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Executive Summary 

This report provides summary information on a selected set of key historic experiment series which 
were performed in the Transient Reactor Test Facility (TREAT) during its original operation from 
1959-1994. The selected experiments are intended to illustrate the diversity in experiments which 
have been performed, and the range in capabilities of the TREAT reactor. Knowledge of those prior 
experiments provides a foundation for qualification and safety evaluation of numerous fuel forms 
already tested in TREAT, planning and designing new future tests, and for future TREAT operation.  
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1 Introduction 
The Transient Reactor Test Facility (TREAT) is an experimental reactor designed for the transient 
testing of nuclear reactor fuels and other materials [1]. TREAT was designed and built by Argonne 
National Laboratory (ANL) at a site that is now the Idaho National Laboratory (INL) [2]. ANL (as a 
collaboration between ANL-East and ANL-West) operated TREAT for use in hundreds of experiments 
from 1959 until 1994, when the reactor was placed in non-operational standby. In 2013, the United 
States Department of Energy (U.S. DOE) identified the need for a resumption of transient testing in 
the United States to support the development and qualification of new, advanced nuclear reactor fuels 
[3] and decided to restart TREAT for that purpose. TREAT was sucessfully restarted by INL in 
November 2017 [4]. Moving forward, TREAT will be operated by INL to support new transient 
experiment programs.  
 
Future operation of TREAT will benefit from the information produced during the extensive prior 
utilization of the facility, which included a wide variety of experiments. Knowledge of those prior 
experiments, including how they helped to develop the ability to understand and predict the transient 
behaviors of novel, advanced fuels, provides a foundation for qualification of numerous fuel forms 
already tested, as well as planning and designing new future tests [5].  
 
It is the intent of this report to provide summary information on selected sets (series) of historic 
experiments to illustrate the range of experiments (and TREAT’s capabilities) that characterized 
TREAT operations during the time period between the late 1960s and 1994. The experiment sets 
included in this report were chosen from among the several dozen experiment types or experiment 
series that were performed. A brief summary of the entire set of historic TREAT experiments is 
provided in Appendix A. Further information on the broader set of experiments performed in TREAT 
can be found in the TREXR (TREAT Experimental Relational) Database, a compendium of reference 
documents and data which has been developed over the past several years at ANL [6]. 
 
In addition to the selected experiment set summaries, this report also provides brief background 
information the TREAT reactor and the general nature of TREAT experimentation. 

2 TREAT Description 
TREAT is a graphite-moderated, graphite-reflected, air-cooled reactor fueled with 93% enriched UO2 
dispersed in graphite. The fuel is arranged in approximately four-inch-square fuel elements 
consisting of a ~four-foot-long zircaloy-clad central fuel region and ~two-foot-long aluminum-clad 
graphite reflector regions above and below the fuel region. The reactor core can accommodate a 
maximum of 361 TREAT fuel elements in a 19x19 array. For irradiation experiments, a small number 
(typically two, occasionally a few more) of central TREAT fuel elements are replaced with an 
experiment vehicle containing the test sample(s). Frequently an additional row (or half row) of fuel 
assemblies is also removed to provide an unimpeded path for fast neutron travel between the test 
sample and an ex-core system of collimator and detectors, collectively called the TREAT Fast Neutron 
Hodoscope. The hodoscope was used to provide real-time monitoring of fast neutrons emanating 
from test fuel samples located at the core center. 
 
The core is controlled by B4C-bearing control rods, arranged in three banks: 

1. Control/shutdown rods, used to set the reactor to a critical state,  
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2. Computer-controlled transient rods, capable of high-speed travel, used to introduce 
reactivity changes which drive TREAT transients, and 

3. Compensation/shutdown rods, used to compensate for the reactivity addition which occurs 
when a TREAT experiment vehicle is removed. 

 
The core is cooled by forced air flow provided by two blowers. Because of the short duration of most 
power transients, the cooling effect is insignificant during the transients. Cooldown after transients 
typically takes several hours. The reactor core is enclosed in a radial graphite reflector surrounded 
by a concrete bioshield. Both the reflector and bioshield have holes to accommodate instrumentation. 
 
TREAT transients are performed by introducing reactivity changes via movement of the transient 
rods from a critical pre-transient configuration (in which the transient and control/shutdown rod 
banks are both partially inserted within the core). There are three general categories of TREAT 
transients: 

1. Temperature-limited (“burst”) transients, in which a quick (“step”) insertion of reactivity is 
caused by withdrawing the transient rods at their maximum speed, resulting in a bell-shaped 
burst in power which is constrained by the large, prompt negative temperature reactivity 
feedback provided by the heating of the TREAT fuel graphite; 

2. Shaped transients, in which complex motions of the transient rods, under full computer 
control, are used to produce a specific core power-time history different from a simple power 
burst; and 

3. Extended transients, lasting for several minutes at relatively low power, during which the 
reactor power is controlled by a combination of manual adjustment of control rod positions 
and computer control of transient rod positions. (Extended transients were historically used 
only in the STEP series of experiments which were performed in the mid-1980s.) 

 
Major upgrading of the facility in the late 1980s included changing the locations of the control and 
transient rod banks in the core. The current, symmetrical arrangement, with 18 control rods and each 
of the three independent control rod sets operated simultaneously as a “bank,” is referred to as the 
“upgraded core.” The previous configuration, which was not symmetric, had fewer rods, and used two 
pairs of transient rods operated sequentially, is called the “pre-upgrade core.” The changed 
configuration resulted, of course, in significant differences in the characteristics of the spatial neutron 
flux distribution across the core and in the core-to-test-fuel neutronic coupling. With the exception 
of the M8 Calibration Experiment (M8CAL), which was performed in the upgraded core, all of the 
experiments discussed in this report were performed in the pre-upgrade core. A set of Inconel-clad 
fuel elements fabricated for use in a planned “TREAT Upgrade” core, which would have enabled 
TREAT to generate the harder neutron spectrum and higher fluence required for experiments using 
37-pin test-fuel bundles within an exceptionally-large loop, was fabricated but never used in the 
reactor. 
 
A key performance metric in TREAT experiments is the total energy deposition (TED) achieved in the 
test sample(s). The TED is related to TREAT core operation through a parameter called the power 
coupling factor (PCF). The PCF is the ratio of test sample power (or energy) per unit mass to the 
reactor total core power (or energy). It is typically expressed in units of W/g/MW or J/g/MJ. The PCF 
may change over the course of a transient, due to changes in core conditions including temperature, 
rod position, and the neutron flux reaching the test sample; this is captured in a parameter called the 
transient correction factor (TCF). Typically, the PCF and TCF were characterized for a particular 
experiment via a series of calibration runs performed prior to the experiment itself, in order to plan 
how the TREAT reactor power needed to be controlled during the experiment in order to achieve the 
desired energy deposition and temperature conditions in the tested sample.  
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3 TREAT Experiment Program History 
During the 35-year period from 1959 to 1994, roughly 800 experiments were performed in TREAT 
to investigate the response of various nuclear fuels and fuel element designs to off-normal and 
accident-related transients, with and without the presence of water or sodium coolants. These 
experiments supported the evolving needs of U.S. civilian nuclear reactor development programs 
(LWR, LMFBR, and IFR). As those needs evolved, experiment requirements (which were driven 
by a need to ensure prototypic conditions for the test samples) spurred enhancements of TREAT’s 
capabilities for performing increasingly complex experiments.  
 
Most of the early experiments that have been conducted in TREAT were performed in rapid 
succession during the first several years of TREAT operation. They were designed to investigate 
fuel-water and fuel-sodium interactions for a wide range of fuel/cladding materials and 
fuel/coolant temperatures. Those experiments used small samples of unirradiated fuel in simple, 
mass-produced capsule-type containments heated using basic TREAT power transients (initially 
only bursts and later constant power “flattops”) with application to both light-water-cooled 
reactors (LWRs) and sodium-cooled fast reactors (SFRs).  
 
Starting in the mid-1960s, the experiment programs transitioned to predominantly address oxide 
fuels for liquid-metal-cooled fast breeder reactor (LMFBR) development, both for severe accident 
evaluations and for qualification of fuels for use in demonstration reactors. Further advances in 
TREAT’s automatic control system allowed the production of power transients that could be 
tailored in shape, intensity, and duration. At the same time, the need arose and persisted to test 
larger fuel samples (longer pins and multi-pin bundles) under more-prototypic conditions, 
primarily to guide the development and validation of computer models and codes that describe off-
normal and accident transient behaviors. This resulted in experiment designs (particularly ones 
that provided flowing coolant) that were more complex and had greater cost and schedule 
requirements. These more complex experiments could be performed at a rate of only about ten to 
fifteen experiments per year. Correspondingly, there was diminishing practical opportunity to 
investigate large parametric matrices of test conditions or to gain evidence of repeatability of 
observations. Each experiment thus became essentially unique, even though experiments 
continued to be planned and performed in “families” (sets, or series) within which key parametric 
changes were investigated.  
 
The oxide-fuel LMFBR experimentation was pursued until the mid-1980s when attention was 
focused briefly on investigating the radiological source term during specific LWR accident 
scenarios, and also on investigating the behavior of modern metallic fuel for SFRs under severe 
transient overpower conditions. Experimental approaches, techniques, and equipment varied as 
needed during this time period in order to best address the variety of experiment objectives.  
 
In general, TREAT experiments sought to create conditions that would reveal phenomena and 
demonstrate integral behavior of fuels and core materials that occur during reactor accidents, and 
to observe and measure those phenomena and behaviors. Topics of interest included:  

• transient-induced fuel and cladding damage (composition and microstructural changes; and 
effects related to fission gas, chemical interactions, mechanical interactions, melting, and 
in-pin material vaporization),  

• pre-failure fuel motions and coolant voiding,  
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• cladding failure thresholds,  
• fuel-coolant interaction energetics, 
• post-failure motions of fuel, cladding, and coolant,  
• coolant channel blockages caused by disrupted fuel and cladding,  
• and the complex inter-play among these behaviors. 

 
The results of TREAT experiments were used for a variety of purposes, including: 

• to help develop basic understanding,  
• to acquire data relevant to developing empirical correlations which describe important 

behavior,  
• to acquire data for validating mathematical models of certain phenomena, and  
• to provide evidence useful in validating codes that describe complex integral behaviors 

such as might occur during the early stages of severe reactor accidents.  

4 Historical Experiment Series Included in This Report  
This report is intended to summarize a considerable number of experiment series that were 
performed in TREAT and archived in the TREAT Experimental Relational (TREXR) Database [6] in a 
prioritized manner. The prioritization scheme is based on giving higher priority to the later test series 
(i.e., those performed in the 1970s and 1980s) and also higher priority to series that addressed issues 
of relatively-broad interest in the technical community. Consideration is also given to adding test 
series in groups that have some inter-relatedness among the several series in each group (e.g., the 
type of issues addressed, the experimental approach taken, the type of fuel tested,). In defining each 
series group, consideration is also given to the total number of tests in the group and how much 
information is available regarding the tests, with a view to roughly equalizing the effort it will take to 
properly address all of the tests in the each group, as described below. 
 
In the following sections of this report, an overview is given for each series, using a common format 
for each overview, providing information on the testing purpose, approach, limitations, experiment 
vehicle, test fuel, test conditions, results, and applications. Additional information is provided on the 
power coupling determination, and references are indicated where the reader can find additional 
information. 
 
More-detailed information is provided regarding each individual test by means of one-page summary 
descriptions grouped by experiment series in separate appendices at the end of the report. These 
one-page summaries provide an at-a-glance overview of each test. They include descriptions of the 
test sample(s), reactor operating conditions, measurements performed during and post-irradation, 
and a brief statement of the key results. These one-page summaries and the primary source materials 
used to compile them can also be found in TREXR [6]. (Note: one-page summaries in TREXR that are 
not included in this report should be considered preliminary drafts.) 
 
The first five experiment series (designated with prefix names CDT, CO, LO, M, and TS) were selected 
because they were among the most recent tests performed before TREAT was put on non-operational 
standby status in 1994, and they thus tested some of the most up-to-date types of irradiated fuels 
that were available at that time for transient testing. In addition, they illustrate a significant part of 
the range of types of tests that have been conducted in TREAT regarding test vehicle type, coolant 
environment of the test sample, test-fuel material and geometry, and transient severity. 
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The five series and their associated key parameters are summarized in Table 4-1. All tests were 
performed on fast-reactor fuels using shaped transients in the pre-upgraded TREAT core. 
 

Table 4-1. Key Characteristics of the First Group of Test Series Addressed in this Report 
 

Test 
series Test fuel geometry Coolant  

Test-
fuel 
type 

Test-fuel damage 

CDT Single pin, or  
3 pins in separate flowtubes  Flowing sodium Oxide No cladding breach, or breach 

with extensive pin disruption 

CO Single pin Static NaK or 
flowing sodium Oxide Cladding breach with moderate 

or extensive pin disruption 

LO 7-pin bundle Flowing sodium Oxide Cladding breach with extensive 
pin disruption 

M 2 or 3 pins in separate 
flowtubes Flowing sodium Metallic No cladding breach, or breach 

with moderate pin disruption 

TS Single pin Flowing sodium Oxide 
Slight cladding breach, or 
breach with extensive pin 

disruption 
 
 
The second group of experiment series that is included here comprises the tests in the EBT, L, PINEX, 
RFT, and STEP series.  
 

Table 4-2. Key Characteristics of the Second Group of Test Series Addressed in this Report 
 

Test 
series Test fuel geometry Coolant  

Test-
fuel 
type 

Test-fuel damage 

EBT Single pin, or  
3 pins in separate flowtubes  

Static NaK or 
flowing sodium Oxide No cladding breach, or breach 

with extensive pin disruption 

L Single pin, 3-pin bundle, 7-pin 
bundle Flowing sodium Oxide No cladding breach, or breach 

with extensive pin disruption 

PINEX Single pin Static NaK Oxide No cladding breach, or breach 
with extensive pin disruption 

RFT 3 pins in separate flowtubes Flowing sodium Oxide No cladding breach, or breach 
with little pin disruption 

STEP 4-pin bundle Flowing steam Oxide Cladding breach with 
considerable pin disruption 

5 CDT-series Experiments 
The CDT-series tested full-length, top-plenum, annular design (fuel, insulator, and reflector), 
irradiated MOX fuel pins in flowing sodium under fast and slow TOP (transient overpower) scenarios 
to show pre-failure fuel extrusion potential. A one-page summary of each CDT test is included in 
Appendix B. 
 
Number/Time  
The CDT-series consisted of three experiments performed in 1987 on fast-reactor FFTF-irradiated 
mixed-oxide fuel of the latest designs considered for deployment in the FFTF core. Five pins were 
exposed to severe overpower transients, comparing effects of solid-pellet versus annular-pellet 
designs at two power ramp rates. The results spanned the cladding failure thresholds and provided 
data useful for validating transient fuel-behavior models [7] [8] [9] [10]. 
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Purpose 
The three CDT tests were performed to provide failure threshold and pre-failure fuel-motion data for 
two designs of advanced FFTF-type mixed-oxide fuel pins, at two (medium and high) burnup levels, 
when exposed to different overpower transients (5 ¢/s and 1 $/s reactivity insertion rates) relevant 
to FFTF severe accident safety assessment. The data were intended to be used for comparing the 
transient response of the two pin designs and evaluating the predictive capability of various fuel-pin 
transient performance codes and pin-failure models. The two pin designs differed by one having solid 
fuel and axial blanket pellets and the other having annular fuel and axial blanket pellets.  
 
Approach  
The tests were performed in a manner that would allow close comparison of the transient behaviors 
of the different fuel pins under conditions as prototypic of the simulated FFTF accident transients as 
feasible within the limitations of the TREAT reactor (e.g., utilizing the maximum-allowed TREAT 
energy). Conditions were intended to be created that would cause the fuel pins to marginally reach 
cladding failure. The set of test pins and test conditions was chosen to form a tight matrix of a few 
parameters in order to maximize the simplicity of making comparisons between the resulting 
behaviors. Thus, the same 5 ¢/s reactivity insertion transient was used in two tests (CDT-1 and CDT-
3), and solid-pellet designs and annular-pellet designs were tested at both overpower ramp rates. 
Furthermore, solid-pellet designs of both medium and high burnups were subjected to the same (1 
$/s) transient, simultaneously with a pin of annular-pellet design. Sodium flow rates were chosen to 
achieve nominal FFTF conditions prior to the initiation of the power ramp. 
 
Limitations  
Although the transient behavior of an annular-pellet pin design was intended to be compared to the 
transient behavior of a solid-pellet pin design, the annular-pellet pins were of medium burnup 
whereas the solid-pellet pins were of high burnup. The fast fluence exposure of the cladding of the 
annular-pellet pins was correspondingly lower than that of the solid-pellet pins. 
 
The accuracy of the empirical determination of the power coupling between the TREAT reactor core 
and the fuel in each of the pins tested was diminished by unexpected deficiencies in the test vehicles 
that were used, as noted below. 
 
Because of the high temperature of molten oxide fuel, fuel expulsion from a failed pin into the coolant 
channel would tend to locally void the channel of sodium and quickly melt through the thin-walled 
flowtube. A breach in the flowtube where fuel is moving would affect the subsequent fuel motion 
dynamics.  
 
Experiment Vehicle  
Tests CDT-1 and CDT-3 were performed using two nominally-identical Single-Pin Test Loops (SPTLs). 
Test CDT-3 used a modified Mark-IIIC loop containing three fuel pins. Each pin was located within its 
own flowtube, with several thermocouples attached to the flowtube’s outer surface. The flow rates 
through the three flowtubes in test CDT-2 were nominally identical. In all three tests, each flowtube 
was initially surrounded by an argon-filled space to limit heat transfer radially outward from the 
flowtube.  
 
It was discovered during posttest examinations of tests CDT-1 and CDT-3 that the expansion bellows 
near the top of each flowtube had failed. (It was unknown whether the failure had occurred before or 
during the test.). These failures allowed sodium to inadvertently enter and fill the spaces around the 
flowtubes, forcing out the gas that had been there, and contacting the flowtubes’ outer surface and 
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the attached thermocouples. The presence of the sodium subsequently affected heat transfer through 
the flowtube wall and measurement of the flowtube temperatures. This condition, if it had existed 
before the test, would have affected the interpretation and accuracy of the in-situ heat-balance 
measurements which were performed to determine the test-fuel-to-TREAT power coupling. Data 
intended to be obtained from the tests were limited also by premature failure of many of the flowtube 
thermocouples. 
 
Test Fuel 
All five of the pins tested were of mixed-oxide fuel clad in HT-9 ferritic alloy, with 0.914 m fuel column 
height and a 6.5 cm axial blanket pellet stack at both ends of the fuel. Two pins (for CDT-1 and CDT-
2) were of solid-pellet design of high-burnup (116-118 MWd/kg) and 17-18 x1022 n/cm2 fast fluence. 
Two other pins (for CDT-2 and CDT-3) were of annular-pellet design (1.40 mm as-fabricated internal 
diameter) of medium burnup (63-65 MWd/kg) and 9.4-9.9 x 1022 n/cm2 fast fluence. The fifth pin 
(also for CDT-2) was similar to the annular-pellet pins except that it had solid pellets.  
 
Conditions  
CDT-1 and CDT-3 each subjected a single fuel pin to a power transient that increased on a 23-s e-
folding period, corresponding to a 5 ¢/s reactivity insertion rate in FFTF. In contrast, CDT-2 subjected 
three fuel pins, each in its own flowtube, to a power transient that increased on a 0.67-s e-folding 
period, corresponding to a 1 $/s reactivity insertion rate in FFTF. In each case, the power increase 
was continued until the cladding failure threshold would be reached or nearly reached. Leading into 
the overpower transient in each test was a 10-s hold at a level generating approximately nominal fuel 
power (Po) for fuel of that burnup in FFTF (34-37 kW/m). In CDT-2, the power in the medium-burnup 
solid-pellet pin was about 14% higher than in the medium-burnup annular-pellet pin.  
 
In CDT-1 and CDT-3, the unfortunate failure of the bellows near the top of the flowtubes diminished 
the ability to know the thermal conditions in the test fuel and in the sodium adjacent to the fuel pins.  
In CDT-2 the bellows remained intact, but the combination of temperatures indicated by the 
thermocouples, the sodium flowrate indicated by the flowmeter, and the assumed fuel pin power 
were mutually inconsistent, leading the analysts to conclude that the actual flow rate was 20% lower 
than indicated by the flowmeter.  
 
Results 
During the three tests, two of the five pins failed. Both of the medium-burnup pins (one solid-pellet 
and the other annular-pellet design) in fast-ramp test CDT-2 withstood a peak power of about 17 Po 
but breached just after peak power, as the power was rapidly dropping due to the reactor scram. The 
three other pins remained intact but apparently had been taken to near their failure thresholds. The 
high-burnup solid-pellet pin survived 4.0 Po in slow-ramp test CDT-1 and 17 Po in test CDT-2. The 
medium-burnup annular-pellet pin in slow-ramp CDT-3 survived 4.5 Po despite experiencing 20% 
more fuel enthalpy and 90 oC higher peak coolant outlet temperature than did the high-burnup solid-
pellet pin in CDT-1.  
 
Substantial axial, pre-failure, in-pin fuel motion occurred in all five pins, to the extent that the spring 
in the pin plenum was found to be fully compressed in each case – an upward movement of about 6 
cm.  
 
Axial fuel motion in the solid-pellet pin in CDT-1 began at a power of about 3.6 Po, when about 75% 
of the transient energy had been generated. About 6 cm length of molten fuel extruded into the region 
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above the initial fuel column, lifting the upper axial blanket and plenum tube until the spring became 
fully compressed. In CDT-3 axial fuel motion in the annular-pellet pin began at about 3.8 Po. The fuel 
penetrated the annulus of both the upper and lower blankets along their entire lengths, and ~10 g of 
fuel (5% of the fuel inventory) entered the plenum above the axial blanket. Posttest neutron 
radiography of CDT-3 showed a large axial variation of fuel density along the original fuel region.  
 
In CDT-2, in both the high-burnup and medium-burnup solid-pellet pins, axial fuel motion within the 
upper blanket region occurred at peak power, and by the end of the test, the upper blanket had been 
pushed up about 5 cm in the high-burnup pin and about 7.5 cm in the medium-burnup pin. The high-
burnup pin remained intact, but the medium-burnup pin failed just above the axial midplane, by 
meltthrough according to posttest computations. Posttest examination showed the failure extending 
over a region 7 to 25 cm above the midplane (i.e., from 0.58 to 0.77 relative fuel height). By the end 
of the CDT-2 test, molten fuel In the medium-burnup annular-pellet pin had reached and coated the 
inside of the spacer tube as high as 33 cm above the upper blanket column. The upper blanket was 
raised about 5 cm by axial fuel motion. As with the medium-burnup solid-pellet pin, the pin failed just 
above the axial midplane, by meltthrough according to posttest computations. The observed rapid 
loss of fuel just after peak power, and the fuel accumulation in a region centered in a region about 10 
cm above the fuel midplane, was interpreted as being a consequence of midplane failure. Within 20 
ms of cladding failure, molten fuel from that breached annular-pellet pin penetrated the flowtube in 
which that pin was located and spread into the gas-filled region beyond.  
 
Posttest metallographical examinations indicated that in the solid-pellet pin in CDT-1 the fuel areal 
melt fraction was 47% at ¼ height of the fuel column, 50% at midheight, and 56% at ¾ height. When 
compared with code computations, these values suggest that the actual fuel pin power was about 
20% less than expected from pretest determinations. The melt fractions in that pin were notably 
lower than measured in the annular pin tested in CDT-3, which were 54% at ¼ fuel height, 75% at 
the midplane, and 68% at ¾ fuel height. The high-burnup solid-pellet pin that survived in the fast-
ramp CDT-2 test had measured melt fractions of 61%, 68%, and 75% at ¼, half, and ¾ height levels, 
respectively. 
 
The posttest measured peak cladding strain level in CDT-1 solid-pellet pin was 3.7% (at the top of the 
initial fuel column and above, of which 2.7 % occurred during the transient). In the cladding of the 
annular-pellet pin in CDT-3, however, there was only 1.4% strain (all occurring during the transient). 
The surviving, high-burnup solid-pellet pin in CDT-2 showed total strain of ~7% near the midplane, 
~4% near the fuel top, and ~10% about 5 cm above the fuel top.  
 
Applications 
Results from the three CDT transient overpower tests showed that the latest FFTF-design mixed-
oxide pins could survive to power levels greater than 4 Po during 5 ¢/s reactivity-ramp-rate accidents 
and up to 17 Po during 1 $/s accidents. The pins exhibited substantial pre-failure axial fuel movement, 
including through the center of annular blanket pellets, which could significantly introduce a negative 
reactivity effect on the accident. Significantly-lower transient-induced cladding strains in the 
annular-pellet design pins than in the solid-pellet design pins despite higher energy deposition in the 
annular-pellet pin, is attributable to the design difference. The test results were useful in evaluating 
transient fuel behavior models and the acceptability of the fuel designs for use in FFTF.  
 
Calibrations in TREAT 
Power coupling between the TREAT core and the test fuel was experimentally determined prior to 
the test transient by performing heat balance transients using the actual test fuel and test vehicle. 
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The heat-balance transients were run at a steady, relatively-low power level representative of 
nominal pin power. 

6 CO- and LO-series Experiments 
The LO-series tested 7 seven-pin bundles of full-length, bottom-plenum, annular, fresh and irradiated 
MOX fuel pins in flowing sodium under fast and slow TOP (transient overpower) and a range of 
TUCOP (transient undercooling-driven overpower) conditions. The CO-series tested single, full-
length, bottom-plenum, annular, fresh and irradiated MOX pins, 3 under fast TOP in stagnant NaK, 
and 2 under slow TOP and 1 under TUCOP in flowing sodium [11] [12] [13] [14] [15] [16] [17] [10]. 
A one-page summary of each CO-series test is included in Appendix C; one-page summaries of the 
LO-series tests are in Appendix D. 
 
Number/Time 
Six CO-series tests (CO1 through CO5, plus CO6R) and seven LO-series tests (LO1 through LO7) were 
performed during 1980-1983 within the UKAEA/USDOE PFR/TREAT Program. 
 
Purpose 
The LO- and CO-series tests were performed to investigate the timing and location of cladding failure 
and the pre-failure and post-failure fuel motions during overpower and loss-of-flow severe accident 
transients in large mixed-oxide-fueled fast reactors in which the fuel pins contain annular fuel and 
are grid-spaced and of bottom-plenum design and in which coolant voiding causes a positive 
reactivity addition resulting in a significant power burst. In conjunction, the tests were run to validate 
existing computational models of fuel pin failure and to strengthen the understanding of the relative 
roles of cladding-failure mechanisms.  
 
Approach  
The testing program consisted of tests on single pins (CO-series) and on seven-pin bundles (LO-
series). The former provided azimuthal uniformity in fuel-pin thermal conditions, whereas the latter 
provided for effects of larger fuel mass and multi-pin geometry with multiple coolant channels. Tests 
CO1 through CO3 were performed in stagnant NaK-filled capsules. The other tests were performed in 
flowing-sodium loops. Key parameters among the collection of tests included fuel burnup (medium 
and high), overpower ramp rate (slow and fast), and (for the loss-of-flow accident simulations) 
degree of coolant channel voiding when fuel was expelled into the channel (incipient voiding, 
partially voided, fully voided).  
 
Limitations 
The UK-design fuel differed from typical US-designed fuel in that the fission-gas plenum was below 
the fuel, and the pins were not wire-wrapped but were instead designed for use with grid spacers 
(which were used in the LO-series tests). Radial power depression in the fuel pins and within fuel-
pin bundles due to self-shielding of the test fuel within TREAT’s thermal neutron spectrum was a 
significant factor in designing and planning the tests to provide maximum feasible prototypicality in 
radial temperature profiles through the pin. (For example, outer coolant channels in the pin-bundle 
tests LO3 through LO7 were enlarged to compensate for the higher fuel power near the bundle 
periphery.) Hydraulic characteristics of the test vehicle internals above and below the test fuel region 
were not fully prototypic of the above-core and below-core hydraulic situations in commercial plants 
and thus affected the prototypicality of the post-failure material motions. Melting of some of the 
flowtube after contact with fuel added molten steel mass to the dispersing molten fuel and cladding. 
TREAT energy capability allowed only about 20 full-power seconds of test-fuel energy generation in 
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the TUCOP tests LO4-LO7. Conditions in static capsule tests were not considered relevant regarding 
application of post-failure fuel motions. 
 
Experiment Vehicle 
Three different test vehicle designs were used: (a) NaK-filled single-pin capsules for CO1, CO2, and 
CO3 (used to obtain early information) in which the fuel pin was thermally bonded by NaK to a 
massive nickel heat sink, (b) flowing-sodium single-pin loops for CO4, CO5, and CO6R (which 
provided greater thermal-hydraulic prototypicality than did the capsules), and (c) seven-pin-bundle 
flowing-sodium loops for LO1 through LO7 (which provided greater prototypicality regarding multi-
pin and multi-channel effects during post-failure interactions of fuel, cladding, and coolant). In the 
pin-bundle tests, the pins were separated by grid spacers. In LO1-LO3 a thick upper captor grid, 
representative of a fuel-pin hold-down device in a full scale reactor, was located above the top of the 
pin bundles. In LO4-LO7, immediately above the tops of the fuel pins was an 18.3-cm-long bundle of 
seven cladding tubes, each tube containing a steel rod equal in diameter to the fuel; this simulated 
the above-core structure of a full-scale reactor where molten material might freeze after pin failure 
and disruption.  
 
Test Fuel 
The fuel pins in all of the tests were of mixed U-Pu oxide fuel in stainless steel cladding. The MOX fuel 
pellet stacks in the pins were 91.4 cm high, with depleted urania breeder columns above and below 
the fuel. The fission gas plenum in the pin was located below the fuel column, separated from the fuel 
by a molybdenum knitmesh plug. Fresh (unirradiated) pins were used in CO1, LO1, and LO6; pins of 
9 at% burnup were used in CO3 and CO5; the pins used in the other tests had ~4 at% burnup. The 
9% burnup fuel had been irradiated at a higher power level (27.7 kW/m burnup-averaged) than the 
4% burnup fuel (17.1 kW/m burnup averaged), causing the fission gas retention to be about the same 
for both fuels.  
 
Conditions 
Fast (5 $/s reactivity ramp simulation) transient overpower (TOP) conditions were applied in the 
three single-pin capsule tests (CO1, CO2, and CO3 on fuel of 0%, 4% and 9% burnup, respectively) 
and in the seven-pin loop tests (LO1 and LO2 on fuel of 0% and 4% burnup, respectively). Slow (10 
¢/s reactivity ramp simulation) overpower transients were applied in two of the single-pin loop tests 
(CO4 and CO5 on fuel of 4% and 9% burnup, respectively) and one seven-pin loop test (LO3 on fuel 
of 4% burnup). Simulations of transient undercooling-driven over-power ( TUCOP) conditions -- 
caused by undercooling conditions and coolant voiding in a large fast reactor with positive sodium-
void reactivity coefficient -- were generated in one single-pin loop test CO6R and four seven-pin loop 
tests LO4 through LO7 (using 0% burnup fuel in LO6 and 4% burnup fuel in CO6R, LO4, LO5, and 
LO7). The key variable in the TUCOP tests was the degree of voiding in the coolant channel at the time 
and location where fuel was initially expelled from the pin(s) – no voiding, some voiding, or complete 
voiding. 
 
Results 
In general, there was little or no prefailure fuel motion, only some axial expansion in some tests. Fresh 
fuel under fast TOP conditions failed near the fuel midplane. Over the burnup range tested (0 to 9%), 
the power-to-fail under fast TOP ($5/s) conditions was roughly 24 times nominal power and under 
slow TOP (10 ¢/s) conditions was three times nominal power. Upon cladding failure, fuel motion was 
extensive and predominantly upward, in most tests dispersing to an extent corresponding to a 
negative reactivity addition of approximately 4 to 18% if it had occurred in a large fast reactor. (The 
worth analysis assumed a cosine-squared axial worth distribution with fuel-width at half maximum 
being 80% of the fuel height.) The exceptions were CO4 in which the worth decrease was about 30%, 
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and LO5 in which there was a 7% worth decrease at pin failure but a final net worth increase of 4%. 
Failed fuel tended to accumulate at the sites of the grid spacers, and its upward motion was strongly 
limited by the presence of the upper captor grid in the pin-bundle tests. In the TOP tests, vaporization 
of coolant created pressure that expelled fuel out both ends of the flow channel. In the TUCOP tests 
with preirradiated fuel (LO4, LO5, and LO7) upon pin failure an accumulation of fuel formed gradually 
at the failure site, grew axially, and then dispersed into regions above and below the original fuel zone. 
The fresh fuel in LO6 was less mobile. Upper and lower blockages (one of which was complete and 
the other either complete or nearly so) were found posttest in each of the seven-pin tests.  
 
Applications 
Combining models with the observed results provided good understanding of cladding failure 
mechanisms for fuel pins of the design tested, including internal pressurization, cladding melting, and 
swelling of hot solid fuel. Explanation of the initial fuel release from the pin was obtained from 
computations of the amount of molten fuel and existence or absence of a solid fuel crust at the time 
and location of failure. The observations were generally consistent with results of several 
computational models used to predict and analyze the tests performed with sodium flow.  
 
Calibrations in TREAT 
Power coupling between the TREAT core and the test fuel was experimentally determined for tests 
CO1, CO2, and CO3 by means of irradiating and radioactivity analysis of a fresh fuel pin (designated 
as the US/UK CAL activity) as well as by means of pre-test reduced-power heat-balance transients of 
the test pin within the test capsule. Power coupling determinations for CO4 and CO5 were made by 
TREAT irradiation of a fresh fuel pin and monitor wires in the activities designated as CO4-CAL, and 
similarly for CO6R by activities designated as CO6-CAL. Similar activities were conducted for LO1 and 
LO2 (LO1-CAL), for LO3 (LO3-CAL), and for LO4-LO7 (LO4-CAL). In addition, heat-balance transients 
were typically run using the actual test fuel and vehicle prior to the final transient for each test. 

7 M-series Experiments 
The M-series tests focused on in-pin fuel motion in pre-irradiated metallic fuel pins (of circa 1980 
metallic fuel design) during severe transient overpower, with cladding failure by rapid fuel-cladding 
metallurgical interaction [18] [19] [10]. A one-page summary of each M-series test is included in 
Appendix E. 
 
Number/Time 
Seven M-series tests (M1 through M7) were performed during 1985-1987 in the pre-upgraded core. 
In anticipation of future tests in the series, neutronic calibration irradiations (M8CAL) were 
performed in the subsequently upgraded core.  
 
Purpose 
The M-series tests were performed to investigate in-pin motion of the latest designs of sodium-
bonded fast-reactor metallic fuel during severe transient overpower accidents. Of particular interest 
was the potential for substantial pre-failure fuel motion (“extrusion”) as a potential means of early 
negative reactivity insertion during an overpower accident. Another objective was to determine the 
nature of transient-induced cladding failure by the combined action of fuel-cladding metallurgical 
interaction and fission gas pressure. Evaluation of effects of fuel pin plenum pressure, retained fission 
gas, and sodium-logging of the fuel were of primary interest. The study of post-failure, in-channel fuel 
motion of the metallic fuel was not a major objective. 
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Approach  
Test M1 heated two open-ended segments of an irradiated fuel pin at constant power in a dry-capsule 
environment (no coolant) and relied on high-speed photography to observe fuel motion out of the 
cladding. The following information refers to tests M2 through M7. Two or three intact fuel pins were 
heated with an exponentially-increasing power transient in a flowing-sodium loop. A total of 15 fuel 
pins were tested. Each pin was tested in a separate coolant environment so that more than one pin 
could be tested simultaneously, with a different flow rate past each pin, to permit different 
power/flow ratios between pins. The fuel pins were separated far enough to essentially eliminate 
neutronic effects of one pin upon the other. Fuel burnups ranged from zero to nearly 10 at%. A main 
objective was to preserve, for posttest examination, the fuel conditions just before, and just after, 
cladding failure. It was also an objective to limit post-failure fuel motion so that the sodium loop 
would be able to be reused in subsequent tests.  
 
Limitations  
The availability of irradiated metallic fuel for TREAT testing was limited at the time. U-Fs fuel was 
used in M1 through M4 as a substitute for U-Pu-Zr fuel. Fuel in D9 cladding was used as a substitute 
for fuel in reference HT9 cladding. Inherent limitations of the TREAT reactor transient energy led to 
use of an 8-second exponential period in the power transient to ensure the heating rate became high 
enough to cause rapid fuel-cladding metallurgical interaction (at about 1350 K interface 
temperature) to be a major (or dominant) contributor to cladding failure (assisted by plenum 
pressure). This heating rate was higher than prototypic for unprotected transient overpower 
accidents in sodium-cooled fast reactor designs of interest at that time. 
 
Experiment Vehicle  
Test M1 used a dry capsule of a type that had been used in previous tests. Laser illumination of the 
test samples was employed, with high-speed cameras recording the fuel response to the power 
transient. Tests M2 through M7 used the Mark-III sodium loop, with fuel holders designed for three 
pins in separate sodium flow tubes (M2, M3, and M4) or two pins in separate flow tubes (M5, M6, and 
M7). Orifices in each flow tube were sized such that the flow rate past each pin would achieve the 
desired heating objectives for each pin.  
 
Test Fuel 
Tests M1 through M4 used irradiated 316 SS-clad U-5Fs fuel of burnups3.5 at% in M1 and of burnups 
ranging from 0.3 to 7.9 at% in M2 through M4. Tests M5 through M7 tested five D9-clad U-19Pu-10Zr 
fuel pins of burnup ranging from zero to 9.8 at% and one HT9-clad U-10Zr fuel pin of 2.9 at% burnup. 
All irradiations had been done in EBR-II. Active fuel columns were nominally 35 cm high. 
 
Conditions  
Test M1 applied steady power to the sample; no flowing coolant was present. Tests M2 through M7 
brought power up to approximately nominal fast-reactor fuel power and then increased the power 
on an 8-second exponential period. The power was abruptly dropped at incipient cladding failure or 
immediately after cladding failure. Flowing sodium coolant was used during these six tests. 
 
Results 
Fuel extrusion was observed in all of the fuel pins tested, but varied substantially among the several 
fuel types. The low and medium burnup U-5Fs fuel extruded greatly prior to cladding failure, 
apparently because of the relatively-large amount of retained fission gas in that fuel. The high burnup 
U-Fs fuel and the U-19Pu-10Zr fuel extruded much less. Cladding failure occurred promptly when the 
fuel-cladding interface temperature reached approximately 1350 K in the U-5Fs and in the U-Pu-Zr 
fuel. Little fuel-cladding metallurgical interaction occurred in the U-Zr fuel pin despite reaching that 
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range of interface temperature, apparently related to its higher fuel melting point. Initial post-failure 
fuel motion was consistently upward toward the failure site at the fuel-plenum interface, with ejected 
fuel being swept upward out of the original fuel zone. Material leaving the failure site was likely a 
molten alloy of fuel and cladding constituents due to the significant amount of fuel-cladding 
metallurgical interaction that preceded cladding breach. 
 
Applications 
Fuel extrusion modeling was aided by the wide range of fuel burnups and compositions tested, which 
provided insights into the relative roles of retained fission gas and in-fuel logged sodium. The 1350 
K criterion for rapid penetration of cladding by fuel-cladding metallurgical interaction was confirmed 
by the results, although the reason for the lagging interaction in the U-Zr fuel was unclear. The few 
percent pre-failure extrusion of fuel (beyond thermal expansion) would cause a substantial negative 
reactivity effect in a large reactor undergoing an unprotected overpower transient.  
 
Calibrations in TREAT 
Experimental determination of the power coupling between the test fuel and the TREAT core was 
determined by irradiations in TREAT of fresh fuel pins and fissile monitor wires, which were then 
radiochemically analyzed. Such calibration activities were performed for test Mi (designated MI-CAL), 
for tests M2, M3, and M4 (designated M2-CAL and M4-CAL), and for M5, M6, and M7 (designated M7-
CAL). Later, an unusually-extensive set of neutronic calibration irradiations (designated M8-CAL) was 
performed to compare the neutronic coupling differences between the then-newly upgraded TREAT 
core and the pre-upgrade core.  

8 TS-series Experiments 
The TS-series tests investigated the prefailure axial fuel extrusion and the time and location of 
cladding failure in solid-pellet FFTF-type preirradiated MOX fuel pins during a slow (5 ¢/s) TOP [9] 
[20] [10] [21]. A one-page summary of each TS-series test is included in Appendix F. 
 
Number/Time 
Two TS-series tests (TS-1 and TS-2) were performed during 1983-84. 
 
Purpose 
The tests were performed to determine the time and location of failure of FFTF-type mixed-oxide 
(MOX) fuel pins during a slow (5 ¢/s) overpower transient. 
 
Approach 
In both tests, a single pin of FFTF design and pre-irradiated in FFTF was tested in flowing sodium. 
Heating of the test fuel was programmed to match the heating that would occur in that type of fuel if 
such an accident were to happen in FFTF. The time of cladding failure was determined by sudden 
changes in flow rate due to vaporization of sodium by hot fuel expelled from the cladding. The 
location of failure was determined by the fast neutron hodoscope and thermocouples located axially 
along the wall of the flow tube surrounding the fuel pin.  
 
Limitations 
The only significant non-prototypicality apparently was the effect of the thermal neutron spectrum 
in TREAT resulting in a test-fuel radial power profile that was strongly peaked at the periphery of the 
fuel, unlike in a fast spectrum core such as FFTF. (This effect is typical of experiments in TREAT.) Post-
failure fuel motion characteristics, which were not among the main objectives to determine, were 
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affected by the prompt post-failure penetration of the flowtube, with molten fuel and cladding 
thereafter accessing additional space beyond that barrier. 
 
Experiment Vehicle 
Both tests were performed in Single-Pin Test Loops (SPTL-Type B) designed specifically for full-
length, top-plenum fuel pins, such as FFTF driver pins. In flowing sodium. The loops were 
instrumented with flow, pressure, and temperature sensors, as well as acoustic detectors. The loop 
occupied the space of two TREAT fuel assemblies. A thin-walled flowtube, instrumented with many 
thermocouples attached to its outer surface, surrounded the test fuel pin and provided the boundary 
for sodium flow adjacent to the pin. Surrounding the flowtube was an alumina sleeve that served as 
a barrier to further penetration by molten fuel-pin materials after cladding failure. An inert gas space 
was between the flowtube and alumina sleeve. Dysprosium neutron filters located near the top and 
bottom of the test fuel were included to shape the axial power distribution in the fuel so as to 
reasonably match the axial power profile in FFTF. 
 
Test Fuel 
In both tests, the pin was a mixed-oxide (MOX) pin of FFTF-prototypic design (91.4 cm fuel length; 
20% CW type 316 stainless steel cladding of 5.84 mm OD, 0.38 mm wall thickness, wire wrapped, 
solid dished pellets of 4.94 mm diameter and ~85% TD smear density, two uranium-dioxide solid 
pellets above and below the fuel, and a nickel reflector rod above the upper insulator pellets, with a 
spring holddown in the upper gas plenum). The fuel pin in TS-1 had been pre-irradiated in FFTF to a 
burnup of approximately 2 MWd/kg at 41 kW/m peak linear power. The pin in TS-2 had been FFTF-
irradiated to ~6 MWd/kg with a linear power that was 36 kW/m at the peak burnup. Based on 
examination of a sibling pin from the FFTF irradiation, the test pin fuel had a central void of diameter 
0.5 mm at the fuel midheight and ~0.2 mm near the ends. 
 
Conditions 
To generate test-fuel temperature versus time at a rate as representative as during a 5 ¢/s (~21 s 
period) FFTF overpower transient as possible, the TREAT power history was programmed to account 
for the changing TREAT-to-test fuel power coupling during the transient, and the sodium flow rate 
was adjusted upward by 10%. The reactor was programmed to scram immediately upon indication 
that the inlet sodlum flow rate in the test vehicle dropped by 50%. The initial part of the TREAT power 
history (before the 5 ¢/s period began) provided about 10 s of near-nominal power to preheat the 
test fuel. 
 
Results 
In TS-1, cladding failure (and immediate reactor scram) occurred ~22 s into the power transient, at 
a test-fuel power 3.1 times the nominal 41 kW/m power. About 1.7 cm of axial extrusion of molten 
fuel (approximately the free travel length allowed by the plenum spring) occurred approximately 5 s 
before failure. In TS-2, cladding failure occurred ~24 s into the overpower ramp, at a test-fuel power 
3.4 times its end-of-life level of 36 kW/m, preceded approximately 4 s earlier by ~2.5 cm of axial fuel 
extrusion. In both tests, the cladding failed in the upper half of the fuel column (X/L = 0.84 in TS-1) 
and rapidly penetrated the flowtube, allowing for more space into which the molten fuel-pin material 
and sodium could move.  
 
Applications 
The tests demonstrated that at low and medium burnups, FFTF-design MOX fuel pins can withstand 
a slow transient overpower event up to more than three times nominal power before cladding failure. 
They also showed the existence of significant pre-failure axial extrusion of molten fuel, which event 
was important (according to posttest analyses) in prolonging the time of failure during the tests.  
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Calibrations in TREAT 
Neutronic/radiochemical and thermal-hydraulic calibrations, referred to as TS-CAL, were performed 
to determine the power coupling between reactor and test fuel as a function of time during the 
specific transient planned for the experiments. This information was collected from irradiations of 
monitor wires, a fresh fuel pin, and preliminary lower-power irradiations of the test fuel pin in the 
SPTL with and without sodium flow. 

9 EBT-series Experiments 
The EBT-series investigated and compared the response of short, fast-reactor, irradiated MOX fuel 
and blanket pins, with various claddings, to unprotected overpower transients up to cladding failure 
[9] [22] [23].  A one-page summary of each TS-series test is included in Appendix G. 
 
Number/Time 
Four tests were performed in the EBT series (assuming EBTB was considered part of the EBT series), 
all during the 1983-84 time period. 
 
Purpose 
Three of the tests (EBT-1, EBT-2, and EBT-3) were performed to test irradiated mixed-oxide (MOX) 
fast-reactor pins under unprotected transient overpower (TOP) conditions of 10 ¢/s or 50 ¢/s 
reactivity ramp rate (relative to the FFTF reactor) to show how the transient response of the fuel pin 
differs in relation to the fuel’s cladding material (316 SS, D9, or HT9). The fourth test (EBTB) 
investigated the response of a 316SS-clad MOX blanket fuel pin when subjected to a similar 
unprotected TOP.  
 
Approach 
EBT-1 and EBT-2 were single-pin tests in static NaK designed to directly compare the transient 
response of D9-clad irradiated MOX fuel with the results of a prior TOP test (in the HUT series) on 
316SS-clad MOX. All three of those tests were performed with the same test vehicle and generated 
virtually identical thermal conditions in each pin up to cladding failure . EBT-1 used a high-burnup 
pin, and EBT-2 used a medium-burnup pin. (The HUT-series test was initially designated HUT5-1B 
and later renamed to HUT5-1B; in the TREXR database it is referred to as HUT5-1648, reflecting its 
TREAT transient number.) Test EBT-3 simultaneously tested three pins, each having a different 
cladding material (316 SS, D9, or HT9) in flowing sodium. The EBTB test with the blanket pin was 
also a single-pin test in flowing sodium. 
 
Limitations 
EBT-1 and EBT-2 were run in static NaK in order to be direct counterparts to the prior companion 
test (which tested a 316 SS-clad pin in static NaK) although, because the coolant was static and not 
flowing, some loss of prototypicality in the pin’s temperature distribution during the test would 
result. The TREAT thermal neutron spectrum caused strong power peaking near the periphery of the 
fuel, which is typical in TREAT tests and not representative of a fast spectrum. 
 
Experiment Vehicle 
Tests EBT-1 and EBT-2 were performed in a vehicle of the same design as used in the previous HUT-
series test, i.e., a static capsule with thermal neutron shielding in which the test fuel pin was NaK 
bonded to a nickel heat sink. EBT-3 and EBTB were performed in Mark-IIC sodium loops with axial 
neutron flux shaping. In EBT-3, each of the three pins were located inside of its own flow tube, with 
each flow tube thermally isolated from the other.  
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Test Fuel 
Solid-pellet MOX fuel pins were used in EBT-1, EBT-2, and EBT-3, and a MOX blanket pin was used in 
EBTB. All of the pins had been pre-irradiated in the fast spectrum of the EBR-II reactor. The D9-clad 
pins in EBT-1 and EBT-2 had been pre-irradiated to 9.4% and 4.2% burnup, respectively. The three 
pins in EBT-3 had been pre-irradiated to burnups approximately in the 8 to 9% range, with peak 
linear powers of approximately 37 kW/m and peak fluence of ~6x1022 n/cm2. The 316 SS-clad 
blanket fuel pin in EBTB had been pre-irradiated to about 3% burnup and a cladding fluence of 
1x1023 n/cm2. 
 
Conditions 
In all four tests, the power transient began with a constant-power plateau lasting for several seconds 
(in order to preheat the test fuel at roughly the nominal pre-irradiation power level) prior to the 
overpower portion of the transient. The overpower portion began immediately thereafter and rose 
at a rate corresponding to either a 50 ¢/s (EBT-1, EBT-2, and EBTB) or 10 ¢/s (EBT-3) FFTF-type 
reactor reactivity ramp insertion rate continuing until cladding failure, or incipient failure, occurred. 
The power was abruptly terminated by TREAT scram at a pre-determined time or upon indication of 
test-pin cladding failure. Thermal conditions in the test pins were affected by heat transfer to the 
static NaK in EBT-1 and EBT-2 and by the flowing sodium in EBT-3 and EBTB. 
 
Results 
The cladding of the pins in EBT-1, EBT-2, and EBTB failed at power levels several times their nominal 
power (five times nominal power in EBT-1 and EBT-2 and seven times nominal power in EBTB), 
followed by extensive motion of molten fuel, gross disruption of the fuel (or blanket) pin with 
extensive relocation of molten fuel into the coolant channel. On the other hand, none of the three pins 
in EBT-3 failed; their peak powers had reached the range 2.4 to 2.9 times their steady-state irradiation 
power. In EBT-1, the cladding of the high-burnup pin first breached near the top of the fuel column 
(at a power about 7% lower than in the corresponding HUT test), followed by significant fuel 
expulsion to above the test fuel region and significant voiding of fuel along the length of the fuel 
column. In EBT-2, the cladding of the medium-burnup pin first breached near the fuel midplane (at a 
power about 18% lower than in the HUT test), followed first by fuel loss from the top and bottom of 
the fuel column and then fuel movement from the midplane to the bottom of the fuel column. The 
blanket pin in EBTB apparently failed (at 7 times nominal power) first near the fuel midplane, with 
ejected molten fuel then being swept up to the top of the fuel column where it accumulated and 
blocked the coolant flow channel. The three unfailed pins in EBT-3 experienced significant (about 
36% areal fraction) fuel melting but little or no transient-induced cladding strain. 
 
Applications 
The tests demonstrated the ability of the fuel pins to withstand the imposed power transients up to 
several times their nominal steady-state irradiation power. Data from the tests were useful in 
evaluating the predictive capability of fuel-pin behavior codes and to help support the safety basis for 
irradiations of advanced fuel designs in FFTF. 
 
Calibrations in TREAT 
For EBT-1, EBT-2, and EBT-3, the power coupling between the test fuel and the TREAT core was 
measured before each test by heating the test fuel, inside the test vehicle, using a relatively-low-level, 
steady power transient, measuring the resulting temperature rise of the coolant and surrounding 
structure, and computing the fuel power needed to produce the measured thermal effects. No 
separate TREAT irradiations of additional pins were involved in these calibration activities. For EBTB, 
a separate calibration irradiation in TREAT (EBTB-CAL), using a neutronic mockup of the EBTB test 
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vehicle, was performed on a fresh blanket fuel pin of design similar to the EBTB test pin and also on 
flux monitor wires, followed by radiochemical analysis of those items to determine fission density 
and axial profile, thus yielding the desired power coupling information for the EBTB test. 

10 L-series Experiments 
The L-series tests demonstrated the fuel-motion responses of pre-irradiated fast-reactor-type MOX 
fuel pins to several different loss-of-flow accident conditions including strong overpower ramps [24] 
[25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37]. A one-page summary of each L-series 
test is included in Appendix H. 
 
Number/Time  
Eight L-series experiments were performed during the time period 1970 - 1978.  
 
Purpose  
The tests were performed to measure the timing and magnitude of spatial redistributions of fuel 
during simulations of various aspects of a fast-reactor hypothetical loss-of-flow (LOF) accident. 
Behaviors of fuel of various types, under various imposed conditions, pertinent to a range of 
subassembly types (power level, burnup, power level) would be demonstrated in order to indicate 
how each type might respond to, and subsequently affect, the course of the accident. The results were 
to be useful in validating analyses of the loss-of-flow accident for a MOX-fueled CRBR fast reactor.  
 
Approach 
Because this test series was the first to simulate loss-of-flow conditions in TREAT experiments in 
sodium, and because of limited availability of pre-irradiated fuel of the types preferred (particularly 
prototypic-length fast-flux-irradiated pins of FFTF/CRBR-type fuel pins), and because of then-
existing limitations of the TREAT control system, it was necessary for the prototypicality of the 
simulations to progress from test to test as experimental capabilities and fuel availability improved 
with time. The initial tests would need to utilize constant-power “flattop” transients, whereas shaped 
transients (e.g., flattops concluded with a programmed reactivity ramp to simulate a LOF-driven 
overpower situation) would be used when the TREAT control program was enhanced to produce 
them. Constant coolant flow during tests would be used until the sodium loop system became capable 
of providing programmed coolant flow coastdowns. Short-fuel-length irradiated pins (representing 
the top of the fuel of full-length FFTF-type pins) would be used until longer fuel pins became 
irradiated, and the longer pins would be used despite being irradiated in a thermal flux because no 
fast-flux-irradiated long-fuel pins would become irradiated until much later. Single pins and small 
bundles of pins, with pins of various burnups and pre-irradiation fuel restructuring, would be used 
depending upon which type of reactor subassembly would be the represented in the particular test. 
Reactivity ramps would be included in the test if the test was intended to simulate fuel in lower-power 
subassemblies responding to a power transient caused by reactivity effects in the lead assemblies of 
a reactor.  
 
Limitations 
Aspects of the approach taken in conducting this series of tests were chosen because of the existing 
limitations in availability of fuel for testing and capabilities of testing facilities. These were described 
above. Additional limitations needed to be taken into account: some in test planning and some in 
posttest analyses. One was the size of the fuel sample (one, three, or seven pins), limited by safety 
reasons or fuel availability, which would affect how well the test sample would represent a much-
larger array of pins in a reactor subassembly. Another was the ability to design a test environment of 
the pins such that the pins could be adequately heated to high temperatures in initially-flowing 
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sodium with a representative fuel-to-sodium mass ratio, and with adequate instrumentation to 
monitor the thermal conditions of the fuel, and simultaneously with adequate fuel containment 
during the meltdown. The loop test section designs that were used provided for good conditions to 
the point of fuel dispersal. After being contacted by hot fuel, however, the steel flow tube surrounding 
the fuel pins readily melted and breached, opening up new lateral spaces for molten fuel, steel, and 
sodium to flow into, and contributing to the amount of molten steel in the meltdown mass. Experience 
with the sodium loop was still being developed, and problems with the loop flowmeters were initially 
encountered that, in some tests, significantly reduced the amount of information obtained.  
 
Experiment Vehicle  
Mark-II integral sodium loops were used in all of these tests. The loops provided the flowing sodium 
and the thermal and pressure containment of the test fuel. Thermal-neutron-absorbing layers (flux 
“shaping collars”) were located around the loop periphery to provide a suitable axial power profile 
in the test fuel. Inside the loop test section was the test train that held the test fuel sample and 
provided the sodium flow area and flow perimeter to best represent conditions in a large assembly 
of pins. Test L1 used a single-pin test train. The flow perimeter in the seven-pin-bundle tests (L2, L3, 
and L4) and the three-pin-bundle tests (L5 through L8) was a fluted stainless steel tube surrounded 
by an inert-gas space. The flutes in the tube were geometric representations of adjacent fuel pins in 
a larger array. 
 
Test Fuel  
All of the tests used FFTF-type mixed-oxide fuel pins but with fuel regions shorter than standard FFTF 
fuel pins. The pins in L1 and L2 were not pre-irradiated. Tests L3 and L4 used fast-spectrum-
irradiated, medium-burnup pins; in L3 the fuel had been low-power irradiated, whereas in L4 the fuel 
had been high-power-irradiated. Fuel pins in tests L1 through L4 had fuel columns 34.3 cm high (the 
height of the EBR-II core in which the pins in L3 and L4 had been pre-irradiated). Pins for tests L5 
through L8 were all pre-irradiated in the thermal flux of the GETR reactor and had fuel column 
heights of 86.4 cm, only 5% less than the FFTF core height. For L5 through L7, the pre-irradiation of 
all of the fuel pins resulted in moderate-power fuel structure; their burnup was 8% for L5 and 3% 
burnup for L6 and L7. Test L8 used pins like those in L6 and L7 except for having been irradiated at 
low power. 
 
Conditions  
Without a capability for shaped power transients or coolant flow coastdown at the beginning of this 
series, and being an initial (therefore exploratory) LOF test, test L1 subjected only a single, 
unirradiated pin to a rough simulation of a LOF condition by exposing the pin to a succession of 
steady-power runs, each with a lower coolant flow rate than the previous run, with the intent of 
closely approaching, but not exceeding, the cladding failure threshold. Test L2 included the 
improvements of testing a seven-pin bundle with a coolant coastdown, still using fresh fuel and a 
constant-power run with flow coastdown, with conditions exceeding cladding failure. Flow 
coastdowns were used in all of the subsequent tests. Tests L3 and L4 added the feature of using fast-
spectrum pre-irradiated fuel pins (with 34.4 cm fuel height as in L1 and L2), again in seven-pin 
bundles and with a constant-power run in each test. Tests L5 through L8 also used pre-irradiated fuel, 
but now with 84.4 cm fuel height (although with thermal-spectrum pre-irradiation), and significantly 
ramped up the power after a few seconds at steady power. In L5 the peak power reached about six 
times nominal, in L6 about ten times nominal, in L7 about 23 times nominal, and in L8 about 75 times 
nominal. The strong overpower parts of the transient in the last four tests all generated about the 
same amount of TREAT energy and thus (if the power coupling did not change as the test fuel 
dispersed) about the same amount of test fuel energy. In each test, an objective of avoiding the 
generation of significant fuel vapor pressure was achieved. 
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Results  
In L1, unexpected sodium boiling apparently occurred, possibly under the spacer wire wrap of the 
pin and the adjacent in-channel thermocouple, causing severe flow anomalies and probably strong 
azimuthal and axial temperature gradients in the pin. The pin remained intact but was highly 
distorted. In contrast, the seven fuel pins in test L2 (the first test performed in TREAT in which a fuel 
pin was destroyed by exposure to loss-of-flow conditions) were highly disrupted, with gross 
movement of molten fuel and steel and formation of upper and lower flow blockages that posttest 
appeared to be complete. Gross disruption of the original fuel region and accumulation of molten 
steel and fuel near the top and bottom of the original fuel region likewise characterized all of the 
subsequent tests. Generally much of the flowtube adjacent to the fuel regions was also melted, thus 
contributing to the overall molten fuel mass and allowing molten material to flow into the 
surrounding gas-filled space. Details of fuel motion were provided by the fast neutron hodoscope and 
varied considerably from test to test (and thus probably also did the steel motion). Final fuel and steel 
configurations also varied in their details, but generally little mixing of the two materials was found 
posttest. 
 
Applications  
The fuel motions observed in the later tests in the series were evaluated in terms of the reactivity 
changes they would produce in a large fast reactor such as CRBR. For this purpose, selected CRBR fuel 
worth axial distributions were used. This provided a means by which the results of accident analysis 
models and codes could be compared to the test results. The SAS accident analysis code was 
developed through its various editions at the time (SAS1A, SAS2A, SAS2B, SAS3A, and SAS3D) in 
parallel with the L-series tests as the two programs collaborated with and assisted each other. A 
combination of the predictive analyses and empirical results from the test provided a basis for the 
development of scenarios describing the sequence of key LOF events in each test.  
 
Calibrations in TREAT  
Typically the final transient in each test was preceded by a heat-balance transient at a reduced, steady 
power and nominal flow rate in order to experimentally verify the power coupling between the test 
fuel sample and the TREAT core. The later tests in the series involved neutronic calibrations 
performed by TREAT-irradiation and radiochemical analysis of a fresh fuel pin representing the pins 
to be transient tested, thereby determining the absolute power coupling between the fuel and TREAT 
core. Pellets from the calibration pins were also core-drilled to obtain samples for radiochemical 
analysis to determine radial fission profiles. 

11 PINEX-series Experiments 
The PINEX tests investigated the potential for in-pin axial fuel motion in special, annular-design low-
burnup MOX fuel pins undergoing 3 $/s and 50 ¢/s unprotected reactivity-ramp power excursions 
[38] [39]. A one-page summary of each PINEX-series test is included in Appendix I. 
 
Number/Time 
Two PINEX-series tests, PINEX-2 and PINEX-3, were performed in 1978.  
 
Purpose 
The tests were performed to investigate the potential for in-pin pre-failure axial fuel motion to 
significantly mitigate severe hypothetical transient overpower accidents in mixed-oxide fueled fast 
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reactors. A second purpose of the tests was to evaluate the capability of the pin-hole imaging system 
to monitor the motion of nuclear fuels in TREAT experiments.  
 
Approach 
Fuel pins were designed with an axial hole through the fuel, through the two insulator pellets above 
the fuel, and through the reflector above the insulator pellets, in order to provide a pathway for 
molten fuel to escape from the fuel region prior to cladding failure. The timing and extent of axial fuel 
motion was to be determined in each of two tests that differed only in the rate of power rise during 
the overpower burst, i.e., one representing a 3 $/s unprotected reactivity ramp in FFTF and the other 
representing a 50 ¢/s ramp rate. The relationship between TREAT power and sample power was 
established such that the TREAT power level would rise high enough during the transient (above 
1000 MW) to permit adequate signal strength to the pinhole (PINEX) fuel detection system that was 
to be evaluated.  
 
Limitations 
The thermal spectrum used in the pre-irradiation of the test fuel samples created a different radial 
distribution of fuel restructuring and fission-gas retention than a fast spectrum would have 
generated. In addition, the thermal spectrum in TREAT caused the effect (typical in TREAT tests) of 
depositing heat preferentially near the periphery of the test fuel sample. These effects affected the 
timing and progress of fuel melting and fission gas release in the test fuel pin that differed from what 
would have occurred in a fast spectrum. The effects would be expected to differ between the two tests 
due to the different power rise rates and the resultant different progression of the radial temperature 
profile during the overpower part of the transient. In addition, due to the static coolant, the axial 
temperature gradient in the fuel was not peaked toward the top of the fuel as it would have been in a 
flowing coolant environment, and this would have affected the axial progression of fuel melting above 
the midplane. The extent to which these non-prototypicalities affected the outcome of each of the 
tests either qualitatively or quantitatively was addressed by analyses.  
 
Experiment Vehicle 
Both tests used the same type of test vehicle designed to contain a single fuel pin in a static NaK 
coolant environment surrounded by a thick nickel heat sink. Thermal-neutron attenuation was 
provided by boron-containing layers around the outside of the vehicle. Heaters located axially 
adjacent to the test fuel provided an initial axial temperature profile. The vehicle was designed such 
that it would house the fuel pin during the pin’s pre-irradiation in the General Electric Test Reactor 
(GETR) and also serve as the test vehicle during the TREAT transient test. 
 
Test Fuel 
Identical specially-designed mixed-oxide fuel pins (25 wt% Pu, 75 wt.% U) were used in both tests. 
The fuel pellets were annular, with 0.81 mm diameter fabricated central hole. The pellet stack was 
86.4 cm high. Above the stack were two annular UO2 pellets having 1.78 mm ID. Above the insulator 
was a 49-mm long nickel rod with 1.70 mm diameter central hole. The fuel pins were nominally of 
FFTF design, with Type 316 SS cladding (20% cold-worked) of 5.84 mm outer diameter and 0.38 mm 
thickness. The fuel pins were pre-irradiated in the GETR thermal-spectrum reactor to approximately 
2 at% burnup. 
 
Conditions 
Each test was designed, within the limits of the TREAT reactor and the test vehicle that was used, to 
produce test fuel thermal conditions associated with unprotected reactivity ramp excursions in FFTF 
as closely as practical, specifically a 3 $/s ramp in PINEX-2 and a 50 ¢/s ramp in PINEX-3. At the 
beginning of each test, the fuel was preheated at nominal power for a few seconds, followed 
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immediately by a power rise corresponding to the desired ramp rate. In each test, the TREAT reactor 
was programmed to scram at the predicted time of initial fuel melting, anticipating that the axial fuel 
motion that would begin at that time would, if it were to happen in the core of a fast power reactor, 
cause a negative reactivity insertion and power reversal. The stagnant NaK environment, compared 
to a flowing-coolant environment, of the pin was deemed to be an acceptable substitute in these tests. 
TREAT power during each transient rose above the 1000 MW level needed for acceptable signal to 
the PINEX fuel detector system. 
 
Results 
The fuel pin transient behavior differed substantially between the two tests, presumably due to the 
difference in how the different heating rate (and heat loss rate to the coolant) caused the fuel melting 
progression into fission-gas-containing regions of the fuel. Fuel in PINEX-2 became free to move 
axially within the fuel central hole axially past the top of the fuel and into the insulator, reflector, and 
plenum. This apparently decreased the temperature and pressure loading on the cladding, and the 
cladding remained intact. In contrast, with the slower transient in PINEX-3 it appeared that the 
central void near the top of the fuel did not open to allow significant axial fuel movement through 
that area, and gross disruption of cladding and fuel resulted. The PINEX detector system provided 
fuel location information useful in the analysis of the test, supplementing the fuel-motion information 
provided by the TREAT hodoscope. 
 
Applications 
The ability of MOX fuel to flow axially, prior to pin failure, within annular-design fuel pins as used in 
these tests was demonstrated to be feasible, but dependent upon the particular heating conditions 
and retained fission gas distribution in the fuel. Results from the real-time fuel monitoring data and 
from detailed posttest analysis of the intact fuel pin from PINEX-2 yielded particularly valuable 
information for comparison with code predictions. 
 
Calibrations in TREAT 
Power coupling between the test fuel and TREAT core was experimentally determined by 
measurements taken during low-energy transient irradiations of the actual test fuel in the test 
vehicle. No separate irradiations of calibration fuel pins were made. (The PINEX-3A test was 
subsequently performed to explore the sensitivity of the pinhole-intensified imaging system to low 
fuel specific power levels.) 

12 RFT-series Experiments 
 
The RFT tests showed that FFTF driver fuel pins can withstand unprotected overpower transients 
well beyond the secondary PPS (Plant Protective System) limit and provided data for calibrating 
transient fuel behavior codes [40] [41] [10] [42] [43] [44]. A one-page summary for each RFT-series 
test is included in Appendix J. 
 
Number/Time 
There were four tests in the RFT series, performed between 1982 and 1984. In addition, a preliminary 
test RFT-CAL-L was performed to provide data on power calibration, loop thermal-hydraulics, and 
fuel pellet design impact on cladding strain.  
 
Purpose 
The objectives of the RFT series were: (1) to demonstrate the capability of FFTF reference driver fuel 
pins, irradiated in FFTF, to accommodate an FFTF secondary plant protective system (PPS) -
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terminated overpower transient without damage, (2) to verify that a significant margin to failure 
exists by extending the transient overpower beyond the secondary PPS limit of 1.25 times normal 
rated power, and (3) to establish transient-induced measurable changes in the test pins as a basis for 
fuel pin performance code correlation, improvement, and validation. Responses of FFTF driver fuel 
pins of various burnups and irradiation power levels were evaluated for reactivity ramp rates of 5 
¢/s, 50 ¢/s, and 1 $/s. 
 
The objectives of RFT-CAL-L were to provide data needed for pretest analysis and planning of the RFT 
tests, i.e., regarding power coupling between FFTF driver fuel pins and the TREAT core and regarding 
sodium loop thermal-hydraulics for calibrating the loop thermal-hydraulic model, and also to provide 
data on fuel pin transient performance for use in calibrating fuel pin transient performance codes.  
 
Approach 
In the RFT series, fuel pin responses to unprotected overpower transients would be tested and 
evaluated for several fuel burnup and irradiation-power levels and for several reactivity ramp rates. 
Test conditions were set to closely match code-predicted fuel and cladding temperatures during the 
transient, and to reach conditions involving substantial fuel melting, measurable cladding strain, but 
no cladding failure. To best match the thermal transient in the test fuel and cladding with the thermal 
transient analytically computed for the FFTF unprotected reactivity excursion, both the test-fuel 
power and the coolant flow rate were specified to be higher (generally 10-15%) than the conditions 
which the pins experienced in FFTF; this adjustment helped to compensate for the depressed radial 
power profile in the test fuel due to the TREAT thermal neutron spectrum. The transients were to 
continue long enough to cause significant fuel melting and cladding strain but not to reach cladding 
failure conditions. Posttest examination of the pins would provide key data for comparison with 
analytical code predictions of fuel pin thermal-mechanical response.  
 
Limitations 
The thermal neutron spectrum in TREAT produces a large radial flux depression toward the center 
of test fuel samples, in contrast to the profile that is present in a fast spectrum. This effect on the fuel 
pin temperature history during the transient was reduced by adjusting the starting conditions of fuel 
temperature and power from their nominal FFTF conditions.  
 
Experiment Vehicle 
All of the tests in this series used Mark-III integral sodium loops containing a three-pin test train in 
which each pin is located in a separate flowtube. Instrumentation included flowmeters on the loops 
and numerous thermocouples on the test trains. Flux shaping collars on the loops were included to 
provide a suitable axial power profile in the test fuel.  
 
Test Fuel 
In the four RFT series tests, all of the fuel pins were FFTF driver fuel pins that had been irradiated in 
FFTF. In RFT-L1 and RFT-L2, the pins had been irradiated to very low (about 0.2%) burnup, three pins 
at 26-29 kW/m and three at 41 kW/m. The pins in RFT-L3 and RFT-L4 had been irradiated in FFTF 
at 35-38 kW/m to two burnups (2.6% and ~5.3%). Both types of pins were exposed to a 5 ¢/s 
overpower transient (in RFT-L3) or to a 1 $/s transient (RFT-L4). 
 
In the RFT-CAL-L test, all three pins were unirradiated. Two were FFTF driver pins. The third was a 
specially-designed MOX fuel pin with fully enriched uranium and several fuel sections of various 
pellet inner and outer diameters and fuel density, and one section was made with a radial slot.  
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Conditions 
In the RFT series, the 0.2% burnup pins of each irradiation power were subjected to a 50 ¢/s 
overpower in RFT-L1 reaching a peak power of about 5 times nominal; in RFT-L2 pins of that burnup 
were subjected to a 5 ¢/s overpower reaching 3.4-3.7 times nominal in the lower-power-irradiated 
pins and 2 times nominal in the higher-power-irradiated pin. In RFT-L3 and RFT-L4, pins of both 
burnups were subjected to either a 5 ¢/s overpower reaching 1.8 times nominal or to a 1 $/s 
overpower reaching about 6.8 times nominal. 
 
In the RFT-CAL-L test, the fuel was initially subjected to a 1 $/s overpower spike (to produce fuel 
melting and fuel-cladding interaction in the specially-designed fuel pin), and then was subjected to 
two lower-power transients to build up fissions needed for radiochemical analysis. 
 
Results 
All of the RFT tests produced substantial fuel melting, and measurable cladding strain occurred in 
many of the tests. All of the pins survived to power levels well beyond the secondary PPS limit. The 
failure threshold was exceeded in one of the pins (in RFT-L1). Detailed posttest characterization of 
the test pins was performed for use in comparison with analytical predictions. 
 
In RFT-CAL-L, the special fuel pin underwent fuel melting and cladding strain, the latter being a strong 
function of the fuel design features (annular, fuel-cladding gap size, fuel density, presence of radial 
slot). Neutronic and thermal-hydraulic calibration data were obtained for use in preparing the RFT 
tests. 
 
Applications 
The test data were used for detailed comparison with code-calculated predictions of fuel melting and 
cladding strain. 
 
Calibrations in TREAT 
In addition to the RFT-CAL-L test, heat-balance transients at constant test-fuel power in TREAT were 
performed before each test to determine the power coupling between the test fuel and the TREAT 
core. During these transients, the test-fuel temperatures were kept below their prior irradiation 
temperatures in FFTF. In some cases, flux monitor wires were attached to the outside of one or more 
flowtubes for use in measuring the axial flux profile posttest. 

13 STEP-series Experiments 
The STEP-series tested 4 four-pin bundles of short, pre-irradiated LWR pins to failure in flowing 
steam and collected and characterized volatile fission products transported downstream [45]. A one-
page summary of each STEP-series test is included in Appendix K. 
 
Number/Time 
Four Source-Term Experiments Project (STEP) tests STEP-1 through STEP-4 were conducted during 
1984-1985 by an international consortium headed by EPRI and including Ontario Hydro of Canada, 
US Department of Energy, US Nuclear Regulatory Commission, and Belgonucleaire. 
 
Purpose 
The tests were performed (a) to characterize fission products and structural materials that may be 
released from light-water reactor (LWR) fuel during postulated risk-dominating pressurized-water 
reactor (PWR) and boiling-water reactor (BWR) severe accidents and transported downstream, and 
(b) to generate and collect data on associated fuel-rod heat-up, cladding oxidation, and failure. The 
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intended characterization focused on the physicochemical properties of the biologically-important 
volatile fission products released early in such transients.  
 
 
Approach 
In each test, pre-irradiated fuel pins were subjected to a flowing steam environment at pressures and 
temperatures which, at the time of release of volatile fission products and noble gases from the pins, 
would be consistent with a particular accident scenario. Various types and orientations of surfaces 
were provided downstream upon which fission products could collect during the tests. Deposited 
volatile fission products would be examined and characterized posttest. 
 
Limitations 
With the relatively-short test fuel, conditions were simulated for the time during the reactor accident 
scenarios when the water level has fallen below the axial mid-height of the fuel. The means of aerosol 
sample collection was limited by the available space within the vehicle. A small pin-bundle was used 
to represent full-size pin arrays, requiring a flow tube with high surface area per pin. Fuel heating 
rate in STEP-2 had to be higher than desired because of facility limitations.  
 
Experiment Vehicle 
A square-arrayed four-pin bundle in each test was surrounded by a high-density zirconia tube within 
which steam flowed past the fuel pins. The steam was generated by an ex-pile system. After the steam 
passed through the pin bundle and fission-product collectors it was received and condensed ex-pile. 
The sample collection tree included many coupons of a wide variety of materials. Some coupons were 
parallel, and some perpendicular, to the flow. Two aerosol canisters were mounted alongside the pin 
plenum region above the fuel columns. Each canister contained three chambers, each of which was 
opened for a predetermined time interval during the test. Each canister contained 14 sample 
collection stages, each of which contained fine wire impactors, a settling plate, and a sample coupon 
or additional settling plate. The flowtube was instrumented with platinum-platinum rhodium 
thermocouples. Hydrogen partial pressure was also monitored. 
 
Test Fuel 
In all of the tests, the fuel pins were composed of a 1 m-high stack of UO2 pellets, clad in Zircaloy-4, 
and pre-irradiated in the Belgian BR-3. Peak burnups were about 35 GWd/T in the pins used in STEP-
1, -3, and -4 and about 31 GWd/T in the pins used in STEP-2. During the preirradiation, the fuel power 
level had been relatively low for the fuel in STEP-1, intermediate for the fuel in STEP-2, and high in 
the fuel for STEP-3 and STEP-4. The fuel had cooled for several years prior to being tested in TREAT. 
These test fuel elements simulated the central portion of much-longer PWR or BWR elements. 
 
Conditions 
STEP-1 simulated the conditions of a large-break loss-of-cooling-accident (LOCA) with assumed 
failure of the emergency core cooling system (ECCS), the “AD” sequence; it was thus performed at low 
system pressure. STEP-2 simulated BWR conditions due to failure of both the high-pressure ECCS and 
the long-term decay heat removal system, the “TQUW” sequence; it was also performed at low system 
pressure. STEP-3 and STEP-4 both simulated conditions resulting from transients in PWR due to 
failure of feedwater systems combined with failure to recover electric power, the station blackout 
“TMLB” sequence; both were performed at high system pressure (about 8 MPa). A simulated PWR 
silver-indium-cadmium control rod was included in STEP-4. The incoming steam in all tests was at 
644 K (700 °F) and at a flow rate predicted for the accident being simulated. TREAT power was 
provided over approximately 20 minutes at a level that would cause test-fuel fission power needed 
to simulate decay heating and to offset heat losses from the fuel-pin bundle. A novel TREAT reactor 
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control scheme was developed for these tests, involving both automatic control and manual control 
of the transient and control rods.  
 
Results 
Calculated maximum fuel temperatures were about 2900 K in STEP-1, 2700 K in STEP-2, 2200 K in 
STEP-3, and (with the power reduction caused by the simulated control-rod material) considerably 
lower than 2200 K in STEP-4. In STEP-3 and -4, the temperatures were much lower than expected 
and indicated that heat had been removed upward much more than in STEP-1 and -2. Whereas pin 
damage in STEP-1 and -2 was severe throughout the central portion and top portion of the fuel 
column, in STEP-3 and -4 it was mostly limited to the upper third of the fuel column. Heat from the 
hydrogen generation corresponded to cladding oxidation of (approximately) 90% in STEP-1, 70% in 
STEP-2, 40% in STEP-3, and 30% in STEP-4. Fission products that were collected on the sample tree 
were cesium, iodine, tellurium, molybdenum, and rubidium. Fuel element materials tin, zirconium, 
and uranium were also collected. Greater amounts of fission products were released in the low-
pressure tests (STEP-1 and -2) than in the high-pressure tests (STEP-3 and -4) because strong 
natural-convective cooling under the higher pressure resulted in a lower fuel temperature. In STEP-
1 and -2, released material increased the flow-path resistance in the main exit steam line, which 
caused increases in system pressure. Cesium, rubidium, and a trace of iodine were the only fission 
products found in the STEP-3 deposits, and none were found in STEP-4 deposits. The tests provided 
detailed information regarding aerosol concentration and size distribution for conditions accurately 
simulating the early phase of severe LWR accidents. The chemistry of the deposits was complex. 
Information was obtained on the collocation, chemical form, and morphology of cesium and iodine 
and the other detected fission products. It was observed that a marked tendency exists for component 
elements of ceramic and stainless steel structures to be volatilized and transported in high-pressure 
steam but much less in low-pressure steam.  
 
Applications 
The test results enhanced the database for testing and improving source-term models in accident 
analysis codes: they identified volatile fission products and extended the body of nuclear aerosol 
characterizations, they provided data regarding the magnitudes and release rates of fission products 
from degraded fuel elements as well as the physical and chemical characteristics of the released 
fission products, and they provided information on aerosol formation and transport that can be 
applied to transport mechanisms of the volatiles and condensed aerosols. The results were compared 
with computations of release masses, compositions, and fuel temperatures at time of release. 
 
Calibrations in TREAT 
Numerous low-power and transient irradiations of flux monitor wires, and low-power irradiations of 
four calibration fuel pins were performed in TREAT prior to the STEP tests in order to determine the 
power coupling between the TREAT core and the test fuel during the planned test transients. 

14 Conclusions 
TREAT was utilized for hundreds of transients tests performed on nuclear reactor fuels during its 
original operation from 1959 until 1994, when the reactor was placed in non-operational standby. 
Future operation of TREAT will benefit from the information produced during this prior utilization 
of the facility, which included a diverse range of experiments. Knowledge of those prior experiments 
provides a foundation for planning and designing new future tests. 
 
This report provide summary information on selected sets (series) of historic experiments to 
illustrate the range of experiments (and TREAT’s capabilities) that characterized historic TREAT. The 
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experiment sets addressed in this report were chosen from among the several dozen experiment 
types or experiment series that were performed. Further information on the broader set of 
experiments performed in TREAT can be found in the TREXR (TREAT Experimental Relational) 
Database, a compendium of reference documents and data which has been developed over the past 
several years at ANL [6]. 
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Appendix A: List of All Experiment Series 
Table A.1 includes brief information about each of the many test series that were performed in 
TREAT prior to 1994. Each series is indicated by a test prefix. The number of tests associated with 
a test prefix may be several, dozens, or even hundreds, but rarely only one. Where there were many 
tests, the range of test parameters might have been large, requiring the brief information items in 
the table to be stated either more generally or more extensively. For some test prefixes, not enough 
information about the tests was available to provide much (if any) information into the table, but 
that does not imply that no such information exists anywhere.  
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Table A.1 Summary Information Regarding All TREAT Historic Experiment Series 
Test 
Name 
Prefix 

Test Sample  Imposed 
Environment / 
Conditions 

General Outcome of 
Test(s) 

A Unclad pellet(s) Inert gas; overpower 
and/or undercooling 

(TBD*) 

AIUCPH Fresh Na-bonded UC pins in 
Na 

Overpower Limited fuel damage; 
cladding failure threshold 

AN Thermal reactor, aluminum 
clad, ring-shape 

Flowing steam (only calibration was 
performed) 

ANLPUC Fresh gas-bonded UC pins Inert gas; overpower (TBD) 
APED Fresh Na-bonded UO2; 

single pin 
Stagnant Na; 
undercooling and 
overpower 

Limited damage; in-pin fuel 
motion 

C Fast reactor UO2; fresh and 
irradiated; with and without 
cladding 

Stagnant Na; overpower Ranged from limited fuel 
damage to breached cladding 

CDT Fast reactor MOX; irradiated Flowing Na; overpower In-pin fuel motion; cladding 
breach 

CEN Fresh (few irradiated) oxides 
and metals in pellet, rod, and 
plate geometries, with and 
without cladding 

Stagnant water, steam, or 
inert gas; undercooling 
and/or overpower 

Limited damage; cladding 
failure threshold, fuel and 
cladding interaction with 
coolant 

CENT Fresh, unclad carbide fuel 
with internal cooling 

Stagnant inert gas; 
undercooling with 
overpower 

(TBD) 

CO Fast reactor MOX; fresh, 
low, and medium burnups 

Static NaK or flowing 
sodium; overpower; 
undercooling plus 
overpower 

Pre-failure fuel motion; 
cladding failure threshold; 
mild cladding failure; early 
post-failure disruption 

D Fast reactor UO2; fresh; pin 
bundle 

Overpower Limited fuel damage through 
mild cladding failure 

E Fast reactor UO2; fresh, low, 
and medium burnup; single 
pin and pin bundle 

Flowing sodium; 
overpower 

Pre-failure fuel motion; 
cladding failure threshold; 
fuel and cladding disruption 
and dispersal 

EBT Fast reactor MOX; low and 
medium burnup; single pin 
and pin bundle 

Static NaK or flowing 
sodium; overpower 

Pre-failure fuel motion; mild 
cladding failure 

EOS Fast reactor MOX; fresh and 
low burnup; single pin 

Stagnant inert gas; 
overpower 

Cladding failure and fuel 
motions driven by fission-gas 
or fuel vapor pressure 

F Fast reactor MOX; low and 
medium burnup; single pin  

Stagnant inert gas; 
overpower 

Fuel disruption and dispersal 
driven by fuel vapor or 
fission gas 

FC (TBD) (TBD) (TBD) 
FCT (TBD) (TBD) (TBD) 
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FRF (TBD) (TBD) (TBD) 
GASREL Fast reactor MOX, medium 

burnup 
Flowing sodium; 
overpower 

Mild cladding failure; fission 
gas release 

GRIST Gas-cooled fast reactor 
oxide; pin bundle 

Flowing helium (test not performed) 

H Fast reactor MOX Flowing sodium; 
overpower 

Pre-failure fuel motion 
through post-failure fuel and 
cladding disruption and 
dispersal 

HC Helium-bonded carbide Flowing sodium; 
overpower 

 

HOP Fast reactor MOX, medium 
burnup 

Sodium (stagnant or 
flowing); transient 
overpower 

Mild cladding failure; fission 
gas release 

HUCPTO Fast reactor MOX, medium 
burnup 

Flowing sodium; 
undercooling 
 

(TBD) 

HUT Fast reactor MOX, low, 
medium and high burnup 

Stagnant sodium; 
overpower 

Pre-failure fuel damage; 
cladding failure threshold 

IDRP Fast reactor U-fissium alloy; 
fresh 

Flowing sodium (TBD) 

IRT Fast reactor U-fissium alloy; 
fresh 

Flowing sodium Instrumentation response and 
calibration  

J Fast reactor MOX pins in 
bundle; medium burnup 

Flowing sodium; 
overpower 

Cladding failure and post-
failure material interactions 
and motions 

L Fast reactor MOX; fresh, 
low, and medium burnup; 
pin bundle 

Flowing sodium; 
undercooling and 
undercooling+ 
overpower 

Cladding failure, post-failure 
material interactions and 
motions 

LO Fast reactor MOX; fresh and 
low burnup; pin bundle 

Flowing sodium; 
overpower, undercooling, 
and undercooling+ 
overpower 

Pre-failure fuel motions; 
cladding failure threshold; 
post-failure material 
interactions and motions 

M Fast reactor U-fissium U-Zr, 
and U-Pu-Zr; pin bundle 

Flowing sodium; 
overpower 

Pre-failure fuel motions; 
cladding failure threshold; 
post-failure material 
interactions and motions 

MF (TBD) (TBD) (TBD) 
MFT (TBD) (TBD) (TBD) 
MWT (TBD) (TBD) (TBD) 
NRPA (TBD) (TBD) (TBD) 
ORNL (TBD) (TBD) (TBD) 
PBF (TBD) (TBD) (TBD) 
PINEX Fast reactor MOX; low 

burnup;  
Static NaK Pre-failure fuel motion 

PNL (TBD) (TBD) (TBD) 
R Fast reactor UO2; fresh; pin 

bundle 
Flowing sodium; 
overpower, undercooling, 

Pre-failure fuel motions; 
cladding failure threshold; 
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undercooling+ 
overpower 

post-failure material 
interactions and motions 

RFT Fast reactor MOX; low and 
medium burnup; single pin 

Flowing sodium; 
overpower 

Limited fuel damage; pre-
failure fuel motion 

RP (TBD) (TBD) (TBD) 
RX Fast reactor UO2+steel; 

fresh fuel; monolithic mass 
No coolant; heating to 
simulate melt-down 
accident transition phase 

(TBD) 

S Fast reactor UO2; fresh; 
single pin and pin bundle 

Stagnant sodium; high 
overpower burst 

Molten fuel-coolant 
interaction, including with 
fuel vapor effects 
 

S(roman) UO2, UC, U-fissium and 
other metal alloys; fresh and 
low burnup; steel and 
zirconium claddings; bare 
fuel or single pin 

No coolant or stagnant 
sodium or NaK coolant; 
overpower 

Fuel disruption; cladding 
failure threshold; post-failure 
fuel dispersal 

SC UC Flowing sodium; 
overpower 

Cladding failure threshold; 
post-failure material motions 

STEP LWR UO2; medium burnup; 
pin bundle 

Flowing steam; sustained 
power generation after 
cladding breach 

Fission product release, 
chemical reactions, transport, 
and deposition. 

Th20U** (TBD) (TBD) (TBD) 
TR U-fissium; fresh and low 

burnup; single pin or pin 
bundle 

Flowing sodium or 
flowing inert gas; 
overpower and 
undercooling+ 
overpower 

Cladding failure threshold; 
post-failure material 
interactions and motions 

TS Fast reactor MOX; medium 
burnup; single pin 

Flowing sodium; 
overpower 

Pre-failure fuel motion; 
cladding failure threshold; 
post-failure material 
interactions and motions 

UL UC; fresh and low burnup; 
single pin 

Overpower Pre-failure fuel motion; 
cladding failure threshold; 
post-failure material 
interactions and motions 

23nT1 LWR UO2 Water coolant; 
overpower 

Cladding failure threshold; 
post-failure material 
interactions 

* TBD indicates that information is yet to be determined..  
**Prefix Th20U was assigned in the absence of a known title. 
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Appendix B: One-page Summaries of CDT-series Tests 
One-page summaries of each of the CDT-series tests are included here. These summaries can also be 
found in TREXR [6].
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Appendix C: One-page Summaries of CO-series Tests 
One-page summaries of each of the CDT-series tests are included here. These summaries can also be 
found in TREXR [6].
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Appendix D: One-page Summaries of LO-series Tests 
One-page summaries of each of the PFR/TREAT CO- and LO-series tests are included here. These 
summaries can also be found in TREXR [6]
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Appendix E: One-page Summaries of M-series Tests 
One-page summaries of each of the M-series tests are included here. These summaries can also be 
found in TREXR [6].
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Appendix F: One-page Summaries of TS-series Tests 
One-page summaries of each of the TS-series tests are included here. These summaries can also be 
found in TREXR [6].
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Appendix G: One-page Summaries of EBT-series Tests 
One-page summaries of each of the EBT-series tests are included here. These summaries can also be found in 
TREXR [6].
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Appendix H: One-page Summaries of L-series Tests 
One-page summaries of each of the L-series tests are included here. These summaries can also be found in TREXR 
[6].
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Appendix I: One-page Summaries of PINEX-series Tests 
One-page summaries of each of the PINEX-series tests are included here. These summaries can also be found in 
TREXR [6].
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Appendix J: One-page Summaries of RFT-series Tests 
One-page summaries of each of the RFT-series tests are included here. These summaries can also be found in 
TREXR [6].
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Appendix K: One-page Summaries of STEP-series 
Tests 

One-page summaries of each of the STEP-series tests are included here. These summaries can also be 
found in TREXR [6].
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