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ABSTRACT

A computer-controlled furnace system in the Alpha-Gamma Hot Cell Facility

(AGHCF) at the Argonne National Laboratory in Illinois is being used to inves-

tigate the behavior of irradiated fuel materials under a variety of thermal

conditions. The Fuel Behavior Test Apparatus (FBTA) is capable of accurate

specimen temperature control over extended periods at temperatures up to

~1000°C. with short-term capability up to 1600°C. The principal current use

of the FBTA is to study the compatibility between irradiated metal fuels and

stainless steel claddings at elevatec; temperatures to support the fuel devel-

opment for the Integral Fast Reactor. Other types of experiments, such as in-

vestigating fission-gas release characteristics, fuel dimensional stability,

and rapid fuel motion, are also possible with this apparatus. The system per-

formance has been excellent and over seventy tests have been conducted over a

two-year period.

*Work supported by the U. S. Department of Energy. Office of Technology
Support Programs, under Contract W-31-109-Eng-38.



INTRODUCTION

In the investigations of how nuclear fuels or fuel systems will behave in

a reactor, two considerations essentially override all others. These consid-

erations are (1) the state of the materials being investigated should dupli-

cate as closely as possible the state of the materials under the expected op-

erating conditions, and (2) the test conditions must simulate as closely as

possible those under which the fuel system will operate. It is difficult at

best to simulate the state of irradiated fuels with non-irradiated material.

The presence of solid, volatile, and gaseous fission products and the changes

in system chemistry and physical/mechanical response brought about by their

presence make such simulations of limited value. In order to assess the be-

havior of irradiated fuels, for either general or specific attributes, testing

is best done in-reactor or at least with irradiated materials. Because of the

cost, time constraints, and capability limitations for in-reactor tests, post-

irradiation tests with actual fuel system materials have taken on greater

importance.

The Fuel Behavior Test Apparatus (FBTA). located in the Alpha-Gamma Hot

Cell Facility (AGHCF) at the Argonne National Laboratory in Illinois, is a

computer-controlled furnace system for performing a variety of tests and ex-

periments on irradiated clad or de-clad fuel specimens. The FBTA provides a

controlled environment for investigating fuel/cladding compatibility, fission-

gas release characteristics, and fuel dimensional stability. Either steady-

state or simulated reactor accident thermal and temporal conditions can be

achieved.



Currently, most of the FBTA tests are in support of the development of

tha Integral Fast Reactor (IFR). In the IFR concept for the next generation

liquid-metal-cooled fast reactors, the driver fuel material is a metallic

U-Pu-Zr alloy. The principal advantages of metallic fuels are enhanced reac-

tor safety under accident conditions and reduced fuel fabrication and repro-

cessing costs.1-2 However, because of the possibility of uranium and pluto-

nium reacting with iron and other components in the stainless steel cladding

at elevated temperatures and forming liquid phases.3 fuel-cladding compatibil-

ity is a key issue in the IFR fuel development program. While diffusion-

couple tests^ and other techniques, such as differential thermal analysis, are

suitable for investigating the fundamentals of the reactions between the non-

irradiated fuel and cladding materials, testing of irradiated fuel pin speci-

mens with prototypical fuel-cladding interfaces is necessary to provide data

more germane to in-reactor conditions.

SYSTEM DESCRIPTION

The major components of the FBTA are an in-cell rig which consists of the

furnace and the test chamber: a furnace control system; a fission-gas detec-

tion system: and a fission-gas collection/measurement system.

A. In-cell Rig

The in-cell rig consists of a motor-driven cart base, a support super-

structure, a furnace and a test chamber. These components are essentially the

same as used previously for direct-electrically-heated (DEH) tfests of irradi-

ated light-water reactor and fast reactor ceramic fuels.5-6 Whereas internal



ohmic heating by flowing electric current through the specimen was used in the

DEH tests, external radiant heating of the specimen with a furnace is now used

in the upgraded FBTA. A photograph of the furnace and the test chamber is

shown in Fig. 1. A schematic diagram of the test chamber used for the FBTA

testing is shown in Fig. 2.

The furnace in the FBTA is a quad-elliptical model powered by four longi-

tudinal infrared filament bulbs. Shaped and highly reflective surfaces behind

the filaments focus the radiant energy onto the centerline of the furnace

where the test specimen is located. Owing to the negligible thermal inertia

of the infrared filaments and the strong focusing of the radiant energy, the

temperature of the specimen can be increased rapidly. For metallic JFR fuel

specimens with diameters ranging from 0.58 to 0.74 mm. a peak heat-up rate of

~30°C/s is attainable. Maximum temperatures in excess of 1600°C have been

achieved for extended periods of a few days, the normal maximum operating tem-

perature is ~1000°C.

The test chamber consists of two concentric quartz tubes. A high-purity

helium purge flow in the innar quartz tube provides an inert atmosphere for

the test specimen, while the outer tube provides additional protection to the

furnace's heating bulbs. The test specimen, usually a short section of an ir-

radiated fuel pin. is placed inside a slightly taller tantalum holder sup-

ported in the inner quartz tube at the center of the furnace. The specimen

temperature is monitored with a single bare-wire Pt/Pt-Rh thermocouple welded

onto the outside of the specimen holder. A linear-variable-displacement

transducer (LVDT), attached to the top end of the hold-down rod placed on top

of the test specimen, can be used to measure fuel expansion.or contraction



during the test. For very rapid transients in which high-speed fuel movement

or deformation is likely, a viewing port on the furnace body allows the

recording of the events with a high-speed movie camera through the hot-cell

window.

The aluminum furnace body is cooled by a recirculating glycol coolant

which dissipates the heat to a copper plate chiller located outside of the

cell. For criticality safety reasons, the quantity of the glycol coolant on

the primary side is limited and under administrative control. The use of a

plate-type chiller with the primary and secondary cooling lines on opposite

sides of the plate precludes the entrance of the secondary cooling water into

the cell in case of simultaneous primary and secondary pipe ruptures.

The supporting superstructure supports the furnace, the test chamber, the

inlet/outlet helium cooling lines, and the LVDT. The support structure can be

raised and lowered to facilitate loading of the test chamber and changing the

filament bulbs in the furnace.

B. Furnace Control System

Control of the furnace power is based on the specimen temperature feed-

back and is accomplished with a microcomputer and commercially available soft-

ware. The implementation of the computer control is one of the major enhance-

ments incorporated in the upgraded FBTA system. In the control algorithm, the

thermocouple output is compared, at a regular time interval, with the desired

temperature profile, which could be a flattop, a ramp, or a specific profile

that simulates a given reactor transient event. Using the conventional P-I-D



method.7 the software determines the desired amount of power to be delivered

to the furnace based on the proportionality (P). the integration (I). and the

rate of change (D) of the differential between the actual and the target tem-

peratures. The coefficients for the P. I. D terms are preselected to achieve

an optimum system performance characterized by stable temperature tracking,

minimal time lag. and modest temperature overshoot.

The precise computer control and the rapid heat-up capability of the

quad-elliptical radiation furnace allow a variety of reactor thermal condi-

tions to be simulated. These include normal startups and shutdowns, off-nor-

mal transient overpower events, and loss-of-flow (coolant) events. These

events can be simulated either nearly exactly or in an "over-test" condition

which provides information on an accelerated basis or establishes margins be-

yond the projected conditions. Or. the system can be used simply as a high-

quality facility for phenomenological materials research.

To permit unattended operation for up to several days, furnace trips gov-

erned by hardware and software mechanisms, some of which are redundant, are

provided. Trip initiators include expiration of the desired test duration,

high/low specimen temperatures, high furnace power, high coolant temperature,

low primary and secondary coolant flow rate, low helium purge gas flow rate,

and predetermined LVDT travel limits. These trips are intended primarily to

provide protection to the hot-cell and the FBTA furnace: protection of the

test specimen is of secondary importance.

The control computer also performs data acquisition and storage func-

tions. Key test parameters are displayed on a monitor to exhibit the progres-

sion of the test on a real-time basis.



C. Fission-gas Detection and Collection Systems

During testing, the fission gas released from the irradiated fuel speci-

men is swept away by the helium purge flow in the inner quartz tube. An out-

of-cell ionization chamber downstream monitors the activity of the released

85Kr isotope on a real-time basis. A high-efficiency-particulate-air (HEPA)

filter in the stream removes any particulate matter that may contaminate the

ionization chamber. To provide a consistent basis for intercomparison of test

results, the helium purge flow rate and the ionization chamber amplification

settings are maintained constant. For most normal situations, the released

gas is directed back to the hot-cell after flowing through the ionization

chamber. If quantitative gas release data are desired, a collection station

with a liquid-nitrogen-cooled charcoal trap can be used to collect the re-

leased xenon and krypton fission gases for subsequent volume measurement and

sampling for mass spectrometric analysis.

OPERATING EXPERIENCE

Since the start-up of the FBTA approximately two years ago. over seventy

tests have been conducted. The performance of the radiant furnace has been

excellent. By slowly bringing up the furnace manually to an intermediate tem-

perature (~300°C) before the computer-controlled ramping, the tungsten furnace

filaments, which have very low electric resistance at room temperature, are

spared a large current surge. As a result of this precautious measure, fila-

ment replacement, a time-consuming procedure for remote operation, has not

been necessary in the last two years.



The performance of the temperature control system has been highly satis-

factory. Calibrations against the melting point of NBS-supplied aluminum

showed the accuracy of the temperature measurements to be within ±4°C. In

constant-temperature tests, which constitute a large majority of the current

test program, the desired test temperature in the range of ~700-800°C is usu-

ally reached within 40 s of the start-up. Temperature overshoot at the end of

the ascent is typically 10°C or less. Stable thermal histories, within ±2°C

of the target temperatures are routinely attained in tests with durations up

to seven hours. The performance of the system in tests with more complicated

temperature histories, e.g.. ramps, step functions, etc.. are equally satis-

factory. Figure 3 shows the achieved temperature history of a typical con-

stant-temperatura test.

Fission-gas release measurements with the in-line ionization chamber are

routinely performed in the FBTA tests. Fission-gas collection and analysis,

on the other hand, are performed less frequently due to the more elaborate op-

erating procedures and higher costs. Usually, the needs for fission-gas mea-

surement can be satisfied with the ionization chamber. In one of the earlier

series of thirteen tests, the integrated ionization chamber output was corre-

lated with the quantity of fission gases collected. The correlation, shown in

Fig. 4. is being used to obtain an estimation of the amount of released fis-

sion gases in tests without total gas collection and subsequent mass spectro-

metric analysis.

Accurate measurements of changes in specimen lengths, due to fission-gas-

induced fuel swelling, fuel phase transformation, or liquefaction, have been

successfully obtained with the LVDT. An illustration of the LVDT results is



shown in Fig. 5 for two consecutive tests on a piece of declad. low-burnup

(0.9 a/o) U-lOw/o Zr fuel. In the first test, the specimen was heated to

650°C and held for fifteen minutes. Following the cool-down to room tempera-

ture, the specimen was reheated in the second test to 710°C for another fif-

teen minutes. The results in Fig. 5 illustrated that fission-gas release and

fuel creep (under a load of ~0.1 MPa from the hold-down rod) are slow when the

fuel is in the a- or p-U phase (as in the 650°C test) but become much more

rapid once it is transformed into the Y"U phase (as in the 710°C test). In

the posttest metallographic examination of the specimen, grain growth, fuel

swelling, and long-range grain-boundary fission-gas bubble connections were

all found, corroborating the observed specimen behavior.

The examination facilities at the AGHCF. including two shielded metallo-

graphs. a scanning electron microscope and an electron microprobe. are being

used extensively for the pre- and posttest characterization of the specimens

tested in the FBTA. Data on depths of fuel-cladding interaction, evidence of

molten-phase formation, evolution of fuel microstructure, etc., are routinely

generated after the tests. The integral nature of these examination facili-

ties with the FBTA allows rapid data turnaround which permits redirection of

the follow-on tests, if necessary, with minimal time delay.

Because of the successes of the FBTA, a sister apparatus employing a

longer furnace that allows the heating of an integral EBR-II-size fuel pin. is

being installed in the AGHCF. The new apparatus will permit the investigation

of pin breaching mechanisms under the combined influence of fuel-cladding in-

teraction and internal fission-gas pressure loading -For a number of fuel sys-

tems being irradiated in EBR-II.
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CONCLUSIONS

The FBTA in the AGHCF has proven to be an excellent apparatus for study-

ing the high-temperature behavior of irradiated fuels. The radiant furnace

with its ability of rapid heat-up provides an ideal thermal environment for a

variety of tests. Accurate temperature control is consistently achieved with

the computer control system. The ability to measure real-time fission-gas re-

lease and specimen length changes are significant pluses in studying irradi-

ated fuel behavior.
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