonpolar-nonpolar gas pair, t, is simply equal to unity. If a trace fission product 
species is diffusing in a carrier gas mixture" 

where j refers to the components of the gas mixture. 

Values of o. and are not known for many fission product species. These parameters, however, can 
be estimated from normal boiling point (subscript b) data, or from melting point (subscript m) data, 
according to1' 

For these empirical relations, E/K and T are in K, a is in A, and V (in cm3/mol) is the molar volume of 
the liquid at the boiling point, or the molar volume of the solid at the melting point. The molar volume 
Vb in Eq. (22) can also be evaluated from the normal boiling temperature (TJ:" 



where 6 = TiJT,. Here the critical temperature Tc can be evaluated as2' 

Using Eqs. (22), (23) and (24), the collision diameter can therefore be evaluted as a function of Tb (see 
Fig. 2). For example, values estimated from Fig. 2 for the noble gas species and for simple polyatomic 
substances have an average error difference of about 4% from those values reported in Ref. 18. The 
largest error in the calculation of the binary diffusion coefficient in Eq. (16) arises from the uncertainty 
in om as a result of the square dependence. However, this error becomes less significant in the present 
analysis because of the relative insensitivity of a in Fig. 2 at higher boiling temperatures, i.e., typical of 
the involatile fission product species (where Tb > 2000 K). 

2.2.2 Fission-Product Vaoor Pressure. The total equilibrium pressure of thefission product (FP) vapor 
species has been reported for: the refractories (Zr, Nb, Tc, Ru, Rh and ~ d ) ; ~  and the lanthanides (La, Ce, 
Pr, Nd) as well as Sr, Y, and ~ a . '  The molybdenum has a much more complex behaviour (see discussion 
below) than the other refractory elements which have a stable chemical form as either an oxide or metal.''' 

t h e  vapor pressures were determined from a free energy minimization treatment using the 
SOLGASMIX The vaporization equilibrium was evaluated as a function of temperature (1000 
to 3000 K), for total system pressures of 3 atm and 170 atm, and partial pressure ratios of H,/H20 in the 
gas atmosphere of 0.1, 1 and 10. This analysis was applied to systems containing a condensed phase (UO, 
plus FP) and a gas phase (H20 and H2 plus gaseous FP species). The total pressure of a specific FP was 
then evaluated as a function of temperature and gas phase chemical conditions (see Figs. 3 through 5). 
t h e  chemical form of the fission product is therefore directly considered in terms of the atmospheric 
conditions. Simplified equations of the vapor pressure curves (except for Mo) are also given in Figs. 3 (b) 
and 4(b). These equations are able to represent the curves in Figs. 3 (a) and 4(a) within about 0.2 log units 
(factor of +2). The amounts of fission products present in the fuel were based on an ORIGEN calculation 
for a commercial reactor at burnups of 37000 and 42800 MWd/tU (see Table 2), i.e., the reported vapor 
pressures can be scaled accordingly for different burnups. 

The vapor pressure curves in Figs. 3 through 5 are for a total system pressure of 3 atrn (the 
corresponding curves for 170 atm are given in Refs. 7 and 9). For most species, the vapor pressure is 
relatively insensitive to the Hi/HaO ratio. The treatment for molybdenum, however, is more complex (see 
Fig. 9, which is related to the fact that the equilibrium chemical state for Mo can change from Mooi (in 
solid solution in UO?) to metallic Mo as a function of temperature and the HT/H20 ratio. In addition, the 
vaporization of Mo depends strongly on the pressure of Cs in the vapor state due to the stable gaseous 
species CS)MOO& at higher temperatures, this species becomes less stable than CsOH and therefore does 
not contribute significantly. 



3. COMPARISON OF MODEL TO EXPERIMENT 

- -  - .  

The non-volatile release model can be applied to annealing experiments conducted in the 
HEVA/VERCORS facility at the CEA. A brief description of the HEVA-6 and VERCORS-2 experimental 
conditions are given in Section 3.1. The model is compared to the experimental results in Section 3.2. 

3.1 Experimental Description 

Several high-temperature annealing tests were conducted at the CEA under atmospheric pressure in 
hydrogen (HEVA-6) and steam (VERCORS-2). The details of the fuel specimen, pretest irradiation 
conditions and experimental parameters are briefly summarized in Table 3. A schematic diagram of the 
experimental facility is shown in Fig. 6. 

The fuel specimens were cut from spent commercial rods, and consisted of three pellets contained in 
the original Zircaloy cladding. A half-pellet of depleted UO, was placed at each end of the fuel stack, 
which was held in place by crimping the ends of the cladding (i.e., no end caps were used). The total 
fissile height was about 45 mm and the total sample height was -80 mm. In order to restore the short- 
lived inventory after the long cooldown periods, the fuel samples were reirradiated in the SILOE 
experimental reactor for -6 days at 8 W/cm for the HEVA test and at 15 w/& for the VERCORS test 

In the HEVA-6 experiment (see Table 3 and the temperature history in Fig. 7), an initial phase was 
performed to oxidize the Zircaloy cladding; here, the fuel specimen experienced a mixture of steam (25 
mg/s) and hydrogen (0.2 mg/s) at a temperature of -1570 K for 60 rnin. The sample was then exposed 
to a reducing atmosphere of helium (8 mg/s) and hydrogen (0.2 mg/s) and ramped in temperature (1.4 
K/s), where it was maintained at a high-temperature level of 2320 K for -30 min. 

The VERCORS-2 experiment (see Table 3 and the temperature history in Fig. 8) was carried out at a 
low-tempera ture plateau of - 1780 K for 30 min in a gas flow mixture of steam (25 mg/s), hydrogen (0.05 
mg/s) and helium (0.5 mg/s). The fuel was then ramped in temperature (1.6 K/s), and experienced a high- 
temperature level of -2100 K in a predominantly oxidizing atmosphere of steam (25 mg/s) and hydrogen 
(0.5 mg/s) for 1 3 min. 

3.2 Model Application 

3.2.1 HEVA-6 Test Analysis. The measured release kinetics of the relatively volatile species (i.e., '"Cs, 
"'I and are shown in Fig. 7. As discussed in Ref. 4, the cesium release is dominated by diffusional 
transport in the fuel matrix, in accordance with Eqs. (1) through (3). The similar behaviour of the other 
fission products suggest that they are also controlled by diffusion, with a comparable diffusion coefficient 
(see discussion below for Ba). The end-of-test release fractions for these and other fission products are 
given in Table 4. 

Since Fig. 7 indicates that there is no significant diffusional release at lower temperatures, one need 
only to consider an analysis for the high-temperature plateau region (where T - 2320 K). During this 
period, the given input flow rates correspond to partial pressures in the gas atmosphere of py, = 0.9524 
atm, pm = 0.04762 atrn and pm = 2.000 x atm. This calculation assumes that the carrier gas (He 
and H,) has an impurity level of 20 ppm of water vapor.4 The oxygen potential in the atmosphere can 



be calculated using Eq. (5), where pHJpHw 2380 and T = 2320 K. As shown in Fig. 1, the fission 
product Ba should be found as an oxide, whereas Ru will remain as a metal. - - 

The flow conditions in the experiment (see Section 2.2.1) can be estimated as follows. The carrier gas 
primarily consists of He (mole fraction of -95 %), and therefore the bulk properties can be determined for 
this species. Equation (1 1) yields a density of p = 2.1 x 10" kg/m3. Using Eq. (13), with the parameters 
for helium in Table 1, gives a viscosity of p = 7.9 x 10'~ kg m'l s". The bulk flow velocity can be 
determined from the relation: 

For a mass flow rn, = 8 x 10" kg/s, and cross-sectional flow area A, = (n/4)[D12-D22] = 4.20 x m2, 
Eq. (25) gives V = 0.91 m/s. Using an equivalent diameter of D = Dl-& = 1.55 x lo-' m, the Reynolds 
number is calculated as Re = D Vp f\i = 3.7, which indicates a laminar flow regime. 

The vaporization rate of fission products can now be estimated having established the flow regime. 
As a typical example, consider the fission product Ba. As discussed previously,, this species is presumably 
in oxide form (BaO), which has a boiling temperature of TI, 3200 K . ~  Hence, Eq. (22) and Fig. 2 yield 
molecular force constants of e . / ~  = 3680 K and a, = 6.0 A. Using Eqs. (16) to (18) (with Â = I), and 
the data in Table 1 for helium, one obtains Dm = 8.3 x lo4 m2/s and a Schmidt number of Sc = p/(pBM) 
= 4.6. The quantity (L/D)(Re SC)-' in Eq. (10) is evaluated as 0.30, and therefore NuiÃ = 4. Thus, the 
mass transfer coefficient in Eq. (10) is calculated to be km = 1.1 mol m-2 S-' with the use of the relation 
c = pr/(RT). The vaporization rate follows directly from die release rate expression in Eq. (6). Using 
the simplified vapor pressure equation for Ba in Fig. 4 (p ,  = 1.48 x atm), and a fuel surface area of 
S = 3.77 x m2 (see Table 31, R = 3.8 x 10" atom/s. Given that this constant release rate will occur 
over the 30-min temperature plateau, Eq. (9) yields a total release from the fuel specimen of N, = 6.8 x 
102' atom. This value is greater than the original inventory in the fuel specimen (see Table 5); hence, the 
release kinetics must be diffusion controlled. Assuming the same diffusion coefficient as cesium in Ref. 
4, a fractional release value of N A G  - 34% is predicted with Eqs. (1) through (3). This prediction is in 
good agreement with the measured value in Table 4. 

A similar calculation can also be performed for Ru and Ce. The previous value of the mass transfer 
coefficient (km = 1.1 mol mh2 s") is a reasonable estimate for the other fission products since the diffusion 
coefficient in Eq. (16) will not change significantly. For instance, om2 and QniB are relatively constant 
at the higher boiling temperatures expected for the involatile species, and the inverse molecular weight 
of the fission product is much less than that of the gas atmosphere. An upper-bound of the vapor 
pressures can be immediately determined from the curves in Figs. 3 (pH3/pmo = 10) and 4, respectively, 
where p, (Ru) = 3.98 x atrn and p, (Ce) = 2.93 x lo-' atm. The results of the calculation are N, (Ru) 
= 1.8 x 1017 atom and Nr (Ce) = 1.3 x 10" atom. These values are orders of magnitude smaller than the 
original inventories (NÃ£ in Table 5 indicating, in this case, a vaporization-limited process. The 
corresponding release fractions (NANgo) are again in good agreement with the measured results (see Table 
4) where no significant release is observed. 

As discussed in Section 2.2.2, die behaviour of Mo is much more complex. An estimate of the release 
fraction can be similarly performed, assuming there is no cesium in the gas atmosphere. Using the vapor 
pressure curves in either Fig. 3 (a) or Fig. 5 (for pHJpmo = 1 O), p, (Mo) = 1 .OO x 1 0-5 atrn, and therefore 
N, (Mo) = 4.6 x 10" atom. The vaporization release fraction is calculated as 0.9% using the original 
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inventory in Table 5. This value is about a factor of 4 smaller than the measured release in Table 4. The 
present analysis is expected to provide a lower estimate since the effect of cesium is ignored in the 
calculation (see Fig. 5); however, this effect is less significant because the CsAfeO, will become unstable 
at higher temperature. 

3.2.2 VERCORS-2 Test Analysis. The release kinetics of the volatile '"Cs and '"Cs species are shown 
in Fig. 8 for the VERCORS-2 test. The release does not start to increase until a temperature plateau of 
1780 K is reached. At the high-temperature levels, the gas atmosphere is predominantly steam; however, 
the oxygen potential varied due to different trace quantities of hydrogen added to the carrier gas, i.e., pm 
/pH,(-, = 0.018 (1780 K) and 0.18 (2100 K) (see Figs. 1 and 8). For the present analysis, the vapor 
pressures curves with = 0.1 are assumed. 

The previous methodology of Section 3.2.1 can be applied, where now the bulk properties of the carrier 
gas are evaluated for a steam medium (m, = 25 x lo-' kg/s). The details of the calculation are provided 
in Table 6. For the polar steam molecule, a correction factor i;, defined in Eq. (19), must be applied to 
the combining laws for the molecular potential parameters. In this analysis, the non-polar fission product 
is considered to be BaO for the given oxygen potential of the VERCORS-2 test (see Fig. 1). For a 
massive fission product present as a simple oxide compound, the polarizability can be reasonably 
approximated by the value for the elemental form; e.g., a, = 39.7 x cm3for ~ a ?  Thus, using tÃ£ 
= 1.2 for H20, the parameters in Table 6 follow where the parameter = 1.05. 

A laminar flow regime is again identified, leading to Nua = 4. A corresponding mass transfer 
coefficient is calculated in Table 6 for the two high-temperature levels in Fig. 8. Similarly, using the 
vapor pressure curves with Eq. (6), the release fractions can be calculated for the various fission product 
species (see Table 4). In this calculation, the integral in Eq. (9) is carried out over 30 min at 1780 K and 
13 min at 2100 K (see Fig. 8). 

For the given test conditions, vaporization is the rate-limiting step for the release of Mo, Ce, Ru and 
Ba. The predicted release fractions for these species are in good agreement with the measured results, 
except for Mo that is again underpredicted by a similar factor of -3. On the other hand, the volatile 
fission products (Cs, I, Xe) are controlled by diffusion through the fuel matrix (see Ref. 4). 

3.3 Antimony and Tellurium Analysis 

For the conditions in both CEA tests, the antimony and tellurium should be in a metallic state (see Fig. 
1). Equilibrium thermodynamics indicate that the elemental forms of these species are very volatile so 
that diffusion would be the rate-limiting However, as seen in Table 4, the release fraction of these 
isotopes are significantly smaller than those of the volatile species 13'Cs, "'I and ' "~e .  This finding can 
be attributed to a chemical trapping of Te and Sb in the Zircaloy cladding that depends on the oxidation 
state of the  ladd ding.^"'^^ Tellurium (and barium) have been identified in the cladding material of the 
HEVA-6 specimen using a gamma-ra y tomography technique (see Fig. 9) .23 It has been further suggested 
that the tellurium is trapped in the metallic Zircaloy as ~ r ~ e , ?  More recent experiments have also 
provided evidence of trapping where the compound Zr,+,Te, is formed at 723 to 1273 K; the zirconium- 
rich compound Zr5Te4 is favoured, however, at high-temperature (1273 K) in combination with a low 
tellurium vapor pre~sure?~ During the clad-oxidation process, the tin constituent in the Zircaloy alloy is 
concentrated into a thin layer, producing a thermodynamically-stable species S n ~ e .  lr6 Since this species 
is volatile, a partial release of tellurium results. 



- 
The fi~sion~product trapping can be empirically modelled as a reduced (diffusional) source release: 

F = (1 - C) - - 
- - - (2 6) 

where C is a trapping fraction. An analysis of available CEA data indicates that the Te will be released 
when the clad is -60% oxidized; however, limited data (for HEVA-6) suggest that the Sb will remain 
trapped until the oxidation process is complete. A small release of up to 18%, at a high temperature of 
2700 K, was observed for the ORNL tests in a reducing atmosphere (VI-4 and VI-5), although this release 
may be attributed to the fact that the clad had melted and relocated in these experiments.' The fission- 
product trapping will also become less significant with increasing temperature. Using the end-of-test 
release fractions for Cs, Sb and Te, as measured in the HEVAJVERCORS test program (see Ref. 14), (, 
(in %) can be correlated as a function of temperature (in K) and the clad oxidation state (see Fig. 10): 

cSb = 0, (cladoxidation < 100%) 

-. - - 

( re = 0, (clad oxidation c 60%) 

All tests in Fig. 10 experienced a pre-oxidative phase, i.e., the clad was completely oxidized in the 
VERCORS test series but only two-thirds oxidized in the HEVA-6 test. The correlation for tellurium in 
Eq. (28) follows from the measured release kinetics for ' "~e ,  and from the hydrogen production kinetics 
(as a result of Zircaloy oxidation) measured by gas chromatography. In the present analysis, a similar 
diffusion coefficient is implicitly assumed for Cs, Sb and Te; this assumption is supported by the observed 
release kinetics in Fig. 11, where the cladding was completely oxidized prior to any volatile fission- 
product release. 

The model predictions for Sb and Te using Eqs. (26) through (28) are shown in Table 4. As expected, 
the calculations are in reasonable agreement with the measured results for the HEVA-6 and VERCORS-2 
tests since the trapping correlation is derived in part from these data. 

4. DISCUSSION 

The present theoretical treatment is able to describe the release behaviour of both the volatile and 
involatile fission products (see Table 4). For the non-volatile species, the model is expected to be 
conservative; in the present representation (Section 2.2.1), it is assumed that the cladding does not offer 
any physical resistance. In reality, the mass transfer will occur in series (analogous to that of heat 
transfer), with an overall mass transfer coefficient defined by:" 



- 
in which kw accounts for the holdup effect of the cladding. In the present application (Section 3.2), it 
is implicitly assumed that kc,.., >> km; alternatively, it can be seen in Eq. (29) that kT 5 km, and therefore 
the use of km"(rather than kT) in Eq. (6) will result in an overprediction. This-may help to explain the 
overestimation of the Ba-vaporization release in the VERCORS-2 test (see Table 4). 

The present methodology can be applied to different flow conditions (e.g., turbulent flow or natural 
convection), and/or to other fuel geometries (e.g., a porous bed or fuel rod banks) with a suitable choice 
of the mass (heat) transfer coefficient (see, for example, Refs. 5 and 18). These cases may arise in various 
reactor accident scenarios. In addition, this work provides a means to extrapolate the test data for the 
given experimental conditions to those conditions found in the reactor (using an appropriate mass transfer 
coefficient). 

For some species, the vapor pressure is somewhat dependent on the total system pressure and hydrogen- 
to-steam molar ratio. In particular, Mo is very sensitive to these parameters (see discussion in Section 
2.2.2). A further free energy minimization analysis is therefore required to cover the full range of 
conditions of oxygen potential (hydrogen/steam gas mixtures) and total pressure (i.e., atmospheric 
pressure) experienced in the various annealing experiments. This is particularly important because the 
CEA and ORNL annealing tests form the majority of the data base for model validation. The extended 
calculation should also include the Eu species, which has been omitted in the earlier analysis of Refs. 7 

CONCLUSION 

An analytical model has been developed to decribe the release behaviour of non-volatile fission 
products from uranium dioxide fuel during severe reactor accident conditions. The present treatment 
indicates that the release kinetics are dominated by the rate-controlling step for difrusional transport 
through the fuel matrix or vaporization from the fuel surface. The vaporization model is based on the 
equilibrium vapor pressure of the fission product and mass transport theory (for a laminar gas flow 
stream). The given vapor pressure was determined from an earlier free energy minimization calculation 
for a system consisting of a condensed phase (U02 plus fission products) and a gas phase (H20 and H2 
plus gaseous fission products). An empirical correlation was also considered to account for the trapping 
of antimony and tellurium in the Zircaloy cladding as a function of temperature and the oxidation state 
of the clad. 

Non-volatile release data were obtained in the CEA experiments, HEVA-6 and VERCORS-2, which 
were conducted, respectively, at high temperature (2370 K and 2150 K) in a hydrogen and steam 
atmosphere. The model is in agreement with the experimental results for the volatile (Cs, I and Xe), 
semi-volatile (Sb and Te), and non-volatile (Mo, Ce, Ru and Ba) fission product species. 
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TABLE 1 : INTERMOLECULAR FORCE PARAMETERS FOR VARIOUS CARRIER GAS CONSTITUENTS 

TABLE 2: MOLES OF FISSION PRODUCTS USED IN SOLGASMIX ANALYSIS 

Substance 

Hi 
He 
H,0 

11 Fuel Bumup of 42800 MWdItU'" (4.5 atom% burnup) 1 Fuel Burnup of 37000 MWdItU*") 

Element 1 Moles 1 Element 1 Moles 

Molecular Weight 
M (glmol) 

2.016 
4.003 
18.015 

(a) Taken from Ref. 7.  Distribution of fission produces assumed in analysis of Fig. 3. 
@) Taken from Ref. 9. Distribution of fission produces assumed in analysis of Fig. 4. 

Reference 

18 
18 
2 1 

Lennard-Jones Parameters 

a (A) 

2.915 
2.576 
2.65 

â ‚ ¬  (K) 

38.0 
10.2 
380 



TABLE 3: SUMMARY OF EXPERIMENTAL PARAMETERS FOR HEVA-6-MD VERCORS-2 TESTS 

11 Parameter - 
Test descripti on 

Fuel specimen 
Fuel type 

I Rod identification 
Enrichment (wt% Û) 
Clad Outer Diam. (mm) 
Pellet Outer Diam. (mm) 
Pellet length (mm) 
Fissile length (mm) 
Sample height (mm) 

Irradiation Data 
Irradiation period 
Bumup ( M W ~ / h m  
Average heat rating (W/cm) 
Cooling period (y) 
Grain radius (pm) 
Re-irradiation 

Test conditions 
Test date 
Temperature rise (K/s) 
Maximum temperature (K) 
Time at high-temperature plateau (s) 
Row rate (mgts) 

H2 

H20 

Impactor temperature (K) 

- Fission Product Release at 2370 K in H2 
with imdiated/re-irradiated fuel 

- Aerosol sizing at 520 K 

Fessenheim 112 
C12 (FDC 57) 

3.1 
9.50 
8.19 
13.96 
46 
80 

3 cycles to 0618 1 
36.7 
185 
7 

7.5 
Yes 

- Fission Product Release at 21 50 K in H 2 0  
and H2 with irradiatedire-imdiated fuel 

- Aerosol sizing at 870 K 

Bwey/3 
C19 (FGC 53) 

3.1 
9.50 
8.19 
13.96 
44 
80 

3 cycles to 02/83 
38.3 

7 

-, - 
7.5 
Yes 

(a) Taken from Ref. 4. 

TABLE 4: COMPARISON BETWEEN MEASURED AND PREDICTED RELEASE FRACTIONS 

Chemical 
species 

(a) Taken from Ref. 4. 

Cs 
I 
Xe 
Te 
Sb 
MO 
EU 
Ce 
Ru 
Ba 

Fractional release (%) Rate-limiting I step(c) 

HEVA-6 

~ e a s u r e d ~  1 Predicted 

SD 
SD 
SD 

SD+ZT 
SD+ZT 

VLP 

VLP 
VLP 
VLP 

Isotope 

137 
131 
135 
132 
127 
99 
154 
143 
103 
140 

(b) Predicted for diffusional release kinetics where Dc, = D, = DÃˆ = Do, = Dsb = Dr. and using the diffusion coefficient for cesium 
in Ref. 4. For Sb and Te, the trapping effects in the Zircaloy cladding are calculated in accordance with Eqs. (26) through (28). 

(c) SD = Solid Diffusion; VLP = Vaporization-Limi ted Process; ZT = Zircaloy Trapping. 

-- - 

VERCORS-2 

Measured ̂ ) Predicted 

Fractional release (96) Rate-limiting 
step'') 

SD 
SD 
SD 

SD+ZT 
SD+ZT 

VLP 

VLP 
VLP 
SD 

30 
30 
15 
11 
0 
-4 
-5 
0 
0 
27 

Isotope 

137, 134 
131 
135 
132 
125 
99 
1 54 
144 
106 
140 

34O 
MO" 
34@) 
20@) 
o(") 
0.9 

0.005 
0.04 
34O 



- 
TABLE 5: INITIAL FISSION PRODUCT INVENTORY IN CEA TESTS 

Element 
- 

Inventory N (atom)  ̂ - - 

(4 Based on calculations with the MARISE code. 
(b) Calculated using the ratio of Ce/Nd in Table 2. 

TABLE 6: CALCULATION OF VAPORIZATION-MODEL PARAMETERS FOR VERCORS-2 

Flow Velocity, V (m/s) 1 Diffusion Coefficient. (m2/s)'"" 
"DAB 

Reynolds number, Re 
Schmidt number, Sc 
U(DReSc) 

Mass Transfer Coefficient 
cDm (rnol m s-') 
fc. (mol m"2 s"') 

Temperature 

(a) Assumes on - 2.65 A and E/K - 380 K for H20. 
(b) Assumes oA - 6.0 A and E/K = 3680 K for BaO (see Section 3.21). 
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FIGURE 2. Collision diameter ( 0 )  versus boiling point 
temperature (Ti). 

FIGURE 1. Oxygen potential plotted against temperature for 
fission product oxides, UO,., and hydrogen/steam gas 
atmospheric mixtures. The oxygen potentials of the HEVA-6 
and VERCORS-2 tests (solid circles) are also shown. 

FIGURE 4. Fission product vapor pressures of Ba, Sr, La, Ce, 
Nd, Pr and Y. The given results are for pmlpwo = 1. The 

. curves for pm /pmo = 0.1 and 10 are very similar. (Taken from 
Ref. 9.) 
(a) Curves from Solgasmix analysis. 
(b) Simplified equations of vapor pressure curves. 

FIGURE 3. Fission product vapor pressures of Zr, Nb, Mo (no cesium 
present), Tc, Ru, Rh, Pd (and U). (Taken from Ref. 7.) 
(a) Curves from Solgasmix analysis. 
(b) Simplified equations of vapor pressure curves. 



FIGURE 6. HEVA/VERCORS experimental facility 
at the CEA. 

FIGURE 5. Vapor pressures of Mo calculated by 
Solgasmix analysis. For each curve, the log of the 
total cesium pressure is indicated. (Taken from Ref. 
9.) 

FIGURE 7. Measured release kinetics of "'1, '"CS 

. and '%a for the HEVA-6 test. 'lie temperature 
profile history is also shown. 
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FRACTIONAL RELEASE (Riflw Uml:) 

- 
TEMPERATURE PC) 

FIGURE 9. Distribution of ' " ~ e  in the fuel rod and 
cladding for the HEVA-6 test using gamma-ray 
tomography. (Taken from Ref. 23.) 

FIGURE 8. Measured release kinetics of IMcs and 
'"CS for the VERCORS-2 test. The temperature 
profile history is also shown. 
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FIGURE 10. Correlation of trapping fraction (0 for 
Sb and Te in Zircaloy cladding as a function of 
temperature (7). 

I 1 :  I :  15-18 1596 15.43 15.50 1557 ISM 1 G : I Z  l & l 9  

HOUR 

FIGURE 11.  Measured release kinetics of "Mo, ' " ~ e ,  '"1, "'Xe 
and '"CS for the VERCORS-3 test. The temperature profile 
history is also shown. 




