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Abstract

The nuclear industry’s highest priority is to ensure safe and secure construction and operation
of power plants to prevent accidents and mitigate their consequences. Among the most severe
accidents is the loss of coolant accident (LOCA), caused by a pipe break resulting in loss of
reactor coolant. Vattenfall Nuclear Fuel (VNF) uses the thermohydraulic reactor system code
TRACE to evaluate LOCA scenarios. This thesis explores how inverse uncertainty quantification
(IUQ) can be applied using DAKOTA to calibrate a best-estimate (BE) TRACE model of an
intermediate break LOCA (IBLOCA) scenario. The motivation for this project arises from
deviations observed between VNF’s TRACE simulation results and a manufacturer’s results
provided in an EPRI report. The manufacturer’s results are based on a best-estimate plus
uncertainty (BEPU) analysis, where the presented case reflects an upper-bound outcome (worst
case scenario). In contrast, the TRACE model used in this project performs a single BE
simulation without quantified uncertainties. Therefore, the differences between the two results
are expected and stem from the use of fundamentally different approaches. As the full
uncertainty distribution of the reference is unknown, the goal was not to cover the reference
curves via BEPU. Instead, the aim was to use IUQ methodology to identify plausible parameter
configurations to reproduce the upper-bound behavior observed in the reference curves for
pressurizer pressure and liquid mass in the reactor pressure vessel (RPV).

The methodology combines parameter sampling and iterative refinements, enabling design
exploration and model tuning. The results show that it is possible to reproduce key
characteristics of the manufacturer’s curves, supporting the utility of a UQ-based calibration in
model alignment and benchmarking. The parameters with highest impact on the pressurizer
pressure and the liquid mass in the RPV were the break area and the two-phase choked flow
multipliers. The simulation run that best matched the reference curves was given a smaller
break area and higher values of the choked flow multipliers for two-phase flow conditions.
Additionally, the TRACE model was modified with activation of all three accumulators for better
replication of the total accumulator flow observed in the reference. These findings demonstrate
that UQ-based methods can be valuable for model calibration and design exploration.
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Popularvetenskaplig sammanfattning

Vad hander om ett ror plotsligt gar sonder i ett karnkraftverk? Jo, vattnet som ska kyla
det radioaktiva branslet lacker ut, vilket leder till att temperaturen stiger, trycket sjunker och
risken for en allvarlig olycka okar. Det har ar en av de mest svarhanterliga handelserna som kan
intrald i ett karnkraftverk, och det kallas fér LOCA (férkortning av loss of coolant accident),
vilket innebar forlust av kylmedel.

Manskligheten star infor stora utmaningar i att I6sa den pagaende klimatkrisen. En av de
vitktigaste pusselbitarna ar en fossilfri elproduktion, dar karnkraft utgér en central del tack
vare sin tillforlitighet. Samtidigt ar det en kontroversiell energikélla, framférallt pa grund
av de olyckor som skett historiskt. Pa grund de risker som finns kopplade till karnkraft &r
sakerheten den absolut hogsta prioriteringen. En viktigt del i sékerhetsarbetet ar att kunna
forutspa potentiella olyckor och foérsta hur anlaggningen beter sig om ett fel skulle intrala, till
exempel vid en LOCA.

Inom Vattenfall anvands ett simuleringsvertyg som heter TRACE for att modellera handelsefér-
loppet i en reaktor vid olika typer av olyckor. Foér varje olyckstyp finns en specifik modell som
undersoker just den. En av dessa modeller anvands for att simulera scenariot vid ett medel-
stort rérbrott i en specifk reaktor. Modellen visar hur reaktorn ar uppbyggd och simulerar
manga olika parametrar, bland annat hur tryck, temperaturer och vattennivaer forandras 6ver
tid. Men modellen bygger pa antaganden om materialegenskaper, geometri, flodesforhallanden
och mycket mer, som i praktiken innebar vissa osékerheter. For att hantera dessa osakerheter
anvands ett verktyg som heter DAKOTA, som kopplas till TRACE. Med hjéalp av DAKOTA

gar det att variera ett stort antal parametrar och se hur detta paverkar simuleringen. Denna
metod kallas for osakerhetsberéakning. Genom att lata datorn gora hundratals simuleringar
med slumpmassiga kombinationer av parametrar, kan man fa en mycket battre forstaelse for
modellens kanslighet och tillforlitlighet.

Det har examensarbetet har analyserat hur osakerhetsberékning kan anvandas som metodik for
modellkalibrering i syfte att uppna ett specifikt simuleringsresultat. Malet var att identifiera
parameterkombinationer for att efterlikna resultatet fran en annan leverantérs simulering av
ett medelstort rérbrott. Huvudfokus 1ag pa att aterskapa leverantérens simulering av reaktor-
tankens tryck och kylmedelsmassa under de forsta 250 sekunderna av handelsen. Syftet med
analysen var att fa en djupare forstaelse for leverantorens modell for LOCA-analyser och sam-
tidigt 6ka kunskapen om Vattenfalls egen modell. P& langre sikt kan detta bidra till att utveckla
mer tillforlitiga och robusta simuleringsmodeller. Projektet bidrar aven till 6kad forstaelse for
hur osakerhetskvantifiering kan genomféras i TRACE med hjalp av DAKOTA.

Resultatet visar att leverantérens referenskurvor kunde efterliknas i relativt hég grad, och att
de parametrar som hade storst inverkan var brottsarean samt tvafas choked-flow-faktorerna.
Detta tyder pa att osékerhetsberakning ar en eléktiv metod for modellkalibrering. Istallet
for att manuellt &ndra en parameter i taget, vilket ar bade tidskravande och ger begransad
information, gar det att automatiskt understka hundratals olika kombinationer och se vilka
som ger bast 6verensstammelse for att uppna ett dnskat resultat. Det gor ocksa att man far en
Okad forstaelse for vilka parametrar som paverkar modellen mest, och hur olika kombinationer
kan ge liknande eller helt olika utfall.

Analysen genomfordes som en iterativ process, dar resultatet frdn en osakerhetsanalys 1ag till
grund for nasta. Genom att i borjan inkludera manga parametrar kunde de som hade storst
paverkan pa resultatet identifieras och inkluderas i efterfljande analys. Det mdjliggjorde en
el@ktiv fokusering pa de mest betydelsefulla parametrarna. Den metodik som tagits fram i



detta arbete ger Vattenfall ett nytt verktyg for att kalibrera simuleringsmodeller och kan &ven
anvandas for kvantifiering av osakerheter. Projektet har givit en djupare forstaelse for modellens
beteende och starker tilltron till resultaten, ndgot som ar helt avgérande nar det handlar om
sakerheten.



Executive summary

This master’s thesis explores the implementation of inverse uncertainty quantification (1UQ)
in TRACE using DAKOTA as a plug in, for the purpose of model calibration and design
exploration. The objective was to develop an IUQ workflow based on an existing TRACE model,
aiming to replicate a manufacturer’s results of an IBLOCA analysis provided in an EPRI report.
The reference results are derived from a best-estimate plus uncertainty (BEPU) analysis, with
the reported case representing the upper-bound scenario. The aim was to use IUQ method
to identify plausible parameter configurations that could reproduce the the manufacturer’s
reference curves for pressurizer pressure and liquid mass in the RPV.

An iterative workflow was developed throughout the project, involving multiple 1UQ steps and
sensitivity analyses. In this approach, the outcomes of each analysis influence the setup of the
next. This iterative method is recommended to systematically explore the model behaviour,
thereby increasing the likelihood of achieving robust and eldient validation. However, a lim-
itation of this approach is that important parameters may be unintentionally excluded from
the analysis, since the identification of high-impact parameters is mainly based on their cor-
relation with the selected figures of merit (FOM). A FOM is a quantity used to measure the
performance of a single simulation in a UQ analysis. Including additional FOMs or performing
sensitivity analysis mitigates this issue, but it also makes the workflow less eldient. Another
challenge encountered was the lack of a method for sampling two variables with a non-linear
relationship sharing distribution. Future work could explore more adaptive sampling strategies
in DAKOTA to address this.

The results demonstrate that using IUQ for model calibration and design exploration is elgient,
as the manufacturer’'s results were replicated with reasonable accuracy. The best-matching
simulation run was characterized by a smaller break area and higher two-phase choked flow
multipliers, identified as the most influential parameters. In addition, the TRACE model was
adjusted to include activation of all three accumulators, in contrast to the base model where
the accumulator in loop three was disconnected. An important finding was that applying
sensitivity coeldients via the global command may lead to unintended elécts. Therefore, it is
recommended to avoid using the global command by default in future analyses.
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Acronyms

BE : Best-estimate

BEPU : Best-estimate plus uncertainty

DEG break : Double-ended guillotine break
DNB : Departure from nucleate boiling

FFRD : Fuel fragmentation, relocation and dispersal
FOM : Figure of merit

FUQ : Forward uncertainty quantification

HHSI : High-head safety injection

IBLOCA : Intermediate break loss of coolant accident
IUQ : Inverse uncertainty quantification
LBLOCA : Large break loss of coolant accident
LHSI : Low-head safety injection

LOCA : Loss of coolant accident

LWR : Light water reactor

PCT : Peak cladding temperature

PWR : Pressurized water reactor

RCP : Reactor coolant pumps

RPV : Reactor pressure vessel

SBLOCA : Small break loss of coolant accident
SIS: Safety Injection System

UCP : Upper core plate

UQ : Uncertainty quantification

VNF : Vattenfall Nuclear Fuel
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1 Introduction

In the nuclear industry, the highest priority is to ensure safety and security, with the objective
of preventing accidents and mitigating their consequences [1]. One of the most critical accidents
that can occur in a nuclear reactor is a loss of coolant accident (LOCA), which is caused by
a failure in the primary coolant system, resulting in loss of reactor coolant. An initiating
event for a LOCA can be a pipe break between the reactor vessel and the reactor coolant
pumps (RCP) [2]. The size of the pipe break ranges from small leaks to large breaks and
a ects the severity level of the accident [3]. To quantify safety margins and ensure that nuclear
reactors can withstand such design basis accidents, computational models are used to simulate
the transient of a LOCA. Vattenfall Nuclear Fuel (VNF) uses the thermohydraulic reactor
system code TRACE, coupled with the SNAP graphical user interface, to simulate LOCA
scenarios. Together with Ringhals AB, VNF have developed speci ¢ plant models for Ringhals
4 in TRACE. These models perform best-estimate analyses to simulate the plants dynamics in
a realistic way. In addition, a software called DAKOTA can be used as a plug-in for TRACE
to perform uncertainty quanti cation (UQ) and propagation. The integration of TRACE and
DAKOTA forms a method called best-estimate plus uncertainty (BEPU). The BEPU method
uses best-estimate computer codes together with realistic assumptions of initial and boundary
conditions, while having conservative assumptions about the availability of the system and
explicitly analysing the propagation of uncertainty [4].

A large research area in the nuclear industry is the ambition to economically achieve 24-month
fuel cycles, with higher fuel rod enrichment and high burnup. A major challenge with this ambi-
tion is the risk of fuel dispersal during a LOCA [5]. In a previous study, VNF and Ringhals AB
analysed how di erent burnup levels a ect the risk of obtaining fuel fragmentation relocation
and dispersal (FFRD) during various LOCA scenarios. FFRD is a phenomena in which the
cladding in a fuel rod cracks due to high internal pressure during a heating process, potentially
leading to leakage of fragmented fuel, which can spread in the primary circuit [6]. A part of
this study was to investigate the risk of FFRD for an intermediate break LOCA (IBLOCA)

at Ringhals 4 using a TRACE model, refereed to as the base model. An IBLOCA can be
describes as a medium-size pipe break [3] (see section 2.4.3 for a more detailed explanation). In
addition, a manufacturer has performed a similar IBLOCA analysis of FFRD for high burnup
fuel rods provided in an EPRI report [5]. Their results were obtained using a best-estimate plus
uncertainty (BEPU) approach, with the presented case representing the upper-bound outcome
(worst-case scenario). In contrast, the TRACE model used by VNF performs a single BE sim-
ulation without quanti ed uncertainties, which naturally leads to di erences in the results. To
address this, VNF has started a project to validate their TRACE model against the manufac-
turer's results. The aim is to gain a better understanding of the TRACE model's behaviour and
improve the competence of evaluating manufacturer's LOCA analysis. This project constitutes
the basis of this master thesis, which focuses on implementation of IUQ methods in VNF's
TRACE model using DAKOTA, to aim for consistency with the manufacturer's outcomes.

1.1 Aim and purpose

The aim of this master's thesis is to investigate how inverse uncertainty quanti cation (IUQ)
can be used to calibrate a TRACE model of an IBLOCA scenario, based on comparison with
the BEPU simulation performed by the manufacturer. 1UQ refers to the process where infor-
mation ows from the model outputs to the inputs, enabling identi cation of input parameters
uncertainties based on experimental data [7]. Since the manufacturer's analysis presents upper-
bound outcomes, the objective is not to develop a BEPU framework to envelop the reference,
but rather to identify parameter combinations within the TRACE model that reproduce the

1



manufacturer's results. The speci ¢ focus is on replicating the behaviour of pressurizer pressure
and liquid mass in the RPV. The emphasis is thus on model calibration, using the parameter
sampling methodology commonly applied in UQ, with DAKOTA as the tool for design explo-
ration. The expected outcome of this thesis is not only a calibrated model, but also a robust
IUQ framework, which would add signi cant value to VNF's modelling capabilities.

1.2 Questions
This report aims to answer the following four main questions:

1. How can an IUQ work ow be developed by integrating DAKOTA with TRACE for model
calibration and design exploration?

2. Can the TRACE model, through parameter sampling, reproduce the upper-bound be-
haviour of pressurizer pressure and liquid mass in the RPV presented in the manufac-

turer's BEPU results?

3. What parameter combinations yield the closest alignment with the reference curves of
the pressurizer pressure and liquid mass in the RPV?

4. What are the most in uential parameters in achieving this alignment, and what do these
ndings imply about the model's assumptions and its representation of uncertainty?

5. How well do the TRACE model's predictions of peak cladding temperature (PCT), ac-
cumulator ow, and steam ow in the cross-over leg of each loop agree with the manu-
facturer's results, given the simulation that best represents the pressurizer pressure and
liquid mass in the reactor vessel?

1.3 Boundaries

The project analyses the rst 250 seconds of the LOCA and therefore does not consider any
events occurring thereafter. The analysis is performed on a pressurized water reactor (PWR),
to represent the same reactor type used in the manufacturer's analysis. The initiating event of
the LOCA is a pipe break, and no other initiating events are taken into account. The break
corresponds to an IBLOCA and is modelled as a double-ended guillotine (DEG) break that
occurs in a connecting pipe to the cold leg.

The scope is primarily limited to focus on replicating the manufacturer's curves for the pressur-
izer pressure and the liquid mass in the RPV, due to the complexity of the system and limited
information about the manufacturer's model. The TRACE simulation that best reproduces
these two attributes is then used to evaluate the PCT, accumulator ow, and steam ow in
cross-over leg for each loop, in comparison with the manufacturer's results. The methods used
to replicate the manufacturer's outcomes are based on UQs and sensitivity analyses.



2 Background

The background section presents essential information and theoretical concepts needed to un-
derstand the context and methodology of this report. It includes explanations of key nuclear
power concepts, descriptions of the programming codes used in the project, relevant statistical
methods, and a summary of previous analyses including their relevant results.

2.1 Nuclear power

Nuclear power is a way of generating electricity by converting energy released from nuclear
reactions. In commercial nuclear reactors, the nuclear energy is released by ssion of the
atomic nuclei in the fuel, most commonly uranium-235 [8]. Fission is a reaction in which a
nucleus splits into two or more smaller nuclei, known as ssion products, that release a large
amount of energy in the form of heat and radiation [9]. More speci cally, nuclear ssion occurs
when a neutron collides with a ssile nucleusand splits it. When the atom splits, additional
neutrons are released which then can split other ssile nuclei, causing a nuclear chain reaction
[11]. The energy released from the ssion is used to boil water and generate steam, which
then drives a turbine connected to an electric generator that produces electricity [9]. There
are several types of nuclear reactors with various designs and fuel types. The most dominant
reactor type is the light water reactor (LWR) which uses normal water (KO) as both the
coolant medium and moderatot. LWRs use enriched uranium as fuel. There are two types
of light water reactors: pressurized water reactors (PWR) and boiling water reactors (BWR).
The main di erence between these two reactors is that a BWR generates steam directly by
boiling the reactor coolant in the RPV, while a PWR generates steam indirectly by heating up
the primary coolant in the vessel, which is kept in liquid form by high pressure. Instead, steam
Is created in separate steam generators by heat exchange [13]. In this project, the analysis is
made for Ringhals 4 which is a PWR, and therefore this report will focus on this reactor type.

2.2 Pressurized water reactor

As previously mentioned, the water inside the RPV in a pressurized water reactor does not
boil due to the high pressure. Instead, steam is produced in large steam generators by heat
exchange. Hence, the main process of a PWR is divided into two circuits: the primary and
secondary circuit. In the primary circuit, the water is heated in the reactor tank and then
transferred to the steam generators with a high pressure to ensure it stays in liquid phase.
In the steam generators, the primary water passes through tubes (known as tube bundles)
and transfer heat to water outside the tubes in the secondary circuit. The secondary circuit
operates at a lower pressure, causing the water in the steam generators to boil and generate
steam. The water in the primary circuit is cooled down in the steam generators and pumped
back to the vessel by reactor coolant pumps (RCP) to become reheated. Both the RPV and
steam generators are placed in a reactor containment building, which act as a barrier to protect
from radiation and to withstand high pressure in case of a fault in the system. Inside the
containment building there are also a pressurizer and blowo tanks. The role of the pressurizer
is to regulate the pressure in the primary system. The pressure is regulated by heating with
immersion heaters or by cooling with water from the primary system. If the pressure becomes
too high, the blowo valves open and steam is transferred to the blowo tanks for condensation
[14].

LFissile nuclei are capable of undergoing ssion by absorption of thermal (low energy) neutrons [10].
2Moderator is a substance that slows down the velocity of neutrons, in order to increase the likelihood of
ssion [12].



From the steam generators in the secondary circuit, the produced vapor is dried and transferred
to the turbines outside the containment building. The turbines begin to rotate as the steam's
Kinetic energy is converted into mechanical energy. Then a generator, connected to the turbines,
converts the mechanical energy to electric power. After passing through the turbines, the steam

iIs condensed in the condenser. The condensed water is then pumped back by the condenser
pumps through the low-pressure preheaters to the feedwater pumps, which in turn pumps the
water through the high-pressure preheaters back to the steam generators inside the containment
building [14]. Figure 1 illustrates a simpli ed schematic of the PWR system. In reality, Ringhals

4 consist of three primary loops, three steam generators, and three secondary loops.

Figure 1. Simpli ed overview of the PWR system.

2.2.1 Reactor pressure vessel

The water in the primary system is heated up in the reactor core located in the reactor pressure
vessel. The incoming water has a temperature of around 286and is heated to approximately
320°C. The pressure in the RPV and primary system is 15.5 MPa (155 bar), which is higher
than the saturation pressure at 328C, ensuring that the water stays in liquid form [14]. Within
the RPV, the fuel is placed in the reactor core. The water enters the core from below, heats
up as it ows past the fuel, and exits the core at the top. The fuel is in the form of cylindrical
pellets of uranium dioxide (UQ), with approximately 0.8 cm in diameter and length of 1.35
cm. The pellets are placed in tubes made of zircaloy (zirconium alloy), called fuel cladding.
Together, the uranium pellets and the cladding form what are known as fuel rods. In reality,
the fuel rods contain additional components, but these will not be introduced in this report for
simplicity. The fuel rods are arranged in a 17 x 17 array to form a fuel bundle, and the core
contains of 193 fuel bundles in total [13].

The primary way of controlling the power output in a PWR is by using boric acid in the cooling
water. The boric acid acts as a neutron absorber, therefore reducing the reactivity ( ssion rate).



In the beginning of a fuel cycle, the reactivity of the fuel is high, and therefore a larger amount
of boric acid is mixed with the coolant [15]. As the fuel cycle continues, mof®U are consumed
and the fuel's burnup increases. Burnup is a measure of ssion energy produced per fuel unit
mass over time [16]. In other words, burnup measures the amount of uranium consumed in
the reactor. Burnup is most commonly measured in gigawatt-days per metric ton of uranium
(GWA/MTU) [17]. As the burnup increases, the reactivity of the fuel decreases. To resume a
constant power, less boric acid is used in order to reduce the neutron absorption [15]. In the
RPV, there are also components called control rods, which are inserted into the fuel bundles
from above [14]. The control rods are made of materials that absorb neutrons and are also
used to control the power output of the reactor [18]. The control rods can be divided into
two categories: control and shutdown. The control rods used for shutdown are completely
withdrawn from the core during normal drift. They are only used for emergency purpose in the
event of an accident, to stop the chain reaction and shut down the reactor. The other control
rods are used during normal operation to compensate for reactivity imbalances within the core
[19]. Figure 2 illustrates the RPV of a PWR and identi es its main components.

Figure 2. Cutaway view of the RPV for a PWR.© Copyright Westinghouse Electric Sweden
AB.
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