
RIA TESTING CAPABILITY OF THE XA9953250
TRANSIENT REACTOR TEST FACILITY

D.C. CRAWFORD, R.W. SWANSON
Engineering Division,
Argonne National Laboratory,
Idaho Falls, Idaho

A.E. WRIGHT, R.E. HOLTZ
Reactor Engineering Division,
Argonne National Laboratory,
Argonne, Illinois

United States of America

Abstract

The advent of high-burnup fuel implementation in LWRs has generated
international interest in high-burnup LWR fuel performance. Recent testing under simulated RIA
conditions has demonstrated that certain fuel designs fail at peak fuel enthalpy values that are
below existing regulatory criteria. Because many of these tests were performed with non-
prototypically aggressive test conditions (i.e., with power pulse widths less than 10 msec FWHM
and with non-protoypic coolant configurations), the results (although very informative) do not
indisputably identify failure thresholds and fuel behavior. The capability of the TREAT facility
to perform simulated RIA tests with prototypic test conditions is currently being evaluated by
ANL personnel. TREAT was designed to accommodate test loops and vehicles installed for in-
pile transient testing. During 40 years of TREAT operation and fuel testing and evaluation,
experimenters have been able to demonstrate and determine the transient behavior of several
types of fuel under a variety of test conditions. This experience led to an evolution of test
methodology and techniques which can be employed to assess RIA behavior of LWR fuel. A
pressurized water loop that will accommodate RIA testing of LWR and CANDU-type fuel has
completed conceptual design. Preliminary calculations of transient characteristics and energy
deposition into test rods during hypothetical TREAT RIA tests indicate that with the installation
of a pressurized water loop, the facility is quite capable of performing prototypic RIA testing.
Typical test scenarios indicate that a simulated RIA with a 72 msec FWHM pulse width and
energy deposition of 1200 kJ/kg (290 cal/gm) is possible. Further control system enhancements
would expand the capability to pulse widths as narrow as 40 msec.

1. INTRODUCTION

Continued interest in extending burnup limits of LWR fuel to accommodate
longer fuel-cycle lengths has led regulatory agencies and industry to evaluate the safety and
reliability of LWR fuel at burnup values near and above 60 MWD/kgU. The degradation of fuel
and cladding properties during irradiation has implications for fuel transient performance as well
as steady-state performance [1,2]. LWR licensing in the US requires analysis against a small
number of design-basis accidents. One class of such accidents is the reactivity-initiated accident
(RIA), the most severe of which for LWRs results from a rod-drop or rod-ejection event. US
Nuclear Regulatory Commission (USNRC) regulatory criteria [3] require that during such an
accident the peak calculated fuel rod enthalpy not exceed 1170 kJ/kg fuel (280 cal/g fuel) to
ensure core coolability. Furthermore, accidents for which fuel enthalpy is expected to reach
threshold values at which failure is assumed must be analyzed to show that subsequent releases are
within US Federal Code (10 CFR Part 100) limits. To allow calculations of radiological releases,
other values are used to indicate cladding failure: critical heat flux values related to departure from
nucleate boiling or, for low-power accidents in BWRs, 711 kJ/kg fuel (170 cal/g fuel).
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Recent simulated RIA tests of high burnup fuel (i.e., fuel with peak burnup
around 55 MWD/kgU) have induced failures of irradiated LWR fuel rods at fuel enthalpies well
below the threshold values [1,4,5], and therefore, the issue continues to receive considerable
international attention [6]. Ongoing evaluation of the observed test fuel failures has indicated
that fuel dispersal from low-enthalpy failures may raise questions regarding core coolability. As a
result, personnel from the USNRC are now considering establishment of new, more conservative
criteria intended to avoid cladding failure altogether [7]. It appears that additional testing (of
some type) would be required to establish a coolability criterion above the cladding failure
threshold. Such testing will be particularly important for efforts to develop fuel that can be
licensed for irradiation well beyond current burnup limits (62 MWD/kgU in the US), as has been
recently proposed [2].

In support of the development of the proposed High Efficiency Nuclear Fuel
Program [2], personnel at Argonne National Laboratory (ANL) have been evaluating the
capability of the Transient Reactor Test (TREAT) Facility to test LWR fuels under simulated
RIA conditions. This effort has been comprised of three major tasks: 1) assessment of the
requirements and need for RIA testing of LWR fuel, 2) conceptual design of a pressurized water
test loop for the TREAT reactor, and 3) preliminary calculations of the ability of the TREAT
reactor to provide the test conditions necessary for simulated RIA tests. This paper provides a
description of the progress made to date with various elements of this effort. As background
information, a description of the TREAT facility and the test programs and methods associated
with its operations is also provided.

2. TREAT FACILITY BACKGROUND

2.1 TREAT facility description

The TREAT facility is located at the Argonne National Laboratory-West
site at the Idaho National Engineering and Environmental Laboratory, which is located outside of
Idaho Falls. The TREAT reactor is an air-cooled, thermal, heterogeneous test facility designed to
evaluate reactor fuels and structural materials under conditions simulating various types of
transient overpower and undercooling situations During its 40-year history, the reactor has
generated several thousand reactor transients, and hundreds of experiments have been performed
for a wide variety of reactor development programs and fuel types.

The TREAT reactor core consists of a 19x19 array of fuel and reflector
assemblies, which are each 10-cm (4-in.) square and 2.4-m (8-ft) long (Figure 1). Surrounding the
array is a permanent graphite reflector 0.6-m (2-ft) thick, around which is a 1.5-m (5-ft)
concrete biological shield. The assemblies contain a 1.2-m (4-ft) active fuel region with 0.6-m
(2-ft) reflector regions above and below. Fuel assemblies are removed from the core array to
accommodate emplacement of experiment hardware or loops. The TREAT reactor fuel is a
dilute mixture of fine particles of highly-enriched UO2 dispersed in graphite and carbon, in which
the U-235 is approximately 0.2 wt.% of the total mixture. The graphite and carbon fuel matrix
absorbs heat rapidly, providing an essentially instantaneous large, negative temperature
coefficient of reactivity. The core is capable of a 2.5-GJ maximum energy pulse, with a
maximum power level of about 19 GW for temperature-limited transients. The core is air cooled
and designed to remove the heat generated during steady-state operation or following transient
operation. Throughout the duration of the reactor operating history, 6,640 reactor startups and
2,884 transient irradiations were completed generating a total of 2,600,000 MJ of reactor energy.

The TREAT reactor is capable of generating a wide variety of transient
shapes. Transients can be terminated by the natural temperature response of the core, which can
provide a power pulse with a FWHM of hundreds of milliseconds, or reactor power can be clipped
by insertion of the transient control rods or the shutdown rods. The Automatic Reactor Control
System (ARCS) provides for open and closed loop computer control. Open control provides
transients which are initiated by a step insertion of reactivity and are terminated when a
predetermined reactor period, power, energy release, or time interval has been realized. Closed
control provides transients which follow a predetermined time and power or period profile and are
terminated when a predetermined experiment parameter, reactor parameter or time interval has
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FIG.J. Cut-away view of the TREAT reactor showing major features.

been realized. The ARCS subsystems acquire reactor power, period, and transient control rod
information, process the data, and issue transient rod position commands to generate specified
reactor power-time profiles. The ARCS digital controllers and transient rod drive system are
designed for the fast time response and speed required for production of transients with fractions
of a second duration. The system is equally capable of producing transients lasting for tens of
minutes.

Major upgrades have since been made to the TREAT facility to enhance its
capability. These were most-notably (a) a sophisticated computer control system and transient
simulator, (b) a computerized, real-time feedback system allowing communication between
experiment vehicle instruments and the reactor control program to permit real-time automatic
tailoring of the reactor power according to sensed events or conditions occurring within the
experiment vehicle, (c) expansion of the building size and crane capacity, (d) reduction of
constraints on allowable experiment vehicle size accommodated within the reactor, (e) an
increase in sensing and recording capability of the hodoscope and enlargement of the hodoscope
collimator, and (f) reconfiguration of the core to reduce undesired dependencies of the neutron-
flux spatial distributions. The primary diagnostic systems available include a 360-channel (10x36
array) hodoscope, a fission product detection system, and pre-test and post-test neutron
radiography.

2.2 TREAT testing experience and methods

Early TREAT tests studied the behavior of short fuel samples tested in dry
capsules, in stagnant-coolant capsules, or in transparent assemblies that permitted viewing
through the side of the capsule by high-speed optical cameras. Beginning in the 1960s and
extending into the 1990s, flowing-sodium loops of various designs were used in the reactor for
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testing oxide, carbide, and metallic fuel samples as large as seven-rod bundles of full-length, high-
burnup fuel rods. Also during that time, two capsule tests were performed on mixtures of uranium
oxide fuel and steel to study transition-phase phenomena during hypothetical core disruption
accidents in liquid-metal-cooled reactors. In addition, a series of source-term experiments were
performed on irradiated light-water-reactor (LWR) oxide fuel in which fission product collection
was of paramount importance. These test programs supported the existing LWR industry; the
planned liquid metal fast breeder reactor (LMFBR) program, which focused on the Experimental
Breeder Reactor-II, the Fast Flux Test Facility, and the Clinch River Breeder Reactor); and the
liquid-metal-cooled reactor (LMR) program, which focused on the Integral Fast Reactor (IFR)
concept.

Depending upon the goals of the experiments, various experiment
"vehicles" have been designed and used to provide the proper thermal-hydraulic environment and
containment for the fuel samples. Most of these were assemblies that fit within the TREAT core
and were designed to be brought to, and removed from, the TREAT facility as a "package," being
assembled and disassembled generally at the nearby Hot Fuel Examination Facility. These
assemblies included low-pressure assemblies without coolant medium (some with windows allowing
high-speed-photography by ex-core cameras), high-pressure stagnant-coolant (water or sodium)
capsules, a high-pressure blow-down type sodium loop (with sodium tanks located atop the
reactor), and high-pressure flowing-sodium "package" loops. These vehicles were designed to
accommodate fuel-rod segments, single intact fuel rods, or arrays of up to seven fuel rods. Other
vehicles, which were designed in considerable detail but never completed due to program
redirection, included a large "package" sodium loop designed for bundles of up to 37 full-length
LMFBR fuel rods, a large "package" steam loop designed for an array of heavy-water-reactor
(HWR) production-reactor fuel assembly components, and a large gas-cooled loop (most of which
was designed to be located ex-reactor) for gas-cooled fast reactor (GCFR) safety tests.

A common objective of the various experiments and experiment series that
were perfonned in TREAT was to provide information about the response of reactor fuel rods to
accident transients and, in many cases, to also provide data on fuel-coolant interactions and on
the motions of fuel, cladding, and coolant following cladding failure. The central importance of
fuel motion in many of the tests led, in the 1960s, to the development of a fast-neutron-
hodoscope, a neutron collimating and detection system for fuel-motion diagnostics that was
subsequently used as a primary test diagnostic system in most of the tests performed since that
time, and which has been significantly upgraded from time to time.

The development and utilization of the various experiment vehicles noted
above was motivated by the changing experiment needs as different types of nuclear reactor and
reactor fuel issues arose. During the first few years of operation, a large number of fuel-rod
meltdown experiments (85 during the first two years) were perfonned on uninadiated and
irradiated fuel, most of them in dry capsules. These were largely phenomenological experiments
in that they were used to identify and study the basic physical processes occurring during rapid
overheating of the fuel-rod samples, rather than simulating specific accident conditions.
Although sodium-bonded uranium-alloy fuel was the predominant type tested, various gas-bonded
ceramic fuels, including uranium oxide, uranium sulfide, uranium carbide, thorium-based oxide, and
mixed-oxide fuels, in various cladding materials, were also studied. By the mid-1960s, integral
experiments in flowing-coolant loops were being conducted.

Tests supporting severe-accident safety evaluations on oxide-fuel rods under
the US LMFBR program during the 1970s and the US/UK PFR-TREAT program during the 1980s
included those on fuel-coolant interactions; fuel breakup and dispersal mechanisms; failure
threshold and post-failure fuel dynamics under transient overpower (TOP) conditions; coolant
boiling, voiding, and fuel-rod melt relocation during loss-of-flow (LOF) and during LOF-driven-
TOP conditions; and transition-phase behavior under decay-heating conditions. Also during the
1980s, several experiments were performed on LWR fuel rods to determine fission-product
release and transport characteristics, and a series of TOP experiments were performed on IFR
metallic-fuel rods to measure pre-failure fuel elongation, cladding failure characteristics, and early
post-failure fuel motion.
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As the sophistication of the tests increased through the years from
relatively-simple "phenomenological" tests to the later "integral" tests that investigated
interactions of multiple phenomena, improved analytic capabilities were developed and applied
for use in experiment planning and post-test analysis. These included thermal-hydraulic models
and codes to describe the conditions in the experiment vehicle and neutronics models to describe
the neutronic interactions among the experiment fuel sample, experiment vehicle, and reactor
core. Excellent knowledge of the initial and transient heating and cooling conditions during each
test (which served as input to the detailed experiment predictive computations) was obtained
through a variety of pretest steady-state and transient irradiations of neutronic calibration
samples, as well as an in situ heat-balance transient performed just prior to the actual test. The
accuracy of 5 to 10% achieved in the determination of the fission-heating and coolant flow rate
measurements in the later loop experiments was due in large part to the diversity of calibrations
employed.

3. RIA TESTING OF LWR FUEL

The variables that most affect fuel failure during an RIA are cladding
temperature and fuel expansion and/or fission gas release; e.g., [1,4]. (The degree of cladding
oxidation and hydriding induced by normal, steady-state operation prior to the RIA also affect
cladding properties during the event.) The reactor parameters that control these variables are
power pulse width, typically expressed as the full-width at half-maximum (FWHM) value of
reactor power as a function of time, and energy deposition into the fuel, typically manifested as
fuel enthalpy rise expressed in units of calories per gram of fuel.

Three-dimensional neutronics and thermal-hydraulics calculations of the
response of a LWR core to an RIA generally predict energy insertions of less than 418 kJ/kg
(lOOcal/g) in any fuel rod and power pulse FWHM values ranging from 70 to 100 msec, although
one recent calculation resulted in 30 to 80-msec power pulses [8]. Most RIA tests of high-burnup
fuel have been performed with excessively-narrow power pulses (<10 msec FWHM), although the
more recent tests in CABRI have been performed with a power pulse that approximates an RIA
pulse in a PWR. Narrow power pulses induce fuel pellet expansion at a faster rate, leading to a
higher PCMI-induced strain rate in the cladding, and induce relatively higher temperatures in the
rim region of the fuel pellet (due to energy deposition occurring at a faster rate than heat transfer
mechanisms can remove energy), intensifying the expansion phenomena that cause PCMI and
thereby raising the peak hoop stress in the cladding. Furthermore, the peak stress on the cladding
occurs before the cladding can heat up to temperatures at which the cladding will more easily yield
in a ductile manner; thus, brittle failure may be artificially induced. These tests have also been
performed with non-prototypic coolant conditions, using sealed capsules containing stagnant air
or water coolant or using loops with flowing sodium, leading to non-prototypic heat transfer
through the test.

The tests performed to date have been suitable for the stated objectives of
those test programs, which is to study PCMI during the early stages of the transient [4], and the
results reported from those test programs thus far have provided tremendous insight into the
mechanism of PCMI-induced failure. However, any additional tests to be performed for
determining the RIA behavior of high-burnup fuel should more closely simulate postulated RIA
events, using 30 to 100-msec power pulse widths, inducing peak fuel enthalpies of 83.7 to 837
kJ/kg (20 to 200 cal/g), employing prototypic coolant conditions and test rods with the improved
cladding alloys in current use. A prototypic fuel temperature during a test is ensured by a
prototypic power distribution through the fuel (which is determined by the duration and magnitude
of the power pulse and by the neutron spectrum) and by prototypic coolant conditions. Coolant
flow conditions during a test are best provided by a water loop mat supplies flow to the test fuel at
prototypic temperatures and flow rates.

4. CONCEPTUAL DESIGN OF A PRESSURIZED WATER LOOP

A high-pressure, circulating water loop is being designed for TREAT for
testing irradiated fuel rods under thermal-hydraulic conditions (inlet water pressure, temperature,
and flow rate) prototypic of pressurized water reactor (PWR) and boiling water reactor (BWR)
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conditions. Modification of the concept would allow testing of CANDU-type fuel elements.
Basic features of the loop, which is at the end of the conceptual design phase, are shown in
Figures2 and 3. A U-shaped extension (in-pile assembly) in the reactor core region contains the
test train which houses the test fuel rods (up to three PWR rods or two BWR rods). Within the
test train, each rod will be located within an individual flowtube, and separate thermal-hydraulic
conditions will be provided for each rod. The in-pile assembly is designed to be assembled with
test train and fuel rods at the nearby Hot Fuel Examination Facility (HFEF), brought to TREAT
for the RIA test, and then returned to HFEF for disassembly and post-test inspection. (The
design of the in-pile assembly takes advantage of key design features of existing loops used in the
liquid-metal reactor program, allowing utilization of existing transfer casks and hot-cell interface
hardware and operational procedures.) The primary containment wall of the in-pile assembly is
constructed of Zircaloy to minimize neutron attenuation and thus increase the fission power that
can be generated in the test fuel. An example cross section of the in-core assembly through the
fueled region is shown in Figure 4. Filters will be used for control of fission products in tests

FIG. 2. Sketch showing conceptual pressurized water loop inserted into TREAT reactor (only the
reactor's concrete biological shielding is shown).
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involving breaching of the fuel rod cladding. The test train will be designed to be removable from
the in-pile assembly post-test and to be reused after tests in which the sample fuel rods remain
intact. The containment structure of the in-pile assembly which houses the test train will also be
reusable, even after tests with failed fuel rods. The in-pile assembly is sized to be accommodated
in the neutron radiography facilities at TREAT and at HFEF.

The main, ex-reactor portion of the loop, constructed of stainless steel,
remains in place from test to test. Its fundamental components are water holding tanks, pump,
water heater, and cesium filter/trap, all sized to be handled by existing casks. Much of the loop
support equipment will be located on top of the TREAT reactor. A secondary containment
around the entire system provides required protection against potential release of radioactive
material. Instrumentation is provided in the test fuel region and elsewhere in the loop to measure
temperatures, flow rates, pressures, and other parameters of interest.
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FIG. 3. Schematic representation of major components of conceptual pressurized water loop.
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5. EVALUATION OF HYPOTHETICAL TREAT RIA TESTS

Proper assessment of the ability of TREAT perform RIA tests requires an
indication of the amount of energy the reactor can deposit into a test fuel rod and, in particular,
peak fuel enthalpy increase induced in the test fuel. Calculation of the time-dependent thermal
response of the fuel rod is therefore important to determine if a hypothetical simulated RIA test
will achieve the desired test conditions. Efforts currently underway at ANL will establish the
capability to calculate, using modern methods, the time-dependent energy deposition and time-
dependent temperature response of a test pin, which will allow calculation of peak fuel enthalpy
increase and cladding temperature. Because this work is not complete, the current evaluation is
limited to preliminary calculations of energy deposited into test rods during hypothetical
transients. This section summarizes the work performed thus far.

5.1 Predicted LWR fuel test parameters

The TREAT reactor transient parameters (i.e., control rod motion and
positions) required to generate power pulses of various duration (i.e., 60 to 100 msec) were
determined using the reactor simulator associated with the ARCS. The simulator employs a point
kinetics core model, which has been demonstrated to reliably predict integral core response. A
PWR RIA transient having a full-width at half-maximum (FWHM) of less than 100 msec can be
simulated by clipping a maximum reactivity, temperature-limited transient to minimize the pulse
width (which would also limit the total energy). As an example, a transient of this type having a
FWHM of 72 msec would be limited to a maximum pulse energy of approximately 1400 MJ
(Figure 5). If desired, the RIA pulse can be preceded by a pre-transient irradiation to induce a
desired pre-test fuel temperature profile, or can be followed by a low-power, post-transient
irradiation to simulate decay heat; such pre-transient or post-transient operation would alter the
characteristics of the example transient illustrated in Figure 5.

Using the transient parameters determined with the simulator, a series of
one-dimensional transport calculations using the ANISN code and a 50-group neutron cross
section set were performed to determine the test-fuel power coupling. The calculations were used
in conjunction with radiochemical data collected during a test series conducted in the TREAT
reactor during late 1992 and early 1993. (Even though that particular test series was conducted in
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support of LMR fuel testing, the core loading and test vehicle are similar to the expected LWR
core loading and test vehicle.) Test-fuel power coupling is defined as the ratio of test-fuel power
to reactor power. For PWR test fuel having a beginning-of-life enrichment of 4.95% and
irradiated to a burnup of 78,000 MWD/kgU, the power coupling was calculated to be 0.88 J/g fuel
per MJ of reactor energy for a PWR RIA transient utilizing the LWR test loop and vehicle
described in the preceding section. The total energy which could be deposited in the test fuel
during the 1400 MJ transients presented in Figure 5 would be 1200 kJ/kg (290 cal/gm). Using the
transient control rods, the pulses can be tailored to almost any size. For example, a transient with
a power pulse FWHM of about 57 msec would deposit approximately 412 kJ/kg (100 cal/g) in the
PWR test fuel. These energy deposition values compare favorably with the energy deposition
values of French and Japanese RIA tests that were able to induce peak fuel enthalpies up to
836kJ/kg (200 cal/g).
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FIG. 5. Plot of TREAT reactor power and energy for hypothetical RIA-type transient resulting in
1400-MJ pulse with a 72-msec FWHM capable of depositing 1200 kJ of energy per kg of
fuel (290 cal/g).

Testing of BWR test fuel exposed to extended levels of burnup will be
similar to the PWR results discussed earlier. Since the fissile content of the pins is very low, there
is very little self shielding. Therefore, the increased size of the BWR pins will not significantly
affect the energy deposition.

5.2 Predicted CANDU-type fuel test parameters

The conceptual LWR test loop and vehicle and the TREAT reactor could be
used to test a wide variety of fuel types. For example, an unirradiated naturally enriched uranium
oxide CANDU type fuel pin was calculated to have a power coupling of 0.50 kJ/kg fuel per MJ of
reactor energy in the LWR test loop and vehicle. A CANDU RIA transient having a FWHM of 1
to 2 seconds could generate up to 2 GJ of reactor energy and 1000 kJ/kg (240 cal/g) of test fuel
energy. Similar energy depositions could be expected for LOCA-type transients.
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5.3 Potential improvements in TREAT RIA capabilities

Several concepts designed to provide significantly narrower RIA pulses are
currently being investigated. One concept which shows promise is a He-3 system designed to
insert significant quantities of negative reactivity into the core very rapidly. By making use of
existing control rod penetrations, the system could be installed in the core without requiring
modification of the facility. The transient simulations discussed in Section 5.1 were repeated
assuming emplacement a He-3 system capable of inserting an additional 5% negative reactivity in
5 msec. The calculated FWHM values ranged from 46 to 60 msec (Figure 6).

In addition to a He-3 system, the pulse widths can be further reduced by
making changes to the ARCS software and reducing the minimum allowable reactor period. It is
anticipated that the combined effect these changes would allow RIA FWHM values of
approximately 40 msec.
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FIG. 6. Plot of TREAT reactor power and energy for hypothetical RIA-type transient, including a
300 MJpre-transient irradiation, resulting in a 1600-MJ pulse with a 48-msec FWHM.
The use of a He-3 shutdown system was assumed for this simulation.

6. SUMMARY

The advent of high-buraup fuel implementation in LWRs has generated
international interest in high-burnup LWR fuel performance. Recent testing under simulated RIA
conditions has demonstrated that certain fuel designs fail at peak fuel enthalpy values that are
below existing regulatory criteria. Because many of these tests were performed with non-
prototypically aggressive test conditions, the results (although very informative) do not
indisputably identify failure thresholds and fuel behavior. The capability of the TREAT facility
to perform simulated RIA tests with prototypic test conditions is currently being evaluated by
ANL personnel. TREAT was designed to accommodate test loops and vehicles installed for in-
pile transient testing. During 40 years of TREAT operation and fuel testing and evaluation,
experimenters have been able to demonstrate and determine the transient behavior of several
types of fuel under a variety of test conditions. This experience led to an evolution of test
methodology and techniques which can be employed to assess RIA behavior of LWR fuel. A

108



pressurized water loop that will accommodate RIA testing of LWR and CANDU-type fuel has
completed conceptual design. Preliminary calculations of transient characteristics and energy
deposition into test rods during hypothetical TREAT RIA tests indicate that with the installation
of a pressurized water loop, the facility is quite capable of performing prototypic RIA testing.
Further control system enhancements would expand the capability to pulse widths as narrow as 40
msec.
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