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ABSTRACT

Theoretical calculations and experimental measurements of the

quantity of retained fission gas in irradiated metallic fuel (U-

5FS1) are presented. The calculations utilise the Booth method

to model the steady-state release of gases from fuel grains and a

simplified grain-boundary gas model to predict the gas release

from intergranular regions. The quantity of gas retained in as-

irradiated fuel was determined by collecting the gases released

from short segments of EBR-II driver fuel that were melted in a

gas-tight furnace. Comparison of the calculations to the

measurements shows quantitative agreement with both the magnitude

and the axial variation of the retained gas content.

i The symbol "Fs" desiginates fissium, a "pseudo-element"
which, in reality, is an alloy whose composition is
representative of fission products that remain in reprocessed
fuel.



INTRODUCTION

An important feature of the Integral Fast Reactor (IFR) concept

under development at Argonne National Laboratory is the use of a

uranium-based metal alloy as the fuel. A major thrust in this

development is to design for inherent shutdown without scram in

all anticipated transients. The pre-transient distribution of

fission gases in the metal fuel is an important factor in

assessing the transient behavior of the fuel. Important

conditions include the amount of gas retained in the fuel, the

location of that gas (retained within grains, in isolated

porosity, or in interconnected porosity), the morphology of the

gas (present in small bubbles, or as individual atoms), and the

amount of gas released to the plenum. These factors impact the

driving force for fuel swelling, possible axial extrusion, and

the gas release rate under transient conditions.

In this paper, we present results on the axial dependence of

retained fission gases in metallic fuel (U-5 wt. % Fs) irradiated

in EBR-II and compare them with theoretical calculations based on

the STARS1 code. Results are presented on experimental

measurements and theoretical calculations of the quantity of

fission gas retained in low (0.8 at. %)-, medium (3.5 at. % ) - ,

and high (7.9 at. % ) - burnup fuel at different axial locations.

The experimental results demonstrate that for burnups above

approximately 2 at. %, the retention behavior is strongly



dependent on the axial location. Theoretically, this trend is

primarily a result of the axial temperature within the pin.

The following sections provide brief descriptions of the

experimental technique used to measure the quantity of gas

retained in the fuel, the models incorporated in the STARS

calculations, a comparison of the theoretical and experimental

results, and a discussion of the critical factors that need to be

addressed to extend these models to the IFR reference fuel (U-Pu-

Zr alloy).

EXPERIMENTAL TECHNIQUE

The quantity of fission gas retained in as-irradiated U-5Fs fuel

was determined using the "DEH" apparatus2 at ANL. Short segments

(~l/2 cm in length) of irradiated EBR-II driver fuel were placed

inside of tantalum cups which in turn were surrounded by-

concentric, gas-tight quartz tubes. A thermocouple was attached

to the Ta cup to moniter the temperature during the experiment.

The cup with the sample inside was heated with an external

infrared heater to ~1300C, a temperature above the fuel melting

point and the fuel/cladding eutectic temperature, and held there

for 5-8 min. High-purity helium, that flowed through the quartz

tubes and past the heated sample, transferred released fission

gases through a flowthrough ionization detector (FTD) and then

through a liquid-nitrogen cooled charcoal trap. The FTD provided



data on the time dependence of the gas release process by

detecting 8 5Kr in the gas stream while the cold trap collected

the released fission gases. Following each run, the quantity of

gas collected on the cold trap was measured and its composition

analyzed by mass spectrometry to determine the quantity of Xe and

Kr released from the sample.

The gas retention experiments were performed on segments obtained

from ten equally-spaced axial locations for the medium- and high-

burnup pins and five equally-spaced locations for the low-burnup

pin.

THEORETICAL MODEL

The STARS1 code (Steady-state and ^Transient Analysis of Release

and Swelling) was developed to analyze the gas retention/release

and swelling behavior of both mixed oxide and metallic fuel. The

code employs simplified versions of the detailed models of

fission gas behavior embodied in the FRAS33 code. The modeling

of intragranular gas behavior is based in part on the OGRES-I*

(for steady-state) and NEFIG5 (for transient) models. Subsequent

intergranular gas behavior is modeled by simplifying the

treatment employed in the FRAS codes.

The parameters required to evaluate the steady-state behavior of

fission gas in U-based metallic fuel are not highly sensitive to



the fuel composition. The most sensitive parameter is the

diffusion coefficient for xenon in the alloy. For these

calculations, this parameter was estimated3 by converting

published7 data for diffusion in uranium. Another important

parameter is the grain size, which is difficult to quantify for

the present work since it depends on the operating history of the

material. Estimating the grain size is further complicated by

phase changes that may occur as the fuel cools from operating

temperature. The bubble-nucleation coefficient and the

resorption parameter are assumed to be similar to those for oxide

fuel. The surface energy is assumed to be U/cm2, and the grain-

boundary energy is taken to be 0.6J/cm2.

RESULTS

Experimental results for the low-, medium-, and high-burnup pins

are presented in Figs, la-c as functions of the normalized axial

position measured from the bottom of the fuel in the pins. The

gas retention data in Fig. 1 is presented in absolute terms

(micromoles of gas per gram of fuel) and in percent of the

fission gas generated. The absolute data, umoles/g,were obtained

directly from the experimental data (e.g., the quantity of gas

collected during each run, corrected for its composition based on

the mass spectrometry analysis of the gas samples for each run,

and the weight of the fuel based on pretransient weight

measurements corrected for the weight of the cladding, but not



for ingested sodium). The data in % of gas generated are based

on the gas retention in umoles/g and the calculated gas generated

based on the peak pin burnup (0.8, 3.5, or 7.9 at. % ) , axial

burnup profiles8 for EBR-II, and a fission yield of 0.25.

The shape of the gas retention profile (in umoles/g) for the low-

burnup fuel matches that of the axial burnup profile for driver

pins in EBR-II8. Consequently, the gas retention (in %) is

axially uniform and, as seen in Fig. la equal to the quantity of

gas generated; i.e., no release occurred in the fuel during

irradiation. For the medium- and high-burnup pins, the gas

retention was highest in segments that originated from the bottom

of the pins. For the medium-burnup pin, Fig. lb, the gas

retention reached a minimum value at ~ 0.75 Zo and then started

to increase for segments from higher elevations. A similar trend

was also observed for the high-burnup pin, but in this case, the

minimum retention occurred at ~0.5 Zo . On a percentage basis,

the medium and high-burnup fuel segments retained as much as ~70%

of the gas generated for segments from the bottom of the pin, and

as little as 10 to 15% (at the local minima). Near the top of

the pin, the retention was 20-25% of the gas genertted.

Calculations of the gas retention were carried out for a range of

temperatures appropriate for metallic fuel in EBR-II. The

results, for a grain sise of 20-microns, are plotted in Fig. 2 as

functions of burnup. The total gas generated is shown as the

straight line labeled as 100% retention. The dashed lines



represent the calculated gas retention while the symbols

connected by solid lines represent the experimental measurements

shown in Figs, la-c from four axial positions ranging from O.O5Zo

to O.95Z0. Also shown in Fig. 2 are estimates of the fuel

temperature for each of the axial positions included in the

experimental curves.

As shown by the figure, the agreement between the theory and the

experiments is quite good. The retention is essentionally 100%

for the low-burnup fuel. Gas release begins at approximately 2

at. % burnup (varying with the temperature and grain size). Fuel

at low(i.e. 425~480°C)-temperatures is calculated to retain about

70% of the gas generated, while at higher temperatures (higher

elevations) the gas retention decreases. The main discrepancy

between the theoretical and experimental results occurs near the

top of the pin (curve 5 & O.95Zo in Fig.2). At this elevation,

the STARS model predicts the increase in the gas retention is a

result of: a) an increase in grain size (grain growth), b) a

decrease in fuel temperature (due to the ingestion of bond-sodium

in interconnected-porosity) or, c) gas collection in large pores

that are not connected to the plenum2. Another possibility is

that the temperature is high enough that migrational coalescence

of bubbles begins to compete with the resorption process, and the

present "low-temperature" steady-state treatment is insufficient.

DISCUSSION



The results shown above are for a U-5Fs alloy which is the

current composition for EBR-II driver fuel pins. The reference

composition for the IFR breeder concept is a U-xPu-10Zr2 alloy-

where x ranges from 0% (initial core loading) to 26 wt. %.

During irradiation in EBR-II the U and Zr in these alloys have

been observed3 to redistribute radially to form rings such as

those shown in Fig. 3 for U-i9Pu-10Zr irradiated to a peak burnup

of 2.1 at.%. Microprobe measurements of the radial U-, Pu-, and

Zr- distributions indicate the intermediate zone has been

depleted in Zr (< a few %) and enriched in 0. A very narrow

region in the fuel at the cladding also undergoes redistribution

(enriched in Zr and depleted in U and Pu).

The resulting redistribution of the U and Zr during irradiation

will impact the gas retention behavior in a number of ways.

These include: changes in the local gas generation rate,

diffusion coefficient, surface energy, etc, and changes in the

thermal properties*0 and temperature profile. One important

change is the solidus of the intermediate (low-Zr) zone which

drops by approximately 200°C relative to the other zones. This

decrease in the solidus will affect not only the gas diffusion

coefficient, but also the grain growth. The temperature profile

is also expected to change due to densification of the

intermediate and changes in its composition.

2 The high Zr content in these alloys is used to increase the
solidus of the fuel and the eutectic point between the fuel and
the cladding.



The formation of the discrete radial zones may also affect the

gas retention behavior, and in particular the shape of the axial

retention profile by providing a "chimney" effect through which

gases can redeadily migrate from bottom regions to the top of the

pin. In this situation, a fully developed network of

interconnected porosity would not be as critical as it is for the

U-Fs. fuel.

SUMMARY

Results of theoretical calculations and experimental measurements

of the steady-state gas retention behavior of irradiated metallic

fuel show very good agreement. Calculations and measurements show

a strong dependence of the gas retention on the axial location of

the fuel within the pin. Fuel at the bottom of the pin retains a

significantly larger fraction of the gas generated than fuel from

higher regions due to a strong dependence of the gas diffusion on

the fuel temperature. In applying the STARS code to ternary

fuel, it will be necessary to incorporate the redistribution of

the Zr and U that occurs in-pile.
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FIGURE CAPTIONS

Figure 1: Fission Gas Retention as a Function of Axial Position

for a) Low-, b) Medium-, and c) High-Burnup U-5Fs Fuel

Figure2: Comparison of Calculated (dashed) and Measured (solid)

Fission Gas Retention in U~5Fs Fuel as a Function of Burnup

Figure 3: Microstructure of U-19Pu-10Zr Fuel, Irradiated in EBR-

II to a Peak burnup of 2.1 at. %, Illustrating Zone Formation
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Figure 1: Fission Gas Retention as a Function of Axial Position
for a) Low-, b) Medium-, and c) High-Burnup U-5Fs Fuel
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Figure2: Comparison of Calculated (dashed) and Measured (solid)
Fission Gas Retention in U~5Fs Fuel as a Function of Burnup



Figure 3: Microstructure of U-19Pu-10Zr Fuel, Irradiated in EBR-
II to a Peak burnup of 2.1 at. %, Illustrating Zone Formation


