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ABSTRACT

The US Nuclear Regulatory Commission limits fuel enrichment to 5wt%, effectively
limiting the discharge average burnup levels to 62 GWd/MTU. There has been interest in
extending the burnup limit beyond 62 GWd/MTU and extending fuel cycles from 18 months to
24 months to improve the economics of large-scale PWRs. It has been shown that in order to
increase the cycle length and burnup levels, enrichments above 5wt% are required. Increasing
enrichment and burnup levels both present operational performance and safety questions. This
work seeks to assess the fuel performance of two fuel designs, both with increased enrichment
and implemented burnable absorbers. This work leverages a loose coupling of PARCS,
RELAP5-3D, and BISON to evaluate fuel performance during steady state operation, select
anticipated operational occurrences, and select design basis accidents. It will address if the
current Westinghouse fuel design or the proposed MIT annular fuel design are sufficient to meet
criteria described in the NRC SRP during steady state operation, control rod withdrawal

scenarios, and control rod ejection scenarios.
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CHAPTER ONE - BACKGROUND AND INTRODUCTION

Supporting background information
There has been recent interest in increasing average fuel discharge burnups and extend

the typical 18-month core operating cycle to a 24-month operating cycle in order to improvement
fuel utilization and fuel cycle economics. There are several barriers to this cycle length
extension, both from an engineering and a regulatory perspective. Current regulations limit
uranium enrichment levels to less than 5 wt%, which effectively limits peak rod-averaged burnup
to 62 GWd/MTU [1]. It has been shown that increasing to a 24-month cycle is not possible
without an increase in regulatory limits to meet all design goals and constraints as listed by the
U.S. Nuclear Regulatory Commission (US NRC) fuel Standard Review Plan (SRP) [2] [3].

Several decades of high burnup fuel testing has revealed high burnup-specific safety
concerns, such as corrosive degradation of Zircaloy cladding due to oxidation and hydride
accumulation during normal operation [4] [5], high burnup fuel fragmentation (HBFF) during
loss-of-coolant accidents (LOCA) [6] [7], and cladding failure induced by pellet cladding
mechanical interaction (PCMI) during reactivity-initiated accidents (RIA) [8], all of which are a
function of burnup level, cladding temperature, and rod internal pressure [9].

Gap closure is observed due to pellet thermal expansion and cladding creepdown [10].
During operational power ramps or sudden RIAs, the mechanical interaction between fuel pellet
and cladding begins to dominate the stress state in the cladding [11][12] [13], which could result
in the failure of cladding. Failure of high burnup fuel rods during the initial stages of RIAs and
low fuel enthalpies has been observed during RIA-simulating tests on irradiated light water
reactor (LWR)-type fuel rods [14] [15] [16] [17] [18] [19]. It was concluded the low-temperature

failure mechanism was driven by PCMI combined with cladding embrittlement [20].



Previous efforts to understand PCMI-induced failure mechanism have revealed the
correlation between the PCMI-induced failure limit and the oxide layer thickness on the surface
of the cladding[21] [22]. They introduced a factor to account for the effect of thickness of the
oxide layer on the level of embrittlement of cladding, such as stress intensity factor [22].
However, there is a limited understanding of how transient fission gas release or enthalpy rise
impacts PCMI behavior. It has been suggested that fission gas release plays a notable role in the
cladding failure during an RIA [23], and studies have that the high burnup structure of the pellet
could emphasize fission gas release [24]. It has also been suggested that the energy deposition is
proportional to the fuel dimensional change experienced, which determines the stress/strain
behavior [13]. In order to better understand contributing mechanisms to PCMI-induced failure,
there is a need for a coupled computational analysis that utilizes neutronics, thermal-hydraulics,
and thermo-mechanics.

Computational analysis for high burnup fuel during RIA transient has been highlighted in
RIA code benchmarks [25] [26] using different codes that are validated against experimental
databases from the NSRR and CABRI programs, which will be discussed later. It was concluded
that uncertainty in the cladding and coolant heat transfer and cladding loading boundary
conditions, such as the gap closure and liftoff during PCMI, were the primary drivers for
differences between the codes. Studies have also highlighted that for better prediction of fuel
behavior during an RIA, there is a need to investigate uncertainties regarding high burnup fuel
characteristics such as “fission gases distribution, fuel microstructure, clad corrosion state, and
gap conductance” [27]. Thermomechanical responses during RIA were found to be conservative
when not taking high burnup features into consideration [28] [29]. However, the prediction of

high burnup fuel behaviors has been improved by updating heat transfer parameters between



fuel, gap, and cladding [30], applying dynamic gap model [31], or refining transient FGR model
and boiling curve parameters [32]. Another approach to address the limitations is to couple the
fuel performance analysis with neutronics and/or thermal hydraulics analysis for more precise
and realistic safety analysis. Previous work using BISON provided better predictions of fuel
behavior when a more accurate input of the power histories during RIA was fed from VERA, the
core simulator [33].

Capps et al. [34] demonstrated the feasibility of coupling between BISON, RELAP5-3D,
and VERA, applicable to the analysis of high burnup fuel behavior during LOCA conditions.
This work will build on this study by simulating Control Rod Withdrawal (CRW) scenarios and
RIA scenarios using high burnup fuels at various stages of life. This work will utilize a currently
existing fuel design by Westinghouse and a proposed fuel design by MIT. This work will utilize
PARCS, a neutronics code; RELAP5-3D, a thermal-hydraulics code; and BISON, a fuel

performance code.

Questions and hypothesis
Understanding there is a need for 24-month to improve the economics of PWR’s, the

safety implications need to be addressed before moving forward in the licensing process. In order
to meet licensing standards of fuel, fuel temperature, cladding temperature, cladding strain, rod
internal pressure, cladding oxidation, cladding hydride accumulation, and fuel enthalpy need to
be addressed. As discussed, it is understood that higher enrichment is necessary to meet the
demands of 24-month cycles. Moving forward, utilities can utilize fuel designs that are already
used in the industry, or they can adopt new fuel designs that were created with the 24-month
cycle in mind. This work addresses several questions relating specifically to fuel performance in

24-month cycles.



The first question addressed is, “Is the current Westinghouse IFBA fuel design with
increased enrichment up to 6.6 wt% and burnup up to 73 GWd/MTU sufficient to meet design
requirements?” Current NRC guidance specifically addresses fuel performance for fuel
enrichments of 5 wt% 23U, which is the limiting factor in extending fuel cycle length. In this
work, the fuel enrichment levels in this design are increased up to 6.6 wt%, but it is assumed the
same fuel performance limitations apply. It is likely that some guidelines are not limiting enough
at higher burnups and will need to be adjusted in the future, but this issue is outside of the scope
of this work. Instead, general performance analyses will be performed, and conclusions will be
drawn in a conservative manner. Understanding that the release of helium as the boron layer is
depleted will result in drastic increases in plenum pressures, it is likely certain limitations, such
as the 1% cladding strain limit, will be exceeded, making the fuel design insufficient to
implement in 24-month fuel cycles

This leads to the second question, which is, “Is the MIT annular, gadolinium doped fuel
design acceptable in a 24-month cycle?” As discussed, using gadolinium as a burnable absorber
has several benefits. Gadolinium does not produce additional gas when absorbing a neutron, and
combined with another volume for gas to populate, the likelihood of excessive plenum pressures
and cladding strains is reduced. A consequence of doping fuel with a burnable absorber is
decreased thermal conductivity throughout the fuel. This will lead to higher fuel and cladding
temperatures, however it is unlikely the temperature limits given by the NRC are met or
exceeded, as they are generous.

An additional goal of this work is the gain an understanding of key factors when
evaluating high burnup fuel performance and performance of fuel with enrichments higher than

5wt%. Knowing that high burnup pins will be shuffled to the outer periphery of the core, it is



likely that burnup will not be the limiting factor when considering fuel performance. Instead, it is
possible that the higher enrichment at the early stages of life results in greater enthalpy
depositions, which will result in higher fuel and cladding temperatures, which will be
challenging to the fuel.

These questions and this goal will be addressed using a loose coupling of neutronic
(PARCS), thermal hydraulic (RELAP5-3D), and fuel performance (BISON) codes. Each code
will simulate steady state operation, an AOO event, and a DBA event. The addressed AOO event
is a control rod withdrawal (CRW) from both hot zero power and hot full power. The selected

DBA event is a control rod ejection (CRE) from both hot zero power and hot full power.



CHAPTER TWO - LITERATURE REVIEW

PNNL report on fuel performance beyond 62 GWd/MTU
In 2019, Pacific Northwest National Laboratory published a report on fuel performance

needs for extending rod average discharge burnup limits above 62 GWd/MTU for the NRC [2],
as the NRC is anticipating licensing applications for burnup extensions in LWR systems. This
report provides a summary of high burnup phenomena in fuel, gap region, and cladding as well
as potential changes to safety analysis codes and methods. The report discusses currently

available data and potential data gaps and performance concerns.

High burnup phenomena

High burnup fuel exhibits a few differences in performance beyond 62 GWd/MTU. The
report discusses changes to fission gas release in fuel that has not failed, changes to failed fuel
fission gas release, high burnup rim development, changes to thermal conductivity, changes to
the fuel melting point, thermal conductivity changes, fuel swelling during operation, fuel
swelling in spent fuel storage, and changes to the power distribution across the pellet radius [2].

Regarding the changes to fission gas release in intact fuel and failed fuel, generally, the
rate of release increases with higher burnups [2]. Generally, fission gas is released at a fraction of
1% per 10 GWd/MTU at low power and 3-4% per 10 GWd/MTU at high power [2]. However,
beyond 60 GWd/MTU, the release fraction increases exponentially, with 15% observed by 80
GWd/MTU and 22% is observed by 100 GWd/MTU. Fission gas release impacts plenum
pressure directly, which influences cladding behavior. Increased fission gas release is the
primary impact of higher burnup on the gap region, as it can contribute to the gap reopening at
high burnup. If the gap reopens, fuel temperature could increase, contributing to further fission

gas release and lower gap conductance.



The high burnup rim is characterized by “submicron grains with low angle grain
boundaries and high porosity” [2] and is developed by 40 GWd/MTU burnup. As burnup
increases, the thickness of the rim increases exponentially. The high porosity of the high burnup
rim allows this region of the fuel to hold a large amount of fission gas. In the occasion of a
design basis event, this fission gas could be released and impact cladding deformation behavior.
Additionally, during LOCA induced ballooning and burst, the submicron grain size could lead to
increased pellet fragmentation. The pellet fragmentation could lead to coolability challenges
during both LOCA and RIA events.

As a ceramic material, UO- has notably poor thermal conductivity, as the heat transfer is
facilitated by phonon heat transfer or lattice vibrations [2]. As void and interstitials develop, they
interfere with the material lattice and radiation damage creates dislocations in the lattice, limiting
heat transfer by lattice vibrations. Because the heat transfer is limited, higher fuel temperatures
are exhibited.

A decrease in thermal conductivity limits heat transfer to the coolant and leads to
increased fuel temperatures. High fuel temperatures leave less of a differential between the
temperature of the fuel and the fuel melting point. The fuel melting point decreases 1-5°C per
GWd/MTU, and this decreases the safety margin for fuel performance [2].

Increased fuel swelling is observed in normal operating and long-term dry storage as
burnup increases [2]. This is largely due to solid fission products within the fuel. Fuel swelling
increases at a linear rate with burnup and is higher at high burnups than at beginning of life. The
increase in swelling can contribute to higher rod internal pressures, which can contribute to

cladding deformation and failure behavior in severe accidents.



Increased burnup also impacts the power production profile across the radius of the fuel
pellet [2]. At the beginning of pellet life, the power is somewhat uniform with a small peak near
the surface. However, as burnup increases, the peak at the pellet edge increases due to self-
shielding and plutonium production. This pronounced peak contributes to further burnup peaking
near the edge of the pellet. High burnup on the edge of the pellet influences thermal conductivity
and can interfere with temperature profile predictions. Temperature predictions are important for
fission gas release predictions, which influence many fuel performance metrics, such as plenum
pressure and therefore cladding strain.

Fuel cladding is impacted by fast neutron fluence and long-term exposure to cooling
water [2]. Most notably, the yield stress and tensile strength of zirconium-based claddings
increase up to two times the unirradiated value. Beyond 50 GWd/MTU, the strengthening effects
saturate. Beyond this strengthening effect, irradiation does not have significant impact on
cladding creep.

When the cladding is exposed to water over a long period of time, the zirconium
chemically reacts with the water, creating zirconium oxide and free hydrogen [2]. This
effectively thins the cladding. The free hydrogen can be absorbed and precipitate into hydrides

within the cladding region, embrittling the cladding

Currently available data

The PNNL report discusses currently available data for fuel with burnups higher than 62
GWd/MTU. The report discusses “in-reactor fuel temperature tests, power ramp tests, and RIA
tests” [2]. Additionally, the report also discusses out-of-reactor analyses of “fission gas release,

cladding corrosion and hydriding, cladding mechanical properties, and LOCA tests” [2].



The in-reactor fuel temperature tests discussed were performed at the Halden reactor. The
Halden reactor was a heavy water moderated thermal reactor in Norway. The major purpose of
this reactor was to generate operational safety data to be used in the extension of fuel utilization
and to understand the degradation of core materials due to water effects and irradiation. Three
notable tests [2] from the Halden reactor were IFA-562 Rod 18, IFA-597 Rod 8 and IFA 515.10.
These tests were irradiated to 76 GWd/MTU, 71 GWd/MTU, and 80 GWd/MTU respectively.
The available data captures temperature behavior well up to 70 GWd/MTU, but there is notably
less data available between 70 and 85 GWd/MTU.

Ramp tests provide insight into cladding strain caused by a rapid increase in power. In
these tests, fabricated fuel segments were irradiated to a specified burnup level and then the
segments were exposed to substantial power increases. Ramp tests that provide data relevant to
high burnups were the B&W Studsvik power ramps and the SCIP-1 Ramp tests. These tests were
performed at 62 GWd/MTU and 72 GWd/MTU, respectively. At the time of this report, there
was substantial power ramp data up to 72 GWd/MTU, but no data beyond 72 GWd/MTU [2].

RIA tests were completed at the CABRI reactor and the Nuclear Safety Research Reactor
(NSRR). The CABRI reactor is a pressurized water loop capable of replicating power pulse
conditions to help understand fuel behavior during fast transients. The NSRR is a TRIGA-type
reactor that is also capable of replicating power pulses. The experiments performed at CABRI
and NSRR supplement data sufficiently up to 80 GWd/MTU and provide enough data to assess
failure limits associated with high burnup levels.

Fission gas release data is collected out-of-reactor, post irradiation. Generally, low power
rods exhibit low fission gas release while high power rods exhibit higher fission gas release. in

fission gas release data collection, it is desirable to evaluate high power rods with release



fractions, as this will drive rod internal pressure. There is a significant amount of data available
for burnups of up to 70 GWd/MTU, but there is a limited amount of data between 70GWd/MTU
and 100 GWd/MTU [2].

Regarding cladding corrosion and hydriding, there is very limited data available in the
public domain. The PNNL report recommends that experimental data and model calculations to
rationalize and defend high burnup are included in applications. However, regarding cladding
mechanical properties, there is sufficient data available up to 72 GWd/MTU. There is limited
data relevant to mechanical behavior between 72 GWd/MTU and 85 GWd/MTU. If an applicant
uses a proprietary design, this report recommends they should provide proprietary high burnup
data that supports the licensing of high burnup fuel [2].

Integral LOCA tests have demonstrated there is some pellet fragmentation and relocation
from rods that have burst above 60 GWd/MTU, but a significantly greater amount at burnup
levels of 80 GWd/MTU. This could challenge radiological release and coolability limits for both

LOCA scenarios and RIA scenarios [2].

Data gaps and performance concerns

The PNNL report concludes that there are many areas that will necessitate more data and that
there are a number of performance concerns. The primary performance concerns are oxidation
and hydriding of the cladding, stress and strain limits, fission gas release and rod internal
pressure, LOCA post quench ductility, RIA cladding failure, fuel fragmentation, and spent fuel
storage and transportation. To help confirm that current regulatory limits are sufficient or to
better inform new regulatory limits for high burnup fuels, data should be generated up to 85

GWd/MTU in the areas described below [2]:
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e Fuel centerline temperature data between 70 GWd/MTU and 85 GWd/MTU
e Power ramp data above 72 GWd/MTU

e Fission gas release data beyond 70 GWd/MTU

e Cladding corrosion and hydriding behavior data beyond 70 GWd/MTU

e Cladding mechanical behavior beyond 72 GWd/MTU

The work described in this thesis utilizes BISON, which is validated the available experimental
studies for high burnup, including the Halden reactor experiments, the CABRI tests, and the
NSRR tests. The work will show a current understanding of PWR fuel behavior at high burnups

using the available data.

Burnable absorbers
As mentioned, it is not possible to extend the length of the fuel cycle to 24 months

without also increasing the fuel enrichment. However, this leads to additional excess reactivity
during the early stages of life of the fuel. This creates a need to suppress this reactivity to limit
power peaking in the core. Control rods can be used to suppress reactivity, but inserting control
rods deep into the core can cause further non-uniformity. Instead, burnable absorbers can be used
to absorb excess neutrons and thus suppress excess reactivity and extend fuel cycles [35].
Burnable absorbers are materials that are non-fissile but have a large neutron absorption
cross section [36]. As they absorb excess neutrons, the abundance of burnable absorbers
decreases. As the abundance decreases, so does the impact of the burnable absorber. Common
burnable absorbers include lithium, boron, silver, cadmium, indium, samarium, europium,

gadolinium, dysprosium, erbium, lutetium, hafnium, and indium.
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Soluble neutron absorbers are routinely used in the primary coolant loop of commercial
PWRs, creating a uniform negative reactivity throughout the core. The use of soluble absorbers
is restricted because they degrade the void coefficient of reactivity of the moderator. To
supplement them and to localize neutron absorption, absorbers are integrated into LWR fuel
assemblies.

Examples of non-fueled rodlet designs are the “Westinghouse Wet Annular Burnable
Absorber (WABA) and the Borosilicate Glass (BSG) burnable absorber” [37]. The WABA rod
is an annular rod that encases the burnable absorber between two zircaloy tubes. The BSG rod is
similar, but instead of zircaloy tubes, it uses stainless steel.

There are three ways burnable absorbers can be introduced to fuel rods. The first is to
incorporate the burnable absorber homogenously throughout the fuel pellet, the second is to add
a layer of burnable absorber on the surface of the fuel pellet, and the third way is to combine the
first two. Traditionally, because boron is the most commonly used burnable absorber, the release
of helium from the ¥°B(n,a)’Li reaction needs to be considered. This accumulation of boron
within the fuel leads to a reduction of the thermal conductivity of the fuel, increased fuel
temperature, and an acceleration of fission gas release. Therefore, boron is only used in the
second method of incorporation, where a thin layer is applied on the surface of the fuel rod [38].

Westinghouse developed a type of fuel known as Integral Fuel Burnable Absorber
(IFBA) fuel. In this design, a thin layer of boron is sprayed onto the fuel pellets during
production before the pellets are encased in cladding [37]. This layer can vary in thickness
between 1 and 5 um and the enrichment of 1°B can vary as well. As mentioned, a consequence of
the 1°B(n,0))’Li reaction is the release of helium, but in this design it is released into the gap and

plenum region instead of the fuel matrix. The release of helium contributes to excessive plenum
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pressures, which may affect cladding performance and the ability of the fuel to meet safety
criteria later in its life. To account for this increase in plenum pressure throughout the fuel
lifetime, the initial plenum pressure is decreased from typical rod fill pressures to 0.7 MPa
instead of the typical 1.26 MPa. Additionally, because the boron is only a thin layer on the outer
surface of the fuel, it depletes quickly, typically within the first 30 MWd/kgU of burnup.

To avoid the increase of rod internal pressure, the first method of incorporating burnable
absorbers into fuels should again be considered, but with an isotope that does not release a gas.
The use of gadolinium resolves the issue of gas accumulation as the absorption of a neutron
simply produces a heavier form of gadolinium, while still being a strong neutron absorber.
Additionally, because it is mixed homogenously throughout the fuel pellet, it depletes throughout
the lifetime of the fuel. The addition of gadolinium does, however, lower the thermal
conductivity of the fuel, which can result in high centerline temperatures throughout the fuel
region and a reduction in heat removal to the coolant, making the overall system slightly less
efficient [39]. Historically, gadolinium has been incorporated of levels of up to 8 wt%.

Work is currently being performed to study the effects of adopting a higher enrichment,
annular fuel design that incorporates gadolinium as a burnable absorber at Massachusetts
Institute of Technology to meet the performance needs of high burnup fuel. The use of annular
fuel helps address issues with fission gas release and therefore plenum pressure. The addition of
a central fill gas region provides an additional surface for fission gas release. However, the
central region of the fuel is the area of highest temperatures, making it the region of highest
fission gas diffusion rates. In this design, the center annular region is optimized to minimize

fission gas release.
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NRC licensing process
In order for a nuclear power plant to operate, a license from the NRC is required. The

NRC uses two licensing processes that are applicable in different scenarios [40]. The first
licensing process is outlined in Title 10 Of The Code Of Federal Regulations Part 50 (10 CFR
50) and is a two-step process. The first part of 10 CFR 50 is the construction permit. The
construction permit contains preliminary safety analyses, an environmental review, financial
statements, and an assessment of the need and demand of the plant. If it is determined that the
construction permit application contains all necessary information, the NRC publishes a “notice
of receipt.” At this point, the NRC acknowledges the application to be complete and begins the
review process. This includes a thorough review of the site safety characteristics and emergency
planning, and which is included in a safety evaluation report [40].

While in review, the NRC hosts public meetings near the proposed site of the power
plant. The purpose of these meeting is to support public participation in the licensing process,
provide an opportunity for the public to become familiar with the “safety and environmental
impacts of the design” [40], and provide a platform for the public to provide feedback.
Independent of the NRC, the Advisory Committee on Reactor Safeguards (ACRS) reviews each
construction permit application and the safety evaluation associated with the application. This is
also hosted in a public meeting and reported back to the NRC. Another public meeting is held by
an Atomic Safety and Licensing Board, which is composed of a lawyer and two qualified
experts, during which public members may submit statements, either oral or written, to be
included in the hearing record.

During this time, the NRC conducts an environmental review. This review discusses
positive and negative impacts of building the plant. This review feeds into the draft

environmental impact statement, which is issued to the public and government agencies. After
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any comments are collected, the NRC issues a Final Environmental Impact Statement (FEIS) to
address them [40]. Assuming all requirements are met during this phase, a construction license is
granted.

During the construction of the plant, operation plans are developed, and the applicant
applies for an operating license from the NRC. This application is the second part of 10 CFR 50.
The applicant includes a final safety analysis report (FSAR) and an updated environmental safety
report within this application. The FSAR describes the power plant’s “final design, operational
limits, anticipated response of the plant to postulated accidents, and emergency response plans”
[40]. The NRC, along with the Federal Emergency Management Agency, reviews the FSAR and
determines whether or not the plans are adequate. The ACRS reviews the operating license
application and FSAR in a public meeting. After review, if all requirements are met, an operating
license is granted.

10 CFR 52 is considered a combined licensing process. In this process, the operating
license is granted as part of the preliminary design certification and/or the Early Site Permit
(ESP). The ESP licenses a site without committing to the construction of a plant or a specific
design. It is composed of four major requirements: the site safety analysis report, the
environmental report, the site redress plan, and a major features emergency plan. The ESP is
valid for 20 years, with the opportunity to renew beyond 20 years.

The design certification is a way for the NRC to review and approve a design for a
substantial portion of a nuclear power plant and incorporate the design into regulations while the
final details are finalized.

Compared to other methods, the design certification is subject to more restrictive change

processes. In the design control document, two “tiers” must be complete. The first tier is the part
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of the design the NRC certifies and includes the “Inspections, Tests, Analyses, and Acceptance
Criteria (ITAAC), site parameters, and interface requirements” [40]. The second tier, which is
only changeable with NRC approval, is design-supporting information used in the NRC review.
When the design is heavily dependent on changing technology and procurement information, the
Design Acceptance Criteria (DAC). This is applicable to things such as piping, digital controls,
and human factors.

The use of a combined license provides a single licensing action for both the construction
and operating license, thus saving a significant amount of time in the overall process. It needs to
demonstrate that the total design falls within ESP or design certification defined parameters and
have a description of the site-specific probabilistic risk assessment and technical specifications.
Additionally, the ITAAC must be defined, which is the largest tradeoff for the single-licensing
action. As discussed earlier, the ITAAC verifies the plant will be constructed and operated in
correspondingly with the design the NRC approved.

This work uses two core designs for Southern Nuclear’s VVogtle Electric Generating Plant
(VEGP) units 1 and 2. VEGP units 1 and 2 are Westinghouse 4-loop reactors with 1229 MWe
gross capacity. Construction began in 1976 and were commissioned in 1987 and 1989,
respectively. In order to obtain an operation license, Southern Nuclear submitted an FSAR in
accordance with NUREG-0800, SRP. The SRP provides guidance to the NRC for reviewing
safety reviews, such as the Preliminary Safety Analysis Report (PSAR) and FSAR, when
considering construction permit applications and operating license applications.

The SRP [3] serves two main purposes. The first is to assure consistency of staff safety

reviews. Secondly, it makes information available in order to improve communication between
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the NRC, public, and industry. These purposes improve understanding of the NRC’s review
process. There are 19 chapters in the SRP, each discussing a specific scope of review.

Chapter 4 section 2 of the SRP discusses the fuel system design [3]. The analyses in this
section evaluate the fuel system thermal, mechanical, and materials design during normal
operation, transient scenarios, and accident scenarios. The areas of review confirm a few things.
First, it confirms fuel damage does not occur during normal operation or in Anticipated
Operational Occurrences (AOOs). Additionally, it assures the fuel damage that could occur in
more severe scenarios does not prevent control rods from being inserted, the number of fuel rod
failures is properly estimated, and coolability is maintained.

To meet these guidelines, the NRC has developed a set of acceptance criteria. Generally,
during normal operation, stress limits for components should be provided, the number of strain
fatigue cycles on the structural components should be notably less than the design lifetime, and
fretting wear, oxidation and hydriding (crud), dimensional changes to fuel components should be
limited. Otherwise, plenum pressure should remain below the system operational pressure during
steady state operation and AOOs, evaluation of the effects of worst-case hydraulic conditions
during steady state operation and AOQs should be performed on the fuel system, and control rod
insertability and reactivity must be maintained [3].

It should be noted that there are exceptions described to some of these criteria. Pertinent
to this work, the criteria describing rod internal pressure states that it should remain below the
system operation pressure or “another limit that is properly justified” in the safety analysis

reports. The following requirements describe a minimum criterion for a different limit [3]:

1. Itis shown that cladding liftoff should not occur during normal operation
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2. Itis shown that cladding hydrides should not reorient in the radial direction
3. A “description of failures due to departure of nucleate boiling (DNB) resulting from

excess fuel rod pressure” is provided [3]

SRP also describes acceptance criteria for fuel rod failure. This section states that it must
be ensured that fuel does not fail during normal operation or AOOs. Fuel rod failure is
permissible in accident scenarios, but this failure must be accounted for in the radiological
release analysis. It is noted that it is impossible to prevent all fuel failures during steady state
operation. Therefore, it should be demonstrated that systems are in place to accommodate for
small leaks [3].

In the acceptance criteria for fuel rod failure, the SRP describes what should be addressed
in the safety analysis, listing possible failure modes of fuel. In total, there are eight modes
described: “hydriding, cladding collapse, cladding overheating, fuel overheating, excessive fuel
enthalpy, pellet-cladding interaction, cladding bursting, and mechanical fracturing” [3].

Hydriding is a result of moisture within the zirconium alloy component and can happen
internally or externally. In 1989, internal hydriding was cited as a persistent cause of cladding
failures, resulting from small defects [41]. Work shows that the significant factors affecting
internal hydriding were the “defect hole size, internal and external sources of hydrogen, zircaloy
surface properties, nickel alloy contamination of Zircaloy, heat flux and fluence” [41]. In order
to prevent internal hydriding and address these factors, the SRP requires that fuel and cladding
are manufactured to have no more than 20ug/g (20 ppm) moisture. External hydriding is a result
of the waterside corrosion of the zirconium alloy and is not prevented. It is only limited by the

initial moisture content and the limitation of defects.
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Cladding collapse is a result of fuel densification, which leaves a gap between the
cladding and fuel. If the cladding collapses into the gap, it is assumed to fail due to high local
strains. Failure of the fuel due to overheating of the cladding is assumed to not occur if thermal
margin criteria, described in the thermal and hydraulic design portion of the SRP, are met.

Excessive fuel enthalpy refers to the energy suddenly increasing during a RIA, which
could lead to PCMI. Due to the rapid energy deposition during an RIA, the fuel rapidly increases
in temperature, resulting in thermal expansion. This can result in PCMI, which refers to the
mechanical interaction of the expanded fuel pellet and the inner surface of the cladding. This can
deform the cladding to the point of rupture [42]. High burnup fuel PCMI during RIAs is
documented from experiments conducted at NSRR [43]. This work showed a reduction in the
failure threshold for enthalpy increases. In fuel that was below 42 MWd/kgU burnup, fuel
integrity was demonstrated up to 453 J/g enthalpy, but in fuel of 50 MWd/kgU burnup, fuel
failed below the failure threshold described in Japanese safety guidelines (456 J/g). When
analyzing fuel of high burnup, it is important to note that because of the reduction in failure
threshold, more conservative estimates should be made.

There are two different types of pellet/cladding interaction. PCMI is primarily a stress
driven phenomena that is a result of volumetric expansion of the fuel against the inner surface of
the cladding. Pellet-Cladding Interaction (PCI) can be caused by cracking of the cladding as a
result of fission product embrittlement. These two phenomena are similar and are addressed in
the same manner in the documentation [3]. There is currently no criterion for pellet/cladding
interaction induced failure, but there are general guidelines described in the SRP. The first is that

cladding strain should not exceed 1%. The second guideline is that fuel melting should be
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avoided. This is due to the large volume increase that is associated with fuel melt, which could
exert additional stress on the cladding.

Bursting refers to the swelling and rupture of fuel cladding due to excessive heat in the
cladding and the pressure differential between the fuel rod and coolant pressure. NUREG-0630
describes an acceptable rupture-temperature vs. differential-pressure curve.

Mechanical fracture is caused by a force on the external surface of the cladding, such as
hydraulic load or core-plate motion. If stress applied to the cladding is no greater than 90% of the
irradiated yield stress, it is assumed integrity is maintained. If the applicant chooses to use a
different limit, it should be justified.

The last area of design bases described in the SRP fuel system design section is a
description of fuel coolability. Fuel coolability is only applicable in postulated accident scenarios
and should be covered in chapter 15 of the PSAR/FSAR. Traditionally, fuel is considered of
coolable geometry if the assembly retains rod-bundle geometry, i.e., the cladding does not fail to
the point of disrupting the bundle, with sufficient coolant channels in order to remove residual
heat from a postulated accident. A reduction in coolability can be caused by a number of
instances including expulsion of fuel, cladding embrittlement, structural deformation, cladding
melting, and fuel rod ballooning.

The four aspects that should be addressed for complete criteria are expulsion of fuel,
cladding embrittlement, fuel rod ballooning, generalized cladding melting, and structural
deformation [3]. The cladding embrittlement limitations are that the maximum cladding
temperature experienced must remain below 2200°F, or 1477.6 K, and that the oxidation remains
below 17%. Violent expulsion of fuel can occur in severe RIAs and is a result of mechanical

interaction. The mechanical action should be address and there are several mechanisms that can

20



lead to mechanical failure that are described in the fuel failure section. Generalized cladding melt
can cause a loss in rod-bundle geometry. Understanding that the cladding melting temperature is
higher than 1477.6 K, it does not need to be addressed specifically, as the cladding embrittlement
criteria are more conservative. When addressing fuel rod ballooning, Regulatory Guide 1.157
describes applicable methods that can realistically calculate ballooning behavior during a LOCA.
Because this thesis work focuses on reactivity-initiated events, fuel rod ballooning is not heavily
discussed. In non-LOCA accidents, fuel rod ballooning can be a result of rod internal pressure
exceeding system pressure, which is discussed in the fuel failure section. Structural deformation
can be addressed by a number of analytical procedures that are listed in appendix A of the SRP.
The SRP also includes an interim acceptance criteria and guidance for RIAs in Appendix
B [3]. This section simplifies the earlier sections, specifically for reactivity-initiated events
Regarding fuel cladding failure, Appendix B recommends fuel rods with an internal rod pressure
equal to or lower than the system pressure have a peak radial average fuel enthalpy limit of 170
cal/g at hot zero power. For rods with plenum pressures exceeding the system pressure, the limit
is 150 cal/g. At power levels between 5% and 100% rated thermal power conditions, cladding is
assumed to fail if “local heat flux exceeds thermal design limits” [2]. The core coolability criteria
are reduced to a maximum radial average fuel enthalpy limit of 230 cal/g, a maximum fuel
temperature limit of melting conditions, an addressing of mechanical energy generated, and a
requirement of no loss of coolable geometry. In this interim guidance, the NRC staff developed a

correlation between the increase in fuel enthalpy and fission gas release,

Transient FGR = [(0.2286 * AH) — 7.1419
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Where:

FGR = Fission gas release,%,> 0

Acal
AH = Increase in fuel enthalpy, 7

High burnup experiments and BISON validation
BISON was developed using fundamental behaviors and relationships developed from

experimental data. For each experiment BISON is validated against, there is a data set and input
deck associated with the test. BISON is frequently modified and updated, so this set of BISON
inputs is run on a daily basis to assure the results calculated by BISON and the experimental
results are in acceptable agreement.

There is an extensive list of experiments BISON is validated against. All information in this
section of this review is from the BISON documentation in [45]. The most relevant validation
cases for this work are the high burnup cases, which include:

o |IFA-562.2 tests

o [FA-597.3 tests

e RIACABRIREP Na2345and 10 tests

IFA-562

The IFA-562.2 tests were part of the Ultra High Burnup program, and the goal was to
provide temperature data throughout the fuel pin’s life. The rods used in these tests were annular
rods enriched to 13wt% U-235 and were irradiated for 2.68 years to obtain an average burnup

level of 50 GWd/MTU. For each analyzed pin, the experimental temperature results and the
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results predicted by BISON agree very well. For rod 15 and rod 16, the predicted results were
within 3% and 2% of the measured result, on average, respectively. One note is that BISON

generally overpredicted the fuel centerline temperature at higher temperatures and burnups. In
rod 17, the results are in even better agreement with the predicted results being within 1.5% of

the measured results. In all three cases, there were root mean squared error values close to 1 [45].

IFA-597.3

The IFA-597.3 test validations use results from two rods. The rod 8 test was first
conducted at the Halden reactor and used a Ringhals boiling water reactor rod that was
refabricated for the experiment [45]. Rod 7 was based on rod 8, and the two rods and tests were
very similar. The main difference between rod 7 and rod 8 is that rod 7 was instrumented with an
elongation detector. The tests on the rods were conducted at similar powers, but the 2 kW/m
difference is somewhat significant as the maximum power was only 30 kwW/m. The goal of these
experiments was to understand fuel temperature, cladding elongation, and fission gas release at
higher burnups.

For the fuel temperature predictions, there is reasonable agreement between the measured
values and the BISON predicted values. The available comparison for this validation does not
provide a specific average relative error or root mean squared error, but it does demonstrate that
all values are within 10% relative error, which is acceptable per the study [45]. Regarding fission
gas release, BISON is shown to underpredict the total amount at the end of irradiation and power
ramps. BISON predicts cladding elongation for both glued and frictionless simulations and the

experimental results lie between the results of those simulations.
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RIA CABRI REP Na 2, 3, 4, 5, and 10 tests

The CABRI RIA tests were a set of tests to provide understanding of fuel behavior during
RIAs. All four tests were performed using 17x17 UO- type fuel with Zy-4 cladding. The test
vary in fuel enrichment and maximum burnup. REP Na 3, 4, 5, and 10 each have initial
enrichments of 4.5% and maximum burnup levels of 53.8 GWd/MTU,64 GWd/MTU, 64,
GWdA/MTU, and 63 GWd/MTU, respectively. However, the REP Na-2 test was performed using
an enrichment level of 6.85% and a maximum burnup level of only 33 GWd/MTU. This higher
enrichment and lower burnup results in a greater energy deposition compared to the other three
tests. The REP Na 2 test experienced an energy deposition of 207 cal/g, while the lower
enrichment, higher burnup cases experienced energy depositions between 95 cal/g and 122.2
cal/g.

The experimental results of the CABRI tests are limited without membership to the
CABRI International Program, so the simulations of these tests are validated against FALCON
results obtained from EPRI reports and the available experimental results. For REP Na-2, there is
reasonable temperature results agreement with all results being within 10% of available
FALCON and experimental results. However, the mechanical behavior comparisons vary much
more significantly. When compared to the FALCON and experimental results, BISON
underpredicts hoop strain and cladding displacement, but over predicts fission gas release. The
BISON team attributes the difference in mechanical behavior to the implementation of the
frictionless contact model and acknowledges further development of the non-frictionless model
is valuable. Transient and high burnup fission gas release models have since been developed in

BISON and better predict fission gas release behavior Similar behavior is observed in REP Na-3,
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-4, -5, and -10 where temperature behavior is reasonably predicted but mechanical behavior has

significant variation.

BISON validation takeaways

The primary takeaways from the BISON validation work are that for normal operation,
BISON does an adequate level of predicting temperature and mechanical behavior; however,
during an RIA simulation, while BISON predicts temperature behavior well, it does not predict
mechanical behavior as effectively. With this understanding, it is necessary to draw more
conservative conclusions when interpreting mechanical behavior results from the simulations in

this thesis.
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CHAPTER THREE - METHODOLOGY
Capps et al. [34] demonstrated the feasibility of coupling between BISON, Reactor
Excursion and Leak Analysis Program—Three Dimensional (RELAP5-3D), and VERA as the
analyses tools for high burnup fuel behavior during LOCA conditions. Building on this study,
this work seeks to employ a loose coupling of PARCS, RELAP5-3D, and BISON to answer the
questions posed. This work is a piece of a larger project, which seeks to address the safety-
implications of 24-month cycles using high burnup fuel. The project is a multi-institutional effort

with several individuals focusing on various pieces.

PARCS
PARCS is a deterministic 3D spatial kinetics core simulator code used to predict system

and local response to normal operation and transient conditions. PARCS is especially suited for
analyzing RIAs for which core flux distribution and key safety-related peaking factors may vary
significantly. Additionally, it provides the ability to reconstruct pin power information to
perform pin-wise evaluations of limiting factors for safety analysis purposes. Because of these
advantages, the NRC uses PARCS for neutronics analyses of proposed reactor designs. These
advantages also make PARCS an effective tool for safety analyses in the evaluation of RIAs and
can be used in this work. The Polaris lattice physics code [35] was used in this study to conduct
deterministic transport and fuel depletion calculations for generating the few-group cross

sections needed for PARCS.

RELAP5-3D

The thermal hydraulic responses of HBU fuel rods were analyzed using RELAP5-3D for
the transient conditions. The RELAP5-3D code was developed at Idaho National Laboratory

(INL) [44] and is a deterministic system code with the multidimensional capability to model
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operational transients and postulated accidents in reactor systems. RELAP5-3D employs a
partially implicit numerical scheme to solve partial differential equations for mass, momentum,
and energy for two-phase systems. Several generic component models are included in the code,
such as pumps, valves, pipes, heat structures, separators, pressurizers, and control system
components. RELAP5-3D can also account for the special phenomena—such as form loss and
boiling heat transfer—using user-input variables. Figure 1 illustrates the nodalization scheme of
a four-loop Westinghouse PWR that consists of four fuel pins and a core-average region built in
RELAP5-3D. Each pin represents specific HBU fuel pins at various locations in the core
obtained from PARCS simulations. Previous work performed in Capps et al. [34] demonstrated
the capability of steady-state analysis for the four-loop Westinghouse PWR using a one-pin
model, with one heat structure representing the pin of interest and the other heat structure
representing the rest of the core. This paper extends it to a four-pin model to analyze the thermal-

hydraulic responses of four different HBU fuel pins during transient conditions.

BISON

BISON is a nuclear fuel performance code developed and maintained by INL and uses a
finite-element solve method [45]. BISON solves systems of partial differential equations to
evaluate fuel t thermal properties, fission gas production, thermal and irradiation creep, swelling,
and fracture. Models are implemented to evaluate plasticity, irradiation growth, thermal and
irradiation creep, gap heat transfer, thermal and mechanical contact, plenum pressure and

volume, and gap gas temperature.

During steady state operation, the zircaloy cladding oxidizes by undergoing a chemical

reaction with the water coolant [46], as shown in equation 1.
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Figure 1. RELAP5-3D PWR model nodalization adapted from [34].
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Zr + 2H,0 - Zr0, + 2H, (1)

The oxidation model employed calculates the oxide layer development at both operating and
high temperatures. At normal operating temperatures, oxidation is calculated by considering the
pretransition oxidation process and the post-transition oxidation process. The pretransition period

oxidation rate follows a cubic time dependence given by

ds3 Q
ar C, exp (_ R_;I) Jfor S < Strans, 2)

and the post-oxidation rate follows a linear time dependence given by
Q
ac C; exp (_ R_;I) ,for S > Sirans, 3)

where “S is the oxide thickness, T is the metal-oxide interface temperature, Cs is the rate
constant for pretransition oxidation, Q1 is the activation energy for pretransition oxidation, C> is
the rate constant for post-transition oxidation, Q: is the activation energy for post-transition
oxidation, R is the universal gas constant, and Strans iS the transition oxide thickness” [45]. The
transition thickness is the thickness where the oxidation rate stops following a cubic time
dependence and begins following a linear time dependence, which is typically approximately 2
um [47]. The metal-oxide interface temperature is the temperature between the developed oxide
layer and the unaffected Zircaloy and is found using the coolant temperature (Tco), the thermal
conductivity of zirconium oxide (Kox), the oxide thickness (S), and the heat flux (q"). The

relationship is given by equation 3.
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T, =T, + L2, 3)

kOX

A byproduct of the oxidation is excess hydrogen, which can diffuse into the
cladding. Because hydrogen solubility in zircaloy is low, the zircaloy matrix can become
supersaturated with hydrogen. If this occurs, the hydrogen can embrittle the cladding. In the
event of a transient, the embrittled cladding can fail, leading to the release of fission products
into the coolant system [48]. A model was developed and implemented into the fuel performance
code, BISON, which can help assess the hydrogen content of fuel cladding throughout operation.
The model utilizes hydrogen flux, hydride precipitation and dissolution, and precipitation
kinetics models to predict the hydrogen content and hydrogen as hydride contents of cladding
[49].

The hydrogen flux can be described by Fick’s diffusion and the Soret effect. Fick’s
diffusion describes the flux as a function of the concentration gradient, and the Soret effect
describes the flux as a function of the temperature gradient. The total hydrogen flux is the sum of
these two primary effects, which are dependent on diffusion coefficients that are dependent on the
material, hydrogen concentration, temperature, and the heat of transport. These relationships are

described by:

DCssQ”
RT?

Jtot = Jrick t Jsoret = —DVCss — VT (4)

D is the mentioned diffusion coefficient, which is dependent on the activation energy of hydrogen
diffusion in Zircaloy and temperature and can be described by equation 5, where Ap and Ep are

constants defined in the Bison model as 7.9e-7 m?/s and 4.49e4 J/mole respectively [49].
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D = Apexp (— E—D) (5)

RT

The precipitation and dissolution relationships are proportional to the concentration of hydrogen

and are dependent on temperature. They are different due to the presence of the hysteresis region.

TSSP [wt.ppm] = 138746.0 exp (- 2222) ©)
TSSD [wt.ppm] = 106446.7 exp (_ 4—328.67) -

When considering transient behavior, the precipitation rate is considered. The precipitation rate,
S, is implemented using the Marino model, where a is a kinetics parameter that describes the
temperature dependence [49].

S = a?(Css — TSSP) (8)

4.12%10* Ll]

a == 62.3 [s_% ] exp <— T’”") 9)

The Bison model also considers the change in the hydrogen concentration as described by equation
10. 0 describes the volume fraction of hydrogen in the o phase and ® describes the volume fraction

of hydrides compared to total hydrogen [49].

56Css

5t = _V'Hjtot_es (10)

8% _ MzrHiec OS
5t My 1.66

(11)

The volume fraction can be artificially reduced by the user by using the clamping factor, @. The

clamping factor limits the maximum volume fraction of hydrides permitted [49].

g=1-—2

(12)

f clamp

31



CHAPTER FOUR - RESULTS

IFBA Core
IFBA Steady State

The pins selected capture the highest burnup in the center of the core, highest burnup on
the edge of the core, average power, peak power, maximum temperature during the transient, and
maximum temperature increase throughout the transient based on the PARCS calculations. The
pins considered for analysis are summarized in Table 1. The pins are labelled in column 1 as the
assembly location in the core and the [x,y] location within the assembly. The HBU pins could be
limiting due to cladding embrittlement and therefore have a higher likelihood of cladding failure.
Peak power, maximum temperature during the transient, and maximum temperature increase
throughout the transient could be limiting due to the higher likelihood of fuel melting. In total,
nine scenarios were considered.

PARCS provided the fuel linear heat rate (LHR) history, shown in Figure 2, and fuel
axial peaking factors for all pins of interest. Histories for coolant pressure and coolant
temperature were developed using operational constants. Coolant pressure was defined as 15.5
MPa at full power and 0.1 MPa (atmospheric pressure) during fuel shuffling periods. Coolant
temperature was defined as 565 K at full power and 293 K (room temperature) during fuel
shuffling periods. The fuel performance parameters of interest when evaluating coolability are
fuel and cladding temperature, plenum pressure, and hoop strain. The main driver for fuel
thermal response is pin power, which was determined by the LHR and the axial peaking factor.
For this reason, the pin with the highest power was analyzed to capture the results of the most
strenuous conditions during steady-state operation. The highest pin power corresponds to pin
B10-16-5. Pin A11-1-1 was determined to have the highest end-of-steady-state burnup over the

core and was analyzed to capture the relationship between burnup and fuel performance.
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Table 1. Pins considered for detailed thermomechanical analysis.

Assembly [Pin x, Pin Parameter Case Number of
y] cycles
H09 [5,4] HBU (center) All 2
Al1l[1,1] HBU (edge) All 3
Peak power, max temperature, max HZP
H08 [11.4] temperature rise EOC 1
HFP 1
B10 [16,5] Average power EOC
HFP 1
HO08 [10,9] Max temperature EOC
HFP 1
G09 [13,14] Max power EOC
. HFP 1
C09[14,13] Max temperature rise EOC
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Figure 3 shows the increases and decreases in fuel temperature that correspond to
increases and decreases in LHR. Both pins experienced similar behavior during their respective
first fuel cycles. The maximum fuel temperature in B10-16-5 is higher than the maximum fuel
temperature in A11-1-1 due to a higher LHR, with maximum fuel temperatures of 1389 K and
1326 K respectively. Throughout the life of the fuel, heat transfer properties through the gap
region and in the outer region of the fuel degrade because of HBU structure development, which
is relevant during the second and third fuel cycles for pin A11-1-1. This degradation causes fuel
temperatures to remain relatively constant during the second fuel cycle when the LHR decreases.
The centerline temperature decreases by approximately 200 K in the third cycle. The maximum
cladding temperature is maintained between 610 K 640 K for both pins during steady state
operation.

Plenum pressure (Figure 4) increases with burnup due to solid fission product
accumulation and fuel thermal expansion, which leads to pellet-cladding gap closure and
decreases the total plenum and gap volume and further increases plenum pressure. During the
first approximately 20 GWd/MTU of burnup, the layer of boron in the gap region is burned,
releasing helium and lithium into the gap region. This causes a rapid initial increase in plenum
pressure, which then slows after the boron has been depleted. Hoop strain (Figure 5) initially
decreases because of cladding creepdown in the first fuel cycle. Pin B10-16-5 begins to
experience and increase in hoop strain during its first fuel cycle due to the higher temperatures
observed in the fuel, leading to quicker thermal expansion compared to A11-1-1. During the first
fuel shuffle sequence, compressive hoop strain is observed, which results in a decrease in
temperature. During the second and third fuel cycles during which the gap region is closed,

expansive hoop strain is observed and increases as the fuel radially expands.
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Figure 2. LHR history for all pins of interest.
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Figure 5. Pin A11-1-1 and pin B10-16-5 cladding hoop strain throughout steady-state operation.
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IFBA CRW

Chapter 15 of the Vogtle Electric Generating Plant Final Safety Analysis Report (FSAR)
[50] outlines the analyses of a plant’s response to postulated safety-related events, including a
CRW. Two transients discussed are an “uncontrolled rod cluster control assembly (RCCA) bank
withdrawal from subcritical or low-power startup condition” (Figure 6a) and an “uncontrolled
RCCA bank withdrawal at power” (Figure 6b) [50]. Throughout the remainder of this work, the
former scenario is described as a hot zero power (HZP) CRW, and the latter is described as a hot
full-power (HFP) CRW. CRWs are AOQs, and because they are assumed to occur during the
lifetime of the plant, stricter safety criteria must be met. In AOOs, fuel must be able to return to
normal operation. For fuel to return to normal operation, it must be structurally intact with
limited damage.

During the CRW transients, the relevant fuel parameters are fuel and cladding
temperature, fuel and cladding deformation, and radial enthalpy. PARCS provided the transient
fuel LHR behavior, shown in Figure 7, and fuel axial peaking factors for each pin of interest
during both scenarios to RELAP5-3D. RELAP5-3D provided the coolant boundary conditions,
temperature, and pressure to BISON, along with the power profile from PARCS. For transient
analysis, the pins with the highest LHR and highest burnup during the transient were considered.
For HZP conditions, this corresponds to pin H08-11-4 for the highest LHR and pin A11-1-1 for
the highest burnup. In HFP conditions, this would correspond to pin C09-14-13 and pin A11-1-1,

respectively.
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condition, and (b) uncontrolled RCCA bank withdrawal at power from [50], integrated into

VEGP core design.
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Figure 8 and figure 9 show the maximum fuel and cladding temperature throughout the
transients. Similar to the steady state, there is a is a corresponding increase and decrease in fuel
and cladding temperature to the increase and decrease in LHR. Of the two transients, HFP was
more drastic and produced a maximum fuel temperature of 1,372 K in the high-power scenario
and 1,127 K in the HBU scenario. The cladding temperature reached maximums of 656 K and
636 K, respectively. The fuel temperature is below the fuel melting point, and the cladding
temperature is below the coolability limit by significant margins.

Fuel and cladding deformation can be evaluated via cladding hoop strain. High cladding
hoop strain indicates thermal expansion in the fuel region. Figure 10 summarizes the maximum
cladding hoop strain behavior throughout both transient conditions. In HZP conditions,
negligible hoop strain behavior is observed in both pins. The HBU pin maintains cladding hoop
strain at 0.5% throughout the transient, which is less than observed hoop strain during the steady-
state analysis. The high-power pin, however, maintained a compressive hoop strain. This is due
to the compressive behavior of the cladding during shutdown and is similar to the behavior of the
analyzed steady-state pins during fuel shuffle sequences. In HFP conditions, the HBU pin
experiences the highest cladding hoop strain with a slight increase 0.08%, reaching a maximum
of 0.62%. The high-power pin experiences an increase of 0.15%, reaching a maximum of 0.21%.
These strain increases are both less than observed during reactor startup in the steady-state
portion of this work, indicating that this fuel rod is not expected to fail or experience enough
deformation to prevent subsequent steady-state full-power operation. The maximum enthalpy

observed between all scenarios was 256.7 J/g, which is equivalent to 61.4 cal/g.
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IFBA CRE

A CRE is defined as the ejection of a rod of the control rod and drive shaft due to the
control rod mechanism pressure housing failure[50]. The consequence is a rapid reactivity
insertion with an unfavorable core power distribution. This could possibly lead to localized fuel
rod damage. This work assumes the rod with the greatest worth is ejected and addresses both

HFP and HZP conditions.

IFBA HFP CRE

The power conditions for the most limiting pins in the HFP CRE scenario are shown in
figure 11, and each will be analyzed in the future. For now, the fuel pin with the highest burnup
is considered, which is end of cycle A11-1-1. This pin is a thrice-burned pin, with its assembly
starting towards the center of the core in the first two cycles and moving to the periphery for the
last fuel cycle.

For the transient portion of the analysis, PARCS provided the LHR (figure 12) and APF
boundary conditions, similar to the CRW analysis. Because the analyzed pin was in the periphery
region of the core, this specific pin does not experience an aggressive LHR increase during a
CRE, as the ejected rod is closer to the center of the core. While coolant temperature and
pressure were determined using operational constants in the steady- state portion of this analysis,
RELAP5-3D was used to develop the TH boundary conditions for the transient analysis. Figure
13 shows the maximum fuel and cladding temperatures throughout the transient. Similar to the
steady-state case, there is a corresponding increase and decrease in maximum temperatures to the
increase and decrease in LHR. The maximum fuel and cladding temperatures throughout the

transient were 1,138 K and 642 K, respectively.
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The fuel temperature is below the fuel melting point, 2,700 K, by a significant margin.
The maximum cladding temperature is limited to 1,478 K by coolability constraints (as indicated
by the SRP), which is not approached in this scenario. There is a small increase in plenum
pressure during the transient, shown in figure 14. Because the plenum pressure is higher than the
system pressure, 15.5 MPa, the radial average enthalpy is limited to 150 cal/g, and the maximum
radial average enthalpy observed was 50.4 cal/g. Cladding deformation can be evaluated using
the cladding hoop strain, shown in figure 14, where high cladding hoop strain indicates thermal
expansion in the fuel region. There is an increase of .09% hoop strain during the transient, which
is less than observed during reactor startup in the steady-state analysis.

When considering the fuel failure criteria outlined in the SRP, the fuel cladding is not
expected to fail during this scenario. Cladding failure due to PCMI is dependent on oxide
thickness and fuel enthalpy rise. In the case of the high oxide thickness, the fuel can experience a
rise in enthalpy of 60 cal/g before failure. The maximum radial average enthalpy was 50.4 cal/g,
during which a rise of only 6.2 cal/g was experienced. The 50.4 cal/g maximum radial average
enthalpy is also below the 230 cal/g coolability limit. Fuel melt is not experienced, and low hoop

strains indicate there was not ballooning that would limit coolability.

IFBA HZP CRE

The power conditions for the most limiting pins in the HZP CRE scenario are shown in
figure 15, and each will be analyzed in the future. For now, three pins of interest will be
discussed, which are the pins from the highest burnup assembly on the edge of the core, the
highest burnup assembly from the center region of the core, the peak power assembly, the

maximum fuel temperature assembly, and the maximum fuel temperature rise assembly.
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Figure 16. Selected assemblies of interest for HZP CRE analysis.
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Those assemblies are H09 for the highest burnup from the center region, A11 for the highest
burnup in the periphery region, and C12 for the remaining pins of interest. These assemblies are
highlighted in figure 16 and the power pulse experienced by each of the selected pins is shown in
figure 17.

Figure 18 shows the maximum fuel temperature during the transient experienced by each
pin. The temperature rise directly correlates to the power level during the transient, as expected.
The maximum temperature reached overall was in pin C12 and it reached ~2500K. A safety limit
outlined in the FSAR is that the fuel can experience <10% fuel melting, with fuel melting
occurring at 2700-2800 K. The maximum fuel temperature observed is comfortably below the
melting point, so this safety limit is not a concern as of right now.

Figure 19 shows the cladding hoop strain of each pin during the transient. A hoop strain
result that is interesting is the C12 result, which is the highest energy deposition case. Instead of
decreasing after the power pulse concludes like the other pins, C12 continues to increase for a
few seconds before decreasing as expected. This is due to the high temperatures reached in the
cladding, which is a result of heat transfer from the fuel. In this simulation, the fuel produced
enough heat for the cladding to heat significantly, shown in figure 20, causing thermal
expansion. This also pushes the cladding hoop strain over 1%, which is the range where cladding
failure is more likely. While the SRP limits the cladding hoop strain to 1% during steady state
operation and AQOs, this scenario is a DBA and thus failure is admissible and needs to be
considered in the radiological release portion of the safety analysis.

Table 2 summarizes the maximum radial average enthalpy and maximum radial average
enthalpy rise in each of the pins. The maximum was found by having BISON output the radial

average enthalpy at the height of the largest peaking factor at each timestep.
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Table 2. Enthalpy rises experienced for each pin of interest during HZP CRE

All 3 32.21 7.02
H09 2 63.80 52.03
C12 1 136.91 126.21
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At this power peak, the maximum value throughout the transient was found. The maximum rise
was found by subtracting the radial average enthalpy at the same height at the beginning of the
transient from the maximum value.

When considering safety limits outlined in NUREG-800, the maximum radial average
enthalpy rise is what is considered. The maximum value from all four simulations was from pin
C12, with a value of 126.21 cal/g. It is expected that cladding of 30 GWd/MTU should have a
hydrogen content of about 200 ppm. Proposed regulatory guides use a relationship between
enthalpy rise and hydrogen content to determine cladding failure, as shown in figure 21, which
has been reproduced from Regulatory Guide 1.236 [51]. Using this relationship, it can be
assumed C12 is likely to fail. As mentioned earlier, this scenario is a DBA and thus failure is
admissible and needs to be considered in the radiological release portion of the safety analysis.
However, cladding failure is not favorable as the cladding is first defense against fission product

release.

MIT proposed annular, blended gadolinium fuel design
To perform a complete analysis that compares fuel designs, the same analysis described

in the IFBA section was performed with the annular, gadolinium doped fuel design. For each
scenario, the pins that experience the highest burnup in the periphery, the highest burnup in the
center of the core, the highest power, the highest fuel temperature, and the highest fuel
temperature rise was selected as pins of interest, shown in table 3.
MIT Steady state

Figure 22 shows the steady state LHR history for each of the pins of interest. In total,
there are 33 pins of interest. The necessary parameters to consider when considering licensing
limitations during steady state operation are fuel temperature, cladding temperature, rod internal

pressure, and hoop strain.
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Figure 21. Cladding failure as a function of peak radial average fuel enthalpy rise and excess
cladding hydrogen [51].
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Table 3. Pins of interest for gadolinium analysis.

Pins of Interest

Case HFP CRE HFP CRW HZP CRE HZP CRW
Peak burnup (periphery) E15 E15 E15 E15
Peak burnup (center) H13 H13 H13 H13
Peak Power C09 C12 D08 C09
Avg Power C13 D10 D12 C13
Peak Temp C09 C09 D08 C09
Peak Temp Rise HO08 G09 D08 C09
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Figure 22. LHR history for each pin of interest for gadolinium steady state analysis
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Figure 23 shows the maximum fuel temperature for all pins throughout steady state and
figure 24 shows the maximum cladding temperature for all pins throughout steady state. The
highest temperature observed across all fuel pins was 1922 K in C09. Heat transfer properties
through the gap region and the outer region of the fuel degrade over the life of the fuel due to
build up of fission products and morphological changes to the fuel as burnup increases. This
degradation causes the fuel centerline temperature to increase throughout each cycle, even
though the LHR generally remains the same or decreases. The observed temperature is notably
higher than the temperatures observed in the IFBA portion of this work, however this is to be
expected due to the lower conductivity of gadolinium doped fuel, even though the maximum
power observed in this design is similar to the maximum power observed in the IFBA core. All
cladding temperatures are similar to one another, with a maximum of 658 K observed. Both of
these values are well within limitations set by regulatory guidance.

Figure 25 shows the rod internal pressure of each pin throughout steady state operation.
Rod internal pressure increases throughout each fuel cycle due to the release of fission gas and
thermal expansion of the fuel. All but two pins maintained rod internal pressures that were below
system pressures, with the maximum observed being 17.98 MPa. Because these two pins are
above system pressure, further analysis is necessary to ensure cladding liftoff does not occur,
reorientation of hydrides in the radial direction does not occur, and DNB does not occur.

Figure 26 shows the evolution of hoop strain throughout steady state operation. The
cladding hoop strain initially decreases due to cladding creepdown under the coolant system
pressure. Compressive hoop strain is observed in the first fuel shuffle sequence as a result of the
decrease in temperature. During the second and third fuel cycles, the gap region is closed, and an

expanding hoop strain is observed. As the fuel thermally expands in the radial direction, strain
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increases. Similar to the first fuel shuffle sequence, a decrease in cladding hoop strain is
observed during the second fuel shuffle sequence due to the decrease in fuel temperature. All

hoop strains are below 1%, satisfying the regulatory requirements.

MIT Fuel Design Transient Results

This section discusses the results of the selected transients for the annular, gadolinium
fuel design. It has been established that hot zero power conditions are more severe than hot full
power conditions. For this reason, only hot zero power conditions were analyzed. To understand
how the fuel will respond in varying levels of severity, an analysis of a HZP CRW and HZP

CRE was performed. The CRW is considered an AOO, while the CRE is considered a DBA.

MIT HZP CRW

As discussed earlier, during an AOO, fuel is expected to return to service. This means that all
normal operation safety requirements must be met. When considering the requirements relevant
to fuel performance, the simple requirements that should be met are that the fuel should not melt,
the cladding should not fail, cladding strain should not exceed 1%, the rod internal pressure
should not exceed the system pressure [3].

For the analysis of this transient, PARCS provided the transient fuel LHR behavior, shown in
figure 27, and fuel axial peaking factors for each pin of interest to RELAP5-3D. RELAP5-3D
provided the coolant boundary conditions, temperature, and pressure to BISON, along with the
power profile from PARCS. To capture a range of behaviors, five pins of interest were selected

by significant results from the PARCS simulation from the following assemblies:
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e E15 - representing highest burnup in the periphery region of the core
e H13 - representing highest burnup in the center region of the core

e GO09 - representing peak temperature rise in the fuel

e CO09 — representing peak temperature and peak power in the fuel

e (C12 —representing peak power of a fresh fuel assembly

Figure 28 shows the maximum temperature of the fuel and figure 29 shows the maximum
temperature of the cladding throughout the transient. As expected, the fuel increases in
temperature proportionally to the power increase. Out of all scenarios, the most significant
temperature was C12, representing the peak power of a fresh fuel assembly, reaching a
maximum temperature of 581 K. Understanding that a conservative estimation of the fuel
melting point is 2700K and the melting point of gadolinium is 1585 K, this temperature is not
challenging to the fuel integrity. The maximum cladding temperature reached across all
simulations was in pin G09, which represents the peak power pin, and was 598 K. Coolability
requirements limit cladding temperatures to below 1478 K, therefore this transient is not
challenging to the cladding from a temperature standpoint.

Cladding failure can be assessed by the radial average enthalpy rise. Across all
simulations, the maximum radial average enthalpy rise was 14.94 cal/g. In the most conservative
failure criteria, cladding could fail at 60 cal/g with high hydrogen concentration, therefore it is
unexpected the cladding fail in this scenario. Figure 30 shows the hoop strain throughout the
transient. The maximum hoop strain experienced during this transient was 0.44%, which is
comfortably below the 1% hoop strain limit. Figure 31 shows the plenum pressure throughout
the transient. The maximum pressure observed across all pins of interest was 9.56 MPa, which is

below the system pressure, 15.5 MPa, by a significant margin.
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MIT HZP CRE

As discussed earlier, a CRE is considered a DBA, where different limitations are
applicable. Unlike during an AQQ, it is permissible that up to 10% of the fuel can melt and the
cladding can fail. However, coolability of the fuel should be maintained. Coolability conditions
for the fuel can be summarized by a 1478 K limit for the cladding, the general avoidance of
cladding failure, and an radial average enthalpy limit of 230 cal/g.

For the analysis of this transient, PARCS provided the transient fuel LHR behavior, shown in
figure 32, and fuel axial peaking factors for each pin of interest to RELAP5-3D. RELAP5-3D
provided the coolant boundary conditions, temperature, and pressure to BISON, along with the
power profile from PARCS. To capture a range of behaviors, five pins of interest were selected
by significant results from the PARCS simulation from the following assemblies:

e E15 - representing highest burnup in the periphery region of the core

H13 — representing highest burnup in the center region of the core

D08 - representing peak temperature and peak power in the fuel

E10 — representing average power

B09 — representing a fresh fuel assembly

Figure 33 shows the maximum temperature of the fuel and figure 34 shows the maximum
temperature of the cladding throughout the transient. As expected, the fuel increases in
temperature proportionally to the power increase. Out of all scenarios, the most significant
temperature was D08, representing the peak power of a fresh fuel assembly, reaching a
maximum temperature of 1410 K. Understanding that a conservative estimation of the fuel
melting point is 2700K and the melting point of gadolinium is 1585 K, this temperature is not

challenging to the fuel integrity.
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The maximum cladding temperature reached across all simulations was also in pin D08, which
represents the peak power pin, and was 742 K. Coolability requirements limit cladding
temperatures to below 1478 K, therefore this transient is not challenging to the cladding from a
temperature standpoint.

Cladding failure can be assessed by the radial average enthalpy rise. Across all
simulations, the maximum radial average enthalpy rise was 48.27 cal/g. In the most conservative
failure criteria, cladding could fail at 60 cal/g with high hydrogen concentration, therefore it is
unexpected the cladding fail in this scenario. The overall maximum radial average enthalpy was
60.12 cal/g, which is significantly below the 230 cal/g coolability limit. Figure 35 shows the
hoop strain throughout the transient. The maximum hoop strain experienced during this transient
was 0.61%, which is comfortably below the 1% hoop strain failure limit that is enforced for
normal operation.

Figure 36 shows the plenum pressure throughout the transient. The maximum pressure
observed across all pins of interest was 11.26 MPa, which is below the system pressure, 15.5

MPa, by a significant margin.
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Figure 36. Plenum pressure observed for pins of interest during HZP CRE.
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CHAPTER FIVE - CONCLUSIONS AND DISCUSSION

The key questions of this work were

1. s the current Westinghouse IFBA fuel design with increased enrichment up to 6.6 wt%

and burnup up to 73 GWd/MTU sufficient to meet design requirements?

2. Isthe MIT annular, gadolinium doped fuel design acceptable in a 24-month cycle?

3. What are the significant lessons learned from the two fuel designs?
To address these questions, analyses were performed on steady state operation, selected AOOs,
and selected DBAs. This work employed a loose coupling of PARCS, RELAP5-3D, and BISON
to obtain a core-wide understanding of fuel behavior during these scenarios.

From the results shown in this work, summarized in table 4, a conservative conclusion to
question 1 is no, the current Westinghouse IFBA fuel design with increased enrichment is
insufficient to meet design requirements. During steady state operation, both CRW scenarios,
and HFP CRE, the fuel performs adequately, satisfying design criteria described in the SRP.
However, during HZP CRE conditions, a pin from assembly C12 demonstrated a possibility of
failure due to the average radial enthalpy rise. Although during a DBA cladding failure is
permissible, it is nonetheless undesirable and requires continued radiological release analyses in
order to be permittable.

However, addressing question 2, the MIT annular fuel design satisfies all requirements
comfortably. During steady state operation, all temperature, pressure, and hoop strain
requirements are satisfied. Among all transient scenarios, the maximum fuel temperature
observed was 1410 K, which is under the limit of 2700 K by a large margin. The largest cladding
temperature observed was 724 K, which is an order of magnitude below the regulatory limit.

Additionally, the largest enthalpy rise was only 48.27 cal/g and the largest enthalpy insertion was
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60.12 cal/g. Lastly the greatest plenum pressure observed was 11.26 MPa, which is significantly
below the operational system pressure. Using these results, it can be concluded that this fuel type
is acceptable for the proposed core design.

There are a few lessons learned from this work. The first is that the high burnup structure
may not be the most impactful factor when considering a full core design. Because it takes
several fuel cycles to reach burnup levels greater than 40 GWd/MTU, the level at which high
burnup structure begins to develop in the fuel, the fuel with the highest burnups have been
sufficiently depleted and have likely been shuffled to the outer periphery region of the core. The
fuel at the edge of the core is less sensitive to RIA type transients due to their distance from the
removed control rod, whether withdrawn or ejected, and due to their levels of depletion. Instead,
pins that had 1-2 cycles worth of depletion that were still near the center region of the core
exhibited more significant behavior. This is due to their relatively close proximity to the
removed control rod and a higher fissile material content.

The next learned lesson is that the type of burnable absorber implemented plays a
significant role on the fuel performance. In the IFBA analyses, there was a large initial increase
in plenum pressure due to the release of helium as the boron depleted from the fuel. This initial
increase pushed plenum pressures above system operational pressures consistently, which is still
licensable, but undesirable. This increased plenum pressure leads to higher cladding stress and
strain levels, which are indicators of cladding failure. With the implementation of blended
gadolinium, pressures above operational pressures were only observed in two of the selected fuel

pins, which is more manageable to address.
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Table 4. Summary of the most strenuous fuel performance results compared to NRC guidance.

Normal operation CRE

Core design IFBA MIT Limit IFBA MIT Limit

Fuel

temperature 1789 K 1922 K| 2700 K 2450 K | 1410K 2700 K

Cladding

temperature 665 K 659 K| 1478 K 1268 K 760 K 1478 K

Plenum 155

pressure 23.09 Mpa | 17.99 Mpa Mpa -- - --

Cladding

hoop strain 1.10% 0.084% 1% -- -- -
136.91 60.12

Enthalpy - - -- callg callg 230 cal/g
126.21 48.27

Enthalpy rise - - -- callg cal/g RG 1.236 dependent
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