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Abstract

High burnup fuel in excess of ~62—68 GWd/MTU has been observed to severely fragment when
subjected to temperature transient conditions as in a loss-of-coolant accident. In the event of cladding
failure, the severely fragmented fuel can relocate into the balloon region and potentially disperse through
the burst opening into the reactor’s primary system. This observation has led to implementation of several
independent test programs designed to focus on various aspects of fuel fragmentation, relocation, and
dispersal. The purpose of this review is to perform a critical, holistic assessment of fuel fragmentation,
relocation, and dispersal under loss-of-coolant conditions to identify data gaps in the experimental data
base. Phenomena have been identified and well defined through the various testing programs, and general
agreement regarding the governing parameters (temperature, burnup, heating rate, cladding deformation,
etc.) has been established. However, there is a significant data gap connecting research to commercial
application. Furthermore, previous research has failed to evaluate the problem holistically. Major
identified data gaps consist of (1) a comprehensive understanding of pretransient fuel rod conditions (fuel
temperature, fuel stress, rod internal pressures, microstructure, etc.), (2) definition of prototypic loss-of-
coolant accident conditions (heating rate, fuel temperatures, fuel stress), (3) identification of the
differences between nuclear and electrical integral loss-of-coolant accident tests, and connection of fuel
rod performance (cladding ballooning, burst opening, potential relocation, fragmentation susceptibility,
etc.) to fuel fragmentation, relocation, and dispersal severity. The content of this manuscript provides a
clear path for connecting testing and data acquisition to commercial application by providing concrete
means for filling data gaps and prioritized testing regimes.

1.0 Introduction/Background

The US nuclear industry is renewing efforts to build a technical basis to extend peak rod average burnup
limits above the current regulatory burnup limit of 62 GWd/tU. The primary driver for these efforts is to
economically increase cycle lengths of pressurized water reactors (PWRs) to 24 months, reduce the
number of fresh fuel assemblies, and possibly reduce core design constraints. In order for US nuclear
utilities to leverage these economic efficiencies, the US Nuclear Regulatory Commission (NRC) will
likely require nuclear power plants (NPPs) to analyze a number of potential operational occurrences and
their potential consequences with each new core design prior to resuming normal operation [1]. Utilities’
current operating strategies are implemented to successfully verify that their NPP meets all safety criteria
prescribed in 10 CFR 50.46 and 10 CFR 50.67 for an expected peak rod average burnup of 62 GWd/tU.
However, US utilities are looking to extend fuel cycle operation to 24 months by increasing the peak rod
average burnup beyond 62 GWd/tU. For PWRs to be able to extend fuel cycle lengths to 24 months, the
peak rod average burnup is expected to reach 75 GWd/tU, with a peak pellet burnup of ~12% higher than
the rod average [2]. For burnup extension, utilities must meet all current safety criteria by leveraging
current licensing practices. Licensing concerns related to a loss-of-coolant accident (LOCA) including
high burnup fuel have been discussed since the early 2000s.

The NRC generated Phenomena Identification Ranking Tables (PIRT) on high burnup fuel under LOCA
to assess the performance of claddings during the high-temperature and quench phases of the transient [3].
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The claddings’ resilience under LOCA would likely be reduced since they would be increasingly
degraded by extending service to high burnup. The design basis limits for these materials were
historically determined by mechanical testing of irradiated cladding alloys under normal service
conditions and subsequent semi-integral LOCA testing to determine their embrittlement thresholds. In
general, the U.S. NRC expects the peak cladding temperature to remain below ~1,200°C and for the
effective cladding reacted with steam to remain below 17% of its original cladding [3]. These specific
design thresholds could potentially be modified for advanced claddings, but the general failure modes are
not expected to change as burnup increases. High burnup data is required to confirm the general failure
modes assumption. Consequently, new design limits for specific standard or advanced cladding designs
under high burnup conditions could be proposed through similar mechanical testing and semi-integral test
methods. Results from a recent PIRT study commissioned by the NRC on coated claddings [4] indicate
that this model will also be expected for accident-tolerant fuel (ATF) technology. However, it implied
that overall validation of cladding and fuel performance through integral tests will still be expected.

Following completion of the NRC PIRT studies, integral tests using the Halden reactor (and later in semi-
integral tests at Studsvik) revealed that the response of high burnup fuel pellets under LOCA conditions
could dramatically change from that historically observed [5]. Up to ~67 GWD/MT, fuel pellets were
observed to fragment into pieces that were relatively large compared to the size of the cladding rupture,
and relocation within the balloon region was modest. This phenomenon, termed fitel crumbling during
LOCA, was well know and consequently deemed a low priority for investigation by the NRC [6,7,8].
However, the Halden and Studsvik tests that were conducted on fuel samples irradiated to >67 GWD/TU
showed that fuel pellets could disintegrate or pulverize/into extremely small particles. A significant
fraction of these particles was fine enough to axially relocate within the balloon region or to be ejected
out of the cladding rupture opening and into the reactor primary vessel (RPV). This phenomenon has
since been termed fuel fragmentation; relocation, and dispersal (FFRD), and fuel pulverization termed
high burnup fuel fragmentation (HBFF). FFRD could potentially invalidate some of the assumptions
historically made to disposition licensing concerns related to core coolability as described in 10 CFR
50.46 [9], as well as assumptions related to source term [10].

As the industry moves toward higher burnups and increased enrichment, additional information is
required to support the dispositioning of FFRD as a licensing concern. A number of assessments, reviews,
and PIRT studies have been performed to highlight FFRD [3,11,12], and more specifically, HBFF.
However, critical data reviews have provided little clarity regarding the research and development needed
to adequately address the problem. A critical review of previous integral (i.e., Halden), semi-integral (i.e.,
NRC-sponsored), and separate effects tests is needed to form the foundation for further investigation. This
manuscript presents a critical review of fuel fragmentation specific to fuel >62 GWd/tU under LOCA or
temperature transients.

2.0 Current Understanding of LOCA
2.1 Pre-Transient Operating Conditions for High Burnup Fuel

Developing a test plan to investigate high burnup FFRD requires an understanding of the anticipated
pretransient and transient operating conditions experienced by the fuel rod. High burnup core designs
have yet to be deployed in the United States, resulting in a lack of operational data. However, tools used
to evaluate core operating conditions have been used extensively to design and evaluate 18-month core
designs to a peak rod average burnup of 62 GWd/tU. Based on this experience and drawing on advanced
US Department of Energy (DOE) tools general understanding of pretransient and transient high burnup
LOCA conditions can be gained. Zhang et al. [20] and Capps et al. [22] used DOE tools to investigate
high burnup core designs and to assess fuel rod performance under steady-state and LOCA conditions.

Zhang et al. [20] developed a generic PWR model based on the South Texas Nuclear Power Generating
Stations (STP Nuclear), a 4-loop Westinghouse PWR with a thermal rating of 3,853 MWy,. The model
was developed to investigate fuel rod burst under LOCA for 24-month core designs using high



enrichment (6%) with increased burnup (peak rod average of 75 GWd/tU). Five core designs were
evaluated to determine which would likely be considered for operation. However, only three core designs
were evaluated throughout the LOCA transient. Fig. I and Fig. 2 illustrate the results for the fifth core
design; the other analyzed core designs are presented in the evaluation performed by Hongbin et al. [20].
Fig. 1 indicates that 65 fuel assemblies contain high burnup fuel, at a rod average >62 GWd/tU. Of the 65
fuel assemblies, 32 are located on the periphery of the core, and the others are located in the center of the
core. The peak rod average for the fuel rods in the center of the core range from >62 to 67 GWd/tU, and
local burnups (i.e., peak pellet) range from and 66 to 72 GWd/tU. The peak rod average burnups on the
periphery of the core range from a 69 to 76 GWd/tU, while the peak local burnup ranges from 74 to 81
GWd/tU. Fig. 2 provides the operating conditions for the hot rods (likely the most limiting during a
LOCA) at the middle of cycle (MOC) and end of cycle (EOC). The results indicate that MOC once-
burned fuel rods remain below 62 GWd/tU and would likely fall under the current LOCA safety criteria,
whereas the hot fuel rods on the core periphery exceed 62 GWd/tU. Fuel rod operating conditions on the
core’s periphery range from 3—4 kW/ft., or ~10-13 kW/m. At EOC, once-burned fuel rods exceed 62
GWd/tU with a rod average linear heat rate (LHR) of 5-6 kW/ft., or ~16-20 kW/m.

Fig. 1. Burnup distribution at EOC for Core Design Option 5 [20].



Fig. 2. Average operating conditions for the hot rods at (a) MOC and (b) EOC for Core Design Option 5
[20].

Capps et al. [22] reported on the use of VERA to develop an equilibrium 24-month core design containing
high burnup fuel with increased enrichment for a 4-loop Westinghouse PWR. The VERA results
indicated that 96 fuel assemblies contained high burnup fuel rods (i.e., rod average >62 GWd/tU). The
locations and rod average burnups of these fuel rods are shown in Fig. 3. The center of the core contained
13,736 high burnup fuel rods, whereas 1,050 were located on the core’s periphery. The location of the
high burnup fuel rods is consistent with the results reported by Zhang et al. [20], one exception being that
the peak rod average burnup shown in Fig. 3 appears to be higher than the peak rod average burnups
shown in Fig. 1. The rod average burnup distribution distribution for every high burnup (>62 GWd/tU)
fuel rod in the center of the core is shown in Fig. 4. Fig. 5 provides the rod average peaking factor for
every high burnup fuel rod in the core at EOC with a core average peaking factor of one, indicating an
average LHR of 18.8 kW/m. The results indicate that high burnup fuel rods in the center of the core
operate near the end of life with an average peaking factor ranging from ~0.9—-1.1, which is equivalent to
an average LHR of ~17 to 21 kW/m. High burnup fuel rods on the periphery of the core operate at lower
average LHRs, <12 kW/m. Again, these results echo the results generated by Zhang et al. [20] and begin
to show a clear pretransient operating regime for 4-loop Westinghouse PWRs operating for 24-month
cycles. High burnup fuel rods fall into one of two operating regimes, and both regimes are consistent with
the location of the fuel rods in the core (i.e., center and periphery of the core). For a 4-loop Westinghouse
PWR operating for 24 months, fuel rods located in the center of the core have an EOC rod average
ranging from 62—73 GWd/tU and a peak pellet burnup/ranging from 68-77 GWd/tU. The rod average and
peak LHR range from 16-21 kW/m and 18-24 kW/m, respectively. Fuel rods on the periphery of the core
tend to have a wide range of burnups: the peak rod average burnup ranges between ~75-77 GWd/tU, and
the peak pellet burnup ranges between 82—-84 GWd/tU. However, these fuel rods experience rod average
LHRs of ~10 kW/m and peak LHRs of <13 kW/m. Fig. 8 provides reference radial temperature profiles
for fuel rods operating in the LHR regimes of interest. It should be noted that these temperature profiles
may be subjectto change, as the operating conditions and performance of the fuel can differ among
various fuel suppliers and plants.

Rod Average
Burnup (GWd/tU)

Fig. 3. Location of every fuel rod with an average burnup greater than 62 GWd/tU at EOC [22].



Fig. 4. EOC rod average burnup distribution for every high burnup (>62 GWd/tU) rod in the center of the
core [22].

DRAFT

Fig. 5. EOC rod average peaking for every high burnup (>62 GWd/tU) fuel rod in the core (core average
LHR = 18.8 kW/m) [22].



Fig. 6. EOC temperature profiles calculated in high burnup fuel rods in the center of the core (23.7, 21.5,
and 19.3 kW/m) and on the periphery of the core (less than or equal to 12.4 kW/m).

Fuel cracking is observed in both normal and accident conditions. The formation of radial,
circumferential, and transverse cracks in UO, has been observed and understood under reactor startup,
power changes; and shut down conditions [23—28]. Furthermore, UO, cracking has been evaluated using
various analysis techniques (i.e., finite element, extended finite element, and phase field analyses) to
assess the impact of UO, cracking on the overall performance of the fuel [24-31,Error! Reference
source not found.]. In summary, this work indicates the pellet thermal gradiant, thermal expansion, and
creep play an important role in crack nucleation and propagation. Fuel cracking and pulverization during
a LOCA has been observed, however, the mechanism driving the phenomenon is still up for debate.
Therefore, evaluating the changes in the fuel pellet stress state during a LOCA may provide a deeper
understanding to the mechanisms that contribute to pellet pulverization. Fig. 7 evaluates the pretransient
hoop, radial, and axial stress for a high-power (~21 kW/m) fuel rod.

The center of the pellet is in compression due to constrained thermal expansion with higher temperatures
in the center and lower temperatures at the pellet surface. Moving radially toward the pellet periphery,
hoop and axial stresses gradually become less compressive and effectively neutral. The expectation would
be for tensile stresses to form on the pellet periphery resulting in cracking of the pellet to reduce stresses,
however, cracking is currently not considered. Creep is governing the stress state across the pellet. At the
pellet periphery, hoop and axial stresses become more compressive. This stress transition is a result of
pellet-cladding contact. Higher temperatures result in higher axial and hoop tensile stresses on the
cladding, and inversely, the cladding imposes compressive stresses on the pellet periphery. Radial stress
is driven by thermal expansion with no external force acting in the radial direction, and therefore, fuel in
the radial direction will be in compression throughout the pellet with the pellet outer surface being
effectively stress free.



Fig. 7. Pre-transient hoop, radial, and axial stress profile in the fuel at the peak power location (~3.13 m
from the bottom of the active fuel [22].

2.2 Transient Conditions for High Burnup Fuel

An example of a PWR fuel rod response during a double-ended guillotine break is illustrated in Fig. 8
[13]. The figure indicates three regimes that occur over the course of a LOCA: blowdown, refill, and
reflood. Blowdown begins once rupture of the cold legs occurs and continues until the primary system
depressurizes sufficiently. After the cold legs rupture, boiling occurs, and the coolant flashes to steam as
causing the flow to reverse in a downward trajectory (downflow); the LOCA shuts down the fission
process. High-power fuel rods rapidly exceed the critical heat flux (CHFE) as downflow occurs. Exceeding
the CHF results in a rapid decline in heat transfer between the fuel rod and the coolant, which rapidly
increases-the cladding temperature. Over the next few seconds, the remaining coolant in the primary
system (core and loops) flashes to steam, reverses flow, and vacates the primary system through the
rupture region. The flow through the break is high, but it is limited by critical flow phenomena. This
results in flow saturation and reduction. Flow reduction could lead to a short period of time during which
coolant flow reverses returning to an upflow condition, and along with the continued supply of coolant
from intact loops, the cladding temperatures may reduce as some fuel rods may re-wet during this
process. However, the pump’s effectiveness reduces while two-phased flow exists, ultimately resulting in
downflow to occur. Lastly, the heat source dramatically decreases as it transitions from fission to decay
heat, further allowing cooling to take place. Overall, this process can take ~20-30 seconds to complete.



Fig. 8. Generic description of Zircaloy-4 fuel rod response during a double-ended cold leg break LOCA
[13].

The refill phase overlaps some with-the blowdown phase:Shortly after the break; the primary system
pressure decreases to the point at which accumulators inject water into the cold legs and through the
downcomer. However, the high steam flow typically redirects water out of the vessel and through the
ruptured cold leg. Once the primary system approaches the containment pressure, the emergency core
cooling system (ECCS) can successfully pump water at a high enough rate to penetrate the downcomer
and begin refilling the lower plenum. This process occurs rather quickly, and reflooding begins once the
ECCS injection reaches the core and the ECCS is able to successfully pump water into the core. However,
reflooding of the core is occurring in an oscillatory state. ECCS coolant interacting with hot fuel rods
generates steam, creating a two-phase flow system. The steam-water combination passes through the
upper plenum of the core, through the hot leg, the steam generators, and the cold leg pump; eventually,
the steam-water combination is vented through the rupture point. Steam generators continue to vaporize
the water, further increasing the flow path resistance, and as a result, cladding temperatures continue to
slowly increase. Eventually, the cladding temperature in the upper regions of the core begin to reduce as
the heat transfer conditions transition from steam to dispersed droplet flow, and shortly thereafter, the
core re-wets completely.

LOCA analysis methods have been developed and demonstrated by fuel suppliers [15,16,17], regulators
[18,19], and other independent organizations [14,20,21]. These methods typically evaluate a number of
different system responses and pretransient fuel conditions in accordance with the requirements outlined
in 10 Code of Federal Regulation (CFR) 50.46, Appendix K. One important criterion is to ensure that the
cladding temperature remains below 1,200°C. Zhang et al. [20] report the best estimate results shown in
Fig. 9, which illustrates PCT RELAP results for the hot rods in each assembly. The results indicate that
fresh fuel assemblies—or fuel assemblies in their first cycle of irradiation—had the highest peak cladding
temperature (PCT) at EOC conditions, with the highest reported PCT being 648°C. Fuel assemblies in
their second cycle of irradiation had lower PCTs ranging from ~800—830 °C. Third-burned fuel had even
lower PCTs ranging from 413460 °C. Capps et al. [22] evaluated fewer rods than Zhang et al. [20], but
the PCT results for high burnup fuel were similar. Furthermore, Capps et al. [22] used a best estimate
analysis to assess the PCT for a fresh fuel rod with the highest LHR at EOC (PCT = ~776 °C), and the
results are consistent with TRACE results reported for a generic 4-loop Westinghouse PWR (PCT = ~826
°C) [19].



Fig. 9. Peak cladding temperature in K for the hot rod in each assembly at EOC [20].

There is very little documentation related to the evolution of the fuel temperature or stress distribution
across the pellet radius during a LOCA. Terrani et al. [14] evaluated a simple reactor scram to calculate
the fuel temperature evolution during the scram (see Fig. 10). The analysis was performed on two
different burnup conditions—0 and 55 GWd/tU—~while maintaining a constant coolant temperature and
heat transfer coefficient of 300°C and 2 W/cm?-K, respectively. As shown in Fig. 10, the temperature
decreases from operational temperature to near coolant temperatures (~400°C) within 15 seconds. Note
that Fig. 10b has a slight temperature profile at 15 seconds, and the thermal gradient is a result of the
decay heat and UO, thermal conductivity degradation. Results from the work conducted by Terrani et al.
indicate that fuel temperatures would decrease during the blowdown process to a relatively flat
temperature profile.

Fig. 10. Radial fuel temperature as a function of time following reactor scram with a constant coolant
temperature and coolant heat transfer coefficient of 300°C and 2 W/cm?K, respectively [14].



Capps et al. [22] performed a series of coupled RELAPS5-3D transient thermal hydraulic and BISON 2-D
R-Z fuel performance analyses to investigate fuel susceptibility to FFRD and conditions that lead to it. A
secondary objective of this effort was to define prototypic LOCA conditions. The transient temperature
evolution echoes the results generated by Terrani et al. [14]. Fuel temperatures are at steady-state
operating conditions at the onset of a LOCA. However, the blowdown scrams the reactor and is able to
sufficiently cool the fuel rod to coolant temperatures. As stated above, this process lasts ~15-20 seconds.
At this point, the radial fuel temperature profile is effectively flat, and it slowly increases at a rate of ~8—
12°C/sec. This was calculated for high burnup (~71 GWd/tU) and lower burnup (~40 GWd/tU) fuel rods.
Furthermore, the PCT and burst location were located near the pre-transient peak power. The BISON 2-D
R-Z results shown Fig. 11 indicate that pretransient stresses are effectively neutral as a result of creep and
cracking prior to the transient. Note that the equilibrium condition is formed with a steady-state
temperature gradient. At the onset of the transient, the radial fuel temperature profile deviates from
equilibrium to a flat profile and imposes tensile stresses in the center of the fuel and compressive stresses
on the pellet periphery. Furthermore, these stress conditions persist as the mechanisms activating creep in
UQO, are inactive at low temperatures (<700°C) and in the absence of irradiation; see MATPRO UO,
creep model for more details [149]. Furthermore, the timescale of the LOCA blowndown phase is order
15-30 seconds which is not enough time for UO, creep mechanisms to activate and reduce the stresses.
Therefore, the expectation would be for tensile circumferential cracks, and possibly radial cracks, to form
in the center of the fuel as a result of the rapid thermal contraction. The results indicate compressive
circumferential and radial cracks may form on the pellet periphery. Cracks remove some of these
constraints, which decreases.stresses because the smaller fragments have. a smaller variation. in thermal
expansion across their length. Therefore, this process indicates that the pretransient operating conditions
impact the resultant equilibrium conditions (macro and micro) thereby affecting the stress state of the fuel
pellet during the LOCA resulting in the formation of large fragments (i.e., >1 mm). However, these
results shed little light on why fuel pulverization occurs during a LOCA.



Fig. 11. BISON 2-D R-Z results for radial (top left), hoop (top right), and axial (lower center) stress
distribution across the fuel radius during a LOCA and at the burst location [22].

3.0 High Burnup LOCA Test and Data Analysis
3.1 Halden Reactor LOCA Test Rig Design and Execution

Decades of light-water reactor (LWR) fuel development programs across a handful of countries and their
test reactors have seen various in-pile experimentation campaigns on LOCA behavior. These test methods
differed in nuanced ways, but all shared the common aim of using internal nuclear heating and in-reactor
environmental effects to investigate LOCA phenomena in the most prototypic way possible. A complete
review of past in-reactor experimental LOCA programs can be found in works by Grandjean and the
Organisation for Economic Co-operation and Development (OECD) [34,12,11]. The most recent of these
test programs was hosted at the Halden Boiling Water Reactor (HBWR) in Norway; it began in 2003,
entailed a total of 15 tests, and ended only recently with the closure of the HBWR plant. The HBWR test
approach built on the rich legacy of preceding tests in other reactors. The HBWR LOCA test series
(termed /F4-650) is probably most notable for being the first to address LWR fuels at burnup levels
significantly beyond those addressed in previous programs.

A dedicated test rig was designed to support LOCA testing in the IFA-650 series. This rig was similar to
many of the HBWR test rigs in which fuel specimens are placed in a tubular pressure flask with cooling
water connections on the top. In the IFA-650 series, two water tubes, adjacent and parallel to the larger
flask, routed inlet flow to and outlet flow from the bottom and top of the flask, respectively, for upflow
water cooling during pre-LOCA irradiations. The entire rig was installed through the reactor top into the
target test position of the HBWR core, where it was connected to out-of-reactor hydraulic support
equipment (e.g., pumps, heat exchangers) to complete the coolant loop. The coolant loop provided forced
convection pressurized liquid water cooling during pre-LOCA irradiations. These pre-LOCA irradiations
were used for specimen power calibrations and for accumulating short-lived radioisotope inventories to
suit test objectives. Deuterated water, which was also used to cool HBWR’s primary core circuit, was also
used to cool these LWR specimens. A cylindrical flow tube surrounded the test rod to achieve the desired
heat transfer conditions. This flow tube also had embedded electrical resistance heaters to simulate hot
neighboring rods in a fuel bundle during the LOCA segment of the test evolution. Thermocouples (TCs)
were placed in the test rig to measure environmental conditions, including flask inlet/outlet temperature
and heater wall temperature.

After the steady-state irradiation with liquid water cooling, the LOCA test sequence occurred by reducing
reactor power to induce 10-30 W/cm linear heating rate in the rod, followed by manipulation of system
valves to isolate a smaller coolant circuit from the remainder of the loop, including the pump, in a cooling
mode driven by natural circulation. The blowdown valve was then opened, causing the pressurized water
inventory to drain quickly to a large ex-reactor tank, and the continued fission heating in the test rod
caused its temperature to steadily climb. Electrical current was provided to the flow tube heater shroud to
heat up concurrently with the rod. In some tests, a small tube in the test rig was used to inject water spray
near the test rod so that adequate steam was present for post-burst internal cladding oxidation. The tests
were terminated 5 minutes after the blowdown when the reactor was shut down and the heater shroud was
deenergized. The test rod then cooled slowly in the dry flask since it was determined that injection of
liquid water could disrupt the state of the specimen and the valuable data objectives that posttest forensics
would entail. Finally, the test rod was scanned by a special-purpose gamma spectroscopy apparatus to
provide data about the fuel’s geometric state prior to orienting the rig horizontally for shipment to
shielded cells for posttest examinations.

The typical fuel rod specimen in the IFA-650 tests had a fueled length of 50 cm, and apart from the two
commissioning irradiations performed on fresh fuel rods, they were cropped from longer rods that had
been irradiated in commercial power plants, including PWR, boiling water reactor (BWR), and water-



water energetic reactor (VVER) types. Test segments were carefully selected to achieve specimens with
the desired burnup profile and proximity to features such as grid spacers. These rods were refabricated
with new welded end caps and re-pressurized with plenum gas to simulate the desired cladding stress state
during LOCA testing. These new rod end caps and interfacing test rig hardware supported various
sensors. Rod refabrication was performed in shielded hot cell facilities prior to irradiation in the HBWR.
Internal pressure in the rod’s upper plenum was measured by a small sealed metallic bellows which
compressed as pressure increased, causing translation of a small ferritic core to be measured by a linear
variable differential transformer (LVDT). Another small ferritic core was mechanically connected to the
upper end cap so that cladding axial elongation could be measured by another LVDT. The pressure sensor
crucially indicated the timing and pressure of rod internal pressure, including burst events. The elongation
sensor identified timing of cladding balloon formation as manifested by discontinuous indications
compared to the otherwise smooth trend arising from thermal expansion alone.

Small metal sheathed TCs measured cladding surface temperature. These TCs were held against the
cladding surface by thin metallic straps welded to the cladding. Care was taken to place TCs above and
below the peak temperature axial region where ballooning was expected to avoid creating anomalous
performance at the TC site. Apart from fresh fuel commissioning tests, TCs were not placed into the fuel
centerline itself during the subject irradiations. Hence, the thermomechanical state of high burnup fuel
pellets arising from radial temperature gradients was largely inferred based on thermal models and
cladding temperature measurements. Lastly, vanadium-emitter self-powered neutron detectors (SPNDs)
became the mainstay neutron flux measurement device in the IFA-650 test series. Three of these SPNDs
were distributed axially in the rig and helped measure the neutron flux delivered to the test rig while also
giving some indication of fuel relocation in the test specimen. More detail on the IFA-650 test series can
be found in works by Wiesenack [35 and 36].



Fig. 12. Schematic of Instrumented Fuel Assembly (IFA) 650 LOCA test rig with instrument levels [33]

3.2 LOCA Furnace Test Rig Design and Execution

High burnup LOCA tests performed at Argonne National Laboratory (ANL) were originally designed to
evaluate the mechanical response of the cladding after a LOCA transient [34]. The focus of the tests was
to understand the role of the cladding’s outer surface oxide layer, as well as pre-transient hydrogen
concentration on post-quench ductility. Subsequent LOCA test rig designs used the system that was
initially designed an operated at ANL as the reference for subsequent electrical heating LOCA tests [34—
39]. In general, the LOCA test stations are all very similar, with the greatest difference being that the
Studsvik LOCA test station uses 3 N axial weight in an attempt to preserve the axially straight nature of
the rodlet during the transient [38,44]. It remains unclear how the axial counterweight impacts the LOCA
results. The weight does apply an additional and constant axial load to the cladding prior to and
throughout the LOCA transient. It is unclear whether the apparatus allowing the weight to be hung from
the bottom of the rod actually constrains axial expansion of the cladding as it heats up. If it indeed acts to



constrain the cladding axial expansion, then it is defeating its original purpose and may be exacerbating
cladding ballooning.

Electrically heated LOCA test rig designs [34—39] use infrared (IR) radiation to heat fuel segments
ranging from 200-300 mm in length, or the approximate distance between two spacer grids. The fuel rod
segments are pressurized and placed in a quartz tube with flowing steam or argon. The quartz tube affords
the opportunity to quench the rodlet after the LOCA heating phase.

Electrically heated high burnup LOCA tests typically pressurize each rodlet with helium to pressures
ranging from 8—11 MPa. The rod internal pressure is intended to be representative of end-of-life
conditions as typically observed in commercial LWR fuel. Each LOCA test follows a similar temperature
transient. The transient begins with an initial heat-up to ~300°C to test the ability of the rodlet to hold
pressure and to ensure that TCs are working correctly. Once the initial heat-up is complete, rodlets are
heated at a rate of 5°C/sec until the terminal temperature (often 1,200°C) is reached. The rodlets are then
cooled to 700—1,000°C at a constant rate, followed by water quenching. Fig. 13 provides an example of a
typical LOCA transient sequence for electrically heated rodlets. The sequence is controlled by a computer
and monitored by several TCs which are attached in a couple of different ways. The manner in which the
TCs are attached may impact the response of the rodlet during the LOCA. In a LOCA test performed at
ANL four Type S TCs were spot-welded to each rodlet [34], two of which were spot-welded at the
midplane in the expected burst location 180° apart, and the other two were spot-welded approximately 50
mm above and below the rodlet midplane. Studsvik, however, used a clamp to attach a single N Type TC
approximately 50 mm above the axial midplane. The clamped TC was attached with an Inconel X-750
clamp (Fig. 14a). As shown in Fig. 14b, the clamp is located approximately 25 mm above the burst focal
point, so the potential exists for undue stress to be applied to the cladding, restricting the ability of the
balloon to expand. OCL LOCA tests at ORNL used either spot-welded or wire-wrapped TCs in the same
locations that were used in the ANL in-cell LOCA (ICL) test. The ORNL SATS tests used wire-wrapped
TCs on the rodlet. Wire wrapping the TCs presents the same concern as the clamp if they are in the
vicinity of the burst and ballooned region. At this point, any conclusions drawn from the techniques used
to attach the TCs is merely conjecture. However, a review of the experimental and post-irradiation
examination (PIE) data may illuminate whether the techniques used to attach the TCs are problematic or
not.

Fig. 13. Schematic describing the time-dependent temperature conditions for ICL transients [34].



(a) (b)
Fig. 14. a)Image of the Inconel X-750 clamp [38], used to attach the thermocouple to the rodlet for the
Studsvik ICL, and b) schematic [38] illustrating the expected balloon size and burst location in relation to
the thermocouple location.

Table 1 provide a summary of the electrically heated LOCA tests. The out-of-cell and in-cell test
conditions are relatively similar in nature across the programs, with a couple of significant differences.
OCL LOCA tests, specifically ANL’s OCL series and ORNL’s 21-23 series, used zirconia pellets as UO,
surrogates. These tests focused on developing test data/on unirradiated cladding samples in order to
compare the results to irradiated samples. Additionally, ANL evaluated the impact of environmental
conditions by comparing Zircaloy performance in steam and argon conditions. Rodlet material and
geometries differed greatly across the programs. The ANL LOCA test used as-fabricated BWR! Zry-2
cladding and harvested rodlets from fuel rods that had been irradiated in Limerick. The father rods
accumulated a rod average burnup of ~56—-57 GWd/tU [34]. The rodlet burnups were higher, as they were
extracted from the peak burnup regions located in the upper portions of the fuel rods. Fuel rods used for
the NRC-sponsored LOCA test were irradiated in an unspecified PWR to a burnup of 55.2 and 68-69
GWd/tU. Each rod was geometrically identical in the as-fabricated state, and the cladding material was
identified as ZIRLO. Four rodlets were harvested from the high burnup fuel rods (i.e., 68—-69 GWd/tU),
and two rodlets were extracted from the lower burnup fuel rods (i.e., 55 GWd/tU). Rodlet burnups were
not listed in the NUREG reports. However, rodlet burnups were reported by Sonnenburg et al. and
Turnbull et al. [41,42]. The rodlets extracted from the high burnup fuel rods ranged from 72-78 GWd/tU,
whereas the rodlets harvested from the low burnup fuel rods ranged from 60-61 GWd/tU. Lastly, the
LOCA tests performed at ORNL were performed on two different types of PWR cladding materials and
two different fuel rod geometries. Four tests were performed on Zry-4, and two tests were performed on
MS5. The rodlet geometries are identical with the exception of the rodlet irradiated in HB Robinson. Three
out-of-cell tests were performed on as-fabricated Zry-4 cladding tubes, and three ICL tests were
performed on irradiated rodlets. The irradiated rodlets were harvested from three different fuel rods, and
the average burnups for the father rods are 66.5, 67, and 75 GWd/tU. Jadernas et al. [43] provides gamma
scans for each fuel rod, as well as the axial location of each rodlet, making it possible to determine the
burnup of each rodlet. The respective burnup for each rodlet is 71, 74, and 84 GWd/tU.

Table 1

Summary of the OCL and ICL performed at ANL [34], NRC sponsored high burnup LOCA test
performed at Studsvik [8,40], and Nuclear Science User Facilities (NSUF)-sponsored high burnup LOCA
test performed at ORNL [39]

Father rod Rodlet Outside Wall Internal Hold

. . . ressure at Hold
Materials burnup burnup diameter thickness p

o temperature .
(GWdAU) (GWdrl) (mm) (mm) f]‘%,; ©0) time (s)

Irradiation Testing

Fuel Rod ID Condition Environment




OCL#5

OCL#8

OCL#11

OCL#13

OCL#22

ICL#1

ICL#2

ICL#3

ICL#4

189

191

192
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23
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Unirradiated

Unirradiated

Unirradiated
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Limerick
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US PWR
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Unirradiated
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Steam
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Zry-2

Zry-2

Zry-2
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ZIRLO
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ZIRLO

Zry-4
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Zry-4

Zry-4
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56
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68.2
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3.3 In-Situ Observations and Post LOCA PIE

3.3.1 Cladding Behavior under LOCA Heating Conditions

ICL and OCL tests performed temperature transients similar to the one shown in Fig. 13. From test to test,
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cladding type, fuel rod geometry, and pre-transient rod internal pressure, as shown in Table 1. Each rodlet
was heated from 300°C to a terminal temperature at a rate of 5°C/sec. Burst timing was assessed by
measuring the rod’s internal pressure throughout the experiment. Fig. 15 provides the experimental
measurements taken during the NRC-Studsvik LOCA experiments for each rodlet [40], and similar
figures can be found in work by Grandjean, as well as Helin and Flygare [34,39]. The rodlets show
distinct difference in pressure drop following burst. Rodlets 196 and 198 did not experience significant
fragmentation, whereas the other rodlets did. Rodlets that experienced severe fragmentation and
relocation appear to experience a slower depressurization rate compared to the other rodlets. The
mechanism driving this is unclear, but one theory could be that the fragmentation process generated
additional fission gas which contributed to increasing the pressure temporarily. However, fission gas
release (FGR) was not measured during the experiment, so it is not possible to confirm this theory. Work
funded by the NRC [44] evaluated transient axial gas transport on fuel rods with lower rod average
burnups of ~35 GWd/tU. However, the LOCA de-pressurization results appear to echo the transient axial
gas transport test performed in reference [44] and shown in Fig. 16. The experiments performed as
described in the work by Dagbjartsson et al. [44] were designed to evaluate how changes in fuel rod
geometry (i.e., pellet-cladding gap and fuel crack networks) affect gas transport throughout the fuel rod,
and while the tests were performed on lower burnup fuel, the de-pressurization trend appears to hold at
high burnups, as well.

Fig. 15. Summary of the NRC-sponsored LOCA test pressure history immediately following rupture [40].



Fig. 16. Transient flow test evaluating the impact of axial gas transport through a fuel rod as extracted
from reference [44].

The first phenomenon occurring during a LOCA transient is bending. Bending is attributed to anisotropic
creep and plastic deformation that occurs in alpha-phase zirconium at temperatures near the alpha-beta
transition temperature with application of a constant internal pressure [37]. This phenomenon has been
observed in all LOCA tests to date. LOCA tests at ANL observed bending through real-time videos and
indicated that bending occurred prior to the ballooning process [37]. Furthermore, this phenomenon was
observed in-.the ORNL OCL test, as shown in Fig. 17, and-the results [39] confirm the theory suggesting
that rod internal pressure drives anisotropic creep and plasticity in the cladding. As seen in Fig. 17, Zr-19
has a rod internal pressure of 0 MPa, and bending was not observed. As the rod internal pressure
increases, hoop stress begins activating cladding creep, and bending becomes more pronounced, as seen
in Zr-22. These tests, however, were performed on‘unirradiated cladding. Billone et al. compared
unirradiated and irradiated LOCA test results and noted that the amount of bending in high burnup
cladding was noticeably less than that of unirradiated cladding [37], possibly a result of irradiation
hardening; oxidation, and hydrogen pickup. It was also noted that the proclivity of the burst opening
occurred on the concave side of the rodlet. The NRC-sponsored LOCA test observed bending in rodlet
191, which had an initial rod internal pressure of 11.1 MPa at 300°C, as seen in Fig. 18. However, the
experimental summary documented this as a distortion and modified the test train in order to prevent
bending from occurring [38,40]. It was later verified that the modification prevented bending in
subsequent test segments [38,40]. However, the impact of the test train modifications on fuel rod
performance remains unclear, so it is simply suggested here that these changes likely altered the
prototypic behavior.

Fig. 17. Rodlet bending under LOCA conditions as a function of rod internal pressure [39].



Fig. 18. Rodlet 191 bending under LOCA conditions during the NRC-sponsored LOCA test [40].

The cladding begins to balloon immediately following bending until burst occurs. This process was
visibly observed and reported by Billion [37]. The extent of cladding ballooning is reliant on a number of
parameters; however, heating rate is the primary parameter which ultimately dictates the time available
for creep processes to occur. Experimental data [45,46,61] shows a clear relationship between hoop strain
at the burst location and cladding heating rate. Slow heating rates provide more time for creep, resulting
in larger balloon strains below 950°C, whereas smaller balloon strains are observed above 950°C. The
opposite is true for fast heating rates. Powers et al. [45] developed two correlations to define the
maximum hoop strain as defined by heating rate (Fig. 19). The first considers heating rates less than or
equal to 10°C/sec, while the second considers heating rates greater than or equal to 25°C/sec. The
correlations developed by Powers et al. include three temperature regimes, but high burnup cladding burst
data suggest that burst occurs between 700 and 950°C, so, higher temperature strain peaks are not shown.

Fig. 19. LOCA Burst hoop strain data as a function of burst temperature compared Powers et al. cladding
hoop strain relationship [11,45,46,48—60].

Electrically heated high burnup LOCA tests heated rodlets at a rate of 5°C/sec, while in-pile LOCA tests
at Halden used heatup rates that started at ~4.2°C/sec and decreased to <1°C/sec. Halden reported
diametral strain and not hoop strain, which is why Halden data are not reported in Fig. 19. Therefore, the
most appropriate curve for comparison is less than or equal to 10°C/sec. Most of the data in Fig. 19 fall
below the peak threshold. Zircaloy begins transitioning from alpha to beta phase at around 900°C, where
alloying additions and dissolved oxygen and hydrogen in the cladding greatly affect the transition
temperature [62]. Additional uncertainty is expected, as each cladding sample will behave based on the
stage of transition. Rodlets that fail at lower temperatures, specifically the NRC-Studsvik rodlets, are
more curious. Data presented by Powers et al. [45] suggest that cladding ballooning should be minimal
until the cladding temperature exceeds ~700°C. It is not clear what caused these rodlets to have such a
high hoop strain at such low temperatures, especially after being previously irradiated in a PWR. The
axial weight intended to prevent bending may have provided additional stress, resulting in additional
ballooning.



One concern is that all of these various LOCA tests were conducted under non-prototypic conditions or
conditions that may not be appropriate for every reactor type. Analysis performed by Zhang [20]
indicated that cladding heating rates observed in PWRs should evolve throughout the LOCA event. At the
onset of the LOCA, cladding temperatures calculated by Zhang suggest that cladding heating rates in the
first 10-20 seconds should be on the order of ~24—34°C/sec and then should decrease to ~2—5°C/sec.
Similar observations were made by Terrani [14]. Work performed by Erbacher [47] and Raynaud [19]
echo the heating rates calculated by Zhang et al. and further indicate that cladding heating rates depend on
the pre-transient power of the rod and surrounding fuel rods. Heating rates for a 4-loop Westinghouse
PWR as calculated by Capps [22] indicate that heating rates should range between ~8—12°C/sec. This
implies that LOCA test results to date are non-prototypic for a generic 4-loop Westinghouse PWR.
However, 5 °C/sec may be appropriate for different or more specific PWR designs; specific fuel assembly
designs may impact LOCA heating rates as well.” For example, some reported heating rates [19,47,20]
suggest that the cladding hoop strain would be at least a factor of two less based on the peak hoop strain
correlations presented in Fig. /9. Secondly, the cladding under these heating rates would likely burst at
higher temperatures. The Chapman burst relationship suggests that cladding with a burst stress of 70 MPa
would burst at 750°C for a heating rate of 5°C/sec and 830°C for a heating rate of 28°C/sec. Additional
factors could result in reduced fuel fragmentation, as will be discussed below. It should be noted that
heating rates may transition from 24-34°C/sec to 2-5°C/sec at a temperature lower than the burst
temperature, and there is no clear indication how this transition might impact the response of the cladding.
However, the current data do offer an unexpected benefit, as the data are overly conservative.

Cladding burst prevents further cladding deformation, as the driving force is vacated thfough the burst
opening. Fig. 20 summarizes integral LOCA test burst data and compares that data to the burst
relationship developed by Chapman [45,46]. In general, the burst relationship agrees fairly well with the
data. However, there are a few outliers. With the Halden 650.X series, the heating rate started at
~4.2°C/sec and decreased to <I1°C/sec. The burst relationship, as shown in Fig. 20, is specific to 5°C/sec;
the Chapman model indicates that the burst stress decreases as heating rates decrease. Therefore,
adjusting the Chapman model heating rate would result in better and possibly conservative agreement.
Unirradiated rodlets are slightly below the Chapman burst model. A possible reason for this might be a
lack of zirconium oxide and hydrogen on and in the cladding. Erbacher et al. assessed the impact of
oxygen and hydrogen uptake on cladding embrittlement and burst [47] and determined that cladding
oxidation had an impact, although it was small. Observations made by Billion [37] indicate differences
between high burnup and unirradiated cladding behavior during the temperature transient, and they
attribute these differences to cladding embrittlement mechanisms: specifically oxidation and hydrogen
uptake [37]. This leads to the conclusion that high burnup cladding is expected to burst at higher stresses
than unirradiated cladding, so the unirradiated cladding is expected to burst at lower stresses. There are,
however, a few outliers— specifically the NRC-sponsored test—that do not have a simple explanation.
When comparing the hoop stress from the NRC-sponsored test to the Chapman burst relationship, the
Chapman relationship indicates that four rodlets were expected to burst at ~750°C with a hoop stress of
65—70 MPa, whereas the two remaining rodlets were expected to burst at ~700°C with a hoop stress of
~90 MPa. The two rodlets expected to fail at ~700°C and ~90 MPa are identified as rodlet 189 and 191.
Burst results for these two tests agree fairly well with the Chapman relationship, considering the initial
internal pressures for these rods were 11.1 MPa. The four remaining rodlets had an initial pressure of 8.3
MPa and are well below the Chapman relationship. Work by Flanagan et al. [40] indicates that rodlet 189
and 191 were tested under a different set of conditions than the other four rodlets. Severe bending was
observed in rodlet 191 (Fig. 18) as a result of high-temperature anisotropic creep and cladding plasticity.
This phenomenon was observed in previous LOCA tests [34,39,54—60], and results generated at ORNL
[39] demonstrate that increasing rod internal pressure increases bending severity. However, there was
speculation that a small axial constraint was being applied to rodlet 191 that caused bending to occur, and
in order to prevent bending, subsequent LOCA tests would incorporate an axial weight to counterbalance
the speculated axial constraint. Application of the counterweight causes serious concern, as the weight



was intended to prevent a naturally occurring phenomenon, and when comparing the result to other
LOCA tests performed under similar conditions, the axial weight resulted in rodlets failing prematurely.
Furthermore, the additional stress imposed by the axial weight may have resulted in larger balloon and
burst sizes. Lastly, the ramifications of burst occurring at lower temperatures may exacerbate the
fragmentation and relocation behavior of the fuel.

Fig. 20. Summary of the cladding burst results for all integral/semi integral LOCA: test compared to the
burst curve developed by Chapman et al. [[11,45,46,48-62].

Fuel dispersal is reliant on the size of the burst opening. Burst opening data generated through various
LOCA and cladding balloon-burst test programs show no indication that burst width or length is
dependent on burnup (see Fig. 21a and b). Data generated at ANL and ORNL indicate that there is a
difference in the burst shape as it pertains to unirradiated and irradiated cladding. Unirradiated cladding
fractures in a ductile manner in which the width of the opening collapses inward (termed dog bone),
whereas previously irradiated cladding fractures in a brittle fashion, with an open mouth burst shape
(termed oval). A contributing factor may be the relationship between the width and length of the burst
opening, as shown in Fig. 21c. The burst width is two fifths of the burst length until the burst length
reaches 20 mm; the width of the burst saturates at ~10 mm, irrespective of burst length. This saturation
directly correlates to the outer diameter of the cladding. The length of the burst correlates to the balloon
deformation characteristics, as shown in Fig. 21d. The burst length increases as the hoop strain increases.
These data, however, are representative of <10°C/sec heating rates, and as discussed above, heating rates
in PWRs range from 24-34°C/sec, and then they decrease to ~2—5°C/sec. It is unclear how changing the
heating rate will impact the burst size. However, it is clear that the size of the balloon directly impacts the
burst opening and points to the significance of understanding the cladding behavioral evolution under
prototypic temperature transient conditions. Future work must focus on generating fuel rod behavior data
under prototypic PWR conditions so that more reliable conclusions can be developed.
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Fig. 21. (a) Burst width and (b) burst length as a function of rodlet average burnup, (c) burst width as a
function of burst length, and (d) burst length as a function of hoop strain for all integral/semi integral
LOCA test [48—-62].

3.3.2 High Burnup UO; Behavior under LOCA Heating Conditions

Up to this point, the focus of this work has been on the cladding response under LOCA conditions. This
response is critical, as FFRD should be addressed holistically. Integral and semi-integral LOCA tests
were originally designed to evaluate cladding performance (balloon and post-quench ductility), but
following the Halden IFA 650.X test, LOCA tests were designed to specifically evaluate fuel
fragmentation and potential dispersal under high burnup conditions. Yueh et al. [63] define high burnup
fuel fragmentation (HBFF) by fragment size:

e Large fragments: >2 mm
e Medium fragments 1-2 mm
¢ Fine fragments <1 mm



The volume of large fragments (i.e., >2 mm) is approximately half the size of a UO, fuel pellet, while
medium size fragments (i.e., 1-2 mm) are approximately a quarter the size of a UO, fuel pellet. Fine
fragments (i.e., <1 mm) range from powder to very small fragments. Images of the fuel fragment
distribution from the NA#2 high burnup LOCA test are shown in Fig. 22.

Fig. 22. HBFF images [39] of NA#2 high burnup LOCA test performed at the Sever Accident Test
Station: (a—d) fine fragments < 1 mm,(e) medium fragments ranging from 1-2 mm, and (f) large
fragments >2 mm.

Table 2 summarizes high burnup LOCA tests as/a function of rodlet burnup, terminal temperature, and
fragmentation data, and Fig. 23 assesses the relationship between mass fraction of UO, fragments less
than 1 mm to burnup and terminal temperature. There is a clear relationship between rodlet burnup and an
increase in fine fragmentation. The trend suggests that fine fragmentation does not occur for rodlet
burnups below 71 GWd/tU. However, above 71 GWd/tU, fine fragmentation increases to ~100% as the
rodlet burnup exceeds ~82—-83 GWd/tU. It should be noted that sieve data do not exist for Halden 650.3,
4,5, and 9, and for these tests, Halden reported that the fuel fragmented into medium (i.e., 1-2 mm) and
fine (i.e., <1 mm) fragments. Therefore, it was conservatively assumed that 100% of the pellet
fragmented into <1 mm particles. Increasing terminal fuel temperatures also correlates to an increase in
fine pellet fragmentation. The trend suggests that fine fragments do not form below 800°C. There is,
however, a data gap at terminal temperatures <800°C, and given results reported by P. Raynaud et al.
[19], it seems most appropriate for subsequent tests to focus on terminal temperatures ranging from 750—
850°C. However, the correlation has outliers, specifically rodlet average burnups >82 GWd/tU. Again,
sieve data are not available for these specific Halden tests and may be an over estimation. Future LOCA
tests should evaluate a variety of rodlet burnups ranging from 71-84 GWd/tU at terminal temperatures
ranging from 750-850°C as this seems to be consistent with anticipated PWR operating regimes. Tests to
date have developed a burnup fragmentation trend for terminal temperatures greater than or equal to
1,000°C. Of course, prototypic terminal temperatures must be verified to ensure the data spans the
appropriate operating PWR conditions.

Table 2
Summary of the fragmented fuel particles collected from LOCA fragmentation tests [39]
Test series Test number Burnup teTmeremr::llre Mass fraction < | Mass fraction <
(GWd/tU) p(C) 1 mm (%) 0.5 mm (%)




189 72 (68.2)" 950 No data No data
191 75(69.3)" 1185 67.67 46.34
. 192 78 (68.2) " 1185 69.31 55.26
Studsvik 193 76 (69.2) 1185 58.62 41.75
196 61(55.2)" 950 0.00 0.00
198 60 (55.2) 1185 0.00 0.00
650.12 72.3 800 0.20 0.10
650.13 74.1 800 0.70 0.60
625.14 71.1 860 0.70 0.54
650.15 64.8 850 8.5 6.1
Halden 650.16 60 850 0.15 0
650.3 81.9 850 medium & fine* | medium & fine*
650.5 83 1100 medium & fine* | medium & fine*
650.9 90 1100 medium & fine* | medium & fine*
650.4 92 850 medium & fine* | medium & fine*
HBR#1 71 (66.5)+ 1000 31.59 23.60
ORNL NA#1 74 (67.3)+ 1200 27.4 12.3
NA#2 84 (75.1)+ 1000 25.2 13.4

*Rodlet average burnup (father rod burnup) [8,40,41,44]
*Medium & fine assume 100% < 1 mm particle sizes

b)

Fig. 23. Summary of the mass fraction of fuel < Imm (%) as a function of a) rodlet average burnup and b)

terminal temperature for all integral and semi-integral LOCA tests.

LOCA tests to date have predominantly used IR heating lamps to perform the temperature transient, and
Halden used a mix of nuclear and electrical heating. One data gap is related to the performance of the fuel
under nuclear vs. electrical heating conditions. The Halden LOCA tests indicate significantly less
fragmentation than the NRC and ORNL LOCA tests. Halden operated the rodlets at an average linear heat
rate of ~8—9 kW/m before powering down the reactor to perform the LOCA transient. Under these
conditions, the fuel would have a radial temperature profile slightly above the coolant temperature,
whereas electrically heated LOCA tests heat the fuel uniformly to 300°C prior to the transient. Fuel
operating in a PWR would be expected to operate at powers of ~15-25 kW/m, which would result in a




large portion of the pellet operating at temperatures above 800°C with a temperature gradient. During a
LOCA, PCT results [19,20,47] suggest that the PCT throughout the core would range from 750-850°C.
This would indicate that regions of the fuel would decrease in temperature, and other regions of the fuel
may slightly or significantly increase in temperature. Future work should consider identifying the effects
of pretransient and transient fuel rod conditions, if any, and focus on bridging the gap between nuclear
and electrically heated LOCA tests.

Once fragmented, the fuel can potentially relocate into the balloon region and could possibly disperse
through the burst opening. Halden LOCA tests were originally designed to evaluate the impact of fuel
relocation into the balloon in order to assess the impact on PCT, so the LOCA experiments were designed
to maximize ballooning [8]. The relocation and dispersal results for the Halden 650.X test are shown in
Fig. 24. Fuel relocation appears to be a function of two parameters. The first is balloon or radial strain,
and the second is burnup. Balloon strain results indicate fuel relocation requires a strain in excess of 40%.
Secondly, fuel relocation was not observed in lower burnup rodlets of <72 GWd/tU. Once the burnup
exceeded 72 GWd/tU, the fuel began to fragment into fine particles (i.e., <1 mm) that were small enough
to relocate into the balloon region. Another observation shown in Fig. 24 is that fuel relocation occurred
as a result of fuel falling from the upper regions of the rodlet. This is most noticeable in IFA 650.4 and
650.9, rods with burnups at or exceeding 90 GWd/tU, where large amounts of fine fragments were
observed. These results suggest that a large balloon is required for gravity to actively relocate the
fragmented fuel, and fuel fragments are required to be small enough for relocation to occur. This
phenomenon was observed in the NRC-sponsored LOCA test [8]. PIE following the NRC-sponsored
LOCA tests indicated that fuel in the upper regions of the rodlet severely fragmented and relocated into
the balloon region.



Fig. 24. Summary of the Halden 650.X test series relocation and dispersal behavior [11].

Lastly, fuel dispersion was quantified during the NRC-sponsored LOCA test, see Table 3. Fuel dispersal
was quantified in two categories: post LOCA bending and shacking. The second category does not
represent the accident scenario and is considered overly conservative. Table 3 only considers fuel
dispersal during the LOCA as it provides an accurate one-to-one comparison to a hypothetical PWR
LOCA scenarios. Tests performed at Halden and ORNL reported fuel dispersal through activity detection
and visible observations. NRC-sponsored LOCA test data indicate that fuel can disperse from the
cladding during a LOCA transient, and it was determined that wet fuel was less prone to dispersal
compared to dry fuel (i.e. fuel in the absence of steam or water). Once cladding failure occurs, fuel may
be initially dispersed. However, subsequent relocated fuel will be exposed to water/steam which could act
as a mobility inhibitor, thereby reducing the potential consequences. Sieving was not performed on the
dispersed fragments, so it is not possible to determine the size of the fragments dispersed from the
cladding. However, it may be possible to speculate about the size of the fragments dispersed from the
cladding. Fig. 25 summarizes the area of the burst opening (defined as length times width) as a function
of burst temperature and stress. Considering that a pellet has an approximate area (defined as fuel
diameter times fuel height) of 80 mm?, it would seem unreasonable to suggest that an intact or half fuel
pellet could be dispersed from a burst opening <80—100 mm?. Referencing the NRC LOCA test, it is clear
that, irrespective of the fragment size, the area of the burst opening is such that ~2 intact pellets could fit
through the burst opening. Of course, the fuel pellets in the burst region would need to fragment into
smaller fragments for the reported amount of fuel to be dispersed. However, the burst opening is so large



that fuel, whether finely or coarsely fragmented, could be dispersed from the opening. As shown in Fig.
24, fuel dispersal was observed in IFA 650.4, 650.5, and 650.9. These tests reported that the fuel had
extensive medium and fine fragments, along with a large balloon and burst opening of >275 mm?.
However, the amount of fuel dispersal was not quantified. The remaining [FA LOCA test reported some
fuel dispersal, but it was reported that fuel dispersal was in the form of fine powder [11,54-62]; no
medium or coarse fragments were reported to have dispersed. The one exception is in IFA 650.15, which
had the largest reported burst opening. However, the activity measured outside the rod was similar to that
reported for IFA 650.10. A potential reason for this might be the fraction of the coarsely fragmented fuel,
~91.5%. Lastly, ORNL used visual observations to evaluate fuel dispersal, and minimal dispersal was
observed. There are two key conclusions from this data. Fuel dispersal requires the fuel to fragment into
<1 mm particles for significant dispersal to occur, and cladding burst openings <80 mm? result in very
little fuel dispersal, whereas large burst openings >100 mm? are required for extensive fuel dispersal,
irrespective of fragment sizes.

Table 3.
Fuel dispersal data summarized from the NRC-sponsored LOCA test
Rupture
Burnup dimensions Initial fuel mass Fue} mass loss Fue! mass loss
Rodlet (GWd/tU) (width/length) () durlng LOCA durmg LO(()?A
(mm) transient (g) transient (%)
189 72 (68.2)" 10.5/23.9 ~150 41 27.3
191 75 (69.3)% 17.5/21.6 ~150 52 34.6
192 78 (68.2)F 91/22.7 ~150 68 453
193 76 (69.2) " 13.8/17.8 ~150 105 70
196 61 (55.2)° 02/1.5 ~150 0 0
198 60 (55.2)* 1.6/11 ~150 0 0

* Rodlet average burnup (father rod burnup)




Fig. 25. LOCA test burst length-to-width ratio as a function of burst temperature and burst stress
[8,11,34,39,40,54-62]

3.4 Data Gaps and Open Questions

FFRD data generated through the various LOCA test programs have been used to identify a number of
phenomena that impact FFRD and the resultant consequences. The key phenomena observed in high
burnup LOCA testing are as follows:

e Fuel rod bending: Bending was observed in rodlets with a pre-transient rod internal pressure.
The severity of bending increased with rod internal pressure.

e Cladding ballooning: The extent of cladding ballooning relies primarily on pretransient
conditions (i.e., rod internal pressure) and heating rate. Increasing heating rates results in smaller
balloons, and inversely, slower heating rates result in larger balloons. Cladding balloon data in
integral and semi-integral LOCA tests to date are specific to heating rates of 5°C/sec or less.

e Cladding burst: The experimental data demonstrate a strong correlation between burst stress and
burst temperature. Heating rates shift the correlation, with slower heating rates resulting in lower
burst stresses than higher heating rates.

¢ Fuel rod depressurization: The rate at which the rodlets depressurize appears to be related to the
severity of fragmentation and likely the balloon size. Studsvik data indicated that fuel rod
depressurization occurs at a slower rate as fragmentation severity and relocation increases, while
Halden data suggest otherwise. The cause for this decrease is unknown at this time, but it may be
related to the release of fission gas during the fragmentation process.

e High burnup fuel fragmentation or pulverization: Fragmentation severity was observed to
increase as the pellet/rodlet average burnup increased. Terminal temperature appears to contribute
to fragmentation severity:

e Fuel relocation: Data generated during the Halden IFA 650.X test series demonstrate that
relocation'is a function of fragmentation /severity. Finely fragmented particles of <1 mm readily
relocated as compared to medium and coarse fragments. NRC-sponsored LOCA tests led to
similar observations: balloon hoop strain needed to exceed ~5% before fuel relocation could
occur.

¢ Fuel dispersal: Fuel dispersal was highly correlated to burst opening and fragmentation severity.
Burst openings >100 mm? dispersed large amounts of fuel, whereas burst openings <80 mm?
dispersed very little fuel. Fuel fragments dispersed from the cladding were considered fine pellet
fragments at <I mm, with the exception of when the burst >100 mm?.

The phenomena identified are highly correlated and reliant on each other. For example, the size of the
cladding balloon impacts the size of the burst opening, fragmentation severity, and fuel relocation, all of
which directly impact the amount of fuel being dispersed from the cladding. Therefore, it is critical to
holistically evaluate FFRD. A critical review of the data has led to identification of the following data

gaps:

e Does the axial weight impact cladding behavior (i.e., balloon/hoop strain, burst opening) during a
LOCA transient? Do other axial forces such as spacer grids and other structures impact the
cladding response?

e  What is the impact of prototypic PWR heating rates on the cladding behavior (i.e., balloon/hoop
strain, burst opening)? As highlighted above, heating rates used in the LOCA testing programs
may not be appropriate for PWR application. Studies suggest that prototypic PWR heating rates
range from 24-34°C/sec and then decrease to ~2—5°C/sec [19,20,47].

e What is the impact of pretransient fuel operating conditions (i.e., initial fuel temperature), and
how is fragmentation behavior impacted by the temperature evolution during the transient?
LOCA tests to date have primarily used electrical heating to simulate LOCA transients; Halden
used partial nuclear heating and observed improved fragmentation performance. Identifying the



key differences between electrical heating and nuclear heating will support development of test
matricies focusing on the appropriate testing conditions.

e  What is the terminal temperature dependence on high burnup fuel fragmentation? Does a
correlation between terminal temperature and pellet average burnup exist? Best estimate LOCA
analysis suggest that the PCT for high burnup fuel will be much lower than 1000 C and when
considering potential uncertainties those temperatures could increase near ~750-850°C, whereas
current fragmentation data have a wide range of data points for a variety of burnups at
temperatures >1,000°°C. Data generated through the Halden test program suggest that lower
terminal temperatures (i.e., PCT) generate less pulverized material.

e Can fuel dispersal be quantified as a function of burst size? Data suggest that fuel dispersal is a
function of the burst area. Burst areas <80 mm? suggest that fuel dispersal is small, whereas larger
burst areas >100 mm? suggest extensive fuel dispersal irrespective of fragmentation size.

e What is the role of transient FGR during the LOCA? To data, there is little to no data suggesting
FGR impacts the performance of high burnup fuel under LOCA conditions, however, significant
FGR may impact the cladding behavior (i.e. burst timing, balloon/hoop strain, burst opening) and
subsequent fragmentation behavior.

¢ Finally, what happens to the dispersed fuel once ejected from the burst opening.

4.0 High Burnup Fuel Fragmentation Separate Effects Testing
4.1 High Burnup Fuel Sample and Disk Heating Tests

In the early 2000s, researchers began evaluating burst release behavior of #Kr in UO, fuel with a fully
developed rim structure, or high burnup structure (HBS) [64,65,77,78]. Specific rim structure
characteristics suggested the formation of sub-micron size grains may enhance FGR during steady-state
operation, and due to fission gas stored in the rim region, large amounts of fission gas could be released
during a transient or off-normal heating conditions [64=72]. Out-of-pile heating technique with an
emphasis on applying hydrostatic pressures under controlled conditions were also conducted. The aim
was to investigate the impact of an external hydrostatic pressure on FGR and swelling of fission gas
bubbles as well as heating rates. Two types of high burnup UQO, structures were evaluated. The first
structure was extracted from fuel irradiated in a commercial PWR at an average temperature of ~500—
800°C, while the second structure was generated by irradiating UO, disk at an average temperature
ranging from 550—700°C. Samples had an average burnup ranging from 36 GWd/tU up to ~200 GWd/tU.
The samples were subjected to heating rates ranging from 0.210— 4,600°C/sec under a variety of
hydrostatic pressure conditions ranging from atmospheric to 150 MPa [65]. The results indicate that
regardless of the ramp rate, FGR occurs once the temperature exceeds 700°C for burnups >74 GWd/tU.
The reported mechanism driving FGR was attributed to microcracking and interlinking of bubbles in the
rim region. Furthermore, extensive microcracking in the fuel sample subsequently led to fuel samples
fragmenting and pulverizing. Higher burnup samples heated in a step wise fashion. Fuel samples with
burnups <74 GWd/tU experience FGR only at terminal temperatures (>1000°C) and microcracking was
not observed in these samples.

Through the Nuclear Fuel Industry Research (NFIR) program, Noirot et al. [77] irradiated a fresh UO,
fuel disk sandwiched between two molybdenum disks in the HBWR to control the temperature in order to
investigate the impact of fission gas localization and release behavior in high burnup fuel. The fuel disk
was irradiated at ~700°C for the majority of the irradiation time to a final burnup of 103 GWd/tU. Prior to
the temperature transient, the fuel sample microstructure was observed and compared to PWR fuel. The
disk had completely transformed into HBS, and despite being unstressed, the disk had a microstructure
similar to that of commercial PWR fuel: specifically porosity, Xe wt% in the grains, and average molar
volume in the bubbles. The only notable differences between the fuel disk and commercial PWR fuel
were that the average grains and bubble sizes were larger in the fuel disk. The root cause for the
difference was never identified, but it was suggested that higher local temperatures and fission rate during



irradiation may have caused or contributed to the difference. The fuel disk was ramped to 300°C and held
for ~15 minutes, and then it was ramped at a rate of 0.2°C/sec to 1,200°C. The experimental results
shown in Fig. 26 indicate that FGR occurred in two stages. The first release of fission gas occurred at
~880°C, and the second release occurred at ~1,180°C. Two FGR mechanisms were identified. The first
mechanism was a result of fuel fragmenting/microcracking into ~100 micrometer fragments, and the
second mechanism is associated with FG diffusion from FG bubbles within the individual fragments.
Results from work by Noirot et al. [77] are interesting, as they suggest that HBS forming at higher
operating temperatures form larger grains and fission gas bubbles than those typically observed in
commercial fuel; this effect was also observed in MOX [127,147] However, the temperature transient
indicated that FGR driven by microcracking, and thereby fuel fragmentation, occurred at higher
temperatures of ~880°C than the previously observed temperatures >550°C. As noted below, the
HBFF/pulverization threshold is well below this temperature, and the results suggest that increasing the
irradiation temperature may increase the temperature threshold for fragmentation.

Fig. 26. Instantancous FGR ‘for the 103.5 GWd/tU [77].
Key observations are listed below [64,65]:

1. The onset of FGR occurred at ~1,250°C under 10 MPa hydrostatic pressure for fuel with a burnup
of 90 GWd/tU and a fully developed rim structure. It was noted that FGR occurred at higher
temperatures for lower burnups (i.e., 20-44 GWd/tU) under atmospheric conditions.

2. FGR under isothermal heating conditions depended on hydrostatic constraint and HBS.
Furthermore, the experimental results indicated that FGR reduced under 150 MPa hydrostatic
pressure as compared to 10 MPa.

3. FGR strongly depended on the extent of rim structure and heating conditions (i.e., heating rate
and terminal temperature). Experimental results indicated that growth and interlinkage of
intergranular bubbles in the rim structure controlled FGR above threshold temperatures. Burst
FGR that occurred in high heating rates >90°C /sec as a result of microcracking in the rim region.
Microcracking subsequently led to fuel fragmentation and pulverization. Burst release and fuel
fragmentation occurred in high burnup fuels of 74 and 86 GWd/tU, with a fully developed rim
structure once the temperature exceeded 700°C.

4. The temperature threshold for the onset of FGR increased as the irradiation temperature
increased. Experimental results indicated fuel samples irradiated at ~700°C had a ~880°C
temperature threshold for FGR, ~180°C greater than the irradiation temperature. Referencing
back to the samples irradiated at lower temperatures (~500°C), the temperature threshold for FGR
is ~150-200°C greater than the irradiation temperature. These results suggest microcracking



observed during the temperature transient correlates to the temperature increase above the
irradiation temperature.

4.2 High Burnup Single Pellet Heating Tests

Similar to the fuel sample and disk heating test, researchers begin extending the research to the pellet
level to understand FGR. The primary goal was to investigate mechanisms contributing to FGR from high
burnup fuel under simulated LOCA conditions [73,74,75, 76]. The investigation used a single UO, fuel
pellet complete with cladding. Fuel samples were irradiated in a commercial PWR for four, five, six, and
seven annual cycles, and the respective burnup of each fuel pellet was 48.5 [73], 57.4 [74], 71.8 [73], 82-
83 [75,76] GWd/tU. Each sample was preheated to 300°C in argon gas and held for a brief period of time.
Subsequently, each sample was heated at a specified heating rate; heating rates ranged from 0.2 to
20°C/sec to a terminal temperature of 1,000°C or 1,200°C. In some cases, a 0.5 mm axial slit was inserted
into the cladding to simulate the impact of ballooning and burst on FGR. Time dependent FGR
measurements were taken as a function of temperature. A sample of these results can be seen in Fig. 27
[73]. The results indicated that a FGR mechanism is coupled to an increase in burnup. Furthermore, the
high burnup FGR mechanism occurs once the fuel temperature exceeds ~600°C, see Fig. 27b. Posttest
evaluations indicated that there had been extensive microcracking in the high burnup samples which
resulted in the FGR. FGR was observed in lower burnup samples (i.e. <71 GWd/tU), however, FGR only
occurred at terminal temperatures, see Fig. 27a. These results echo the fuel sample and disk heating test
results.

Marcet et al. [75] and Noirot et al. [76] performed heating test on single pellet samples where an axial slit
was machined into the cladding. Both experiments identified a double hump burst release occurring
during the heat-up phase, similar to Fig. 27b [75]. The onset release of fission gas occurred at ~550°C and
completed at ~775°C, whereas the final release occurred near the terminal temperature. FGR was
attributed to microcracking in the temperature regime of ~550—775°C. The magnitude of FGR was
noticeably different between fuel samples where the cladding axial slit was present and samples where the
cladding was intact. The sample containing the cladding slit had more FGR as well as extensive
fragmentation. Fuel samples without an axial slit intact did not experience severe fragmentation. Fuel loss
for the intact cladding samples was reported to be very minor and only occurring at the ends of the sample
[75,76]. The sample containing an axial cladding slit fragmented into a wide range of fragment sizes and
was expelled from the cladding slit.

(a) (b)
Fig. 27. Instantancous FGR for the a) 48.8 GWd/tU and b) 71.8 GWd/tU [73].

The key observations made by Y. Pontillon et al. are detailed below [46,73,74,75,76]:

1. FGR under simulated LOCA type conditions was attributed to the rapid release of fission gas
from grain boundaries for burnups < 71.8 GWd/tU.



2. FGR mechanisms were specific to the interconnecting of fission gas bubbles. This mechanism
resulted in either the volumetric growth of bubbles or over pressurization and subsequent grain
boundary fracture.

3. Higher burnup fuel samples (> 71.8 GWd/tU) had a higher fractional release of fission gas than
lower burnup samples (< 57.4 GWd/tU).

4. Microcracking did not occur in lower burnup fuel samples (< 48.8 GWd/tU), and FGR occurred
once the temperature exceeded 1,000°C. High burnup samples (>71.8 GWd/tU) had a heating rate
dependence associated with FGR and observed microcracking.

5. There was minimal intragranular contribution to FGR during the temperature transient for grain
sizes on the order of 10 um.

6. Severe fragmentation was observed in fuel samples containing an axial cladding slit, and the
fragmentation originated from the axial slit location. Fuel sample with intact cladding did not
experience sever fragmentation or extensive fuel loss. Some fuel lost was observed at the ends of
the intact sample. Reference 74 and 76 observed FGR and fragmentation in UO, samples
extracted from the center of the fuel pellet.

Similar heating test were performed at Studsvik to verify the existence of an HBFF threshold by
characterizing the fragmentation process as a function of burnup [63]. The Halden and Studsvik LOCA
tests indicated a strong burnup dependence associated with HBFF. Fuel samples harvested from the
Studsvik LOCA. test parent rods; rod pedigrees were reported (see Table4). Similar to previous work
[46,75,76], fucl samples were extracted from the parent rods, and each sample encapsulated a half pellet
on either side of an intact pellet within the cladding. Each fuel sample was approximately 20 mm long. It
was noted that some fuel samples contained an axial slit in the cladding to reduce the radial restraint on
the fuel sample. The axial slit was designed to simulate cladding ballooning. Lastly, two different heating
rates were used: 11°C/sec and 16°C/sec up to 500°C, and 2.5°C/sec and 16°C/sec beyond 500°C.

Table 4

Fuel samples pedigree [63]

Rod average Cycle power (kW/m)
Rod Plant burnup
(GWd/tU) 1 2 3 4
1 A 55 22.0 23.5 -- --
2 B 68 24.5 23.1 5.0 14.8
3 C 64 253 10.6 17.1 5.8
4 C 74 26.4 17.4 12.5 11.7

Observations indicated that fuel burnups less than or equal to 68 GWd/tU would not be susceptible to
HBFF, but cracking may occur if unrestrained. Fuel samples harvested from rod 2 (local burnup of 72
GWd/tU) were incrementally heated to determine a temperature threshold to pulverization. The
temperature increments were 650°C, 750°C, 800°C, and 850°C. Fuel loss was not observed at 650°C.
Minor fuel loss was reported at 750°C, but it was noted that fuel loss originated from the ends of the
sample. Fuel heated to 850°C experienced more fuel loss compared to the fuel heated to the other
temperatures; however, the amount of fuel lost was not quantified. These results indicate that HBFF not
only has a burnup threshold but also has a temperature threshold.

4.3 Summary of the High Burnup Fuel Heating Tests

Table 5 summarizes data generated through the various separate effects heating tests. Separate effects
tests were designed to evaluate FGR from high burnup fuel samples and the existence of fuel
fragmentation burnup thresholds under temperature transient conditions. Fuel samples extracted from
PWR fuel and the fuel disk indicated that there are two mechanisms driving FGR during temperature
transients. The first is a lower temperature (550—850°C) mechanism occurring as a result of FG bubbles



over-pressurizing and forming a network of microcracks, and the second is a higher temperature
(>1,000°C) mechanism based on FG diffusion to free surfaces. Furthermore, these tests indicate a burnup
threshold exists between 60 and 74 GWd/tU that renders the fuel susceptible to pulverization. However,
fuel samples typically had a fully transformed high burnup microstructure. These results indicate that 74
GWd/tU local burnup could form a network of microcracks, eventually leading to fuel fragmentation and
pulverization. Lastly, the data showed that applying a hydrostatic pressure would reduce FGR, and if high
enough, it could mitigate FGR and microcracking.

Table 5
Summary of the fuel sample and fuel pellet heating tests

Pellet Sample Onset s, s
burnup burnup of Terrfnlnatlon Termination ) .
(GWd/ (GWd/ FGR 0 (cl: CG)R tem[zfg;ture Observations | References
MTU) MTU) (°C)
Fuel disk 36 N/A N/A >800 . No 65
and microcracking
samples 60 N/A N/A >800 No 65
cut from N/A microcracking
PWR 74 700 800 >800 Microcracking 65
fuel 86 600 800 >800 Microcracking 65
103.5 880 1,180 1,200 Microcracking 77
92 200 627 726 2,700 Microcracking 78
48.5 1,200 1,200 1,200 No HBFF 73
574 1,200 1,200 1,200 No HBFF 74,75
71.8 600 1000 1,200 Bust FGR 73
83 550 775 1200 | Complete fuel 75
loss
>74 (74)* 550 850 1,000 Severely 63
fragmented
. No fuel loss
Single 61 N/A - - 1,000 reported 63
pellet el 1
68 - - 1,000 No fuel loss 63
reported
71 _ __ 650 No fuel loss 63
reported
7 _ . 750 Fuel loss from 63
ends
Slightly more
71 -- -- 850 fuel Toss 63

* Average father rod burnup

Single pellet heating test results echoed the small-scale test results. FGR and posttest observations of fuel
pellets with an average burnup of 68 GWd/tU or less gave no indication of HBFF. HBFF was observed in
fuel pellets with an average burnup of 71 GWd/tU. Minor fragmentation was observed, specifically at the
ends of the sample, at 750°C, and there was slightly more fragmentation observed at 850°C. The extent of
fragmentation was not measured, and visible observations were used to evaluate fragmentation. A
transition appears to occur once the pellet average burnup exceeds 72 GWd/tU. FGR measurements from
fuel pellets above 72 GWd/tU indicated that the onset of FGR occurred at ~550-600°C and terminated at
~800-850°C, as generally observed in Table 5. Again, visible observations were noted, and the extent of
fragmentation was not measured. Therefore, it is not possible to definitively differentiate the
fragmentation behavior between fuel pellets with an average burnup of 71 GWd/tU and fuel pellets with
an average burnup >72 GWd/tU. There are, however, two possibilities that could stem from the




experimental observations. First is a binary fragmentation in which no fragmentation phenomenon occurs
at 72 GWd/tU, or a gradual increase in mass fraction of fragmentation from 72 to >74 GWd/tU. The
second possibility seems more likely, as the increase in fragmentation could be correlated to the radial
burnup profile across the pellet; this implies that small-scale separate effects tests of fuel disks and PWR
fuel pellet samples do translate to the pellet. Intact cladding samples performed remarkably better than
fuel samples containing an axial slit in the cladding. It should be noted that fuel loss typically originated
in the vicinity of the axial slit, but this was visually observed and never quantified.

It is possible to gain some insights from the fragmentation process by evaluating onset and completion of
FGR during temperature transients. High burnup experimental observations identified microcracking as
the mechanism driving FGR, so the onset of HBFF can be directly correlated to the onset and completion
of FGR under the temperature transient conditions. Experimental data shown in Table 5 indicate that the
onset of FGR occurs once fuel temperatures and burnup (pellet average) exceed ~550-650°C and ~71
GWd/tU, respectively. Furthermore, the onset of the FGR temperature threshold is inversely proportional
to burnup. FGR persists until fuel temperatures exceeds ~800—-850°C, the only exception being the fuel
sample with the highest burnup of ~200 GWd/tU. For this sample, experimental data indicated that FGR
terminated at ~726°C. However, data do not indicate when fuel microcracking transitions to fuel
fragmentation and pulverization, so it seems reasonable to suggest that pulverization should occur either
at the onset of FGR or at temperatures less than or equal to the temperature at which the rate of FGR is
highest: ~700°C.

There is one outlier sample in Table 5 which performed better than the other fuel samples. Noirot et al.
[77] irradiated a fuel disk to 103.3 GWd/tU at ~700°C; ~300-400°C higher than the typical temperatures
observed in the rim region. The sample’s microstructure was similar to those typically observed in PWR
fuel, except that the size of the grains and FG bubbles were slightly larger than those observed in
commercial PWR fuel. The fuel sample exhibited improved performance under a temperature transient,
and the onset of FGR did not occur until ~880°C. One possible theory is that equilibrium FG bubbles in
the fuel sample formed at higher temperatures, and in order for the FG bubble over-pressurization to
initiate microcracking, fuel temperatures needed to increase ~180°C above the irradiation temperature.
Some credence to this theory is given by considering the fuel samples extracted from the rim region
operated at ~350-390°C. Data from these samples indicated that the onset of FGR occurred at ~160—
200°C higher than the operating temperature. This suggests that FG bubble over-pressurization is the
mechanism during the temperature transient that is imposing sufficient stress to fracture UO, and
pulverize the material. However, additional data are required to verify this theory.

4.4 Fuel Sample Heating Test to Develop High Burnup Fuel Fragmentation Threshold

Through the NFIR program, Turnbull et al. set out to develop an HBFF threshold by building on the work
discussed above [42]. The program proposed two sets of tests, and the culmination of these tests, along
with the data described above, was used to develop an HBFF threshold. Like previous studies that
analyzed hydrostatic pressure suppressing FGR, the primary purpose of the first test was designed to
investigate the effect of hydrostatic pressures on fuel fragmentation and pulverization. Fuel samples were
extracted from rodlets previously irradiated in the Halden reactor. Fuel samples were placed in a furnace
similar to those used in the studies above. The samples were heated at a rate of 6,060°C/sec and
935°C/sec under specified hydrostatic pressures ranging from atmospheric to 150 MPa. A summary of the
experimental results is shown in Fig. 28, and the Turnbull et al. results show increasing hydrostatic
pressures suppresses FGR. PIE results indicated that fuel cracking and formation of small fragments
decreased as the amount of FGR decreased. The complete experimental summary is reported by Turnbull
[42].



Fig. 28. 71 GWd/tU FGR release as a function of hydrostatic constraint under extreme temperature ramp
rate conditions [42].

The second objective was to develop a threshold for pulverization. This involved subjecting eleven fuel
samples to laser heating. The fuel samples were extracted from fuel irradiated in a commercial PWR in
which the pellet average burnup was equivalent to 76 and 93 GWd/tU. Fuel samples were cut from the
center, mid-radius; and pellet periphery. The local burnups ranged from 6266, 8183, and >83 GWd/tU.
Samples were mounted in a radio-frequency furnace and heated a rate of ~0.333-0.367°C/sec. Fuel
sample temperatures were monitored with an optical pyrometer and heated until fuel disruption was
observed. Turnbull et al. define fitel disruption as the sample moving from its original position and
breaking into fragments and/or powder. Every fuel sample experienced some degree of fragmentation and
pulverization, theextent of which depended on the sample burnup, as well as terminal temperature.

The pulverization threshold was developed by combining data generated through this study with data
generated by Une et al. and Hiernaut et al. [64,65,78]. The combined data were used to develop the HBFF
threshold shown in Fig. 29. The symbols on the figure represent the extent of pulverization, and they
indicate the sources of the data. Samples in which pulverization occurred are denoted by solid squares,
whereas solid triangles represent the onset of pulverization. X symbols indicate no pulverization. Symbol
colors denote data taken from Une et al. and Hiernaut et al. [64,65,78], and black symbols are data
generated through the NFIR program [42]. The line is the empirical threshold drawn to separate data that
experienced disruption from data that did not experience disruption.



Fig. 29. High burnup fuel fragmentation threshold as a function of local fuel burnup and terminal fuel
temperature [42].

Turnbull validated the model to LOCA data generated through the Halden and Studsvik LOCA test series
[42], and since then, Capps et al. [39] updated the validation (Fig. 30) to include LOCA tests performed at
ORNL: Overall, the model has proven to be conservative. The HBFF model as described is highly
empirical in nature, and data used to develop the model do not assess the relationship between LOCA
transient conditions; that is, temperature rate effects and pre-transient fuel conditions. This can be
observed by calculating the percent mass susceptible to HBFF without considering the impact of the
pretransient fuel conditions, as shown in Fig. 31. Fig. 31 simply assesses the fractional pellet volume
susceptible to HBFF as a function of pellet average burnup and terminal temperature. The mass
susceptibility is fairly mundane for low terminal temperatures: 636 and 800°C. Terminal temperatures
>917°C linearly increase the fractional pellet volume susceptible to HBEF to complete pellet
pulverization from 74 to 78 GWd/tU. Therefore, these gaps in the model may result in overly
conservative predictions of mass susceptibility to HBFF under prototypic PWR LOCA conditions.

Fig. 30. Summary of validation results for all publicly available integral LOCA tests performed on high-
burnup fuel [39].



Fig. 31. Percent mass susceptible to HBFF as a function of pellet average burnup and terminal
temperature.

4.5 Data Gaps and Open Questions

The HBFF data generated through the various separate effects programs helped to identify a burnup and
temperature threshold. The data were harvested from local regions in PWR fuel, fuel disks irradiated in
test reactors, and single pellets irradiated in commercial PWRs. Each sample was heated to a pretransient
temperature of ~300°C and ramped under various temperature ramp conditions to a terminal temperature
of ~1,000°C or higher. The data indicated the following:

The onset of HBFF has been shown to initiate at local, nodal, burnups of 70-71 GWd/tU.

Single pellet heating tests indicate that a pellet-average burnup of ~72 GWd/tU is needed to
induce HBFF on the pellet level.

Actemperature threshold is required to induce HBFF, and that temperature threshold decreases as
a function of increasing burnup.

The degree to which the extent of fragmentation occurs is dependent on the temperature ramp rate
and terminal temperature.

Hydrostatic pressures reduce FGR, and therefore HBFF. Given a high enough hydrostatic
pressure—150 MPa—completely mitigates FGR, however, such high hydrostatic stress seems
unrealistic.

Single pellet samples that include an axial slit in the cladding exhibited HBFF, whereas samples
without an axial slit in the cladding did not exhibit HBFF.

Fuel disks were irradiated at high temperatures (~700°C), indicating that the temperature
threshold for the onset of FGR increased from ~550-650°C to ~880°C.

However, applying the data and HBFF model to fuel operating in commercial PWR conditions
highlighted the following data gaps:

What is the impact of pretransient fuel conditions on pulverization, and do those conditions
contribute to HBFF?

Does fuel respond differently when local temperature differences between pretransient and peak
transient differ by <150°C as compared to the same burnup with a delta temperature of >150°C?
Does the pretransient temperature distribution and ensuing evolution during the LOCA generate
additional stresses not captured by the Turnbull model? If so, does this stress contribute to HBFF?
How does one quantify the hydrostatic pressure and/or cladding constraint applied by the rod
internal pressure and/or cladding prior to ballooning and prior to burst?



e Are there operating conditions that generate microstructures that are more or less susceptible to
HBFF?

5.0 High Burnup Fuel Microstructure Characteristics
5.1 Fuel Microstructure Features at High Burnup

Materials functionality is governed across the length scales by fabrication processing, chemistry, and
microstructure. Nuclear fuels are no exception, but they come with an additional degree of complexity, as
both chemical composition and microstructure vary in time as a consequence of damage accumulation
and fission product transmutation, both during in-reactor operation and storage. Burnup and temperature
gradients cause heterogeneous alteration and damage to the fuel matrix, such as grain growth, fission gas
bubble precipitation, and extended defects formation. These processes act from the very beginning of
irradiation, but they become increasingly important with exposure. The necessity to determine how fuel
microstructure evolution impacts the engineering scale performance and safety limits is a long-standing
problem that has driven efforts to incorporate such changes in fuel performance models and codes
[79,80]. With the detection of HBFF, even more attention has been devoted to understanding the
characteristics of the fuel’s microstructure. Variation in features of the rim and the remainder of the
pellet’s microstructure are sought, as such variation could be the source of or could facilitate HBFF.

5.1.1 Microstructure at the Fuel Periphery: High Burnup Structure

High burnup microstructure is associated with the so-called rim or high burnup structure (HBS)
formation, which is a microstructure transformation that starts to occur at the pellet’s outermost radial
periphery. This microstructure transformation in the pellet periphery is a consequence of enhanced 2*°Pu
fission from neutronic self-shielding that increases local burnup (fission density) and boosts the
accumulation of radiation damage. Although irradiation temperatures rise in the fuel during irradiation
due to thermal conductivity degradation, the outer fuel temperature in a light water reactor stays below
the limit for significant thermal recovery of irradiation damage [81]. As first observed in a few studies in
the late 1950s=1960s [82—-84], and as investigated again starting from the late 1980s [85,86], HBS is
characterized by three main features: (a) the formation of submicrometric grains from the original grains
[87,88], (b) the depletion of fission gas from the fuel matrix [89,90], and (c) a steep increase in the
porosity [91-93], which retains most of the gas depleted from the fuel matrix in approximately spherical
pores surrounded by rounded sub-grains[94-97]. An exponential relationship between pore density and
burnup was discovered by Spino et al. [91] along the outermost part of the pellet radius, based on
quantitative image analysis. The pore-diameter distribution at the rim peaks between 0.5—1 um when the
pellet average burnup is between 60 and 80 GWd/tU. The average size increases and the distribution
broadens as burnup progresses. The pore number density increases, reaching a maximum at ~100
GWd/tU [98,99], at which time the number decreases. However, the bubble shape remains predominantly
spherical, even at ultra-high burnup (i.e., local burnup >150 GWd/tU) [98—100]. Experimental
reconstruction of fuel samples with local porosities of 24% showed no percolation of the HBS pore
structure, confirming gas retention [101].

HBS gas behavior was a focal point, as the impact of FGR during off-normal conditions could impact
integral fuel performance. An increase in porosity controls gas-driven swelling, worsening the cladding
loading once pellet cladding contact occurs. Moreover, fission gas retention within the HBS could
increase fuel centerline temperatures at high burnups through thermal conductivity degradation.
Significant concern was expressed from industry, prompting further research to evaluate HBS formation
conditions. In the early 2000s, it was determined that HBS formed once the fuel reaches a local burnup
between 50-75 GWd/tU, whereas local temperatures remain below 1,100+£100°C (Fig. 32) [97,102,103].



Fig. 32. Trradiation matrix of the High Burnup Rim Project (HBRP) highlighting the burnup and
temperature thresholds for HBS formation [102].

The mechanism driving HBS formation has been long debated, particularly as it relates to the sequence
between grain subdivision and micrometric bubble formation. Based on transmission electron microscopy
(TEM) data for different fuels, Nogita et al. proposed grain-subdivision—aided Xe migration [104,105],
whereas other authors proposed that grain subdivision starts at the surface of pre-existing, highly
pressurized bubbles and then proceeds into the/matrix [106]. This is supported by experimental evidence
indicating that Xe depletion and bubble formation occur before grain subdivision [107]. The nature of the
submicrometric grain has also been discussed. Matzke et al. [108], on the basis of observations of sub-
grains predominantly with low misorientation angle (e.g., < 15°), attributes HBS grain formation to a
polygonization mechanism. Nogita et al. [105] refer to a recrystallization phenomenon instead, based on
large grain misorientation in TEM studies. More recently, Gerczak et al. [109], employed electron
backscattered diffraction (EBSD) to show that the majority of the grains has misorientation >15° in the
fully recrystallized area. Adjacent to the fully transformed region, a low-misorientation—dominated area
was observed instead, suggesting that low-angle grain boundaries would transition to high-angle grain
boundaries once the microstructure fully transforms into HBS [109].

5.1.2 Evolution of the Microstructure outside the Rim

The vast majority of microstructural investigations have focused on the outermost part—the pellet
periphery/rim region—of commercial fuel, where HBS formation starts. As burnup increases, the width of
HBS progresses radially inwards. Various datasets collected on fuels with different designs and initial
enrichment indicate that fully transformed HBS remains confined to =200 um from the periphery,
whereas the pellet average burnup remains below 80 GWd/tU?* [89,91,110-114]; HBS transformation
rapidly increases, occupying up to 40% of the pellet’s radius beyond 80 GWd/tU [115,116].

! Some discrepancies arise from the different techniques used to determine the HBS extension, depending
on whether electron probe micro-analyzer (EPMA) signal depression or microscopy-based examination
was performed.
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Fig. 33. Evolution of the HBS thickness vs. pellet average burnup.

Once the pellet average burnup exceeds 60—-65 GWd/tU, the microstructural modifications are not
restricted to the outermost fully transformed rim region, whereas transition zones and partial grain
subdivision havebeen reported by several authors [94,107,109,111,114,117-120]. However, the pellet
rim characteristics are consistent for all investigated fuels; modifications affecting the interior part of the
pellet are less exhaustively and systematically documented in terms of grain structure and porosity
quantification.

The extension of these secondary restructured or semi-restructured regions varies from study to study,
depending on specimen burnup and specific irradiation conditions; in the majority of cases, these details
are not available or are only partially publicly available. Most studies reported semi-transformed regions
showing a mixture of original grains and subdivided grains preferentially located on initial grain
boundaries [107,109,119] and open surfaces (e.g., surface of fabrication pores and fission gas bubbles)
[109,119,121,122]. Polygonization has been observed across an entire fuel cross section irradiated for 9
cycles [120]. The nature and characteristics of such sub-grains (e.g., size and misorientation) is rarely
reported, with the exception of two cases. Gerczak et al. [109] showed that at mid-radius and at the center
of a specimen, with pellet average burnup 72 GWd/tU, low angle grain boundaries are dominating within
the original grain networks. Noirot et al. [122] conducted EBSD analyses at the center of a specimen with
73 GWd/tU and showed that many subdomains with different crystal orientations had formed within the
original grains.

Grain restructuring outside the rim is not the only phenomenon drawing attention to increased
fragmentation at high burnup. Fission gas behavior plays a fundamental role, as well. Rapid over
pressurization of bubbles causes the sudden rupture of grain boundaries and leads to HBFF. An extensive
review of fission gas behavior in UO, fuel has been recently published [79], but it is outside the scope of
this section. Here, the focus is on factors that play a major role and are crucial for validation of grain




boundary rupture criteria associated with HBFF, such as bubble size and size-distribution, shape, and
initial fission gas content [123].

The exponential porosity increase due to HBS formation is a well-established characteristic of high
burnup fuel and is considered a signature of HBS development. As for the grain structure evolution,
porosity development at the center and at the intermediate radius is described mainly on a qualitative
basis. Etching of fuel cross sections revealed the formation of various dark rings corresponding to an
increased number of precipitated bubbles. Both the number and position of the rings are dependent on the
pellet burnup, as well as irradiation conditions [124].

Not only the porosity, but also the pore number, density, and shape vary across the pellet radius.
Generally, the higher the local porosity, the higher the local number density at intermediate and central
radial positions. However, extrapolation of number density is complicated by the irregular shape of pores
in these zones, limiting the applicability of stereological approaches [98]. Experimental 3D reconstruction
based on focused ion beam (FIB) techniques [100,122] has recently proved complex pore morphology at
the center of the pellet, which does not match the lenticular shape expected on grain boundaries. Studies
to date are limited and have only considered samples with average pellet burnups of 72 and 73 GWd/tU,
respectively.

Finally, bubble initial gas content in the form of initial pore pressure has been the focus of several studies.
TEM-based energy-dispersive spectroscopy (EDS) [125,126], electron probe micro-analyzer (EPMA) and
secondary ion mass spectrometry (SIMS) [127-129], or laser ablation inductively coupled plasma mass
spectrometry (LLA-ICP-MS)[116], all combined with image analysis, have been used to estimate bubble
pressures starting from measured gas content and mean bubble size. A summary of the currently available
data is shown in Fig. 34, where pressure is calculated from the reported atomic densities using Ronchi’s
equation of state (EOS) [130] at 300K In addition to the datasets, equilibrium and dislocation punching
pressures [126] are also shown. The datasets regard different types of bubbles: two studies focused on
nanometric intragranular bubbles [125,126], and others focused on HBS bubbles [91,116,127,128] or on
bubbles in the central zone of a 38.8 GWd/tHM Cr-doped fuel previously subjected to ramp testing [129].
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Fig. 34. Bubble pressure calculated with Ronchi's EOS at 300K from bubble size and atomic density
reported in various studies. In addition, the equilibrium pressure and the dislocation punching pressure are
also reported.

5.2 Implications for HBFF: Data Gaps and Open Questions

A thorough understanding of HBFF driving mechanism has been thwarted by at least two major factors.
The first factor is the lack of definitive experimental information for key material properties and
associated variation with irradiation. The second factor is the limited available information linking
pretransient irradiation conditions to microstructural formation and status.

Staicu [131] has extensively reviewed the current knowledge of thermal properties of irradiated UQO,.
Although the study of UQ, is extensive, thermal conductivity data for LWR fuel at high burnups (>60
MWd/MTU) is limited due to the inherent difficulties of working with highly irradiated nuclear fuel
[132—136]. Existing studies have often focused on the implications of HBS on thermal conductivity. UO,
thermal conductivity is dominated by phonon-phonon interactions at temperatures relevant to LWR
conditions. It is degraded by radiation effects that inhibit phonon transport such as lattice defects caused
by fission damage, porosity, and dissolved fission gas, and it is enhanced by anything that improves
phonon transport, such as metallic precipitates. All these mechanisms are microstructural features that
have distinct development pathways dependent on highly localized irradiation conditions, including
temperature; these factors are inextricably linked. Understanding how these features develop and impact
thermal conductivity can better define the mechanisms driving HBFF.

HBS provides a positive effect compared to trends describing degradation of UO, thermal diffusivity with
increased burnup [132]. However, HBS thermal diffusivity still remains below that of fresh UO,. The
recovery of thermal diffusivity is driven by the HBS'grain formation process, which returns the HBS
crystals lattice closer to the fresh condition [137]. However, the recovery of the lattice thermal transport
might be offset by the exponential increase in porosity when the HBS forms. The evolution of thermal
conductivity in HBS must be better understood, because improvement or degradation of thermal
conductivity inthe pellet periphery impacts fuel temperatures and influences many of the microstructural
features discussed in Section 5.1. A gap remains in understanding of the other UO, layers that develop in
high burnup fuel, such as the so-called dark zone and the white zone. The dark zone is thought to
contribute heavily to fine fragments in HBFF, along with the rim [138]. Understanding thermal
conductivity in these regions will provide insights to understanding mechanisms driving HBFF.

Some of the primary factors determining the susceptibility of the fuel to fragmentation are governed by
the material mechanical properties, specifically fracture stress (or strength), fracture toughness and
Young’s modulus, which is used to calculate stress intensity factors that defines driver for crack initiation.
The evolution of matrix mechanical properties of the fuel with burnup >50 GWd/tU is one area with
numerous data gaps; the greatest impact on HBFF is related to the local fracture resistance of the matrix,
in addition to the pressure exerted by the bubble. The microstructural complexities of irradiated fuel
prevent from establishing a clear relationship between the macroscopic bulk mechanical properties and
the local mechanical response at micrometric level. Hence, conventional bulk mechanical testing is
ineffective in tackling the needed information, i.e., the local mechanical properties such as grain boundary
fracture toughness, which can be substantially different from the bulk polycrystalline fracture toughness.

Only a handful of studies have been performed on irradiated UO, [139—142], mixed oxide (MOX) fuel
[143], and doped UO, [Error! Reference source not found.]. A combination of acoustic microscopy
[11,141Error! Reference source not found.] and microhardness [139], as well as dynamic
nanoindentation [142] have been used to determine a general trend indicating that Young’s modulus
decreases as burnup increases. The increased porosity associated with high burnup is certainly a factor
contributing to the Young’s modulus trend since the presence of pores reduces the load-bearing area.
However, a reduction solely driven by defect and fission product accumulation has also been shown,
providing an empirical correlation with burnup and porosity [139,141]. Much less is known about the



local fracture stress and toughness of the matrix. Initial studies designed to investigate fracture toughness
of high burnup UO, have been conducted by Spino and Matzke [140]. The results claim a toughening in
the HBS rim zone, but fracture toughness is calculated from microindentation results, which is an
unreliable methodology for this purpose [144]. More recently, Henry et al. [145,146] published the first
fracture strength and toughness results based on micro-cantilever testing. The analyses of a Cr-doped UO,
sample irradiated to 34 GWd/tU showed weaker grain boundaries on the periphery compared to interior
grains, having a fracture strength 50% lower than the average measured within the grains at different
crystallographic orientations. The non-doped sample, which was irradiated to 36 GWd/tU, exhibited a
reduction of 85% in the grain boundary strength compared to the grain interior due to the presence of
bubbles and precipitates on the grain boundaries. The material toughness seemed much less affected by
the accumulation of fission product precipitates and irradiation defects [146]. All of these studies were
performed at room temperature, so there is no knowledge of deformation mechanisms at reactor-relevant
temperatures for irradiated UQO,. Overall, there is not enough experimental evidence to establish
constitutive relationships that define the fuel mechanical response vs. irradiation damage and irradiation
temperatures.

Qualitatively, it has been pointed out that the higher the amount of bubbles, the more prone the structure
is to fine fragmentation [42,76], but the explanation is not exhaustive. Porosity, bubble size, shape, and
fission gas content data are available, albeit sparse. However, there is no unambiguous correlation
between pre-test power, microstructure formation, and fragmentation extent.

6.0 Summary

Integral LOCA experimental design and execution have identified significant differences between the
high burnup LOCA tests performed at Halden, Studsvik, and ORNL. Halden used low power (~8 kW/m)
nuclear energy to generate radial temperature profiles before transitioning to external electric heaters
during simulated LOCA transients, whereas Studsvik and ORNL used IR lamps to externally heat rodlets.
Heating rates for each test were restricted to 5 °C/sec and may not encompass the full spectrum of heating
rates calculated in commercial PWRs, resulting in larger balloons than could be expected. Discrepancies
or outliers were identified in the Studsvik LOCA tests as four rods bursting at premature temperatures and
stresses, with all rods having larger balloon and burst sizes than compaired to historical data. The
discrepancies may be correlated to the use of an axial weight being applied to the rodlet throughout the
experiment in order to preserve the naturally straight nature of the rodlet; extensive data verify rodlets’
propensity to bend as a result of cladding anisotropic creep and plasticity. Separate effects testing
identified a pellet average burnup transition between 68 and 72 GWd/tU; HBFF begins to occur and
become more prevalent above 72 GWd/tU. HBFF severity was also shown to increase with increasing
terminal temperature, and the onset of HBFF occurred at ~550°C and terminated at ~850°C. Hydrostatic
pressures and cladding restraint were shown to reduce and potentially mitigate HBFF. Microstructural
analyses have strongly correlated the presences of HBS and high FG bubble density to HBFF. Notably,
the correlations need additional data, particularly microstructural data connected to pretransient operating
conditions.

A number of major data gaps were identified. The first is related to understanding fuel rod conditions
(power, pressure, temperatures, etc.) prior to a LOCA transient. High burnup commercial fuel rods are
expected to be irradiated for a period of four to six years, and throughout the irradiation period, the fuel in
particular is subjected to temperature gradients, extensive irradiation damage, FG bubbles nucleation and
growth, and grain subdivision. Fuel rod conditions as a whole are important, as well. All of these changes
impact fuel performance throughout the LOCA and contribute to potential accident progression and
subsequent consequences. Integral and separate effects tests under prototypic LOCA conditions were also
identified as being needed. Integral experiments have not replicated the heating rates calculated for 4-loop
Westinghouse PWRs, and while conservative, they may not adequately represent reality. Results from
modeling and simulation analyses indicate that heating rates may range from ~25-35°C/sec down to ~8—
10°C/sec, whereas integral LOCA heating rates to date range from <1-5°C/sec. Additionally, LOCA



analyses indicate that terminal PCTs are significantly less than 1,000-1,200°C, whereas integral LOCA
tests have primarily focused on terminal temperatures >1,000°C. Halden has performed a few integral
LOCA tests with representative terminal temperatures and has noted significant improvements.
Determining the difference between nuclear and electrically heated integral LOCA tests was also
identified as necessary. LOCA tests have never been initiated on high burnup rodlets operating at PWR
LHRs with the appropriate LOCA thermal hydraulic boundary conditions, as these test conditions are
difficult to replicate. Identifying synergies between nuclear and electrically heated LOCA tests as they
relate to commercial PWR LOCA application would support accelerated testing, phenomenon
identification, and resolution. Finally, holistic fuel rod performance has not been fully connected to fuel
fragmentation, relocation, and dispersal severity. Conditions discussed above contribute to informing fuel
rod performance (cladding ballooning, burst opening, potential relocation, fragmentation susceptibility,
etc.). However, data to date fail to provide a comprehensive assessment—a coupled experimental and
analytical assessment—to determine the dispersal severity and subsequent consequences.
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