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ABSTRACT

An analytical model has been applied to describe the diffusional release of fission product cesium from
Zircaloy-clad fuel under high-temperature reactor accident conditions. The present treatment accounts for
the influence of the atmosphere (i.e., changing oxygen potential) on the state of fuel oxidation and the
release kinetics. The effects of fuel dissolution on the volatile release behaviour (under reducing
conditions) is considered in terms of earlier crucible experiments and a simple model based on bubble
coalescence and transport in metal pools. The model has been used to interpret the cesium release kinetics
observed in steam and hydrogen experiments at the Vertical Irradiation (VI) Facility in the Oak Ridge
National Laboratory and at the HEVA/VERCORS Facility in the Commissariat 4 'Energie Atomique.

1. INTRODUCTION

A temperature increase will result when there is insufficient cooling to remove the fission and decay
heat from the nuclear fuel. During the progression of a reactor core melt, the temperature rise will
escalate with the exothermic oxidation of the Zircaloy cladding material by steam.! The unoxidized
Zircaloy cladding will also melt at a temperature dependent on its oxygen content, i.e., the melting point
ranges from 2033 K (oxygen free) up to 2338 K (oxygen-saturated Zircaloy at ~35 at% oxygen). The
molten cladding can liquefy the solid uranium dioxide fuel well below its melting temperature of 3100
K. Dissolution of the fuel in the molten Zircaloy will also cause a destruction of the matrix structure that
may result in an enhanced release of volatile fission products. The hydrogen that is generated at high
temperature by the steam oxidation of the core materials can influence the oxygen potential of the
atmosphere. These high-temperature phenomena will directly influence the release characteristics of the
fission products.? To better understand the mechanisms that govemn the release behaviour under degraded
fuel conditions, a number of single-effects annealing tests have been conducted at high-temperature in both
oxidizing (steam) and reducing (hydrogen) conditions.>**57

* Visiting scientist from the Royal Military College of Canada, Department of Chemistry and Chemical
Engineering, Kingston, Ontario, CANADA K7K 5L0.
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An analytical model has been developed to describe the diffusional release of cesium in terms of the
state of fuel oxidation in annealing experiments (see Ref. 8). This treatment considers the inhibiting
influence of hydrogen (produced by steam oxidation of the Zircaloy cladding) en the oxygen potential of
the atmosphere, and its subsequent effect on the fuel oxidation kinetics. In this paper, the model is applied
to the analysis of the vertical induction (VI) tests at the Oak Ridge National Laboratory (ORNL) and the
HEVA/VERCORS tests at the Commissariat a 'Energie Atomique (CEA). The amount of fuel dissolution
that arises in the annealing tests with hydrogen is evaluated in terms of previous data from crucible
experiments.®>'®!!  The impact of liquefied fuel on the cesium release is assessed in terms of earlier
theoretical work.'?*?

2. RESULTS AND ANALYSIS
2.1 Fission Product Release Model

As detailed in Ref. 8, fission-product transport in the uranium dioxide fuel matrix can be described by
a diffusional release process. The generalized release fraction is given by:

F = Fyn), o

where the function Fp(t) is given by the transformed Booth relation:*!*

F,=6,L-37, fort<0l, @)
ko

F,=1-—expl-m*7}, for7>0.1. 3

The dimensionless variable T is evaluated from the integral relation

T = {D'(t)dt - ZO: D (0At, @

where D’ = D/a?, D is a time-variable diffusion coefficient and a is the grain radius. The grain radius a
is typically constant during the anneal since the grain boundaries are pinned by the fission product

bubbles.'*

The diffusion coefficient D (in m¥s), as a function of temperature T (in K) and stoichiometry
deviation x, can be given by the composite expression:*

D =D + Dx1. &)

Here the intrinsic diffusion component (as derived from isothermal experiments) is given by'®
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) ) -7.0x 10*
= 7.6 x 1070 exp{————1}, . (6)
B 7 X exp{ 2T } -
and the enhanced uranium vacancy production term is®
7y = D x?expl—<!. )
Dx,7) X exp{RT}

where R = 1.987 cal/molK, D, = 2.22 x 10® m%s and Q = 4.02 x 10* calymol. With oxidized fuel, one
generally finds that D(x,T) >> D(T) in Eq. (5).

2.2 Fuel Oxidation Model

The process of fuel oxidation by steam is govemed by a surface-exchange reaction at the solid/gas
interface and not by the volume diffusion of oxygen into the solid.'"'*?** The kinetics of this reaction
has been defined by )

L - —a (BN - x, (®)

where x, is the equilibrium stoichiometry deviation (see Appendix A), o is the oxygen surface-exchange
coefficient, m is the order of the reaction with respect to the steam pressure P, (in atm) and S/V is the
surface-to-volume ratio of the solid.

The stoichiometry deviation x as a function of time can be calculated by integrating Eq. (8) over a
given time step At of constant temperature T

x(AdH = x(0)expi-a (S V)(Phao)”’At} +x,[1 - expl-a(§ W (Py)"AR], &)

where x(0) is the value of the stoichiometry deviation at the beginning of the time step. The parameter
& (m/s) has been determined experimentally by Cox et al. at 1 atm pressure in the temperature range 1073
to 1873 K (for sintered UQ, with a geometric §/V):'*!°

a = aoexp{—%, } = 0.365 exp{-23500/ 73, (10)

where T is in K. This parameter has also been evaluated by Abrefah et al. in the temperature range of
1273 to 1623 K, yielding similar coefficients of o, = 0.450 and E/R = 22080 K.

2.2.1 CEA Fuel Oxidation Experiments. To quantify the parameters of m and §/V in Eq. (8), further
experiments were conducted using a thermogravimetry technique at the CEA. Sample pellets were cut
into slices with a weight of 0.7 g and a diameter of 8 mm. These specimens were then placed into a Pt-
mesh crucible in which a gaseous flow was introduced. The results from a typical experiment with
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sintered UO, containing no open porosity are shown in Fig. 1. Equation (8) provides a good fit to the data
using a calculated value of x, based on the Lindemer and Besmann representation in Appendix A. Figure
2 shows a weight reduction resulting from fuel volatilization at 1773 K and 1873 K in an atmosphere of
He-1% H,0. A final reduction of the fuel sample in a hydrogen environment provides a measurement of
the rate of UO, evaporation as shown in Fig. 3 as a function of temperature. Significant evaporation can
be seen to occur above 1600 K.

Figure 4 shows the parameter a(Py,,)™ as a function of temperature (considering evaporation effects)
at a constant pressure of Py,o = 0.01 atm. This work yields an activation energy of E/R = 23300 K that
is in good agreement with Eq. (10). The quantity o (Py,o)™ can also be determined from Fig. 4. By
repeating this experiment at various values of Py, the parameter m can be evaluated. Figure 5 suggests
that the oxidation reaction rate depends on the square-root of the steam pressure in the low-pressure
domain 0.01 to 1 atm, which is also in agreement with the findings of Abrefah et al.?

Other experiments were conducted with samples of the same geometry but with an open porosity of
3%. Using a nitrogen adsorption technique, the specific surface area of these samples was measured to
be 19 cm?/g compared to a geometric surface area of 0.5 cm?/g, i.e., the (§/V),,, is approximately 40 times
the (&/V)geomenic-  This open porosity consisted of a network of interconnected cracks (~10 pm-thick) that
were stable upon resintering at 1973 K in H,. As typically shown in Fig. 6, the oxidation rate is slightly
higher for the fuel sample with 3% open porosity. From these results, an effective §/V is deduced from
Eq. (8) such that (§/V)esrective = 1.6 10 2.3 (&/V)geomenic- This finding is in good agreement with the earlier
work for irradiated fuel.® Thus, the effective surface area that arises in the oxidation reaction is much less
than the specific area measured with the adsorption technique. This result occurs because of limited steam
penetration into the microcracks. A relatively high partial pressure of hydrogen (produced from the fuel-
oxidation reaction) in the microcracks may result in a low local value of x, even though there is a large
excess of H,O in the bulk atmosphere.

2.3 ORNL Experiments

A series of anneals were conducted in the vertical induction (VI) facility at the ORNL, 2222324252627
In these tests, fuel specimens were heated in either a hydrogen, steam or air environment at atmospheric
pressure to temperatures ranging from 2000 to 2740 K. The fuel specimens consisted of 15-cm sections
of high-burnup Light Water Reactor (LWR) fuel in which Zircaloy end caps were press fit on. A small
1.6-mm hole was drilled at the mid-length position to permit gas release during heating. The fission
product release was monitored with on-line gamma ray spectrometry. A summary of the experimental
conditions is given in Table 1. The measured release kinetics of the volatile cesium species and the
temperature history are shown in Fig. 7 for the high-temperature VI tests 3 through 5.

23.1 Analysis of ORNL Experiments and Model Application. The ORNL Diffusion Model was
obtained from a fitting of Egs. (1) through (4) to the release data of the first five VI tests (irrespective of
the atmospheric conditions).” A simple regression was employed in this treatment to back-calculate the
diffusion coefficient from the measured release fraction.?*?° Assuming a constant diffusivity over a short
time period, an effective diffusion coefficient D (in m?s) was evaluated for the ORNL model as an
Arrhenius function of temperature (T in K):***%°

D =1763x10"° exp{-l‘éﬁ'g}, (an
RT
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If all of the input steam reaches the fuel-to-clad gap then f, = 1. However, a previous Zircaloy-
oxidation analysis for the VI-1 test indicated a significant bypass in the test section where only ~46% of
the steam had-actually reached the fuel specimen and reacted with the external-ladding surface.®® Thus,
if this fraction is then able to reach the gap, f, = 46%. Values of f, for the other steam tests may be
obtained from a suitable scaling of the VI-1 value by considering the ratio of the total quantity of
hydrogen measured to that which occurs from complete Zircaloy oxidation. The total amount of molecular
hydrogen produced from all sources in the steam tests is given by the area under the hydrogen rate curves
(Fig. 8), yielding a value, for example, of 2.0 mol (VI-1) and 1.8 mol (VI-3); in comparison, the quantity
of hydrogen produced from the Zircaloy/steam reaction can be calculated from the Zircaloy masses in
Table 1 as 0.69 mol (VI-1) and 0.46 mol (VI-3). The result of this calculation yields an estimated value

for f, of 33% (VI-3) (see Fig. 7(a)).

The equilibrium stoichiometry deviation x, can be estimated as a function of time for the ORNL steam
tests. This calculation employs the fuel oxidation model of Egs. (A-1), (A-4), (A-5) and (A-19), as well
as the measured data for the steam input rates (Ry,,) and hydrogen production rates (Ry,) (Fig. 8), and
bounding values of f,, The stoichiometry deviation x can in turn be determined from Egs. (9) and (10)
where the S/V ratio is taken to be 490 m™. The value of x, in Fig. 8 is observed to decrease under certain
times when steam bypass becomes important. This decrease will therefore lead to a fuel reduction. In
the present analysis, it is implicitly assumed that the reduction process occurs instantane ously, rather than
by the slower kinetics of Eq. (9). This assumption is made because reduction is much more rapid than
oxidation since the former process is solid-state diffusion controlled.® With a knowledge of x(z), the
cumulative release fraction can be estimated from the fission product release model of Egs. (1) through
(4). The combined diffusion coefficient of Eqgs. (5), (6) and (7) is employed.

The result of the calculation for the VI-3 steam test is shown in Fig. 7(a) as labelled by the model
D(x,T) (with f, = 1 and 0.33). In general, the release is underpredicted early in the test. This result occurs
because release from grain-boundary cracking and from deposits on the internal clad surface have been
ignored. On the other hand, the model tends to overpredict the release later in the experiment since the
fuel oxidation is, in reality, more limited as a consequence of a reduced mass transport into the fuel-to-clad
gap. The given release prediction is comparable to that of the empirical ORNL diffusion model.
However, it is worthwhile to note that the present calculation is essentially a “blind” test since no
adjustable factor is used.

A best-fit prediction can be provided for the VI-3 steam test by considering the second-order effects
of release from the grain boundaries and fuel-to-clad gap. These effects can be incorporated into the
combined fuel oxidation and fission product release model by replacing the intrinsic diffusivity of Eq. (6)
with the effective diffusivity of Eq. (12). This change is only applied during the initial ramp below a
temperature of 2000 K (VI-3) where d1/dt > 0. During this period, the hyperstoichiometric diffusivity
is reduced since x is very small as a result of hydrogen production from the steam reaction with the
Zircaloy cladding (see Fig. 8). Consequently, Eq. (12) will dominate for the ramp release. The reduced
transport of steam to the fuel can be further modelled with an empirically-fit parameter f,. In accordance
with the earlier analysis, a best-fit value of f, = 26% implies that only 80% of the steam, which actually
reaches the reaction tube, enters into the fuel-to-clad gap through the drilled hole or cracks in the oxidized
cladding. The release prediction is considerably improved, as indicated by the “best fit” model in Fig.

7(a).

In summary, the present analysis indicates that the atmospheric effects are less important in the ORNL
tests as a consequence of a reduced oxygen potential in the steam tests (resulting from steam bypass and
a reduced mass transport of steam to the fuel-to-clad gap).
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where R = 1.987 cal mol” K. This diffusion coefficient was recommended for the burnup range of 38
to 44 MWd/kg uranium. In most circumstances, Eq. (11) leads to an underprediction of the cumulative
release fraction as labelled by the model “ORNL" in Fig. 7. - -

The VI tests 4 and 5 were conducted in a hydrogen environment at high temperature. Under these
conditions, the diffusion component D(x,T) = 0 and intrinsic diffusion would be expected to predominate.
As discussed in Ref. 6, the intrinsic diffusivity in Eq. (6) significantly underpredicts the release behaviour.
However, a revised diffusion coefficient D(T) (for hydrogen conditions) can be obtained from a specific
fitting of the fission-product release model to the VI-4 and VI-5 data. Using a Marquardt-Levenberg
algorithm for the regression analysis, the following diffusion coefficient (in m%s) is obtained:

D = 121 % 107 exp{- 12700 (12)
RT

This diffusivity provides a much better release prediction for the hydrogen tests [labelled as D(T) in Figs.
7(b) and 7(c)] than that proposed for the ORNL model in Eq. (11).

The fuel in the hydrogen experiments (VI-4 and VI-5) is expected to be close to stoichiometry for the
following reasons. A “pure” hydrogen atmosphere will produce a low oxygen potential, where equilibrium
thermodynamics predicts a hypostoichiometric phase for the urania.®®*" In fact, at higher temperature,
a region exists where the UQ,, is in equilibrium with liquid uranium (containing dissolved oxygen).?!
However, this result was not observed in the ceramography of the hydrogen tests at the CEA (Section 2.4)
or ORNL, which may indicate that the fuel was buffered somewhat by trace quantities of water vapour
in the apparatus. Although the fuel can also be reduced on contact with the Zircaloy cladding, this
reaction will be inhibited with the presence of an oxide layer on the inner surface of the cladding. This
oxide layer will result from the liberation of oxygen with high fuel burnup. The fuel will also not increase
in stoichiometry during the previous irradiation period as a consequence of this gettering of the oxygen
by the cladding, as well as by the fission-product molybdenum.* The poor wetability of the fuel after
clad melt in the annealing experiments will also prevent significant fuel reduction (see Section 3). In
conclusion, the present discussion suggests that the diffusivity in Eq. (12) should correspond to near-
stoichiometric conditions.

A significant effect of the atmosphere on the release behaviour was not observed in the ORNL steam
tests (VI-3). This result may be attributed to a lower oxygen potential resulting from steam bypass of the
fuel test section and limited mass transport of steam into the fuel-to-clad gap of the fuel specimen.”*
The bypassed steam also reacted with the graphite susceptor of the test assembly, liberating carbon
monoxide and additional hydrogen. With limited fuel oxidation, the diffusivity in Eq. (12) should
therefore apply. In fact, the use of this diffusivity in the model of Egs. (1) through (4) also provides a
good prediction of the release behaviour for the “steam” test (VI-3) (as labelled as D(7) in Fig. 7(a)).

This analysis suggests that the oxygen potential is lower than expected in the various steam tests. This
result can be further demonstrated with the use of the fuel oxidation and fission product release models
(Sections 2.1 and 2.2). In this calculation, it is important to consider the mass transfer of steam to the fuel
specimen and into the intemnal rod atmosphere. This effect can be quantified in terms of the parameter

£, in Eq. (A-19).
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2.4 CEA Experiments

Eight anneating tests were performed in the HEVA facility at the Commissasiat a I'Energie Atomique
(CEA)-Grenoble from 1983 to 1989 (see Table 2).”*>* In these tests, fuel specimens were heated in either
a hydrogen or steam atmosphere between 1900 K to 2370 K. This program has been extended as the
VERCORS test series in order to investigate the release behaviour of fission products in the presence of
greater fuel deterioration at higher temperature. On-line gas chromatography was also used to monitor
the hydrogen production for the tests after VERCORS-1.

Each test (except HEVA-7) was conducted with a small section of a spent Pressurized Water Reactor
(PWR) fuel rod. The irradiated fuel specimen consisted of three pellets that were contained in the original
Zircaloy-4 cladding. A half-pellet of depleted UO, was placed at each end of the fuel stack. The fuel was
held in place by crimping the ends of the cladding (i.e., no end caps were used). 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 (HEVA tests) to 15 W/cm (VERCORS tests), after which the
annealing tests were carried out within 50 h.

The measured release kinetics of the volatile cesium species are compared for the two high-tempera ture
tests (HEVA-6 and VERCORS-2) in Fig. 9. An oxidative phase was performed in the early part of the
HEVA-6 test, where the fuel specimen was exposed to a mixture of steam (25 mg/s) and hydrogen (0.2
mg/s) at a temperature of 1620 K for 50 min, in order to oxidize about two-thirds of the thickness of the
Zircaloy cladding. The HEVA-6 test (see Fig. 9(a)) reached a maximum temperature plateau of 2370 K
in a hydrogen atmosphere. A reducing environment is also expected to be present in the early phase of
the test as a consequence of hydrogen production from the Zircaloy-steam reaction. In comparsion, the
VERCORS-2 test in Fig. 9(b) was carried out at 2150 K in a predominantly oxidizing (hydrogen/steam)
environment. These experiments can provide a further validation of the models in Sections 2.1 and 2.2.

2.4.1 Model Application. Since the uranium dioxide fuel in the HEVA-6 test experienced a reducing
environment, the fission product release model of Egs. (1) to (4) can be directly applied with an intrinsic
diffusion coefficient. As shown in Fig. 9(a), the diffusivity of Eq. (6) (derived from isothermal
experiments) leads again to an underprediction of the ’Cs release kinetics. On the other hand, it can be
shown that the release kinetics are significantly overpredicted with the diffusivity of Eq. (12) (derived
from the ORNL hydrogen tests). This difference may be related to the fact that cladding is present in an
oxidized state throughout the HEVA-6 test (as a result of an initial oxidative phase), whereas the metallic
cladding has melted and relocated in the ORNL hydrogen tests (VI-4 and VI-5). Thus, the enhanced
release in the VI tests may be attributed to a lack of fuel constraint by the cladding or, perhaps, due to
dissolution of the fuel by the molten Zircaloy (see Section 3).

A best fit diffusivity can be evaluated for the Heva-6 test using a Marquardt-Levenberg regression
analysis (see Fig. 9(a)). This analysis indicates the presence of a shallow minimum where a number of
fitting-parameter pairs (i.e., pre-exponential factor and activation energy) yield equivalent results. For
instance, on fixing the activation energy to the value obtained for the VI-hydrogen experiments, the
following optimized diffusivity (in m?s) is obtained (compare with Eq. (12)):

D = 1.35x 108 exp|- 12790 (13)
RT

This diffusivity is approximately an order of magnitude smaller than that given in Eq. (12). The best-fit
model is in good agreement with the observed release kinetics.
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The fuel oxidation and cesium release model can be directly applied to the:}~ VERCORS-2 test (see Fig.
9(b)), which was conducted predominantly in a steam atmosphere. The oxygen potential for the given
steam/hydrogen mixture can be evaluated with Egs. (A4), (A-5) and (A-19), where R,;zo' is the steam input
rate and Ryy, is the sum of the hydrogen input rate and the measured hydrogen production rate (Fig. 10).
The steam bypass can be similarly quantified by taking f, in Eq. (A-19) as the ratio of the calculated
amount of hydrogen produced from Zircaloy-clad oxidation to the total amount of hydrogen created (as
measured by gas chromatography), i.e., f, = 370 mg Hy2126 mg H, = 0.174. The subsequent mass
transport of steam to the gap was not limited in this case because the fuel specimen had no end caps.
Hence, the equilibrium stochiometry deviation (x,) can be evaluated by equating the oxygen potential in
the atmosphere to that of the solid using the Blackbumn representation of Eq. (A-1). Following the
methodology of Section 2.3.1, the stoichiometry deviation can, in turn, be calculated from Egs. (9) and
(10) for an S/V ratio of 490 m”. With the calculated x(f) values in Fig. 10, the **Cs release kinetics can
therefore be determined from the release model of Egs. (1) through (4). The combined diffusivity of Egs.
(5), (6) and (7) is again used in this calculation. The grain radius is fixed as @ = 7.5 pm (Table 2). As
shown in Fig. 9(b), the model prediction is in good agreement with the measured data. To consider an
enhanced release from the grain boundary and fuel-to-clad gap during the temperature ramp-up period
(where d7/dt > 0) (see Section 2.3.1), the intrinsic diffusivity of Eq. (6) can be replaced by Eq. (13) (as
deduced from the HEVA-6 test). However, there is essentially no change in the predicted release curve
of Fig. 9(b) since the hyperstoichiometric term typically dominates the intrinsic one in Eq. (5) for the
given experimental conditions.

In summary, comparing the CEA (Heva-6) and ORNL (VI-4 and VI-5) test results under hydrogen
conditions, the loss of cladding support in the ORNL tests (as a result of melting and relocation) leads to
an enhanced cesium release. The fuel oxidation and fission product release model, developed in Ref. 8,
is able to reproduce the release kinetics in the Vercors-2 steam test (where again steam bypass effects must
be considered).

3. DISSOLUTION PHENOMENA

In the ORNL steam tests (VI-1, VI-2 and VI-3), the fuel specimens had remained intact. However, fuel
collapse was observed in the hydrogen tests (VI-4 and VI-5) above the melting temperature of the Zircaloy
cladding. Radiation detectors along the axial length of the fuel column indicated that the fuel stack had
collapsed at ~2150 K in VI-4 and between 2400 to 2700 K in VI-5.% 1t is believed that the cladding/fuel
was in a semimolten state because of the degree of downward penetration of the fission products below
the original fuel location.?* Post-test metallography of the VI-4 assembly indicated a chemical interaction
between the liquid Zircaloy-4 and the solid UO,. The effect of fuel dissolution on the release of the
volatile fission products is considered in Section 3.1.

The oxygen content of the cladding must exceed a minimum value (e.g., ~1 wt% at 2200 K) to provide
sufficient wetting of the fuel for dissolution.>'° Early in the VI-4 experiment, the wetability of the fuel
was limited because the test was conducted in a reducing (hydrogen) atmosphere and the cladding was
originally oxygen-free. Consequently, only weak UQ,/Zircaloy chemical interaction is expected to occur
after clad melt while the molten Zircaloy runs down the cracked fuel pellets; i.e., significant dissolution
of the UO, can not occur until there is an increased oxygen content in the melt after fuel collapse into the
molten pool.

The volume-percent of fuel dissolution expected in the VI-4 experiment can be estimated as follows.
Recent crucible experiments have shown that the maximum solubility of UOQ, in liquid Zircaloy depends
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on the UO,/Zircaloy mass ratio, the initial oxygen content of the cladding and the temperature of the melt.
The time-dependent behaviour of the dissolution process can also be described by first-order kinetics:"

Cfd = C,.,(1 -expl-£8), ' (14)

where C{f) is the uranium concentration in solution at time t, Cy, is the uranium concentration in the
saturated melt, &’ is the first-order rate constant = k; (§/V), (s7), k, is the uranium assimilation rate
constant (m/s), and (§/V), is the fuel surface area/molten Zircaloy volume ratio (m™).

The crucible experiments in Ref. 11 were conducted with a (§/V), ratio of 730 to 770 m?’. In
comparison, a lower-bound estimate of the (§/V), for the VI-4 fuel specimen is ~800 m™ using the
fabricated geometry of the fuel specimen and neglecting any cracking effects for the irradiated pellets.
Since the (§/V), ratios are similar, Eq. (14) suggests that an equilibrium concentration should be reached
at about the same time (or even more rapidly with a larger ratio) in the VI-4 experiment if convective
stirring in the melt is not limited. For instance, the crucible experiments typically reached saturation in
about 0.5 to 3 min within the temperature range of 2273 to 2473 K, where &’ varied from 0.025 to 0.14
s’. On the other hand, the UO,/Zircaloy mass ratio was myg/mz, = 11 for the crucible experiments,'!
compared with a lower mass ratio of mypy/mz, = 78.2 g/21.1 g = 4 for the VI4 test (Table 1). A lower
ratio for the VI-4 experiment will yield a greater amount of fuel dissolution at a given temperature,
although this increase will be offset somewhat with a reduction of the ZrO, furnace tube by melt
interaction; as the oxygen content of the melt increases, the amount of UO, that can be dissolved by the
melt decreases.”!!

In conclusion, the saturation concentration should be rapidly reached in the VI-4 test (with sufficient
convective stirring) with a value comparable to that of the crucible experiments. The average temperature
of the melt during the VI-4 test after fuel collapse was 2373 K. Hence, at this temperature it follows from
the crucible experiments that ~9% of the volume of the fuel should dissolve when the Zircaloy is initially
oxygen free.!! This estimate can also be compared to that determined by a fission product release analysis
for the VI-4 test (Section 3.1).

3.1 Fission Product Release With Fuel Dissolution

Based on mass balance considerations, the fractional release (F) of volatile fission products from the
fuel with the occurence of fuel dissolution is:

F = [Fy(r) - flFr) - Fy{r )] + £11 - F(r D1 F(d), (15)

where fis the volume fraction of fuel dissolution (see Section 3.), Fy(t) is the release fraction for matrix
diffusion [see Egs. (2) and (3)], and F,(?) is the release fraction for dissolved fuel. It is assumed that fuel
dissolution occurs at the dimensionless time © = 1, (or time ¢ = ;). The first term in Eq. (15), i.e., Fp(T)
- f{Fp(1)-Fp(7 )}, corresponds to the diffusional component of release while the second term describes
that from the dissolved fuel region. The release fraction for dissolved fuel is assumed to occur as a first-
order rate process for time ¢ > f,

Fi(d = [1 - expl-k(z- 1)}, 16)
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where & is a rate constant of release. Since the process of fuel dissolution is rapid (see Section 3.), the
dissolution kinetics can be modelled as a step function where ¢, is the time of complete dissolution which
is assumed to~occur one minute after fuel relocation into the Zircaloy melt. - Hence, for time, ¢t < 1, f =
0, and Eq. (15) simply reduces to the release fraction in Eq. (1); at time ¢ > f;, the parameter f is taken
to be equal to the saturation value. By the time of fuel dissolution, a fraction Fp(1;) has already been
released by diffusion from the fuel matrix.

The model in Egs. (15) and (16) can be fit with a Marquardt-Levenberg algorithm to the VI-4 data in
Fig. 7(b). For this calculation, the fraction Fp(t,) is fixed at 27% at ~58 min (based on the observed time
of relocation). The additional fitting parameters of the generalized model are fand k. As shown in Fig.
7(b), better agreement is obtained when the effect of fuel dissolution is considered. The model parameters
in this case are evaluated as f = 3.7% and k = 4.6 x 107 s (Table 3). A discussion of these results is
presented in the following sections.

3.1.1 Volume Fraction of Fuel Dissolution (f). The fitted value of f (i.e., 3.7%) is comparable to that
expected from the crucible experiments (i.e., 9%). The lower value for the VI-4 test may result from a
higher oxygen content in the melt (from a reduction of the furnace tube by the melt) and, possibly, from
limited convection in the melt (see Section 3.). The VI-4 result is also lower than that measured in a
preliminary test (VT-4) with hollow and unirradiated pellets (~11%). This result is to be expected in light
of the lower UO,/Zircaloy mass ratio in the VT4 test.*

3.12 Rate Constant for Volatile Release from Dissolved Fuel (k). The first-order rate constant k can
be determined in terms of a physical process of bubble rise through a viscous melt. Considering a balance
of forces for gravity and drag versus buoyancy, the terminal rise velocity V,, (in m/s) for a submerged
rigid bubble of radius 7, (in m) is given by,'*"

2
v, - 21Pe8 a7

bt ~ 9“1_ >

where p; is the density of the melt (kg/m®), g is the gravitational constant (= 9.807 m/s?), and y; is the
viscosity of the melt (Pa.s). To account for the tortuous path that the bubble must take in its upwardly-
biased rise through the partially dissolved fuel pellets, the effective bubble rise velocity V,, is taken to be
one-half of the terminal velocity.? Thus, the rate constant k for cesium release can be related to a time-
averaged, bubble rise velocity <V,> according to:

<V
n - b> - C<]’Z>’ (18)

k =

where { = M pL2/(9 1. ), N is the molar ratio of cesium to total volatile gas in the fuel specimen, and
{ is the characteristic thickness of the melt. The parameter 1 may be approximated for VI-4 by the mass
ratio mef(metmy,) = 0.26 g/(0.26 g + 0.50 g) = 34%.** From the metallographic examination, and a
calculation of the total amount of cladding that is available for relocation, { is estimated to be about 0.02
m. The physical parameters for the melt, p; and p;, must also be obtained. Although the values for these
and other parameters are given in Ref. 12 (for liquid UO,), they are not referenced and, in several cases,
have incorrect units. Consequently, an independent search was undertaken for the various quantities listed
in Table 3.°37:38394041 Hence, using Eq. (18) with the fitted value of k and the physical parameters in Table
3, the effective bubble radius is evaluated as 7, 5 = [<r,>]"* = 0.11 pm.
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One can further estimate the amount of volatile gas present in bubbles compared to that which is
trapped within porosity or dissolved in the liquefied fuel. This can be determined by accounting for
bubble coalescence and growth in the liquefied medium. Using previous theoretical treatments, '*13%24 the
effective bubble radius can be derived in Appendix B as given in Eq. (B-16). The only unknown quantity
in Egs. (B-16) and (B-17) is the available content of gas (M) that fixes the bubble density in Eq. (B-5).
However, only a certain fraction (€) of the total gas density in the melt (M,) is available for bubble growth
since some gas will remain dissolved in the molten pool or will be trapped in porosity, i.e., M = eM,,.
The parameter M, can be evaluated for the VI-4 test based on direct gamma spectrometry of the fuel
specimen and an ORIGEN2 code calculation. Here the concentration of volatile gas is C = 4.6 x 10%°
atom/cm?® of UQ, (i.e., 7.3 kg of Xe/tU and 3.7 kg of Cs/tU).** Thus, the total gas atom density in the
melt at the time of dissolution (t) is

Voo

* Vayw

M, = C(1 - Fy(1)) (19)

b

Yooy

where the volume of liquefied fuel is Vyoyz) = f Myo2/Pyosm and the volume of molten Zircaloy is V3,
= Mz/Pz,» Using the data in Table 3, with f=3.7% (Section 3.1.1), Fy(t,) = 27%, and the given masses
for the fuel specimen in Table 1 (i.e., myo, = 78.2 g and m,,, = 21.1 g), M,,_;i:s evaluated as 2.8 x 107
atom/m>. A value of € = 13% is finally obtained by equating Eq. (B-16) to the previous fitted value of
Fyr=<r2>2 =011 pm.

beff b

This analysis indicates that only ~13% of the fission gas is found in bubbles. The remaining gas is
presumably in solution in the melt or located within the observed porosity (voids).

3.1.3 Discussion. The phenomenon of fuel disolution, and its impact on the volatile release behaviour,
are quantified in Sections 3.1.1 and 3.1.2. The present treatment explicitly assumes a single event for
bubble nucleation in which the corresponding bubble growth is described by Eqgs. (B-11) and (B-14). This
formulation is supported by the fact that there is an in-situ supersaturation of fission gas during melt
formation.

Liquefaction was only observed for those ORNL experiments performed in a reducing (hydrogen)
atmosphere (VI-4 and VI-5). However, the dissolution process did not have a significant effect on the
fission product release behaviour (see Fig. 7(b)). An instantaneous release is not indicated with fuel
dissolution (as assumed in the NUREG-0772 fission product release correlation**) because of limited
growth of bubbles in the liquefied material. This finding is also supported in the analysis of Ref. 12.
Only about 13% of the total cesium contained in the molten fuel is released via bubble transport (Section
3.1.2). The majority of the volatile cesium appears to remain in solution or is trapped inside voids. The
low fraction of cesium in bubbles may reflect the presence of additional holdup mechanisms not
considered explicitly in the model; for example, such phenomena may include: bubble nucleation in the
pool, vapor diffusion of gas into bubbles, and the interaction/release of bubbles at the surface of the pool.#
Caution should be exercised, however, in the use of the present results to real accident situations since it
is not clear what impact the hydrogen carrier gas has on void production within the melt.

. Inspection of the release curve in Fig. 7(c), suggests that only a diffusional release occurred from the
fuel in the VI-5 experiment. Fuel relocation was observed much later in the VI-5 test (perhaps at a
temperature as high as 2700 K) compared to that in VI-4 because of the lower bumup of the fuel
specimen.?’ By the time of relocation in VI-5, most of the release would have already occurred by

diffusion (i.e., Fp(t;) = 0.95 in Eq. (15)).
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Finally, in .the CEA experiment performed in a reducing environment —(HEVA-6), some Zircaloy

penetration was observed in the fuel cracks. However, the fuel specimen remained intact as a consequence
of the early steam period in which the cladding was partially oxidized (see Section 2.4), ie., a protective
(inner) zirconium oxide layer, produced early in the test (during the 1620 K temperature plateau), would
prevent significant Zircaloy/UQ, interaction. Thus, the total amount of fuel dissolution is expected to be
small, leading to a predominant diffusional release in Fig. 9(a).

4. CONCLUSION

1.

An analytical model has been applied 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
diffusional 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 the
Zircaloy/steam reaction) is explicitly treated in the model.

. The influence of pressure, fuel porosity and UO, volatilization on the fuel oxidation behaviour has been

investigated in experiments at the CEA. The model has been applied to the ORNL (VI-3 through 5)
and CEA (HEVA-6 and VERCORS-2) tests performed under various atmospheric and temperature
conditions (i.e., in steam and hydrogen at 2150 to 2740 K).

. A significant difference in the release was not observed between the hydrogen and “steam” tests at the

ORNL and CEA since the oxygen potential was reduced as a result of hydrogen production from the
Zircaloy/steam reaction. In addition, a significant steam bypass occurred at both facilities, resulting
in additional hydrogen liberation from a steam reaction with the graphite susceptor of the fumace
assembly. Limited transport of steam to the fuel-to-clad gap also reduced the fuel oxidation kinetics.

. Intrinsic diffusivities were evaluated from release data in the hydrogen tests at the CEA (Heva-6) and

ORNL (VI-4 and VI-5). These diffusivities were larger than those reported in earlier isothermal
experiments, which may be related to temperature ramp effects. Fuel collapse was observed in the
ORNL tests (VI-4 and VI-5) following clad melt and relocation; however, the clad remained intact in
the Heva-6 test as a result of an earlier oxidative phase. The loss of cladding support yielded an
increased diffusivity by an order of magnitude.

. A small amount of fuel dissolution occurred in the ORNL hydrogen tests following clad melt. The fuel

dissolution kinetics in the VI-4 test were analyzed in terms of separate-effects crucible experiments.
The amount of volatile release from the dissolved fuel was assessed with a simple model based on the
phenomena of bubble coalescence and buoyancy rise in a molten pool. The VI-4 analysis indicates that
volatile release from dissolved fuel can be inhibited by bubble dynamics and porosity in the melt.
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APPENDIX A: CALCULATION OF x,

The equilibrium deviation from stoichiometry (x,) in Eq. (9) is determined-by-equating the equilibrium
oxygen pressure in the solid (Section A.1) with that of the gas mixture (in the fuel-to-clad gap) (Section
A2)°

Al Oxygen Partial Pressure in the Solid

The partial pressure of oxygen p, (in atm) of the solid, as a function of temperature (in K), is given
by either the Blackbum thermochemical model:*

Inpg, = 2lnx-2In(1-x) +2In(2+x) + 108 x> —ﬂ';?'i +9.92, (A-1)

or the solid solution representation of Lindemer and Besmann:*!

Inpg, = 43298 5574 + 41| 2X(1 729 , forx <001, (A-2)
T (1-4x)7?
Y

Inpg = ~2102 41515 + 2| XU20° | g 45 001 (A-3)
T (1-32

A2 Oxygen Partial Pressure in the Atmosphere

At a total system pressure p, (in atm), the p,, in the gas mixture can be estimated from the

transcendental equation:*®
[% - 1) +(§ + 1)%_

1(1 (Po)lﬂ > >
I3

(A4)

bl

- 1—(o,+1)(ﬁ

Va4

where K, = exp{-AGYRT}, AG® = -250800 + 57.8T J/mol and R = 8.3145 Jjmol.K. The parameter Q,
is the hydrogen-to-oxygen atom ratio of the environment:®

Q, - 2(1 . ] (A-5)

where ny/ny, is the ratio of the number of moles of hydrogen-to-steam in the gas mixture.

Alternatively, Egs. (A-4) and (A-5) can be replaced by considering the equilibrium constant K, for
water vapour decomposition for the reaction:

K
28,09 ¥ 2H,@ + 0,@. (4-6)
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The parameter. K, is given in several references. For example, from the definition of K, in Ref. 46, the
equivalent expression for K, is:

Olander: logK, = -@ +6.032, (A-7)

where T is in K. Other representations for K, include, respectively:*7+4

Wheeler and Jones: logK, = -22020 . 1 95810g 7'~ 0.9659, (A-8)
Nemst:  logK, = —%@ +1.75log T- 1.2, (A-9)
Ulich:  logK, = -354;52 +4.64 + 1.04(0.0007 T~ 0.2). (A-10)

The oxygen partial pressure py, can be evaluated at equilibrium at a given terr;iicrawe T from the law of
mass action for the given reaction in Eq. (A-6):

3

2
K, - Pals (A-11)
2
Pro

and the laws of conservation of mass for H and O:

Pro* Py, = g0+ Py (A-12)

Pro* 2P = Proi (A-13)

where (pyp0); and (pyp); are the initial water and hydrogen partial pressures that are introduced into the gas
mixture. Equations (A-11) through (A-13) lead to a cubic equation for the oxygen partial pressure,
analogous to Eq. (A-4):

4(pg)® +41o), - K1 PG, + [(PR), + 4 (P 0 K 1 Pg, - (P iKy = 0. (814}

Two cases are of particular interest:

(i) When only pure steam is introduced (i.e., there is no cladding present or the cladding is fully
oxidized), the solution for the p,, is:

, \13
K,Pyo
4

(A-15)

Pg, =
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(ii) When.a mixture of steam and hydrogen is introduced (i.e., the cladciing is still oxidizing), such
that there is a significant contribution of hydrogen, i.e., K; << (pi);, 4K2 << P Y Pwo)s 40o2)’
<< (ppo)i 2K, and 4pg, << (b)), Eq. (A-14) reduces to: —

2
(P

Equations (A-8) and (A-16) yield the usual Wheeler and Jones formula for the oxygen potential
in a hydrogen and steam mixture:*’

Inpgy = - 576T25 +4.50910g 7'- 2.224 - 4.60510g[

s ] (A-17)

g o

As expected, if ny, << ny0, Eq. (A-5) reduces to the pure steam condition, Q, = 2. In this situation,
Eq. (A-4) simplifies to an explicit expression for the p,;:*

2 \1/3 S
y 2

4K}

(A-18)

Po =

which yields the same result as Eq. (A-15).

The molar ratio n,/ny,, in Egs. (A-5) or (A-17) can be estimated from the bulk-stream conditions at
the mid-point of the fuel specimen using the measured hydrogen production rate Ry, (in mol/s) and the
steam input rate into the reaction tube Ry, (mol/s):

1
n -R
H o 2 _ (A-19)

1
g0 éR}iZO_;Rlza

Here f, is the fraction of steam that enters into the fuel-to-clad gap from the mass transfer.

APPENDIX B: BUBBLE COALESCENCE AND GROWTH IN LIQUEFIED MEDIUM

Considering a single bubble-class size, the rate of change of the bubble density N, (bubble/m*) moving
by both random and biased motion in the liquefied medium is'*!?

an,
7[” = -(16mr,D, +4mr; V) Ny, (B-1)

where D, is the bubble diffusivity. The first term in Eq. (B-1) accounts for random motion due to bubble
diffusion (the full derivation of this term is given in Ref. 41). The second term describes the bias motion
and corresponds to the product of the bubble density and the interaction volume swept out by each
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bubble.">  The bubble velocity V, (derived from Eq. (17)) is appropriate since the temperature
distribution across the bottom section of the fuel assembly was uniform in the VI-4 test. However, if a
temperature gradient were present, bubble transport may also occur by a volame diffusion or vapour
transport mechanism, in addition to that of buoyancy (see Ref. 12).

The fission gas bubbles will migrate with a bubble diffusivity given by:!
3Q)

D, = Dy. B-2
b 411'r§ v (B-2)

Here Q is the atomic volume (= 41 x 10* m® per U atom) and Dy is the uranium-atom diffusivity.
Equation (B-2) actually follows from arguments for volume diffusion of bubbles in UQ, in the solid
state. > The effects of diffusion in a molten liquid is accounted for in the estimate of D,. If there is no
tendancy for the melt to slip at the surface of the diffusing uranium atom, Dy (in m?s) is determined by
the classical Stokes-Einstein equation®?®

kyT
D, =2 (B-3)

6mr u,

where k; is Boltzmann's constant (= 1.381 x 10% J/K) and T is the temperature (= 2373 K for VI-4). The
radius of the uranium particle r; can be estimated from the atomic volume where 4nr,/3 = Q, which
yields a value of r; = 2.1 x 10 m.

Substituting the diffusivity (Eqs. (B-2) and (B-3)) and the bubble rise velocity V, (Section 3.1.2) into
Eq. (B-1), yields:

dN,

dt

N;. (B-4)

2QI(BT(1)2 . amp, g

Tk, \ 1

The relative importance of the two terms on the right side of Eq. (B-1) or (B-4) can be deduced by
plotting the volume rate constants of (dNydr)/N,> as a function of the bubble radius (at the given
temperature of 2373 K for the VI4 experiment), i.e., the random motion will dominate for small bubbles
less than ~0.057 pum, whereas bias motion will become important for larger bubbles. Consequently, the
two phenomena in Eq. (B4) can be decoupled.

For the VI-4 experiment, the amount of gas release from the melt is small since kT; << 1, where T,
= 29 min (= 1.74 x 10* s) is the given period of release after dissolution. Thus, it can be assumed that
the available quantity of gas M (in atom/m’) in the melt is fixed such that

M = mN, = constant. (B-5)

The parameter m in Eq. (B-5) is the number of gas atoms contained in a bubble of radius r,. This quantity
can be evaluated from the equation of state for the gas atoms in the bubbles, and from a mechanical force
balance for an equilibrium bubble in the liquid medium, i.e.,*
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3
= 47be/3 ’ o o (B'6)
T B+(kgT2Y )1, T

where B is the Van der Waals parameter (= 85 Adatom for xenon) and v, is the surface tension of the
liquid medium. For the given value of y; and temperature (Table 3), bubble coalescence will be
sufficiently rapid so that B << (kz1/2y)r,, and Eq. (B-6) will therefore reduce to

m - (4#&3)(3&] (B-7)

3 )\ k,T)

Thus, combining Egs. (B-5) and (B-7), one obtains a relation between the bubble radius and bubble

density:
1y _(37Y |y (B-8)
7 3Mk,T| *

Considering only random motion for the moment, on substituting Eq. (B-8) into (B-4), yields

dN, _[ 160y,

)Nj. (B-9)
dt

3rpp, M

Integrating this equation, and applying the initial condition N,(t=0) = N,,, gives

L. L, (___329“ )t, (B-10)

After several generations of coalescence, the condition N, << N,, applies, and the first term on the right
hand side of Eq. (B-10) can be neglected.*’ Finally, expressing this resultant equation in terms of the
bubble radius with the use of Eq. (B-8) yields

k

rbz,mndom(t) = ( ;7)

This equation is only valid while random motion dominates, i.e., from time 0 <t <z, The time £, is
evaluated from Eq. (B-11) in which r,,,,5m(L,) = 1,, = 0.057 pm.

12

3MQ 12 p (B-11)

2y, 11y

Similarly, when the bias motion predominates, Egs. (B-4) and (B-8) lead to the differential equation:

dN, | P8 Mk, 2
l6mu, \ v,

dar

(B-12)

: ]
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or equivalently,
- 1 ff_b _ | pgMksT
,; ar

(B-13
12p,v, :

2 )1
Tobias = {5 ~
Tpo

-1
P8P \e- to)} . (B-14)

In light of Eq. (18), <r,>> can be evaluated as

7, T £ T,
<rp> = [ il [t - % [ Braniom @t + [ By . (B-15)
(i 0 L o [3

o

where time zero starts from the time of dissolution. Substituting Egs. (B-11) and (B-14) into Eq. (B-15),
and performing the integration, gives the final result

172 2 1
<> = —| 56,87 - —In{l - 153,¢, (T, - )}, (B-16)
T, 3 ¢,
where
k 112 Mk, T
¢l - ( Bi) 3MQ , ¢2 - pLg B ) (B_17)
T )| 2Y Tty 6u Y,
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TABLE 1: SUMMARY OF VERTICAL IRRADIATION (VI SERIES) TESTS AT-ORNL

Parameter Test Number
- V-1 vI-2 Vi3 vi4 VIS V16 VI-T
Fuel specimen
Fuel type Oconee BR3 BR3 BR3 BR3 BR3 Monticello
Rod identification 1D13 (08747) | 1-1002 1-1002 1-105% 1-114 1-114 BNDO304 (GS5)
Enrichment (m1% 2*U) - 576 5.76 8.26 576 576 287
Zircaloy4 cladding
Outes diameter (am) 1.08 095 095 ass 0.95 095 1.243
Fuel length (cm) 152 15.2 152 152 152 15.2 152
Fucl loading (g UG, 109.18 2.0 811 n2 20.8 815 126.0
Weight of Zircaloy (2) 3118 213 212 21.07 222 2154 442
Total specimen weight (g) | 14036 1033 123 9929 1020 103.0 1702
Irradiation Data
Irvadiation period 27751119 6980 | 776-9/80 meoso | 16980 69780 | 2782730
Bamup (MWd/kgU) 40 4“4 a2 47 a2 a2 40
Max heat rating (W/cm) - - 251 0 22 222 -
Gnain radius (Rm) 4.6 60 60 6.0 6.0 6.0 -
In-pile Kr release (%) 03 2 10 10 2 2 2
Test conditions
Test temperature (K) 2020, 2300% 2300 2000, 27009 | 2440 2015, 2740¢ | 2310 2025, 2307%
Time ot temperature (min) | 20, 20 ) 20,20 20 20, 20 60 20, 20
Atmosphere® Steam Steam Steam Hydrogen Hydrogen Hydrogen, | Air (with
steam®@ satarated water)
Flow nate (Ymin) 1.5 154 L6 0.4 04 04, 1.0 1.0%
Fractional release (%)
s 63 [ 100 9% 100 80 7
®Kr 57 >3 100 8S 100 75 65
=] 37 >33 - n - - -
=sb 33 68 9 64 18 64 52
Eg 0 0 ~0.01 19 14 .
oiRg 1) 4] 50 [} o ] -
Reference 21 2 2 % 25 26 27
@ Some tests (VI-1, VI-3, VI-5 and VI-7) were conducted in two phases &t two different temperatures.
® At standard temperature and
© 'ra1Vl-swashntedtnmxhmm(h&&mmﬁmm:mmphmmmBMC). During Phase
B and the first 17minofl’hseC.ﬂamﬂawmsmdspuimvuudwadbymmknwmxmwmmuseo(hhge.
©@ Durh:gtmp:iodz)ODmmK(mudmnso’q
TABLE 2: SUMMARY OF HEVA AND VERCORS TESTS AT CEA
Parzmeter HEV
A 01 HEVA @ HEVA 03 HEVA 04 HEVA 05 HEVA 06 HEVA 07 HEVA 08 'VERCORS 01 VERCORS 02
Test deserip < < FPR22070K i | -FPR2 270K in | -FPR x 200K in E
4 -FPR 2t 2370 E E N i
e et Ho wdtwits | RO md K, wits | Homs Byvins | i wib iy | Consom it | momamoss | RO mat | Ho o
~Fitsion Product FPR# 240K in | inadiated foet i iz e foel H'OMH"; E:‘cﬁ:"‘ :’-0'““:% H.0 md H, with
Relewse (FPRY 2 | H,0 with -Aerosol sizing &t | imadiated foel imdiated foed -Acrosol i oo oo madiztedire- imadiztedre-
1900K in H,0 irvadiatod foct P Aosct iring 2| -Aceonot siziog & s sizing & .-unﬁmﬂ“ﬁ:d imdistedjre. imadiated fuel irdizted fuel
‘with irradisted foel 80K 20K Acrasol sizing &t nmdmedfunl -Actosol sizing &t | -Aerosol sizing 2
Fuel specimen 520K m sng x| sTOK 0K
Fuel type cAPR car BR3 e o 12 .
P 0 = Fessepheim 1 Fessenhei.
Rod identification 4026 (FFOOEDIZ) 4026 (FROOEDIZ) 2 Ci2 FDC €12 (FDC ks v g
Eaihment (n1% 2U) 455 ey 36 21 " a1 m cxza:]:cm . CriCis) © FEC 5D c12 oCisy)
Qs am. (mm) " _ Pyl 5% 36 & ﬂe:l;oad 31 31 31
Pellet Outer Diam. (mm) u 81 8.03 819 19 19 2 9.50 9.50 9.50
Pellet length (mm) 12 12 1718 1296 1396 ii3% 219 z19 119
Initial fuelfclad gap () 3 4 0 5 5 Fo - 13.56 13.96 13.96
Fissile Jength (mm) - 2 % “ % 4.5 3 " b
Sample beight (o, s : ; “ a
ot (m) 20 © 10 0 30 L ©
Irradiation Deta
lmdistion period 573380 sm-yio - 3 oydes 0 81 3 1
Bamup (MWdkgL) 194 194 77 67 "d?s: “ } qc:;o o ' Boveis o ¢ epcles 10 OV Aieyeles 0
Av;._hux ating (Wjcm) - B 250 185 185 1s T 367 429 n3
Coo_lmg wind (13 328 378 3 55 6 &5 & 135 - .
Gnin ndits (wm) « . 15 15 15 15 . 77? : ;
Roirradiaticn NG - s 25
No Ho e Yes Yes & Yes Yo Yes
Text conditions
Test due 13 nms 286 12186
;ﬂlpmm rise (Xss) 1 1 1 1 q:v ’T 6’:! 3’:9 "'f’ %0

et temp. phaican (K) 1900 2140 2070 0 207 70 y
Time = tezmp. plaecaa (5) 900 500 1500 201 2070 2130 2%
Flow rate (mgh) 2 20 1800 1800 60 120 E

o o o3 [

H0 100 2 7 2 2; = ‘;5 as 0os os
Impactor tempenature (K) No No 1070 70 20 520 520 52250 :;SO ™
Agflo/Cd No 80

No No No No No Yes Yes No No
Fractional release (%)
b -2 -]

- : . 3‘3 :; : 2 - 18 az 28

X e ot 2 a 12 3 2z

oy, i : : o A :5 2 4 ) -35 -2

g i a 20 1 R ° L S (dewection lamit) 46 19

Mo . N > b pet (':“) - 15 (detection limit) -3 3

vy ) s a 3 5 » 16 (detection bamit) : 1"

ee 9 (detection Emit) a2 . R ooy . . -

m . § (betection Bmif) as . . 0 (*Rey X .

= . - 25 ' £ 6 (detoction Kimity 14 s
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= TABLE 3: VALUES OF VARIOUS PARAMETERS USED IN THE PRESEN—T STUDY

_ Symbol | Explanation of Parameter Value & = Ref~
A. Values Assumed in [N - Pea" 8.74 x 10* kg/m’
Study T - Hpx® 4.3x10” Pas
i = Yz and v, 1.5 N/m
ry Radius of uranium particle 21x10°m
B. Physical Parameters Puoz.a Density of uranium dioxide on melting 8.74 x 10° kg/m’ 37,38
and Constants Prm Density of zirconium on melting 5.8 x 10° kg/m’ 39
TR Viscosity of uranium dioxide on melting 4.3x 10” Pas 37,38
Yom Surface tension of zirconium on melting 1.40 to 148 N/m 9.3940
Yum Surface tension of uranium on melting 1.5 N/m 39
Q Atomic volume 41 x 10% m*/U-atom 41
8 Acceleration of gravity 9.807 m'/s 39
k, Boltzmann's conastant 1.381 x 102 j/K 39
C. VI1-4 Analysis
(i) Experimental Paramelers Fp(t) Cs release fraction at time of dissolution 27%
M, Volatile gas concentration in melt 2.8 x 10% atom/m’
. Critical bubble radius®’ 0.057 pm
T Average temp during dissoluti 2313 K
T, Period of release during dissolution 174 x 10 s
(it) Model Parameters / Volume fraction of fuel dissolved 3.7%
(Fitted) k Cs rate constant for release from dissolved fuel | 4.6 x 107 s
€ Fraction of gas in bubbles 13% [Egs. (B-11) and (B-14)]
(a). Units are incorrect in Ref. 12.
). See item B.
©). Bubble radius when random motion equals bias motion (for mode! calculation in Eqgs. (B-11) and (B-14)).
0.150 T T —T— 5 T T T T
2 et e, . sk
0.125 - g 7 [t SR > 1873 K
Z I o, c..
2 e~ 0 T =°=°° ‘. b
S oa00f i E
a2 o .
- - ° %o
Z 0.075 |- E = ~5f . E
E =} %, .
= = ‘s ‘.
[=} — » %
= ] o .
S 0.050 + - E 3
2 -10 } . |
] - MEASURED x in U0, %
s, | - ] ,
0.025 — MODEL {a=3.5x10 "m/s) ! %,
0.000 L . 1 . : -15 . ; X .
o 200 400 600 800 1000 1200 0 100 200 300 400 500
TIME (min) TIME (min)

FIGURE 1. Oxidation kinetics of a sintered pellet (§/V = 7 cm™)
at 1473 K in He-3%H,0 (5 J/h) using a thermo-gravimetry
technique at the CEA. The sample is taken to 1473 K under an
inert atmosphere. At time zero, 3% H,O is introduced into the
carrier gas.

FIGURE 2. Weight evolution of sintered pellets (§/V = 7 cm™) at
1773 K and 1873 K in He-1%H,0 (10 I/h). The initial weight of
the sample is 0.7 g. The end-state stoichiometry deviation (after
reduction in H,) is determined to be 0.07 and 0.08 for the samples
at 1773 and 1873 K, respectively.
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FIGURE 4. Plot of the quantity In{a(Pgo)™} as a function of
temperature for the CEA experiments. The surface-exchange
coefficient, &, is given in units of cm/s and the pressure, Ppo iS
given in units of atm.
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FIGURE 6. Comparison of fuel pellet oxidation with no open

porosity and with 3% open porosity at 1473 K and in a He-3%H,0
(5 I/h) atmosphere.
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FIGURE 7. Measured and predicted release of cesium during the
ORNL experiments conducted in a steam atmosphere: (a) VI-3, and
in a hydrogen atmosphere: (b) VI4 and (¢) VI-5. The diffusion
coefficients employed in the release models include: Eq. (11) for
the ORNL model, Eq. (12) for the intrinsic diffusion model
[labelled as D(T)), and Eqs. (5), (6) and (7) for the fuel
oxidation/fission-product rclease model [labelled as D(x,T)]. The
best-fit model uses the combined diffusion coefficient of Eq. (5)
where the intrinsic diffusivity during the initial ramp is given by

Eq. (12).

FIGURE 8. Steam input rate and hydrogen production rate for VI-
3. The predicted equilibrium stoichiometry deviation (x,) is given
for f, = 1. The stoichiometry deviation (x) is given for f,=1and
0.26.
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FIGURE 9. Comparison between measured and predicted fractional release values of cesium in CEA tests: (a) HEVA-6 and (b) VERCORS-2.
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