
5B-57 

-
A MODEL FOR FUEL OXIDATION AND DIFFUSION-BASED FISSION PRODUCT RELEASE 

UNDER SEVERE NUCLEAR REACTOR ACCIDENT CONDI_TJONS 

P.L. PURDY, B.J. LEWIS AND W.S. ANDREWS 
Royal Military College of Canada 

Department of Chemistry and Chemical Engineering 
Kingston, Ontario, CANADA K7K 5L0 

D.S. COX 
Atomic Energy of Canada Limited, Research Company 

Chalk River Laboratories 
Chalk River, Ontario, CANADA K0J IJ0 

F.C. IGLESIAS 
Ontario Hydro 

Reactor Safety and Operational Analysis Department 
700 University Avenue 

Toronto, Ontario, CANADA M5G 1X6 

ABSTRACT 

A fuel oxidation and diffusion-based fission product release model has been developed from the recent 
analysis of 134Cs data from a number of experiments performed at the Chalk River Laboratories (CRL). The 
release model was based on data from six tests in the Hot Cell Experiment (HCE2). These tests were conducted 
in steam from 1354 to 1651 °C, and contained fuel samples of either bare fuel fragments or Zircaloy-clad mini­
elements. The fraction of fission products trapped in the fuel was also determined from additional tests in the 
Hot Cell Experiments (HCEl and HCE2), and the Universal Cell Experiment (UCE12). The model has been 
validated against eight other tests not used in the model development, resulting in a value of 0.11 for the mean 
absolute difference from experiment. The present treatment has also been compared to the ORNL simple 
diffusion model and the empirically based CORSOR-M model with resultant mean absolute difference values 
of 0.24 and 0.17, respectively, for the same validation set. 



SB-58 

1. INTRODUCTION 

Within the reactor core under accident conditions, high temperatures will accelerate thermal diffusion of the 
fission products from the U02 fuel. In addition, hydrogen will be generated at high temperatures by the steam 
oxidation of the core materials, which will alter the m,.')'gen potential within the core. Annealing experiments on 
bare fuel specimens (fuel fragments) of uranium dioxide have been recently performed at the Chalk River 
Laboratories (CRL) to investigate the effects of fuel oxidation on the release kinetics of volatile fission 
products1

•
2
. Even in breached fuel rods, the Zircaloy cladding can provide both a physical and chemical barrier 

that can delay or reduce the release of fission products. This effect has been demonstrated in CRL tests with 
short-length fuel elements (mini-elements)2

-4. The cladding can provide a sink for oxygen, and a source of 
hydrogen, due to the metal-water reaction at high temperature, thus retarding the oxidation of the fuel and release 
of fission products5

. 

In this paper, it is shown that a generalized diffusion-based model can be used to predict the fission product 
release kinetics based on an integral-time transformation. Experimental data from the CRL program are used 
to develop a physically-based model for predicting the release of fission product 134Cs from U02 fuel at high 
temperatures in both reducing (Ar/2%-H2) and oxidizing (steam) atmospheres. The model accounts for thermal 
diffusion, enhanced release during temperature ramps, diffusion due to oxidation of the fuel ( with or without the 
presence of Zircaloy cladding) and a trapped inventory dependent on fuel characteristics. The model is further 
applied to a total of 17 CRL experiments and compared to predictions from both the CORSOR-M kinetic model 
and the ORNL diffusion model. 

2. EXPERIMENT AL RES UL TS AND ANALYSIS 

2.1 CRL HCE2 Experiments 

An analysis of six HCE2 experiments, performed at CRL, is considered in the present work. Four of these 
experiments represent new data from that reported in Refs. 6 and 7. The tests were conducted on both bare U02 

fragments (CFl, CF2 and CF3) and short-length mini-elements (CMI, CM2 and CM6). All fuel specimens were 
obtained by cutting a section of a single spent fuel element of a CANDU-type design. The mini-elements also 
contained loose-fitting end-caps ( see Ref. 7). The details of the experiments are briefly summarized in Table 1. 

Each fuel specimen was introduced into a flowing mi>..'ture of Ar/2%-H2 (400 ml/min at STP) and ramped 
to a given temperature plateau of: l360°C (CF2, CM2), 1500°C (CF3, CM6) and 1645°C (CFl, CMI). After 
the temperature plateau had been reached, the fuel was immediately exposed to an oxidizing mixture of steam 
(60 glh) and argon (100 ml/min at STP). The oxygen partial pressure of the atmospheric composition upstream 
and do\\'IlStrearn from the fuel location were continuously monitored with yttria-stabilized zirconia oxygen 
sensors8

. Fission products released from the fuel specimens were swept away such that a gamma-ray 
spectrometer, collimated at the sample location, provided information on the kinetic release behaviour. 

The experiments were carried out under similar atmospheric and temperature conditions so that a direct 
comparison could be made between the two different fuel types. Hydrogen production from the Zircaloy-stearn 
reaction will reduce the oxygen potential of the atmosphere, and thereby inhibit the fuel oxidation kinetics and 
resultant fission product release. These tests therefore provide a means to quantify the physical and chemical 
influence of the Zircaloy cladding on the release behaviour. The release kinetics of 134Cs for experiments CF3 
and CM6, representing the two types oftest specimens, are shown in Figs. l(a) and (b), respectively. A delay 
in the release behaviour is typically observed in the mini-element tests compared to that of the bare fuel 
fragments. This effect is mathematically modelled in Section 2.2. 
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2.2 Model Development 

It has been-suggested earlier that the cesium release follows a two-stage proces#-7
. However, there is no 

physical e:,...-planation to warrant a change in kinetics (i.e., no phase change occurs in the fluorite lattice structure 
below a stoichiometry deviation value ofx = 0.25 in U02+x, and any release by grain growth is limited with a 
pinning of the grain boundaries by the fission product bubbles)9. In the earlier treatment, the diffusion-based 
release became more restricted ·with increasing time due to the use of a Taylor series approximation for the 
fractional release representation6

•
7

. As sho\vn in the present work, this problem can be overcome ·with a more 
generalized numerical treatment. An integral-time transformation can be used for the diffusion equation to 
account for a changing diffusivity with temperature and stoichiometry deviation10

•
11

. Consequently, the 
generalized release fraction is given by6·7

: 

(1) 

where & accounts for the fuel-to-clad gap release fraction for mini-element tests (see Section 2.4), and ( is the 
fraction of the fission product inventory trapped in the fuel porosity. The function Fo(-r) is given by the 
transformed Booth relation 10

•
11

: 

F = 6~· - 3't D , 
1t 

for 't ~ 0.1 , 

for 't > 0.1 . 

The dimensionless variable ,; is evaluated from the integral relation 

't = f D 1(t)dt 
0 

(2) 

(3) 

(4) 

where D' = D/a2, Dis the diffusion coefficient and a is the grain radius. Equation (4) accounts for the time­
variable diffusion coefficient, D, that depends directly on the stoichiometry deviation, x, and temperature, T. The 
grain radius, a, is typically constant during the anneal since the grain boundaries are pinned by the fission product 
bubbles. As shown in the second expression of Eq. ( 4), the integral can be replaced by a rectangular-integration 
rule where D'(t) is considered to be constant over a small time step ~t. 

For the calculation ofEq. (l), the fission product diffusivity must be evaluated for hyperstoichiometric fuel. 
The experimental work of Matzke indicates that xenon diffusion occurs at a neutral tri-vacancy site in the 
uraniwn dioxide matrix.12

• The energy minimization calculations of Grimes and Catlow provide further evidence 
for this mechanism, where it is predicted that this site is stable for xenon13

. The same calculations also suggest 
that the most favourable solution site for both xenon and cesium in hyperstoichiometric urania (U02+J is the 
uranium vacancy. This finding is in agreement with other experimental and theoretical work for the calculation 
of the rare gas diffusion coefficient14

"
16

. For instance, the diffusion coefficient, D (in m2/s), as a function of the 
temperature, T (in K), and stoichiometry deviation, x, can be given by the composite expression6

•
7

•
15

·
16

: 
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D = D( T) + D(x, T) , (5) 

where the intrinsic diffusion component is given by 

(6) 

and the enhanced uranium vacancy production term is 

(7) 

In Eqs. (6) and (7), R is the ideal gas constant ( 1.987 cal/mol·K), s is the atomic jump distance (3 x I 0-10 cm) and 
jv = l013exp(-5.52x 104/RT) (s-1

) is the vacancy jump rate. The uranium vacancy concentration, Vu, is defined 
byl5 

Sx
2

( 1 ~ 1p,Fr,J V =--+-+- 1+-u F,2 2 X 1 2 X 2 ' 
0 

(8) 

where the parameters S = exp(-1.4 7 x I 05 /RT) and F O = exp(-1.13 x I 04 /RT) correspond to the Schottky and 
Frenkel defect, respectively. For most values ofx and T under consideration, the condition x2 >> 4F0 will hold 
and Vu reduces to 

for x 2 » 4F0 . (9) 

Consequently, Eq. (7) can be written in a much simpler form: 

for x 2 » 4F0 , (10) 

where Dem and ~ are constants that can be obtained in the present analysis. With oxidized fuel, one generally 
finds that D(x,T) >> D(T) in Eq. (5). 

Determination of the diffusion coefficient, D(x, T), requires knowledge of the stoichiometry deviation. The 
first step is to evaluate the oxygen partial pressure, p02 (in atrn), of the atmosphere surrounding the fuel. This 
can be achieved using a Newton's iterative method for the transcendental expression17

'
18

: 

(11) 
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Here, Pt is the total system pressure in atmospheres and K = exp(-AG0/RT), where AG0 = -59.9 +13.8(T/1<>3) 
kcal/mol. The parameter Qa is the hydrogen-to-ox')'gen atom ratio for a bulk atll!osph~re that contains a 
steam/hydrogen-:_niixture7

: 

(12) 

where (nH2/nH20 ) is the molar ratio for the gas mixture, ~ 0 is the rate of steam input into the experiment (in 
molls) and~ is the hydrogen production rate (molls) arising from the Zircaloy/steam reaction. The parameter 
[g accounts for mass transfer of the steam into the fuel-to-clad gap of a breached fuel rod (i.e., loose-fitting end­
caps were used in the CRL mini-element tests). Oxidation of the fuel can then be quantified by equating the 
oxygen potential in the atmosphere (calculated from Eq. (11)) to that of the solid fuel. Hence, the equilibrium 
stoichiometry deviation, Xe, can be solved from the Blackburn thermochemical model for the oxygen in the fuel, 
using a Newton's iterative method17

•
19

: 

(13) 

where k is an empirical constant and ln(k) = 108x/ - 32700/T + 9.92. The fuel oxidation kinetics are governed 
by a surface-exchange reaction at the solid/ gas interface defined by20-23 

dx = a [ x - x(t) ](S/V) , 
dt e 

(14) 

where SN (in m-1
) is the surface-to-volume ratio and a = 0.365exp(-23500/T) (mis) is the oxygen surface­

exchange coefficient as experimentally detennined by Cox et al. at 1 atm9
•
22

• Using a Taylor series 
approximation, x(t) can be evaluated from one time step to the next as 

x(t + ot) = x(t) + : ot , (15) 

where dx/dt is given by Eq. (14). 

During the initial temperature ramp, the fuel specimens experienced a slightly reducing atmosphere, in which 
the intrinsic diffusion coefficient in Eq. (6) should apply. However, this diffusivity results in a significant 
underpridiction of the observed release behaviour. This finding may result from the fact that Eq. ( 6) is derived 
from isothermal experiments24

. Preliminary tests at CRL demonstrate a release dependence on the temperature 
ramp rate (dT/dt). In additio°' Une and Kashibe have reported a predominant release from the grain boundary 
inventory during heating, where the critical temperature for the onset of this process was lower with increased 
fuel bumup25

. The present analysis incorporates this effect into a temperature ramp enhancement factor, Ein 
where Eq. (5) is replaced by: 

D = (1 + Err dT )D(D + D(x, T) . 
dt 

(16) 
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2.3 Fuel Fragm~t Analysis 

The fuel oxidation model can be directly tested against the measured stoichiometry deviation for the fuel 
fragment experiments. Using the measured oxygen partial pressure in the Blackburn model of Eq. (13), the 
equilibrium stoichiometry deviation, x., can be evaluated. A further calculation can also be performed by 
equating the oxygen potential in the solid, using the Blackburn model (Eq. (13)), to the oxygen potential for a 
pure steam atmosphere (i.e., Q2 = 2 in Eq. (12)). As shown in Table 1, these calculations are in good agreement 
with the measured end-state stoichiometry deviation. Using the calculation of x. in Table 1 (model), the fuel 
oxidation kinetics can be predicted with Eqs. (14) and (15). Following the analysis of Ref. (7), it is assumed that 
the surface-to-volume ratio, (SN), is three times the geometrical one to include the effects of surface roughness 
and fuel cracking (Table 1). The geometrical ratio is based on a calculation that the fuel fragments are perfect 
cubes. A comparison of the predicted and measured fuel oxidation kinetics is shown for the CF3 test in Fig. 1 ( c ), 
which is representative of the other fragment tests. 

With a knowledge of the fuel oxidation kinetics, the release behaviour can be evaluated. The cesium release 
can be modelled with Eqs. (1) through ( 4) and the diffusivity of (16), and using the stoichiometry deviation 
curves. The grain radius is fixed as a= 3.5 µm for the peripheral fragments (see Table 1). For the present 
analysis, the trapped fraction, (, was also fixed to a value of one minus the measured (end-of-test) release 
fraction. The fitting parameters of the model are the constants D0ox and Q

0
x for the diffusion coefficient (Eq. (10)) 

and the temperature ramp enhancement factor, Etr (Eq. (16)). These parameters were~lit simultaneously to all of 
the release data (including the mini-element tests - see Section 2.4) using a Marquardt-Levenberg algorithm26

. 

The fitting parameters are listed in Table 1. As represented in Fig. l(a), the fission product release model is in 
good agreement with the measured results from the fuel fragment tests. 

2.4 Mini-Element Analvsis 

The mini-element tests were conducted under the same conditions of temperature and atmosphere (steam) 
as the fuel fragment tests, except that the fuel specimens were clad in Zircaloy-4 (with end-caps). With this 
addition, the oxygen potential was continuously changing as a consequence of hydrogen production from the 
Zircaloy/steam reaction at high temperature. The fuel oxidation kinetics could not be instantaneously measured 
in these experiments because of the complicating effect of the Zircaloy/steam reaction. However, since all 
Zircaloy was converted to zirconium dioxide by the end of each test, the final weight gain for the fuel could be 
estimated from the oxygen partial pressure measurements. Therefore, the fuel oxidation could be tested against 
a measured end-state value of x. The effect of changing oxygen potential on the fuel oxidation kinetics can be 
evaluated from Eqs. (11) and (12), with the measured hydrogen production rates (see Fig. l(d)) and steam input 
rates. Good agreement with the measured end-state values ofx was obtained with a fitted value of/2, = 20% for 
all experiments, which accounts for the mass transfer of steam into the fuel-to-clad gap through the loose-fitting 
end-caps. It was further assumed that only pure steam was present in the gap following complete oxidation of 
the end-caps and sheath. At this time, external spigots on the end-caps had not completely oxidized. As shown 
in Table 1, the end-state oxidation was predicted to within 17% of the measured weight gain. The measured 
hydrogen production rate from the Zircaloy/steam reaction is shown in Fig. 1 ( d) where the pure steam assumption 
is implemented at a value for the hydrogen production rate of 6xl0-6 molls. This value of the hydrogen 
production rate was determined by employing parabolic kinetics to predict the Zircaloy oxidation process for the 
CM2 experiment using the coefficients of Pawel et al.7

•
28

•
29

• The predicted oxidation kinetics for the mini-element 
test CM6 are shown in Fig. l(b). 

In a similar analysis, the fission product release can be calculated using the predicted stoichiometry deviation 
kinetics. Here the diffusion coefficient parameters, D0ox, Q

0
x and Etr, were simultaneously fit to the release data 

from all tests (i.e., fuel fragments and mini-elements). The parameter ( was again fixed to an estimated value 
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of 15% for all mini-element tests. The grain radius was set to the volumetrically-averaged value for the fuel pellet 
(i.e., 6.5 µm) as the temperature profile was uniform across the test specimen. lnspecji.Qn of figs. l(a) and (b) 
shows that the r.elease fraction at the start of the steam period is typically 15%-larger for the mini-element 
compared to that of the fuel fragment. This additional source may result from a volatilization of the cesium that 
was originally deposited on the internal cladding smfaces during irradiation or from the specific surface condition 
of the fuel after irradiation. This value also accounts for differences in the available grain-boundary inventories 
(between the peripheral fragment and fuel pellet) that are additionally released with fuel cracking27

• To 
incorporate these effects into the present model, the fuel-to-clad gap parameter,&, was set to 15% at the time 
when the volatilization temperature of cesium is reached ( 671 °C). Note also that this parameter was necessary 
since limited release data was available during the temperature ramp as a result of the experimental setup. 

As represented in Fig. I (b) the release predictions are in good agreement with experiment, although these 
predictions are less precise than for those of the (small) fuel fragments (compare with Fig. l(a)). This result is 
ex'Pected since the mini-element calculations are more complex because of the presence of the Zircaloy cladding 
barrier, which leads to a changing oxygen potential and a reduced mass transfer into the fuel-to-clad gap. Thus, 
uncertainties arise since the oxygen potential is based only on a point-kinetic model, as evaluated from the bulk 
stream properties using a single factor (for all tests) to account for steam transfer into the gap (fJ. The mini­
elements also have a distribution of grain sizes compared to that of the (peripheral) fuel fragments; i.e., a further 
approximation is invoked by modelling the grain siz.e with a single (volumetrically-averaged) value for the pellet. 
Fission product transport in the gap has also been neglected, although at high temperature conditions, any delay 
in the gap is considered to be small7. 

2.5 Trapped Inventory Correlation 

In order to extend the model for a more general analysis, a correlation was developed for the trapped fraction, 
(. If it is assumed that the trapped inventoiy results from a holdup in the intergranular bubbles6

, this parameter 
can then be defined as the ratio of the number of fission product atoms on the grain boundary to the number in 
the grain volume30

: 

N ·41ta 2 
g 

(17) 

where Ng is the number of gas atoms trapped in bubbles per unit area of grain boundary and Nr is the number of 
gas atoms produced during irradiation per unit volume of fuel. Since Ng is dependent on temperature, and Nr is 
proportional to fuel bumup, the trapped fraction can be defined as: 

( = f(T) ' 
a·BU 

(18) 

where a is the grain radius (in µm) and BU is the burnup (in Mwh/kgU). To determine the temperature-dependent 
function, f(T), the measured ( values from 12 CRL tests (see Table 2) were multiplied by the grain radii and 
burnup. These results were then plotted versus temperature as shown in Fig. 2(a). Within the scatter of the 
resultant plo~ no temperature dependence is apparent and a constant value of f(T) = 300 µm·MWh/kgU is fitted 
through the data. The quantity Ng is equal to the number of bubbles per unit area of grain boundary times the 
number of gas atoms in a bubble (m). Hence, the temperature dependence can be evaluated from the equation 
of state and a mechanical force balance for the bubble in which31 
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(19) 

where R is the bubble radius, y is the surface tension of the solid, o is the hydrostatic stress and k is Boltzmann's 
constant. Thus, f(T) is inversely proportional to the temperature. Since this trend is not apparent in Fig. 2(a), 
a more complex mechanism is presumably governing the trapped inventory. It is important to realize, however, 
that the trapped fraction,(, is typically less than 20%. Table 2 and Fig. 2(b) show the predictions of the present 
correlation versus the measured data. As seen in Fig. 2(b ), the predictions deviate by up to a factor of 3. No 
trend, however, is observed from the line of perfect correlation within the groupings of the given data set. Figures 
2( c) and ( d) represent release calculations with the present model, using the correlation for (. As can be see from 
these plots, the release kinetics are well predicted during the tests, but a poorer prediction results at the end of 
the tests due to the trapped fraction calculation. 

3. MODEL APPLICATION 

3.1 Comparison to Experiment 

Using the trapped fraction correlation, the present analysis was applied to a validation set of eight 
experiments that had not been used in developing any portion of the model (footnote (a) in Table 2). The same 
diffusion coefficient was used for all experiments (see Table 1). A constant value for the surface-to-volume ratio 
of three times the geometric value was also assumed. As discussed in Section 2.4, a value of /4 = 20% was used 
for all Zr-clad experiments to model the fraction of steam into the fuel-to-clad gap. In addition, a pure steam 
assumption was employed for the mini-elements whenever the hydrogen production rate was below 6x I 0-6 mol/s. 
The only variables in the calculation were the test conditions themselves. The specimens were characterized by 
a volumetrically-averaged grain size, the burnup and a geometric surface-to-volume ratio. The changing 
e"""Perimental conditions included the temperature, temperature ramp rate and oxygen potential of the atmosphere. 
The environment (argon, hydrogen, steam) and the presence of Zircaloy cladding were therefore taken into 
account through the oxygen potential calculation. 

Figure 3 shows the model comparison (with stoichiometry deviation for steam tests) for 4 of the 8 validation 
tests. The intrinsic diffusion coefficient, along with the temperature-ramp factor, are confirmed by the mini­
element tests (Figs. 3(a) and (b)) conducted in an atmosphere of purified argon. The parameter, &i, was set to 
zero for these tests, since the specimens came from a different fuel rod. Figures 3(c) and (d) provide an 
assessment of the fuel oxidation and release model. The test in Fig. 3(c) is slightly underpredicted by the model, 
although the fuel fragment had broken up into several pieces during the test (i.e., an increase in the release of Ce 
was measured during the test)1

• This would have resulted in an increased surface-to-volume ratio which was not 
considered in the present calculation. In Fig. 3(d), the model slightly overpredicts the release when steam is 
initially introduced into the system. This result may be attributed to a slight overprediction of the fuel oxidation 
kinetics with the Blackburn methodology. 

In order to quantify the release fraction prediction from the present treatment, the mean absolute difference 
between the model and experiment was evaluated from all of the data points within the validation set. A mean 
absolute difference of 0.11 was obtained for the release fraction, which provides a measure of accuracy for the 
model prediction. 
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3.2 Comparison-to Other Models 

The present"!nodel can be compared to other models currently employed in reacter accident analysis. The 
CORSOR-M model32 and the ORNL diffusion model33 were run for the same experiments as the present 
calculation. The CORSOR-M and ORNL predictions are also shown in Figs. I, 2 and 3, i.e., the present model 
typically predicts the release fraction more accurately than the other models. For instance, the mean absolute 
deviation for these models was 0.17 (CORSOR-M) and 0.24 (ORNL) (as compared to a value of 0.11 for the 
present model). Thus, the present model is able to better predict the release fraction by up to a factor of 2. 

4. CONCLUSIONS 

I . An analytical model has been developed to describe the release behaviour of fission product cesium from 
uranium dioxide fuel during severe reactor accident conditions. In the present framework, the fission product 
release kinetics are based on the state of fuel oxidation, in accordance with a generalized diffusion-based 
approach. The fuel oxidation kinetics are detailed by a surface-exchange reaction at the fuel/steam interface. The 
effect of a changing oxygen potential in the atmosphere ( due to Zircaloy/steam reaction) is explicitly treated in 
the model. 

2. The model is based on the recent CRL HCE2 tests, conducted in a steam atmosphere at high temperature 
(1354 to 1651 °C) with both fuel fragments and Zircaloy-clad specimens. These experiments demonstrate that 
hydrogen production from the Zircaloy/steam reaction will significantly reduce the oxygen potential and 
subsequent cesium release. An enhancement in the release due to temperature ramp up is considered in this 
analysis. A trapped fraction correlation has also been developed from other CRL test data. 

3. The accuracy of the model has been quantified ( mean absolute deviation of O .11) from a validation set of 
eight ex'])eriments. The present model is also in better agreement, as compared to predictions with the industry­
standard CORSOR-M and ORNL release models. 
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TABLE 1. -- :MODEL PARAMETERS BASED ON CRL HCE2 TEST CONDITIONS. 

Parameter Fuel Fra2ment Tests<k> Mini-Element Tests<k> 

HCE2-CF2 HCE2-CF3 HCE2-CF1 HCE2-CM2 HCE2-CM6 HCE2-CM1 

Pre-Test Conditions: 
Fuel Type Bruce-type<•> Bruce-type<1> Bruce-type<!) Bruce-type<•> Bruce-type<1> Bruce-type<() 

Element Identity AC-19 AC-19 AC-19 AC-19 AC-19 AC-19 
Burnup (MWb/kgU) 457-2 457-2 457.2 457.2 457.2 457.2 

Test Description: 
Fuel Specimen UO2 chips UO2 chips UO2 chips uo212r-4<n) uo212r-4<0 > uo212r-4<0 > 

Enrichment (wt% 235U in U) 1.38 1.38 1.38 1.38 1.38 1.38 
Specimen Weight (g) 0.566 0.534 0.460 14.696<0 > 16.890(o) 16.469(o) 

Number of Fragments<aJ 3 3 2 - - -
Fuel Length (mm)<bl -- - - 9 11 10 
Grain Radius (µm) 3_5(m) 3.5<111> 3.s<m) 6_5(p) 6.5(p) 6.s(p> 

Temperature ~C) 1354 1504 1639 1368 14% 1651 
Environment<<> Ar/2%-H2, Ar/2%-H2, Ar/2%-H2, Ar/2%-H2, Ar/2%-H2, Ar/2%-H2, 

steam steam steam steam steam steam 

Modelling Analysis: 
··-

Gap Inventory<4> - - - 0_15 0.15 0.15 
Equilibrium xe (experiment)«> 0.17 0.16 0.15 - - -
Equilibrium xe (model)lll 0.20 0.19 0.17 - - -
End-of-Test x (experiment)<&> 0.18 0.16 0.15 0.18 0.16 0.15 
End-of-Test x (model)(la> 0-20 0.19 0.17 0.17 0.19 0.17 
S/V Ratio (m-1

) (Fitted)(l) 2.l0xI04 4.67xl04 l.55Xl04 - - -
S/V Ratio (m- 1

) (ModeJ)<Jl 2.07xI04 2.1 lx104 l.29xl04 l.65x103 l.53xl03 l.59xl03 

Model Parameters: Temperature Ramp<v: E,. = l.78x102 (s/K) 

Inert Atmosphere'.,: D<liD = 7.6x10-10 (m2/s) 
Q., = 7.0xlo-4 (cal/mol) 

Steam Atmosphere<•>: D0°" = 2.22x 10"' (m2/s) 
Q°" = 4.02xl04 (cal/mol) 

(a) Applicable to fuel fragment tests only. 
(b) Applicable to mini-element tests only_ 
(c) For standard temperature and pressure conditions. 
( d) Fraction of ll-4Cs in the fuel-to-clad gap (mini-elements only). 
(e) Calculation based on measured p02 data and Blackbum model. 
(f) Calculation assuming oxygen potential for pure steam (Q,=2) and Blackbum modeL 
(g) Calculation based on measured weight gain at end of test 
(h) Calculation based on measured p02 data followed by pure steam assumption (Q,=2) and Blackbum model. 
(i) Fit performed on fuel fragments only. 
(j) SN= 3*(SN)....-;c (assuming cubic geometry for fuel fragment tests). 
(k) Tests are in order of increasing temperature. 
(1) Bruce-type fuel rod irradiated in the NRU reactor ( enriched to 1.38 wt% :z:,5U). 
(m) Range of2 to 5-µm (peripheral fragments chosen based on high Cs/Rh ratio)_ 
(n) UO2 clad in Zirca)oy-4 witl1 loose fitting end-caps. 
(o) Includes the weight of the Zircaloy-4 cladding and end-caps. 
(p) Based on volumetric average of as-received, irradiated fuel pellet 
( q) Detennined from a simultaneous fit to all six tests. 
(r) Intrinsic difibsion coefficient as previously determined by Turnbull. 
(s) Determined from a simultaneous frt to aJI six tests. 
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TABLE-2. TRAPPED FRACTION BASED ON CRL EXPERIMENTAL DATA. 

Test 

HCEl-Mt2<•> 
HCE1-M13 
HCE1-M14 

HCE2-CF1 
HCE2-CF2 
HCE2-CF3 
HCE2-CM1 
HCE2-CM2 
HCE2-CMS 
HCE2-CM6 
HCE2-CM7 

UCE12-T011"1 

UCE12-T0J<•1 

UCE12-T05 
UCE12-T07<•> 
UCE12-T08 
UCE12-T09<•> 
UCE12-Tto<•> 
UCE12-T11 
UCE12-TtJ<•> 
UCE12-Tl 7<•> 

Specimen 
Type 

mini-element 
mini-element 
mini-element 

fuel fragment 
fuel fragment 
fuel fragment 
mini-element 
mini-element 
mini-element 
mini-element 
mini-element 

fuel fragment 
fuel fragment 
fuel fragment 
fuel fragment 
mini-element 
mini-element 
mini-element 
mini-element 
mini-element 
fuel fragment 

Temperature(b) Enviromneot<c) 

1599 
1603 
1599 

1639 
1354 
1504 
1651 
1368 
1500 
1496 
1622 

1104 
1600 
1553 
1555 
1400 
1398 
1598 
1586 
1100 
1481 

('C) 

steam 
steam 
steam 

steam 
steam 
steam 
steam 
steam 
steam 
steam 
steam 

steam 
Ar/2%-H2 

steam 
steam 
steam 
purified Ar 
purified Ar 
steam 
steam 
steam 

Trapped Fraction Correlation<k>: f{t) = (·a·BU 
= 300 (µm·MWh/k.gU) 

Grain 
Radius 

(µm) 

3_5(c) 
3_5(•) 
3_5<•> 
6.5<d) 
6.s<d) 
6.5<d) 
6.5<d) 
6.s<d) 

5.000 

3.3(!) 
5_7'-fJ 
6.7<'> 
4.3(1) 
4_3W 
5.5w 
5_5w 
s.sw 
4_5<'> 

Burnup 
(MWh/kgU) 

457.2 
457.2 
457.2 

457.2 
457.2 
457.2 
457.2 
457.2 
457.2 
457.2 
457.2 

441 
370 
370 
441 
370 
370 
441 
441 
441 
370 

(a) Test not used in model development or1rapped fraction analysis (i.e., model validation test). 
(b) Peak test temperature. 
(c) Foc standard temperature and pressure conditions during peak test temperature. 
( d) Based on volumetric average of as-received. irradiated fuel pellet. 
(e) Range of2 to 5 µm (peripheral fragments chosen based on a high Cs/Rh ratio). 
(f) Determined from post-test ceramographic analysis. 
(g) Based on volumetric average from post-test cerarnographic analysis. 
(h) Determined from end-of-test u.es release fraction. 
(i) End-of-test ™Cs release fraction did not reach equilibrium. 
(j) Calculation based on trapped fraction correlation. 
(k) Value represents average from calculations based on measured trapped fraction. 

Traooed Fraction, { 

Measured~' 

_(i) 

0.136 
0.126 

0.201 
0.059 
0.181 
0.147 

0.127 
0.154 
0.052 

_(i) 

_(i) 

0.030 
_(i) 

0.039 
_(i) 

_(i) 

0.243 
_(i) 

_(i) 

0.101 
0.101 
0.101 

0.188 
0.188 
0.188 
0.101 
0.101 
0.101 
0.101 
0.101 

0.136 
0.246 
0.142 
0.102 
0.189 
0.189 
0.124 
0.124 
0.124 
0.180 
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FIGURE 1. COMPARISON OF MODEL PREDICTIONS TO HCE2 EXPERIMENTS. 
(a) Release fraction for fuel fragment test HCE2-CF3 (1504°C). (b) Release fraction 
for mini-element test HCE2-CM6 (1496°C). (c) Stoichiometry deviation for fuel 
fragment test HCE2-CF3. ( d) Hydrogen production rate for mini-element test HCE2-
CM6. 
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FIGURE 2. TRAPPED FRACTION ANALYSIS. (a) f{T) vs. temperature. (b) Comparison of 
measured and predicted ( . ( c) Release fraction for fuel fragment test UCE 12-T0S. 
(d) Release fraction for mini-element test UCE12-T08 . 
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FIGURE 3. RELEASE FRACTION COMPARISON FOR VALIDATION SET. Mini­
element tests (a) UCE12-T0.8"\nd (b) TIO in inert (purified argon) atmosphere. Fuel 
fragment tests (c) UCE12-T01 and (d) Tl7 in oxidizing (steam) atmosphere. 
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