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ABSTRACT

The theoretical FASTGRASS model for the prediction of the behavior of the

gaseous and volatile fission products in nuclear fuels under normal and

transient conditions has undergone substantial improvements. The major

improvements have been in the atomistic and bubble diffusive flow models, in

the models for the behavior of gas bubbles on grain surfaces, and in the

models for the behavior of the volatile fission products iodine and cesium.

The theory has received extensive verification over a wide range of fuel

operating conditions, and can be regarded as a state-of-the-art model based on

our current level of understanding of fission product behavior. PARAGRASS is

an extremely efficient, mechanistic computer code with the capability of

modeling steady-state and transient fission-product behavior. The models in

PARAGRASS are based on the more detailed ones in FASTGRASS. PARAGRASS updates

for the FRAPCON (PNL), FRAP-T (INEL), and SCDAP (INEL) codes have recently

been completed and implemented. Results from an extensive FASTGRASS

*Work supported by the U. S. Nuclear Regulatory Commission, Division of
Accident Evaluation.



verification effort are presented and discussed for steady-state and transient

conditions. In addition, FASTGRASS predictions for fission product release

rate constants are compared with those reported in NUREG-0772.

1. Introduction

The theoretical FASTGRASS model has been used for predicting the behavior

of fi'ssion gas and volatile fission products (VFPs) in UC^-base fuels during

steady-state and transient conditions.[1,2] This model represents an attempt

to develop an efficient predictive capability for the full range of possible

reactor operating conditions. Fission products released from the fuel are

assumed to reach the fuel surface by successively diffusing (via atomic and

gas-bubble mobility) from th^ grains to grain faces and then to the grain

edges, where the fission products are released through a network of

interconnected tunnels of fission-gas-induced and fabricated porosity.

/
The model provides for a multi-region calculation and uses only one size

class to characterize a distribution of fission gas bubbles. Whereas the

behavior of fission gas at the grain face and grain edge is based entirely on

this single-size-class description, the description of intragranular fission

gas behavior includes the kinetics of fission gas atom generation and

migration and fission-gas-bubble/gas-atom interactions. In addition, the

evolution in time of the average bubble sizes is calculated. The

intragranular single gas atoms are characterized by number density; the

intragranular, grain-face, and grain-edge bubbles are characterized by number

density and the average number of atoms per bubble, S^(t) . (The index "i"

indicates an intragranular, grain-faca, or grain-edge bubble type.)

Models [1-3] are included for the effects of the following key

variables: production of gas from fissioning nuclei, bubble nucleation and

re-solution, bubble migration, bubble coalescence, gas-bubble/channel



formation on grain faces, temperature and temperature gradients, interlinked

porosity on grain edges, microcracking, experimentally derived steady-state

bubble mobilities, and phenomenological modeling of bubble mobilities during

transient nonequilibrium conditions. These models are used to calculate

fission product release and the swelling due to retained fission gas bubbles

in the lattice, on grain faces, and along the grain edges for steady-state and

transient thermal conditions.

As the noble gases have been shown to play a major role in establishing

the interconnection jt escape routes from the interior to the exterior of the

fuel,[4,5] a realistic description of VFP release must a priori include a

realistic description of fission gas release and swelling. In addition, as

the VFPs are known to react with other elements to form compounds, a realistic

description of VFP release must include the effects of VFP chemistry on VFP

behavior. A niechanistic description of VFP behavior was developed by

modifying the FASTGRASS fission gas analysis to include theoretical models for

the effective production rates of the relevant VFPs (i.e., production rates

that account for precursor effects and radioactive decay), the chemical

interactions between the various VFPs, the interaction of the VFPs with the

fission gas bubbles, and the migration of the VFPs through the solid U0~

fuel. (See Ref. 2 for a detailed discussion of VFP modeling.) In the present

treatment, the VFPs I, Cs, and their major reaction products (Csl, CS2M0O,,

and CS2UO.) have been included. The modified code is designated FASTGRASS-

VFP. The formation of CS2M0O4 and CS2UO4 can have a crucial effect on the

reactions involving Csl, which are of major concern for deducing the form of

the iodine released in LWR power plant accident scenarios.



As the available data are not sufficient to describe the kinetics of VFP

chemical reactions, the approach to modeling VFP chemistry used here is to

assume that the kinetics of the relevant VFP chemical reactions occur fast

enough that a quasi-chemical equilibrium is maintained. The model calculates

the density and chemical form of retained fission products as a function of

fuel morphology as well as the amount and chemical form of the released

fission products. At present, no attempt is made to describe the behavior of

fission products after release from the fuel (e.g., the behavior of the

fission products in the fuel-cladding gap) . The effects of a staam

environment, fuel liquefaction, and gross fuel melting on fission gas and VFP

behavior are currently not considered.

PARAGRASS is an extremely efficient, mechanistic computer code with the

capability of modeling steady-state and transient fission-product behavior.

The models of PARAGRASS are based on the more detailed ones in FASTGRASS. The

major differences between PARAGRASS and FASTGRASS are in the treatment of VFPs

(i.e., PARAGRASS contains a parametric model for VFP release) and in models

for the migration of fission products up the temperature gradient (i.e.,

PARAGRASS uses the assumption that long-range migration of fission products by

biased diffusion is negligible). PARAGRASS is ideally suited for

incorporation into a whole-core accident analysis code which has the

capability of providing PARAGRASS with the relevant fuel operating conditions

(e.g., fuel temperatures). PARAGRASS includes a driver which accepts fuel

operating conditions; it can be directly interfaced with a thermal-mechanical

code with a minimum of difficulty by invoking an appropriate update.

PARAGRASS updates for the FRAPCON (PNL), FRAP-T (INEL), and ScDAP (INEL) codes



have recently been completed and implemented. PARAGRASS has undergone

verification with available steady-state and transient experimental data on

fission gas behavior.

References 6-8 of this paper contain a detailed description of the recent

major improvements to the theoretical FASTGRASS model. In Sections 2 and 3,

some results from an extensive verification effort for steady-state and

transient conditions, respectively, are presented and discussed. Finally,

Section 4 compares FASTGRASS-VFP predictions for fission product release rate

constants with constants calculated directly from the data reported in NUREG-

0772.[9]

2. Comparison of theory and experiment: Fission product release during
steady—state conditions

Figure 1 shows predicted fractional release of the stable fission gases

as a function of time, and compares it with the isothermal release data

for i:^Xe from Ref. 10. The three predicted curves reflect the ±40 K

uncertainty in irradiation temperature. The agreement between prediction and

data is good. It should be noted that FASTGRASS currently calculates only the

behavior of the stable fission gases, and a comparison between the predicted

13 "5

fractional releases of stable gases and data for Xe (with a 5.25-day half-

life) may reflect qualitative and quantitative differences in behavior between
ni 133

the stable gases and Xe. The fact that the data for Xe release follow

the predicted release of the stable gases support a the proposition delineated

in this paper that the stable fission gases play the major role in

establishing the interconnection of escape routes from the interior to the
133exterior of nuclear fuel. After steady-state concentrations of Xe have

been achieved (presumably within the first 10-12 weeks of irradiation, and
133prior to any substantial bubble interlinkage), the Xe is released to the

exterior of the fuel via pathways established by the stsble gases. Figure 1



should be compared with earlier results (see Fig. 3 of Ref. 2), where the

calculated release values were underpredicted for the last 7 weeks of the

irradiation. Lhe improved predictive capability shown in Fig. 1 is primarily

due to the model improvements discussed in the introduction and described in

Refs . 8 and 9. The theory accurately describes fission gas saturation effects

in that very little gas release is predicted (and observed) to occur prior to

~12 weeks of irradiation. At ~12 weeks of irradiation, the grain faces are

saturated with fission gas, leading to interconnection and release. After

this release, the face channels "heal" and the accumulation of gas on the

boundaries begins anew. This physical picture of gas behavior on the grain

faces is consistent with recent experimental observations .[11]

Figure 2 shows the predicted fractional release of iodine (131I + 1 3 3 I)

as a function of irradiation time, and compares these results with the data of

Turnbull and Friskney.[10] Again, to reflect the experimental uncertainty in

temperature reported in Ref. 10v three predicted curves are given,

corresponding to irradiation temperatures of 1733 ± 40 K. Tne circles in Fig.

2 represent the fractional release of iodine ( I + I) calculated from the

10 1 1 O O

data by taking into account the respective fission yields of 1Jli and I.

FASTGRASS-VFP utilizes an effective generation rate for the VFPs which

takes into account precursor effects as well as radioactive decay. The use of

an effective generation rate is reasonable for times subsequent to the

attainment of quasi-steady-state conditions in the fuel, when the VFP

concentrations are relatively stable. It is estimated that for ( I + I),

steady state would occur after several months of irradiation. The fact that

the FASTGRASS-VFP-predicted iodine release agrees with the data supports this

position. In addition, the experimental (and theoretical) observation that

the iodine release is qualitatively similar to the noble gas release provides
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additional support for the idea that the primary role of the noble gases is to

create pathways for the VFPs I and Cs as well as certain short-lived noble gas

133isotopes, such as Xe.

In a previous paper [2], iodine release predictions were examined for two

different assumptions about the diffusion of atomic iodine: (a) it diffuses

intragranularly through the solid UO2 (in the vapor phase), and (b) it

diffuses with Csl in fission gas bubbles. Based on a comparison of the

calculations with the data of Turnbull and Friskney [10] , it was concluded

that assumption (b) was more reasonable as well as more consistent with the

assumption of quasiequilibrium. However, subsequent to the incorporation of

the improved diffusive flow model, it became apparent that assumption (b) was

too restrictive (i.e., that the iodine solubility was zero). As a reliable

calculation (and measurement) of iodine solubility is not currently available,

the model for iodine solubility is characterized by the equation

where I T 0 T and I refer to total iodine and atomic iodine concentrations,

respectively, and the subscripts a and b refer to iodine residing in the UO2

lattice and in fission gas bubbles, respectively. Equation (1) is more

general than the approach used in Ref. 2 in that a can have a value between 0

and 1. As in Ref. 2, Csl can migrate only within fission-gas bubbles. The

solubility coefficient a is determined by comparison with experiment.

Figure 2 was generated using a value of 0.487 for the solubility

coefficient, a, defined in Eq. (1). Thus, approximately 1/2 of the atomic

iodine is predicted to be within the fission gas bubbles, with the other 1/2

in solid solution within the UO^ lattice.
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Figure 3 shows calculated end-of-life gas release for fuel irradiated in

the Carolinas-Virginia Tube Reactor (CVTR), the H. B. Robinscn (HBR) No. 2

Reactor, and the Saxton Reactor, compared wich the measured values. Also

shown in Fig. 3 are the predicted and measured end-of-life releases for the

isothermal experiments of Turnbull (corresponding to Fig. 1) and experiments

reported by Zimraermann [12]. The diagonal line indicates perfect agreement

between theory and experiment. To supply FASTGRASS with the proper operating

conditions for the CVTR, HBR, and Saxton irradiations, FASTGRASS was coupled

to an experimental LWR fuel behavior code generated by making suitable

modifications[13] to the LIFE fuel performance code. [14] As is evident from

Fig. 3, the theory predicts the data reasonably well for fission gas release

between 0.2 and ~100% and for burnups between 0.7 and 10 at. % (-7000-100,000

MWd/MT) . The largest differences between predictions and measurement occur

for the CVTR irradiations. These differences are attributed to uncertainties

in power history and to uncertainties in the LIFE-LWR calculation of fuel

temperatures.

3. Comparison of theory and experiment: transient conditions

3.1 Microcracking

The ability to determine whether microcracking will occur during a

given thermal transient is an important element in the prediction of fuel

temperatures and fission product release .[1,2] Microcracking can reduce the

thermal conductivity, Fc, of iJĈ  to ~50% of the Fc value in dense fuel. /

change of this magnitude will have a strong effect on calculated temperature

profiles. As an example, calculations of the centerline temperature of fuel

that has undergone a thermal transient induced by a direct electrical heating

(DEH) technique [11] vary by as much as 600 K, depending on whether or not

microcracking is considered.



As a first-cut approach to modeling ductile/brittle behavior of

oxide fuels, a model based on the work, of DiMelfi and Deitrich[15] has been

used in the FASTGRASS analysis.[1,2j This model estimates the growth rate of

a grain-boundary bubble under the driving force of internal pressurization.

The volume growth rates due to crack propagation and to diffusional processes

are compared to determine Che dominant mode of volume swelling. Knowledge of

the mechanical properties of UO2 is not required.

The FASTGRASS model was executed with a fuel behavior code [1] for

the steady-state irradiation of a fuel rod in the HBR reactor in order to

generate the required initial conditions for a transient analysis. The HBR

fuel had average heat-generation rates of 22.4 and 17.7 kW/m in the firsc and

second cycles, respectively, and reached a maximum burnup of 3.14 at. %,

Subsequently, FASTGRASS was executed with a transient temperature code [11]

for a series of DEH tests. The calculational scenario is as follows (see Fig.

4): Based on the DEH test operating conditions, the radial transient

temperature profile is calculated and is subsequently used for the calculation

of the fission gas response. In turn, the fission gas behavior results are

used for the calculation of fuel microcracking. If microcracking occurs, the

fission-gas release, retention, and swelling results are updated

accordingly. Finally, the microci^".king results are passed back to the

transient temperature calculation where the thermal conductivity expression is

modified, and the calculation proceeds to the next time step.

Figures 5-7 show the predictions of the theory for pore-solid

surface area per unit volume, Sv, as a function of pellet radius for DEH tests

22 and 32, 24 and 29, and 33 and 37, respectively, and measured values [11] of

Sv for the same tests (the measured pore-solid surface is assumed to be

produced mainly by fuel microcracking) .
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In general, considering the complexity (synergistic nature) of the

phenomena, Li. > results of the theory are in remarkably good agreement with the

data. The greatest discrepancy between theory and experiment occurs for tec.t

22 (Fig. 5), where the theory underpredicts the data obtained near the center

of the pellet by more than a factor of 2. The implication of this

underprediction of fuel microcracking is that the calculated fuel temperatures

will be low with a resultant underprediction of fission protect release (see

Fig. 4 ) . This scenario will be addressed further in the following section.

3.2 Transient fission gas release

Figure 8 shows the predictions of the theory for transient fission

gas release for 10 transient DEH tests on irradiated UOy fuel. Nine tests

were on fuel irradiated in the HBR reactor and one test was on fuel irradiated

under relatively high-power, load-following conditions in the Saxton

reactor.[11] The diagonal line in Fig. 15 indicates perfect agreement between

theory and observation.

Except for test 22 (12% gas release measured), the predictions are

within 40% of the measured values. In addition, there appears to be

relatively uniform sca.:£er of the predicted vs. the measured values on either

side of the diagonal line, indicating random rather than biased

uncertainties. Random uncertainties are most likely associated with the

calculation of fuel temperatures. The complex synergism among radial heat

flux, fuel microcracking, and fission gas response has already been discussed

in Section 3.1 above (see Fig. 4 ) . In addition, the actual transient

temperature profiles for the DEH tests contain asymmetries, owing to

nonuniform heating associated with the inhomogeneity of the DEH test

pellets. These asymmetries have not been quantified and were not included in

the analysis of the DEH tests.
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The theory predicts that 2.3% gas release occurred during DEH

Test 22, as compared to the measured value of 13.1% (Fig. 8). As discussed in

Section 3.1 above, and shown in Fig. 5, the theory also underpredicts (by more

than a factor of two near the pellet center) the amount of pore-solid surface

area generated during DEH test 22 by fuel microcracking. Based on the

discussion of the synergisms involved in the determination of radial heat flux

(represented pictorially in Fig. 4), this underprediction of fuel

microcracking should lead to an underprediction of fuel temperatures and,

hence, to an underprediction of fission gas release. As relatively reasonable

predictions for fuel raicrocracking were made for the other DEH tests (Figs. 5-

7), the predictions for fuel temperatures and fission gas release in those

tests should also be reasonable (if the fission gas response theory is

accurate); indeed, they are, as demonstrated in Fig. 8.

Figure 9 shows the predicti- ?f the theory for transient fission

gas release from UC>2 fuel (solid line function of time and temperature

for the HI-1 high-temperature transient test [16] performed at Oak Ridge

National Laboratory (ORNL), compared with the measured values (+ symbols) for

Kr obtained from a downstream charcoal trap. Also shown in Fig. 9 are the

measured fuel temperatures obtained by thermocouple and optical pyrometer.

The ORNL tests were performed with high-burnup LWR fuel (from the HBR reactor)

to explore the characteristics of fission product release in a flowing steam

atmosphere under a controlled loss-of-coolant accident (LOCA) over the

temperature range 1400 to ~2400°C. Earlier tests, [17,18] conducted under

similar conditions, were performed at temperatures of 500 to 1600"C.
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The results shown in Fig. 9 indicate that the theory predicts the

release of OJKr during the HI-1 test in a flowing steam atmosphere reasonably

well. The time lag of the experimental release observations with respect to

the predicted release is presumably due, in part, to Che time delay between

release from the fuel (theory) and measurement in a downstream charcoal trap.

Figure 10 shows the predictions of the theory for 16 ORNL transient

fission product release tests compared with the measured values.[16-13] The

temperatures were ramped to values of 5OO-16OO°C and held for various lengths

of time before test termination. The diagonal line in Fig. 10 indicates

perfect agreement between theory and experiment. In general, the agreement

between theory and experiment is reasonable. The ranges of predicted values

that are shown for three tests in Fig. 10 correspond to reported uncer ainties

[19] in the fuel temperatures during the test. The temperature uncertainties

in these tests are attributed to the combiner! heat from rapid cladding

oxidation and higher levels of ohmic energy deposition.

4. Comparison of FASTGRASS-VFP predictions for fission pioduct release rate

constants with NUREG-0772 results

Fission gas and volatile fission product release rates from LWR fuel rods

have been analyzed in order to compare the results presented in NUREG-0772

[19] with the FASTGRASS-VFP code predictions. A series of experiments with

highly irradiated fuel conducted in steam as well as dry air in the

temperature range from 500 to 1600°C provided the data base for fission

product release.

Fission product release occurs as a composite of many different

mechanisms. Each of these mechanisms is dependent on n:any variables. The

parameters controlling the rate of release of fission products include burnup,

grain size, temperature gradient, heating rate, and fuel temperature history.
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In NUREG-0772, three sets of experiments (by Lorenz et al., Parker et

al., and Albrecht et al.) were selected to provide the data base for fission

product release. The data from these experiments are expressed in terras of

time and temperature by calculating a fractional release rate coefficient,

k(T), defined as the fraction of remaining nuclide released per minute, i.e.,

k(T) * H (1)

where f » fraction of current inventory released,

t =• time (min),

T = fuel temperature.

For the experiments in which the release rate coefficient df/dt was not

monitored continuously, the value of k is estimated as follows:

k(T) , - ! » <!-'> (2)

where F » fraction of generated amount released during an isothermal test

segment, and t =» total test time (rain). For tests in which the temperature

was changed incrementally and the fission product release monitored

continuously, the release rate coefficient is calculated as follows:

k(T) - | | (3)

where Af » fraction of current inventory released at temperature T, and At =

increment of time for which Af was measured (min). The burst release amounts

were not included in determining the release rate constants.

The theoretical FASTGRASS-VFP model was used for predicting fission gas

and VFP releases from LWR fuel undergoing ORNL-type transient cono.j.cions

(i.e., see Fig. 10). Calculations were performed for 16 high-burnup transient

tests (HKJ, [17] HT, [18] and HI [16] series) performed at ORNL with 30.5-cm

segments of fuel from the HBR reactor. The temperatures were ramped to values

of 5OO-16OO°C, subsequent to a steady-state irradiation simulation, and held

for various lengths of time before test termination.
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Measured iodine and cesium release rate constants for various HOT and HT

series tests were reported in NUREG-0772. Because of the large extent of

scatter of the data, a smooth curve was plotted through these points for use

in NUREG-0772 and is shown in Fig. 11. The accuracy of these estimated

release results is about plus or minus one order of magnitude.[9] Also

plotted in Fig. 11 are the FASTGRASS-VFP predictions (symbols) for Xe, I, and

Cs release rate constants for the ORNL transient tests shown in Fig. 10.

In the low temperature range (up to ~1500°C), F\STGRASS-VFP-predicted

xenon and total iodine release rates (Fig. 11) are in good agreement with the

NUREG-0772 estimated curve, i.e., FASTGRASS results lay on both sides of this

curve in an accuracy range of plus or minus one order of magnitude. When the

temperature increases above ~1500°C, predictions for xenon and total iodine

are somewhat lower than described by the NUREG-0772 curve. Total cesium

release rates, as calculated with FASTGRASS, tend to be higher as compared to

NUREG-0772 results.

The influence of heating rate, hold time (isothermal segment of the

test), and time increment (At during which fractional release was measured) on

fission product release rate was also examined. Analyses were performed for

different transient temperature scenarios following a simulated H3R fuel

steady-state history. In order to cover the whole range of transient

conditions used in the ORNL tests, the following values were selected for the

specific operating conditions:

fuel temperature T: 800-2800°C

heating rate: 0.2, 1.0, 10.0 K/s

hold time: 1 min - 5 hrs
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time increment At: I s and 1 rain before the temperature, T, was reached

and 1 min, 2 min, 30 min, and 5 hrs after the

temperature, T, was reached.

The fractional release rate coefficient k(T) is defined as in Eqs. (2) and

(3).

In Fig. 12, FASTGRASS-VFP-predicted fraction?! release rate constants are

plotted as a function of fuel temperature for different values of At at a

fixed heating rate of 0.2 K/s. Curves (a) and (b) in this figure represent

release rate constants, k(T), calculated for 1 min and 1 s time periods,

respectively, before the final temperature T was reached. Curves (c), (d),

(e), and (f) were generated from the amount of radionuclide release during the

isothermal segment of the transient. As can be seen from this figure, the

value of the release rate constant as well as the shape of the function k(T)

depend strongly on the choice of At. k(T) in subsequent calculations is

defined as the fraction of current inventory released at temperature T during

a 1-min period.

Figure 13 shows the dependence of FASTGRASS-VFP-predicted release rate

constants as a function of hold time for three temperatures (1400°C, 1800°C,

2200°C), and three values of heating rate (0.2, 1.0, 10.0 K/s). For hold

times up to 30 min, k(T) changes drastically (by a few orders of magnitude)

with changes in the hold time. Release rates become quite stable after the

hold time is increased above 30 min. There is a rather small effect of

heating rate on release rate in the high temperature range (above ~2000°C),

whereas below this temperature there is hardly any effect of heating rate on

release rate for hold times longer than 30 min. For releases occurring at
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times shorter than ~l/2 hr, there Is a strong influence of heating rate on

fission product release rates; they increase with an increase in heating

rate.

5. Conclusions

Based on the relatively extensive comparison between theory and

experiment described in this paper, the following conclusions can be drawn:

(a) Fission gas behavior under steady-state conditions is relatively

well understood. Good agreement between theory and experiment was obtained

for fuel burnups between ~0.5 and 10 at. %, and for gas release values between

0.20 and -100%.

(b) The noble gases play a major role in establishing the inter-

connection of escape routes from the interior to the exterior of nuclear

fuel. The VFPs generated within the fuel primarily follow these pathways to

release.

(c) As the VFPs are, in general, quite soluble within UO2 and are known

to react with other elements to form compounds, a realistic theory of VFP

behavior must include the effects of VFP chemistry. Iodine solubility is an

important materials property in that its value can strongly influence the

overall iodine release, characteristics.

(d) Microcracking (grain boundary separation) can occur extensively

during transient heating conditions and can have a strong effect on fuel

temperatures and fission product behavior.

(e) Xenon and total iodine release rates predicted with FASTGRASS-VFP

for HBU, HT, and HI series tests are in good agreement with the NUREG 0772

curve (Fig. 11). Release rates for nobl«» gases and iodine are practically the

same.
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(f) Total cesium release rates, as predicted by FASTGRASS-VFP, tend to

be higher than obtained in NUREG-0772 and thus much higher than release rates

for xenon and iodine. The diffusion coefficient used for cesium in FASTGRASS-

VFP Is orders of magnitude higher than the diffusion coefficient for xenon.

Thus, the rate at which cesium is predicted to be released from the fuel is

higher than for I and Xe. The diffusion coefficient for cesium is based on

the experimental results of Oi and Takagi.[20] If it is assumed that atomic

cesium diffuses at about the same rate as xenon and iodine, the FASTGRASS-VFP-

predicted release rate constants for cesium will be in reasonable agreement

(i.e., similar to the xenon and iodine results) with the NUREG 0772 results

shown in Fig. 11. (At temperatures greater than ~1200 K, the NUREG-0772

release rate constant curves for iodine, xenon, and cesium are identical.)

(g) Fission product release is strongly dependent on the transient

scenario. Heating rate appears to be important for short releases (less than

30 min; see Fig. 13). The choice of the time increment during which release

is measured can drastically affect the value of the release rate constant, as

defined in Eqs. (2) and (3) (see Fig. 12). For example, note that the NUREG-

0772 results for release rate constant (fraction/min) become greater than 1

for temperatures above 2400°C (see Fig. 11).

Finally, the series of ORNL transient fission product release tests were

conducted in a steam environment. The steam can change fuel stoichiometry and

can subsequently affect fission product release. In addition, higher

fuel/cladding temperatures can lead to fuel liquefaction.[21] Figure 9 shows

that FASTGRASS-VFP predicts fission gas release during ORNL test HI-1 in

reasonable agreement with the data. However, FASTGRASS-VFP underpredicts gas

release during the higher temperature HI-2 and HI-3 tests. (Extensive fuel

liquefaction occurred during test HI-3. Predictions for HI-2 and HI-3 are not
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shown.) The FASTGRA.SS-VFP underprediction of fission gas release during the

higher ceraperature HI-2 and HI-3 tests (and possibly also the three higher

release tests shown in Fig. 10) indicates the importance of addressing

oxidizing conditions and fuel liquefaction in fission product release

models. Theoretical models describing the effects of a steam environment and

fuel liquefaction on fission product release are not currently included in

FASTGRASS. Models for these processes are currently under development.
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