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Abstract

This thesis work is about the dynamical behavior of advanced nuclear systems, in particu-
lar lead-cooled fast reactors (LFRs). As they are currently under study and development,
it is extremely important to provide accurate, though flexible and straightforward, com-
putational tools to investigate their efficiency and safety under normal and off-normal
conditions. This is done with reference to a demonstrator unit currently under design
phase in Sweden, SUNRISE-LFR. Its primary circuit (reactor core, hot let, cold leg and
cold pool) is modeled with a zero-dimensional plant simulator named BELLA, while a
new model for the steam generator is built adopting the well-established moving boundary
approach. The integrated code is adopted in MATLAB/Simulink® to perform safety anal-
ysis under four reference accidental scenarios: unprotected transient overpower (UTOP),
unprotected loss of flow (ULOF), unprotected loss of heat sink (ULOHS) and station
blackout (a combination of ULOF and ULOHS). The results obtained are physically rea-
sonable and explainable in terms of causal relations between input and output variables.
Moreover, they allow to critically discuss the design of SUNRISE-LFR with reference to
the targeted safety margins to fuel melting and cladding creep rupture. In addition, they
may constitute the basis and provide the means to further improve the codes, in partic-
ular working on the secondary side and on control strategies for such innovative nuclear

systems.

Keywords: nuclear reactors, LFR, plant simulator, moving boundary approach, steam

generator
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Abstract in lingua italiana

Questo lavoro di tesi riguarda il comportamento dinamico di sistemi nucleari avanzati,
in particolare reattori veloci refrigerati a piombo fuso. Durante il loro studio e sviluppo,
¢ estremamente importante elaborare strumenti computazionali accurati, ma al tempo
stesso semplici e flessibili, per indagare la loro efficienza e la loro sicurezza in condizioni di
funzionamento normali ed anomale. Questo viene fatto rispetto ad un’unita dimostrativa
attualmente in fase di progettazione in Svezia, di nome SUNRISE-LFR. Il circuito pri-
mario (nocciolo del reattore, gamba calda, gamba fredda e piscina fredda) viene modellato
con un simulatore di impianto zero-dimensionale di nome BELLA, mentre per il gener-
atore di vapore viene costruito un nuovo modello basato sul gia dimostrato approccio
alle frontiere mobili. Il codice integrato ¢ scritto in MATLAB/Simulink® per eseguire
analisi di sicurezza rispetto a quattro scenari incidentali di riferimento: unprotected tran-
sient overpower (UTOP), unprotected loss of flow (ULOF), unprotected loss of heat sink
(ULOHS) e station blackout (una combinazione di ULOF e ULOHS). I risultati ottenuti
sono fisicamente ragionevoli e spiegabili in termini delle relazioni causali tra le variabili
di ingresso e di uscita. Inoltre, permettono di discutere criticamente le scelte di proget-
tazione di SUNRISE-LFR rispetto ai margini di sicurezza prefissati. Per di pii1, possono
costituire la base e fornire i mezzi per ulteriori miglioramenti del codice, lavorando in

particolare sul circuito secondario e su strategie di controllo dell'impianto complessivo.

Parole chiave: reattori nucleari, LFR, simulatore di impianto, approccio alle frontiere

mobili, generatore di vapore
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Introduction

Toward a more sustainable world

On February 2nd, 2022 the European Commission (EC) published the Complementary
Climate Delegated Act [1, 2| which includes certain nuclear activities in the "EU Tax-
onomy". It is classification system entered into force in European Union in 2020 which
defines the activities that can be considered sustainable to meet EU’s climate and energy
targets for 2030 and to reach the objectives of the European Green Deal [3]. The EU
Taxonomy is not intended as an instrument of energy policy, the Member States remain
fully responsible and competent for deciding their own energy mix. But it is meant to
be a guide for private investments toward activities that are needed to achieve climate

neutrality, avoiding green washing.

This is only one of several times that an international institution recognizes the capability
of nuclear power in fighting climate change, but it assumes an even greater importance
because it is done by a governmental entity supported by the work of the scientific com-
munity, the Joint Research Center [4]. In this way, the European Union is going to include
in the list of green activities both nuclear sector’s existing technologies (Gen. I11+4) and
advanced technologies (Gen. IV), provided that they respect strong and clear criteria

related to safety, greenhouse gas emissions and nuclear waste disposals [1].

The EU Taxonomy is part of the European Green Deal, a plan which covers all sectors of
the economy. Through its most important tool, the Climate Law, it writes into law the
goal for Europe’s economy and society to become climate-neutral by 2050. An interme-
diate step of reducing by 2030 net greenhouse gas emissions by at least 55% compared to
1990 levels — the Fit for 55 package |5] — is encompassed.

This is the European strategy to fully comply with the targets set out by the United
Nations in the 2030 Agenda for Sustainable Development, an action program of the UN
signed in 2015 which focuses on 17 sustainable development goals (SDGs). Later in the
same year, 196 Parties negotiated the Paris Agreement at UNFCCC’s COP21 which en-

tered into force in 2016. Its goal is to limit global warming to well below 2, preferably to
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1.5 °C, compared to pre-industrial levels [6]. The Paris Agreement and the 2030 Agenda
together provide the foundation for sustainable, low-carbon and resilient development

under a changing climate [7].

Why sustainable development? The role of sustainability in modern society has become
more and more predominant after scientists have started studying climate change and its
causes. Climate change refers to long-term shifts in temperature and weather patterns;
although they may be natural, since 1800s human activities have been the main driver,
primarily by burning fossil fuels which produce greenhouse gases (e.g., carbon dioxide and

methane).

What is the meaning of sustainability? The scientific community agrees on the definition
given by the Brundtland Report in 1987: sustainable is that development which "meets
the needs of the present without compromising the ability of future generations to meet
their own needs" [8]; something is sustainable when it does not waste resources, nor
when it produces substances which harm people and environment in an irremediable way.
However, every industrial process produces waste, also hazardous waste. Eventually,
sustainability comes as an optimal balance between benefits and waste, which must be
treated and confined in safety. As aforementioned, global warming is driven by greenhouse
gases, they are the reference waste which must be reduced. Energy, industry, transport,

buildings, agriculture and land use are the main emitters.

This is the whole picture where European Union is implementing the European Green
Deal and the EU Taxonomy. Total use of energy corresponded to 75% of GHG emissions
in EU in 2020 [1]. That is why power production has a special role in global warming and

countermeasures need to be taken by all countries.

Power production and nuclear power plants

Power production is identified as the major contributor of GHG emissions [9], but at the
same time as a necessary element of development and prosperity of society. From the
beginning of History mankind has taken the path of progress and power is exactly what
sustains this path. Power is necessary to have electricity for the industry, to transportation
and to illuminate cities at night; it is necessary to let the hospitals work, to have hot water,

to produce food. It is impossible to conceive this world without considering power.

Since the first Industrial Revolution, developed countries have found different resources
to produce power: exploiting fossil fuels (coal, oil, natural gas), renewables (hydropower,

solar power, wind, geothermal power, biomass conversion) or nuclear fuel. The huge
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challenge for XXI century is to make it sustainable.

Nowadays several countries in the world have an unsustainable energy mix. China, Poland,
Australia are only few examples of countries in which carbon occupies a dominant share
in the electricity production mix. If humankind is willing to respect Paris Agreements
promises and to avoid catastrophic consequences on Earth, it might be better to drive the
energy mix toward a more sustainable path. What are the green solutions? According
to studies conducted by the dedicated international organizations [10-13|, a sustainable
energy mix is renewables coupled with accumulation devices and with nuclear power as
base load. Nuclear power is the reliable technology capable of guaranteeing electricity
when intermittent renewables are unavailable. Moreover, according to a report by the
World Energy Council [11] nuclear energy has the potential to contribute towards meeting
10 out of the 17 goals of the 2030 Agenda.

It is important to point out that renewable and sustainable are not synonyms: the first
term refers to the availability of natural resources (sun, wind, water) once utilized, the
second to the climate-altering substances — greenhouse gases — which are emitted by the
resource itself when used. Solar (thermal or photovoltaic), wind and hydro are renewable
resources and at the same time sustainable resources as their average greenhouse gases
emissions are very low — within 50 gCO2 equivalent per kWh [14, 15]. On the other
hand, biomass is an example of renewable resource which is not properly sustainable —
230 gCO2 equivalent per kWh [14, 15]. Tt should be mentioned that biomass might become
carbon neutral when considering the whole life cycle of the plants: when growing they
absorb circa the same amount of CO2 that is released when they are burned as biomass
or as biofuel, making the evaluation of carbon emissions more complex [16]. Just to have
in mind an order of magnitude, coal and natural gas emit 820 and 490 gCO2 equivalent
per kWh respectively and thus they are totally unsustainable. It is worth to mention that

these data are averages over all countries.

As far as nuclear is concerned, it is necessary to distinguish between two technologies:
fission and fusion. Nuclear fission is the well-exploited nuclear reaction to produce elec-
tricity since 1940s, while nuclear fusion is the technology still under study and under
experiment as no commercial nuclear fusion plant has already been built. This thesis
deals with nuclear fission, thus when referring to nuclear, nuclear fuel and nuclear power
plants (NPPs) here it is only in terms of nuclear fission.

Nuclear power is not renewable, but it is extremely sustainable: NPPs emit only 12 gCO2
equivalent per kWh [14, 15|, making it the second-least carbon emitting resource, being
the first one wind (offshore or onshore). This is because nuclear fission reaction releases

energy without producing any greenhouse gas. Nevertheless, when considering the whole
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nuclear power plant some CO2 emissions cannot be avoided in construction and transport

phases, therefore the value is 12 gCO2 equivalent per kWh and not zero.

Moreover, nuclear power is extremely efficient and reliable: according to US Department
of Energy [17] in 2019 NPPs had an average capacity factor equal to 93.5% which is
2.5 times hydropower or wind’s average capacity factor and more than 3.5 times solar’s
average capacity factor. It means that 93.5% of time NPPs were providing their max-
imum electrical energy output. The remaining 6.5% of time could be due to different
reasons: modulation of the power output in order to maximize renewables production,
unavailability of the plant because of maintenance actions, external or internal problems.
This capacity factor value is explained by nuclear power as a non-intermittent source of
electricity, as opposed to some renewable resources — solar and wind. These are only
some of many reasons which justify why nuclear power is considered one of the present
and future technologies to lead the world toward a more sustainable life. Last but not
least, the mortality rate: including the deaths from Fukushima and Chernobyl accidents,
nuclear power is responsible for 0.07 deaths per TWh of energy production [15]. This
value is extremely low and on the same order of magnitude of wind (0.04), solar (0.02)
and hydropower (0.02), and it must be compared with coal (24.6), oil (18.4), natural gas
(2.8) and biomass (4.6). In between there are circa two orders of magnitudes which make
nuclear power among the safest sources of energy that we have, together with wind, solar
and hydropower. Therefore, it becomes understandable why the European Commission

decided to include nuclear activities in the green Taxonomy.

However, as any mean of power production, nuclear power has to deal with some problems
which are deeply affecting its development. But although public opinion might think they
are related to safety issues, especially after Fukushima accident in 2011, this is not the
case. To prove it, it is sufficient to show once again the mortality rate which is comparable
with the low rates of wind, solar and hydro. The problems connected to nuclear power
can be divided into three categories.

Firstly, and maybe this is the most important issue in Western countries, it is management:
budget and time overruns are characterizing some European projects — Olkiluoto 3 in
Finland, Flamanville 3 in France and Hinkley Point C in UK — making NPPs even more
difficult to deploy; this is not strictly related to the technology implemented (French EPR),
but more in general to the difficulty of Western countries in dealing with the so called
"mega-projects" within NPPs are included. China, Russia and South Korea construct
reactors within time and budget schedule, thus demonstrating that nuclear power do not
suffer from technological problems.

Second issue is nuclear proliferation. In order to ensure security in the world, ITAEA and
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the other national and international safeguards implement several programs consisting
of inspections and cross-controls on nuclear materials with database of all nuclear sites
(reactors, laboratories, companies, universities, etc.). It is extremely hard to work in the
nuclear world without the supervision and the approval of the TAEA.

Third problem is public acceptance. This is very specific to each country and is caused by
public ignorance in nuclear engineering field. Public acceptance has to do with radiation
and nuclear waste, xthe byproduct of power production. Both must be treated with
great attention and this has been done for decades. In fact, there are consolidated and
under-research methods to reduce and confine radwaste. After its treatment, radwaste is
isolated from the biosphere inside repositories. They are of two kinds: superficial where
low-level waste (LLW) is stored until it reaches ambient radioactivity level — namely a few
hundred years — and where intermediate-level waste (ILW) and high-level waste (HLW)
are allocated only temporarily; geological disposals designed to be functional for hundreds
of thousands of years where MLW and HLW can be safely stored. Another issue of public
concern could be nuclear accidents, especially after Fukushima disaster. The accident
occurred after the strongest earthquake ever registered in Japan which provoked a tsunami
with waves 11 meters high; although the structures of the reactors resisted, they were
totally disconnected from the electricity grid and the emergency cooling diesel generators
were out of service due to the flooding of the bunker where they were located. However,
according to the UNSCEAR Report 2019 [18| no casualties resulted from radiation expore,

while more than 15000 people died from the earthquake and tsunami combined.

New reactor technologies try to overcome these three major issues of nuclear power.

Generation IV nuclear power plants

In the early 2000s the Generation IV International Forum (GIF) identified in six new
reactors the future of fission technology [19]. They are: very-high temperature reactor
(VHTR), molten salt reactor (MSR), supercritical-water-cooled reactor (SCWR), gas-

cooled fast reactor (GFR), sodium-cooled fast reactor (SFR), lead-cooled fast reactor

(LFR).
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Figure 1: GIF Gen. IV nuclear reactors.

Gen. IV reactors are the novelty in nuclear power engineering and they will be available
on the market in the 2030s. As for today, a lot of pivotal projects are under research
and development in several countries all over the world. The claimed benefits include
sustainability, safety and reliability, economic competitiveness, proliferation resistance
and physical protection.

Sustainability is intended in the fuel cycle (resource utilization and waste) and it is the
absolute novelty for Gen. IV reactors. Indeed, most of them are fast reactors, meaning
that they exploit fast neutron spectrum to induce nuclear fission reactions on nuclear fuel.
This has two consequences: first of all, it is possible to produce new fissile isotopes inside
the reactor itself through the process of breeding starting from fertile nuclides, U-238
and Th-232. They are more abundant in nature than fissile nuclides but cannot be used
alone in thermal reactors since they do not undergo fission at thermal energy - and this is
why thermal reactors need fuel enrichment plants. By conversion of fertile isotopes, fast
reactors will increase fuel utilization factor and improve front-end sustainability. These
kinds of reactors go under the name of fast breeder reactors (FBRs). Second consequence
is related to back-end sustainability: a fast neutron spectrum is able to transmute minor
actinides (MAs) — among the most terrible radionuclides as they are long-lived alpha
emitters — into fission products (FPs) which are beta emitters and whose half-life is a few
orders of magnitude less. Eventually, fast reactors permit to exploit better the fuel cycle
and to produce less radioactive waste, an important benefit both for public acceptance,

non-proliferation and economic competitiveness.
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Moreover, a lot of Gen. IV reactors are designed to be small and compact in order
to exploit the advantages of SMRs (small modular reactors): modularity, economy of
multiples, flexibility and coupling with renewables, safety [20]. The term "small" refers to
the size of SMRs which is conventionally considered as below 300 MWe. Modularity refers
to the ability to fabricate major components of the NPP in a factory environment and to
ship them to the point of use. This implies simplicity of design, limited on-site preparation
and largely reduces the lengthy construction times that are typical of larger units. Thus,
from the financial point of view it can be even more convenient to build several units, one
after the other, following the so called "economy of multiples". Additional modules can
be incrementally added as demand for energy increases. Then, being so small, SMRs can
be easily coupled with other power sources such as renewables: they will follow the load
and cover that electricity demand which intermittent renewables cannot. SMRs can be
exploited not only for electricity production, but also for cogeneration: district heating,
desalination, hydrogen production, creating the so called "hybrid" electricity grid. Last
but not least, SMRs will improve the already-strong safety of NPPs thanks to the adoption
of passive safety systems, i.e. systems which do not need human action or even electricity

to work because they rely only on intrinsic physical properties of the system.

Topics and goals of this work

Among the six families of Gen. IV nuclear systems, this manuscript refers to lead-cooled
fast reactors. It is an advanced technology under development in several countries which

aims at becoming a major player in the decarbonization process.

This manuscript serves to describe a seven months internship at Royal Institute of Tech-
nology (KTH), Stockholm, where a lot of work on LFRs has been done. In particular, the
focus is on a general-purpose plant simulator named BELLA, adopted to simulate nor-
mal and off-normal conditions of a reference LFR under development in Sweden, called
SUNRISE-LFR. To that end, this work improves BELLA in the primary system descrip-
tion, for which momentum and mass balance equations are rewritten, and develops a
new model for the steam generator, a starting point for the plant secondary circuit. The
ultimate goal is to provide an efficient but flexible code oriented to the dynamics and the
control of LFRs.

Besides the general introduction concluded by this section, the manuscript is structured
in six chapters. Each chapter is divided into sections and subsections and always ends

with summarizing conclusions, both generic and specific.

Chapter 1 delineates the state-of-the-art of lead-cooled fast reactors. It begins with a
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description of the technology, underlining the advantages and disadvantages in terms of
coolant, fuel and structural materials. Then, the most interesting LFR projects all around
the world are presented. After that, the chapter briefly introduces some benchmark codes
and some developing tools used to simulate LFRs, including the one adopted in this work,

BELLA. As last, it gives some general conclusions on LFRs.

Chapter 2 is about the reactor under study, SUNRISE-LFR. After mentioning the overall
project, it describes the most updated layout of the reactor by means of figures and tables.

The chapter ends with generic conclusions.

Chapter 3 describes the plant simulator BELLA in terms of its assumptions and equations.
The new momentum and mass balance equations are presented. Then, the chapter shows
BELLA’s implementation in MATLAB/Simulink and discusses the simulation of some
reference accidental scenarios, performed on SUNRISE-LFR. At the end, some conclusive
remarks about the code, as well as about SUNRISE-LFR, are given.

Chapter 4 develops the new steam generator model and describes assumptions, limits
and advantages of the chosen approach. Then, it shows how it is implemented in MAT-
LAB/Simulink and discusses the simulation of some reference transients. Lastly, it gives

a summary about the code performances and identifies possible ways of improvement.

Chapter 5 couples BELLA with the steam generator model in MATLAB /Simulink and
carries out simulations of the reference accidental scenarios, adopting once again SUNRISE-
LFR. The results are compared to the ones from Chapter 3 and, then, some specific
conclusions about the coupling of the codes and about SUNRISE-LFR are highlighted.

Final Chapter 6 reassumes the entire work and tries to give overall conclusive remarks
about the code developed, about the simulations carried out and about SUNRISE-LFR.
It is done taking into account the original targets of the internship and the final accom-

plishments that are obtained.

The chapters are accompanied by four appendixes positioned after the bibliography. They
integrate the work with specific topics. Appendix A lists the thermo-physical properties
utilized in the work. Appendix B shows the derivation of the new momentum balance
equation. Appendix C introduces the topic of two-phase flows. As last, Appendix D

indicates Simulink settings adopted in all simulations.
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state-of-the-art

Lead-cooled fast reactors are one of the six technologies identified by the Generation IV
International Forum (GIF) [19] as the future of nuclear power able to meet the objectives
of the fourth generation of nuclear systems: sustainability, safety and reliability, economic
competitiveness, proliferation resistance and physical protection. This chapter is entirely
focused on LFRs and on the solutions under study or under implementation to achieve

commercially deployable units in the 2030s.

In particular, Section 1.1 is dedicated to a general overview of LFR technology with
specific references to coolant, fuel and structural materials. Section 1.2 goes through
the most interesting projects currently under development all around the world. Section
1.3 gives a brief introduction to the codes that can be used to simulate lead-cooled fast
reactors, mentioning also BELLA, the code used in this thesis work. As last, Section 1.4

tries to deduce some conclusions from the other sections on the state-of-the-art of LFRs.

1.1. LFR: the technology

First thing worth to mention is that this is a fast reactor, i.e. it adopts a fast neutron flux
to fission nuclear fuel and produce thermal power. Thus, the choices regarding coolant,
fuel and structural materials are first of all a consequence of having medium and high
energy neutrons (keV-MeV range) inside the reactor. At the same time they must satisfy
compatibility requirements in terms of chemical and physical interactions.

This section is about the general features of LFRs. It describes their advantages and
disadvantages, as well as engineering solutions to the issues coming from the use of lead

in the primary circuit. Three subsections addresses coolant, fuel and structural materials.

1.1.1. Coolant

In the Generation IV context, the coolant is required to:
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e Effectively cool down the fuel and transport thermal power to the secondary system.
e Minimize neutron moderation to preserve a fast neutron spectrum.

e Minimize neutronic parasitic absorptions to keep a good neutron economy.

Gen. IV reactors have shifted from water solution to new coolants in the primary circuit.

And the coolant choice is what distinguishes the six Gen. IV reactors one from another.

As contained in the name itself, lead-cooled fast reactors adopt lead as primary coolant.

Two implementations are under development: pure lead and lead-bismuth eutectic (LBE).

The first part of this subsection refers to the pure lead technology, while a few comments

on LBE are given at the end.

Isotope Isotopic abundance
203ph 1.4%
206p, 24.1%
07ph 22.1%
208pn 52.4%

Table 1.1: Natural lead isotopic composition (all stable isotopes).

Lead neutronic properties:

e High mass number (Table 1.1).

It guarantees that lead neutron moderation power remains poor because, even
though liquid lead has a very high density, scattering microscopic cross-section is
extremely low. This allows to use lead in fast reactors, with all the benefits that
follow: fuel breeding, MAs transmutation, no need of enrichment plants (sustain-
ability, non-proliferation and economic competitiveness).

In addition, high mass numbers strongly increase y-rays absorption by lead, thus
providing a very effective intrinsic shielding capability (higher safety). Consequently,
it reduces the necessity of a thick reactor biological shield (economic competitive-
ness).

Furthermore, lead good neutron reflection capability lowers leakages from the reac-

tor core improving neutron economy.

Low neutron absorption cross-section.
First of all, this significantly improves neutron economy.

Moreover, together with the low scattering cross-section, it has a very practical
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consequence on core design: it allows to increase the coolant-to-fuel volume ratio
by enlarging the fuel rods pitch and, subsequently, coolant flow area in the core.
Considering the same mass flow rate, this reduces lead flow velocity in-core and,
therefore, core pressure losses. Hence, requirements on pumping power level decrease
(primary pump is asked to provide a lower pressure head) and primary fluid natural
circulation can be achieved with great simplicity. Indeed, LFR projects usually
rely on natural circulation of lead as an inherent cooling capability of the system,
especially in case of loss of flow accidents.

Furthermore, less compact fuel rods bundles drastically enhance the safety against

flow blockage.

High capability of volatile FPs retention (lead can form compounds with iodine and
cesium).

This property, together with the excellent y-rays absorption, reduces the source term
in case of accident on the primary system (e.g., lead leakage). This not only increases
the intrinsic safety properties of lead, but also improves economic competitiveness of

LFRs because it reduces the emergency planning zones in case of accidental scenario.

Lead physical and chemical properties:

High boiling point (1749 °C).

Considering that the typical working conditions are in the range of 400-500 °C, it is
present a sufficiently large margin to coolant boiling to claim that the core voiding
reactivity risk is extremely low. This leads to simplification of the design of LFRs
because pressurization of the primary system is not required.

In addition, a high boiling point allows the reactor to work at relative high temper-
atures (limited on the other hand by corrosion issues) reaching increased thermal
efficiencies (>40%) and enabling cogeneration (e.g., district heating, desalination,

hydrogen production).

Low vapor pressure (2.9 107 Pa at 400 °C).

Again, this goes in favor of a primary system working at atmospheric pressure.

High density (in the range of 10 tons/m?).

It favors the dispersion of breached fuel in case of accident.

Good thermal expansion coefficient (1.22 107 K~ at 500 °C).
It improves natural circulation both in working conditions (increasing the buoyancy

term) and under accidental transients (loss of flow accidents).

Chemical compatibility with water and air.
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It removes the necessity of an intermediate circuit, required conversely for sodium-
cooled fast reactors (SFRs). This settles the conditions to develop pool-type reactors
where all primary system components are integrated in the reactor vessel. The
benefits are not only in design simplification and modularity, but also in safety:
since lead flow is confined inside the primary vessel, no big penetrations of the vessel
itself are needed. Hence, the reference large break LOCA (loss of coolant accident)
is eliminated by design and the standard LOCA has a well decreased likelihood of

occurring.

e Low potential energy stored.
Since no hydrogen is in principle present inside the primary system, the likelihood
of chemical explosions in the reactor vessel are drastically reduced (Fukushima alike

event).
Disadvantages:

e High melting point (327.5 °C).
It requires the system to work at higher temperatures, keeping a sufficient margin
to coolant freezing. The reactor design must pay a careful attention on overcooling
transients because a solidification of the coolant inside the primary vessel might
compromise the reactor useful life.
On the other hand, it provides a good resistance to lead spreading in case of vessel
cracks and ruptures: lead would solidify almost immediately when in contact with

air at ambient temperature.

e High density (around 10 tons/m?).
The main issue is related to erosion of structural materials by flowing lead. On the
one side, this is counterbalanced by keeping lead flow velocity below a given value,
usually 2 m/s [21]. On the other side, the research is studying and developing
materials with strong resistance against lead erosion.
Furthermore, high density provides a higher seismic risk for the plant. This explains
why LFRs are usually of the pool-type configuration with a limit on the vessel height.

It goes in the direction of a more compact system with a limited lead inventory.

e Heavy liquid metal corrosion (HLMC).
This is the biggest challenge in developing LFRs because lead’s attack on structural
materials is quite strong, especially at high temperature due to the significant in-
crease of Fe, Cr and Ni dissolution rates. The first countermeasure is to lower lead
maximum temperature in the system: this is why LFRs usually keep lead temper-

atures below 550-600 °C.
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Secondly, an active control of the oxygen concentration in the system must be taken
over.

Then, most of the effort is done in new materials development and qualification
to resist to HLMC, with the idea of coating metallic structures located in the most
severe environments (fuel cladding, hot pools). The metals under study are alumina
forming steels (AFA) and FeCrAl alloys, to which Subsection 1.1.3 gives a brief in-
troduction.

In addition, strong coolant purification might help in reducing particulate that can

attack metallic surfaces.

e Lead opacity.
It has very practical consequences on the in-service inspection and monitoring of
components inside the vessel and on fuel handling management. LFRs under devel-
opment try to solve this problem in different, innovative ways, such as by extending
fuel assemblies upper ends beyond lead free surface level (ALFRED, Subsection
1.2.1).

The other popular option for LFRs coolant is an eutectic between lead and bismuth
[22, 23], with composition of 44.5 at.% in Pb and 55.5 at.% in Bi. The main reason to
adopt it lies in the decreased melting point of the alloy: from 325.5 °C of pure lead to
123.5 °C of LBE, which significantly increases the margin to coolant freezing. While LBE
shares with pure lead most of the other advantages (Bi is a heavy nuclide, with 2°*Bi the

only quasi-stable isotope), it exhibits some new issues:

e Bi is not abundant at all and, hence, very expensive (non nuclear-grade Bi costs
around 6 USD /kg in 2019) |24, 25].

e After neutron radiative capture, bismuth is responsible of producing a non-negligible
amount of '°Po, among most radiotoxic nuclides (alpha emitter with specific activ-
ity of about 166 TBq/g) |26, 27|.

e At the same temperature Bi is about 40 times more corrosive than Pb against Fe,
Cr and Ni. Nevertheless, LBE does not require working temperatures as high as

pure lead systems.

In general, pure lead systems are utilized for standard (fast) power reactors, while LBE is
commonly adopted for partitioning and transmutation technologies. These are innovative
nuclear systems specifically addressing nuclear waste incineration, and they consist of a

high-power proton accelerator coupled to a subcritical nuclear reactor through a spallation
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target. By impinging the proton beam against the high mass number target (tungsten,
lead or, more commonly, LBE), neutrons are produced by spallation and criticality is
achieved. In this way common nuclear fuel can be burned together with minor actinides,
without compromising the safety characteristics of the system thanks to the sub-critical
mode of operation, which intrinsically provides a SCRAM when the proton beam is shut
down. These systems are also called accelerator-driven systems (ADS) and they are part

of the Generation IV nuclear reactors.

1.1.2. Fuel

Advanced nuclear reactors need to consider innovative solutions for fuel in order to improve
its performance and its safety. They are referred as accident-tolerant nuclear fuel (ATF)
technologies and in their qualification process a special attention must be dedicated to
cladding materials, which need to be chemically compatible with fuel and capable to resist
fast reactors severe conditions.

Important prerequisites for optimal advanced nuclear fuels are high melting point (to
reduce the melting risk), high thermal conductivity (to increase the safety margin to
fuel melting by lowering the temperature difference across the fuel), high density (to
decrease the volume needed to reach criticality conditions), good miscibility with actinides
and capability of withstanding high burnup (to lower the fuel cycle costs and increase

proliferation resistance).

For lead-cooled fast reactors the solutions at play are mainly two: oxides and nitrides.
Also metallic fuels may be an option, with the great advantages of extremely high densities
and thus maximizing the breeding ratio and minimizing the fissile core inventory, but only
for low temperature operations. Main reference for this subsection is the state-of-the-art

report on innovative fuels published by OECD Nuclear Energy Agency in 2014 [28].

The oxide technology has decades of experience from the very beginning of the nuclear
era, as it has been adopted not only in LWRs (UO;) but also in the first experimental
fast reactors in the 1960s and 1970s when it comes to the mixed oxide (U,Pu)O, (MOX
fuel). Several thousands of MOX fuel pins have been successfully irradiated worldwide in
fast reactors under nominal and off-normal conditions. This provides a solid background
of knowledge on oxide fuel’s behavior and a large database for validation of models and
fuel performance codes. This is the main reason why oxide fuels are contemplated as
the already qualified, reference fuel in several fast reactors, LFRs included. It is valid in
particular for the MOX configuration with allows to recycle plutonium from spent nuclear

fuel and from the military sector (sustainability).
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Despite having a low density and a poor thermal conductivity, MOX fuel shows a high
melting point, excellent stability and an excellent behavior under irradiation (swelling

rate is much lower than the other fuel kinds).

Nitride fuels have been mostly investigated in the uranium mononitride form (UN), but
plutonium nitride and mixed variants continue to be studied. Compared to oxide fuels,
the advantages of UN are higher fissile density (one HM atom per light atom), similar
melting point but significantly enhanced thermal conductivity. Thus, large safety margins
against fuel melting are obtained and fuel cladding temperature is in general kept to lower
values. Nitride fuels support a hard spectrum, a requirement for efficient actinides fission.
Both UN and PuNN offer almost complete miscibility with the actinide nitrides, greatly
relaxing a number of fabrication and operational concerns that exist in oxide and metallic
fuel forms.

Besides being not qualified yet, a disadvantage of nitrides lies in *N: it is a strong neu-
tron absorber which produces *C, deteriorating neutron economy and adding radioactive
source to the fuel mixture. It is essential then to enrich nitrogen in its other stable isotope,
15N, but the cost of supplying fresh °N is prohibitive on a large scale. Luckily, N can
be easily recovered from spent fuel and recycled, and this can be a very good strategy to

make the process economically competitive.

More exotic fuel solutions, such as carbides and silicides, are under study in different

countries, but they are not considered in this manuscript.

Fuel U0, UN

Melting temperature (°C) 2850 2850
Density (ton/m?) 10.9 13.4
Thermal conductivity (W/K-m) 3.5 20.1
Specific heat capacity (J/kg-K) 317 237

Table 1.2: Uranium dioxide and uranium mononitride main thermo-physical properties
at comparison. Values are obtained using the correlations listed in Appendix A evaluated
at 700 °C. For both the melting point is evaluated at 1 bar [28].

1.1.3. Structural materials

The previous subsections already posed the problem of finding structural materials capable
of surviving LFRs severe environment: high temperature range, irradiation conditions

and corrosion/erosion sharpen the list of candidates. In addition, at low temperatures
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another phenomenon might compromise the integrity of structural materials: liquid metal
embrittlement (LME).

Without entering into details, out of the scope of this work, it is worth to mention which
are the most interesting candidate materials for lead-cooled fast reactors: among ferritic
steels, the family of FeCrAl with different compositions seems to meet all requirements
[29, 30]; on the other hand, alumina-forming austenitic (AFA) steels show very important
corrosion resistance properties below 650 °C [31]. Both the two classes of steels have not
been qualified yet for nuclear reactors and the process is very costly and time-consuming.
This is the reason why they are usually coupled with already qualified materials, such as
austenitic SS316L for pressure boundaries and 15-15Ti for fuel cladding [32]. It must be
noted that metals adopted in fuel cladding need to satisfy an additional criterion: low
neutron absorption cross-section to avoid significant parasitic captures and jeopardize

neutron economy.

Section 1.2 and Chapter 2 contain specific references to solutions for cladding and struc-

tural materials.

1.2. Main projects currently under development

Lead-cooled reactors were historically associated to Soviet Union as they were used inside
nuclear-powered attack submarines. They were seven Alfa class submarines built between
1960s and 1970s adopting a 155 MWth LBE reactor each. Thanks to the LBE technology;,
they were compact and therefore the fastest submarines in the world, but the program
ended in 1996 with the decommission of all seven. In 1998 Russia declassified a lot
of research information derived from its experience with submarine reactors and, as a
consequence, Western countries’ interest in using Pb or Pb-Bi for small reactors has

increased.

Nowadays US, Europe, Japan, but also China, South Korea and Russia itself are the
main actors in LFRs development. This section goes through the several reactors under
study, deployment or operation in the world. Main reference here is the Lead Cooled
Fast Reactor chapter on the Encyclopedia of Nuclear Energy [33] written in 2021 by A.
Alemberti, Ansaldo Nucleare.

Regarding the conventional LFR technology, this section presents: ALFRED, ELFR,
BREST, SSTAR, LFR-AS-200, CLFR and Westinghouse LFR.

Concerning the ADS concept, three projects are introduced: MYRRHA, SVBR-100 and
CLEAR-I.
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A particularly interesting projects is the Swedish SUNRISE [34]. It is not discussed in
this section because, being it the reference LFR for this thesis manuscript, it has a wholly
dedicated part (Chapter 2).

1.2.1. ALFRED

ALFRED (Advanced Lead-cooled Fast Reactor European Demonstrator) is the Euro-
pean demonstrator reactor for the liquid lead technology [35, 36]. It is one of the four
ESNII (European Sustainable Nuclear Industrial Initiative) initiatives to develop a gen-
eration IV nuclear reactor in Europe, the others being MYRRHA (LBE-ADS prototype),
ASTRID (SFR prototype) and ALLEGRO (GFR prototype). It leverages on the expe-
rience acquired with ELSY (European Lead SYstem) in 2006-2010 and has the target to
demonstrate the LFR technology. Further step in the line will be the development of
the first-of-a-kind industrial plant, named ELFR (European LFR). Final goal will be the

deployment of commercial units in the time window 2035-2040.

In order to support it, the European Commission funds the LEADER (LEad-cooled Ad-
vanced DEmonstrator Reactor) projects, which involve 16 partners among which ENEA,
RATEN-ICN, SCK-CEN, KTH, CEA, JRC, coordinated by the Italian private company
Ansaldo Nucleare [37]. The commitment to the LFR development was formalized in
2013 through the formation of an unincorporated consortium, named FALCON (Foster-
ing ALfred CONstruction). FALCON is aimed at managing the R&D strategic needs and
securing the necessary funding for siting, licensing and construction. It also addresses the
path to licensing through an innovative strategy in terms of R&D development, the so-
called staged approach that foresees after the construction a progressive increase of oper-
ating temperature in order to qualify the structural materials and/or corrosion protection

strategy in the lead coolant environment as well as prototypical irradiation conditions.

The reactor has a 300 MWth core, which turns into 125 MWe, and it is cooled by pure
lead. The proposed secondary system is constituted by a steam-water cycle characterized
by a turbine inlet pressure of 18 MPa, feed water entering at 335 °C and superheated
steam exiting at 450 °C. This is exactly the same cycle that was used for the sodium fast

reactor Superphénix and has an overall thermal efficiency greater than 40%.
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Figure 1.1: ALFRED primary system flow path [33]|. In red hot regions and in light blue

cold regions.

As most of the LFRs under demonstration, the primary system configuration is pool-type
both to achieve modularity and compactness of the vessel and to prevent seismic impacts
on the system. Thus, the reactor vessel (RV) contains all the primary coolant inventory,
in principle eliminating by design the loss of coolant accident.

The reactor present a simple flow path (Figure 1.1), with a riser and a downcomer. The
locations of the heat source (the core), below the riser, and of the heat sink (the steam
generators, SGs), at the top of the downcomer, allow for an efficient natural circulation
environment. The primary coolant flows from the core to the SG through the riser. The
SG units are connected to the primary pumps (PPs), located at the entrance of the SGs,
hence working in hot lead. After the steam generators, the flow continues along the
downcomer reaching eventually the core, and then starts again the loop.

Inside the RV, the reactor core is supported by the so-called inner vessel (IV), while a
steel layer covering the reactor pit constitutes the safety vessel (SV). The plenum between
the primary coolant free levels and the reactor roof is filled by a cover gas. Figure 1.2

displays a vertical sketch of the reactor.
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Figure 1.2: ALFRED primary system layout [33].

The function of the SV is to mitigate the consequences of through-wall cracks in the RV
with leakage of lead. The dimension of the gap between the two vessels is designed in such
a manner that, in case of lead leak from the RV, the resulting primary coolant always
covers the SG inlet and the lead circulation flow path is indefinitely maintained.

The inner vessel has two targets: separation of cold lead from hot lead and fuel assemblies

support.

As said, the steam generator and primary pump are integrated into a single vertical unit.
The PP has its mechanical suction in the hot pool inside the IV and its motor above
the reactor roof. The SG consists of a bundle of 542 bayonet tubes immersed in the RV
pool for 6 m of their length. The configuration of the bayonet tubes, made of an external
safety tube and an internal insulating layer composed of four concentric tubes, ensures
that in case of external tube break the primary lead does not enter into contact with
the secondary water. Moreover, a tube break can be easily detected by monitoring the

pressure of the helium gap present in the insulating layer.

The core configuration (Figure 1.3) foresees 171 wrapped hexagonal fuel assemblies (FAs),
12 controls rods (CRs), 4 safety rods (SRs) surrounded by 108 dummy elements (ZrO»-
Y,03) shielding the IV.
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Each FA is about 8 m long and consists of 127 fuel pins. Fuel pellets are hollow and
made by MOX fuel. The fuel rods are provided with upper elastic elements (cup springs)
to prevent lifting induced by hydrodynamic loads and to accommodate axial thermal
expansion. The FAs upper end extends beyond the lead free surface area in the cover
gas to simplify their handling and inspection. This unique solution strongly characterizes

ALFRED design and makes possible to refuel without the need of in-vessel machines.

Inner Outer

elements

Figure 1.3: ALFRED core layout [33].

For what concerns the decay heat removal (DHR) system, ALFRED has two passive,
redundant and independent systems, DHR1 and DHR2. They are both composed of
4 isolation condensers (ICs), immersed in water pools and connected to 4 SGs on the
secondary side. The water inventory in each pool is enough to guarantee 3 days of decay
heat removal operation. Three out of four ICs are sufficient to remove decay power and
the total number of active ICs cannot exceeds four units in order to avoid excessive cooling
of the primary coolant, leading to its solidification. In any case, anti-freezing systems are

introduced to prevent lead to go below its melting point.

As of 2020, six experimental facilities and a coordination Hub are planned to be con-
structed in Romania, on the Institute for Nuclear Research (RATEN ICN) site, located
in the Mioveni town. Each facility will address key aspects related to ALFRED reactor

safety and licensing. They are:

e ATHENA, to test the behavior of full scale components in liquid lead, with a particu-
lar focus on the investigation of the steam generator tube rupture, the fluid-structure

interaction, lead stratification and freezing in a pool configuration system.
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e ChemlLab, a laboratory specialized in the chemistry of lead and cover gas, to better
understand oxygen and other impurities control and monitoring in both environ-

ments.

e HELENAZ2, a loop type installation, to test and demonstrate the thermal-hydraulic
behavior in pure liquid lead of full scale ALFRED fuel assemblies and of the safety

and control rods, in normal and forced flow regimes.

e ELF, a pure lead pool installation operated in natural or forced circulation mode,
for endurance tests of the operation of components, equipment and systems to be
used in by ALFRED demonstrator, as well as for the measurement of the reliability

characteristics.

e Meltin'Pot, to investigate the phenomenology associated to severe accidents in a
LFR reactor by studying fuel, cladding and coolant interactions, including fuel dis-

persion during a severe accident, fission products retention in pure lead, etc.

e HandsON, to test the handling of the full scale fuel assemblies and control rods of

the ALFRED demonstrator, in operational conditions.

The Hub will coordinate the research activities in synergy with a network of additional
facilities distributed in Europe, while the Centre of Excellence - Lead School, hosted by
the HUB, will deliver world-class education and training to researchers, technicians and

students, as well as lectures and dissemination events for the general public.

1.2.2. ELFR

The ELFR (European Lead-cooled Fast Reactor) is a modification of the earlier ELSY
(European Lead SYstem) reactor concept while keeping the same power size (1500 MWth).

It will be the foak industrial LFR in Europe and will open the road for commercial units.

It has a pool-type configuration with the reactor vessel kept as compact as possible to
reduce the primary coolant inventory and, hence, the corresponding seismic loads, while
sufficiently wide to accommodate the primary system components (Figure 1.4). They are
8 steam generators, 4 primary pumps and 8 decay heat dip-coolers. The hot pool of ELFR

is enclosed by an inner vessel and is connected to he PPs through suction pipes.

Lead working conditions are 400 °C at core inlet and 480 °C at core outlet. Thanks to
the low pressure losses in the primary circuit — 0.9 bar in core and 1.4 bar in total — and
to the position of the heat source (the core) and the heat sinks (the steam generators),

the system is able to provide efficient natural circulation of the coolant under emergency
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shutdown conditions.
The decay heat removal is managed by two safety systems: they are characterized by
passive operation, redundancy and diversity, while being completely independent of each

other.

ELFR is intended to implement the so-called adiabatic reactor concept with closed fuel
cycle and maintaining constant the quantity of plutonium. This strategy allows to achieve
sustainability and proliferation resistance.
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Figure 1.4: ELFR layout [33].

1.2.3. BREST

The BREST family is a series of reactors under study in Russia in the recents years.
In particular, two units are envisaged: BREST-OD-300, a 300 MWe demonstrator, and
BREST-1200 for commercial purposes in the long term.

The construction of BREST-300 was approved in 2016 and started in June 2021 in Seversk
(near Tomsk). It employs a pool-type design which incorporates the core with reflector
and control rods, steam generators and pumps, fuel reloading and management, safety

and auxiliary systems, all within the primary vessel (Figure 1.5).
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(a) Vertical section. (b) 3D representation.

Figure 1.5: BREST-OD-300 layout [33].

Primary thermal cycle is between 420 and 535 °C for a core thermal power of 700 MWth.
On the secondary side, a conventional steam-water cycle reaching 505 °C at 17 MPa allows

for a thermal efficiency of about 42%.

As other designs, the core is not provided with uranium blanket, replaced simply by lead
reflector improving power distribution, providing negative density and void coefficients
and ruling out the production of weapons-grade plutonium. Core’s fuel lattice has a
wide coolant flow area, resulting in low pressure losses and enabling the establishment of
natural circulation for decay heat removal. For the first core loading, fuel type will be
nitride of depleted uranium mixed with plutonium, coming from VVER’s irradiated fuel
after cooling and reprocessing. In this way it may be achieved a core breeding ratio equal
to approximately 1 with fuel reprocessing limited to the removal of fission products. The
reprocessing plant is co-located with the reactor, and this is a notable characteristic of

BREST-300 which eliminates in principle any issue related to fuel transportation.

BREST decay heat removal system has the peculiarity of being passive and time-unlimited:
through air-cooled heat exchangers, natural circulation of air removes power from the lead

circuit. Heated air is then vented to the atmosphere.

1.2.4. SSTAR

SSTAR (Small, Sealed, Transportable, Autonomous Reactor) was a proposed small mod-
ular reactor developed in the United States at Lawrence Livermore National Laboratory.
Although the project ended in 2015, it is still considered within GIF as representative

concept of the small-size category of LFRs.
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The reactor was designed to provide power to developing nations and remote communities
without electrical grid connections, such as Hawaii, Alaska or island nations in the Pacific.
This explains its most important features, including a small-size reactor vessel (12 m high)
that can supply 45 MWth (20 MWe); reliance on natural circulation for both operational
and shutdown heat removal; a very long core life without refueling (15-30 years) which
imparts strong proliferation resistance; autonomous load following without control rod
motion. A really innovative solution is the supercritical CO, (S-CO,) Brayton cycle
power conversion system.

The overall design incorporates inherent thermo-structural feedbacks which guarantee a

high degree of passive safety.
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Figure 1.6: SSTAR layout [33].

1.2.5. LFR-AS-200

The LFR-AS-200 is an innovative SMR cooled by liquid lead currently under study by Hy-
dromine Nuclear Energy S.a.r.l., Luxembourg. AS is the acronym for Amphora-Shaped,

which refers to the shape of the inner vessel (IV), while 200 is the size of the reactor in
MWe.

It is a pool-type lead-cooled fast reactor with all the primary system components inte-
grated inside the reactor vessel (Figure 1.7). Among its peculiarities there are 6 innovative
spiral-tube steam generators (STSGs), 6 mechanical pumps, reversed-flag-type controls

rods, 3 + 3 dip-coolers belonging to passive, diversified, redundant decay heat removal
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systems and the ASIV, large in the bottom part in order to dispense of shielding assem-
blies. The fuel assemblies are characterized by stems extending above lead free surface
level with heads forming a self-sustaining core. Then, two rotating plugs and an ex-vessel

refueling machine allow to perform refueling under visual control and sealed conditions.

The compactness of the reactor (less than 1 m3/MWe) makes it competitive in the cost of
kWh. This is also a consequence of the reduced need of in-service inspections, reached by
the elimination of critical components such as in-vessel refueling machine, core strongback
and above-core structures immersed in lead and, hence, submitted to thermal transients

and fast neutron fluxes.

A ey

Figure 1.7: LFR-ASIV-200 layout [33].

1.2.6. CLFR

The CLFR series is developed by China Nuclear Power Technology Research Institute
Co., Ltd. (CNPRI) as the next generation of commercial nuclear reactors of China Gen-
eral Nuclear Power Corporation (CGN). The series foresees two models: CLFR-100, a
100 MWe demonstrator for the heavy liquid metal technology with the target to be in
operation by 2030; CLFR-300, a 300 MWe unit designed to demonstrate the economic
competitiveness of the LFR technology relative to LWRs.
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The CLFR series (Figure 1.8) introduces advanced design solutions like integral, modular
arrangement and smart operation and maintenance. The reactor opted for the pool-
type configuration with all primary components located inside the main vessel. This
simplification of the design provides safety advantages for instance by eliminating main

vessel penetrations, thus reducing the likelihood of loss of coolant accidents.

The CLFR series is developing an advanced safety concept named Natural-Driven Safety
(NDS) to solve conflicting requirements of safety and economy. It aims at reactor safety
systems entirely driven by physical laws without the use of any active system (including
batteries or electronic devices). In particular, two mechanisms are under study: the
Natural Driven Shutdown System (NDSS) and the Natural Driven Decay Heat Removal
System (NDDHRS). The NDSS can virtually eliminate risks of unprotected accident,
while the NDDHRS can virtually eliminate risks of core damage and large release of
radioactivity.

These excellent safety features can help CLFR-300 to improve nuclear power safety and
economic performances simultaneously and rule out the requirement of evacuation of the

local population.

Heat exchanger

Main pump

Reactor vessel

Figure 1.8: CLFR-300 general scheme [33].
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1.2.7. Westinghouse LFR

The Westinghouse LFR is a medium-size (about 460 MWe), modular, lead-cooled nuclear
reactor. It operates in pool configuration and is coupled with an air-cooled supercritical
CO3 (S-CO,) secondary system. The primary plant mission is base load electricity pro-
duction as well as load following, under competitive economics, versatility in future and
diverse markets and high levels of safety at the same time. In fact, thanks to the medium-
level power output the plant can be easily integrated into lower-capacity grids, while also
being optimal for standard base load plant applications. Load leveling is achieved through
an integrated energy storage system fully coupled with the balance of plant equipment,
allowing to follow electricity demand without the necessity of core power variations. More-
over, being air-cooled, the plant does not require to be located in the vicinity of large water

bodies, thus greatly expanding the list of options for plant siting.

The compactness of the reactor vessel is enhanced by the use of extremely robust, highly-
compact hybrid microchannel-type primary heat exchangers and by the use of a water-
assisted reactor vessel cooling system for emergency decay heat removal. In this way,
in-vessel dip-coolers are eliminated because, in case of accidents, liquid lead natural circu-
lation is simply driven by passive heat transfer through the reactor vessel and guard vessel
to an outer annular water pool. When water inventory is depleted, natural convection
with air circulating outside of the guard vessel is sufficient to remove the remaining decay

power.

The scheme of the primary system is shown in Figure 1.9, while Figure 1.10 displays the
plant layout.
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Figure 1.10: Westinghouse LFR plant layout [33].
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1.2.8. MYRRHA

MYRRA (Multipurpose hYbrid Research Reactor for High-tech Applications) [38, 39| is
an innovative research reactor planned for costruction at SCK-CEN’s Mol site in northern
Belgium. It aims at demonstrating the accelerator driven system (ADS) concept by cou-
pling the high-power proton accelerator, the spallation target and the subcritical reactor
(Figure 1.11). In addition, it permits the investigation of high-level waste (HLW) trans-
mutation technology. Last but not least, since MYRRHA adopts lead-bismuth eutectic
as coolant, it can also significantly contribute to lead fast reactors research.

The facility will be able to work both in subcritical mode and in critical mode, albeit
with different performance characteristics. The two modes have their specific energy and
flux distributions which allow to explore a wide range of applications: fuel development
for innovative reactor systems, material study and testing for generation IV systems and

fusion reactors, radioisotope production for medical and industrial purposes.

Figure 1.11: MYRRHA plant site sketch [39].

MYRRHA reactor is an integral pool-type concept (Figure 1.12). Among the in-vessel
primary systems there are a diaphragm separating hot and cold plenum, 4 primary heat
exchangers, 2 primary pumps, 2 in-vessel fuel handling machines and a core unit. The
latter contains fuel assemblies, controls rods, safety rods, the spallation neutron target,
instrumentation and experimental devices. The reactor pit features a liner as secondary
containment in case of leakage or break from the primary vessel. Because of the structures
above the core, fuel and reflector assemblies need to be loaded from underneath and, in

this way, they do not need locking devices to hold them because they rely on buoyancy.
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Decay heat is removed by a passive cooling system with quadruple redundancy. In case of

a common cause failure, the diverse RVACS system can take over of the cooling function.

Figure 1.12: MYRRHA reactor 3D sketch.

At full power, the reactor operates at 100 MWth in critical mode or 65 MWth in subcritical
mode. LBE temperature range is 270-352 °C with a mass flow rate of 13800 kg/s.

In 2018 Belgian Government supported the construction of MYRRHA in a phased ap-
proach. The first phase, called MINERVA, allocates budget for the accelerator up to 100
MeV including an isotope separator online and a proton target facility. It has to be final-
ized by 2026, and by then they plan to obtain all the necessary permits for the reactor

construction.

1.2.9. SVBR-100

The SVBR-100 is a 280 MWth (100 MWe) multipurpose SMR cooled by LBE developed
by AKME-engineering JSC together with SC Rosatom. The project leverages on the

more than 80 reactor-years experience gained by Russian Federation in LBE technologies
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adopted in nuclear submarines.
SVBR-100 can be used for regional scale grids, industrial heat and desalination systems.

It is claimed to work without refueling for a period not less than 7-8 years.

The reactor features an integral layout where the entire primary circuit equipments — core,
steam generators, circulation pumps, in-vessel radiation shielding — are contained within
a robust vessel of the reactor mono-block (Figure 1.13). Inherent safety is guaranteed
by negative void and temperature reactivity feedback coefficients. Natural circulation of
the coolant is able to passively cool down the reactor for at least 72 hours preventing
core temperature increase. Regarding the fuel, at a first stage it will use already qualified
uranium dioxide (enrichment below 20%) providing a breeding ratio of 0.83. In case MOX
fuel is adopted, the breeding ratio increases to approximately 1. Starting with UO,, the

closed fuel cycle can be realized in 15 years.

Thanks to the compactness of the reactor mono-block and to maximum factory readiness,

SVBR-100 can be transported by railway and constructed in short time.
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Figure 1.13: SVBR-100 reactor mono-block layout [33].

1.2.10. CLEAR-I

In 2011, the Chinese Academy of Sciences (CAS) launched an engineering project aimed
at developing an accelerator driven system for nuclear waste transmutation. The CLEAR
(China LEAd-based Reactor) proposed by the Institute of Nuclear Energy Safety Tech-
nology (INEST) was selected as the ADS reference concept.

The first step of the ADS deployment strategy is named CLEAR-I (Figure 1.14) and it
is a 10 MWth pool-type fast reactor cooled by lead-bismuth eutectic, capable of being
operated both in critical (to study LFR technology) and subcritical (for ADS technology

validation) mode.
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Figure 1.14: CLEAR-I nuclear reactor layout.

CLEAR-I features a core (Figure 1.15) composed of a variable (according to the operated
mode) number of hexagonal wrapped fuel assemblies, each made of 61 fuel rods with
triangular arrangement. For the first loading, the fuel pellet considered is UOy with
enrichment of 19.75% and austenitic steel as fuel cladding (SS316Ti + SS316L). MOX
fuel is the alternative. A vacuum bream tube is placed in the center of the core and
lets a 250 MeV /10 mA proton beam enter from the top through the window and to the
flowing LBE target. Double wall bayonet tubes for 4 primary heat exchangers are used as
cooling system with 2 primary pumps vertically immersed in the cold pool. Decay heat

is passively removed by the RVACS system in case of accidental conditions.
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Figure 1.15: CLEAR-I core layout.

At present three integrated test facilities have been built at INEST to support CLEAR-I
project and to validate its key components and operating regime. They are: CLEAR-S, a

lead-based non-nuclear reactor, CLEAR-0, a lead-based zero power nuclear reactor, and
CLEAR-V, the lead-based virtual reactor.

1.3. Short summary of codes for LFRs

The dynamical behavior of a complex industrial system is usually extremely difficult to
experimentally assess and validate. This is true for nuclear systems as well. Therefore, it

is necessary to have models of the system and softwares to run simulations.

Traditionally, liquid metal cooled reactors were studied adopting legacy system codes
originally developed for safety analysis of sodium-cooled and /or light water reactors, such
as SAS4A /SASSYS-1 [40, 41], APROS and RELAP. Although these codes were extended
and validated on experimental data coming from SFRs, they need to be adapted by the
user in various ways to be directly applicable to lead-cooled reactor systems. Another
typical problem is related to the complexity of these codes after decades of modifications,
extensions and applications, which makes further refinements to optimally include the
study of LFRs really hard. Eventually, they appear as black boxes suitable only for the
simulation of already existing LFRs. Other codes, such as SIM-LFR [35] and SIM-ADS,
have been purpose-built for simulation of lead-cooled reactor systems, but have not been

made available for public use.
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From these reasons it emerges the necessity to write, verify and subsequently validate a
new code totally tailored on LFRs. This has been done in the recent years by the Nuclear
Engineering Division of Physics Department at KTH and the code goes under the name
of Bortot’s Elegant Liquid LFR Analysis tool (BELLA) [42-45]. BELLA is a general-
purpose plant simulator oriented to the dynamics and control of lead-cooled fast reactors.
It is based on a point-wise description of and coupling between the reactor core, primary
coolant, steam generator and secondary system. Current capabilities include simulation
of unprotected transient over-power (UTOP), loss-of-flow (ULOF) and loss-of-heat-sink
(ULOHS) accidents, together with station blackout by combining ULOF and ULOHS.
The code is currently available in different languages, namely Python, Matlab/Simulink,
C++ and Mathematica [46-48].

What BELLA is currently missing in its most updated version is the correct implemen-
tation of fuel thermomechanics equations — in particular when adopting uranium nitride
as fuel — and a model for the steam generator, among others. Indeed, one of the goals
of this thesis work is the development of a functioning model for the steam generator
module adopting an approach consistent with the rest of the code. To it, Chapter 4 is
fully dedicated.

1.4. Conclusions

As advanced nuclear power systems, lead-cooled fast reactors propose an innovative tech-
nology to couple conventional power production with sustainability in the fuel cycle, both
front-end (nuclear fuel breeding) and back-end (nuclear waste burning and recycling).
This can be accomplished while keeping high safety standards thanks to passive safety
systems (e.g., natural circulation, RVACS) and accident-tolerant fuels. New materials
that can support the transition toward high-temperature fast reactors are under study
and testing, as the qualification process needs time to be completed by safety authori-
ties. Everything is done without jeopardize the economic competitiveness of such reactors
which are meant to enter into the market in the 2030s. Several projects of all the possible

sizes (micro, small, medium and large) are proceeding exactly in this direction.

In this work BELLA is adopted to propose transient analysis on lead-cooled fast reactors.
This thesis goes also in the direction of improving the code by adding a new steam

generator module. Everything is presented and discussed in Chapters 3, 4 and 5.
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2 SUNRISE-LFR

A particularly interesting program within the lead-cooled fast reactors environment is the
Swedish SUNRISE (SUstainable Nuclear Research In SwEden) to which this thesis work
refers. It is the first step towards building a research LFR in the country. The project
partners are KTH, Lulea University of Technology and Uppsala University together with
LeadCold Reactors and Uniper Sweden among other stakeholders. At present the program
is in the early stages, but the aim is to construct the reactor within 2030 at Oskarshamn

site in Sweden.

This chapter introduces the SUNRISE project and describes the layout of SUNRISE-LFR.
In particular, Section 2.1 gives some background about the project. Section 2.2 describes
the purposes of the demonstrator reactor and the safety margins that are targeted. Section
2.3 presents the layout of the reactor core, fuel and control rods. Section 2.4 is about
the reactor vessel and the rest of the primary circuit. Section 2.5 gives some information
about current and future ideas for the reactor secondary side. Lastly, Section 2.6 briefly
delineates some conclusions about SUNRISE-LFR.

2.1. The SUNRISE center and correlated projects

In 2020 the Swedish Foundation for Strategic Research (SSF) announced a call for Re-
search Centers on Future Advanced Technology for Sustainability in order to meet the
UN 2030 Agenda’s SDGs [49]. The SUNRISE center was formed as a response to that
call with the ambition of designing an experimental lead-cooled fast reactor — SUNRISE-
LFR — to be built in Sweden. The construction site is going to be Oskarshamn, where an
already existing reactor is active providing about 10% of Swedish electricity need, while

two older units are already decommissioned. They are all BWRs.

The plan is to have the demonstrator reactor operational by 2030 and, as an intermediate
step, a conventional experimental facility will be built in the same site, starting in 2023
to have it operational by 2024. It will be a scaled-down (1:56) non-nuclear mockup which

produces power through electrical heaters instead of nuclear fuel. It is meant to simulate
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the reactor conditions and to study the behavior of structural materials, metals, steam
generator and pump immersed in hot liquid lead flow. The name of this intermediate
project, which has recently granted some fundings from the Swedish Energy Agency [50],
is SOLSTICE and the name of the reactor SEALER-E [51].

After SOLSTICE and SUNRISE projects are successfully managed and after they demon-
strate the capability of LFRs to contribute to safety, security and efficiency in a sustain-
able society, the further step will be the commercialization of the units. At present, it is
probably too early to specifically address this topic, but LeadCold, among the industrial
stakeholders in SUNRISE and SOLSTICE;, is already developing ideas and solutions for
the power reactors which will enter into the market in the 2030s. They plan to have two
units: SEALER-55 (SwEdish Advanced LEad Reactor) of about 55 MWe and SEALER-
Arctic (between 3 and 10 MWe) [52-54].

In the next sections SUNRISE-LFR is described.

Figure 2.1: SEALER-55 graphical representation. Reproduced with the permission of
LeadCold.
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2.2. Purposes and safety margins

Before entering into the specifics of the SUNRISE demonstrator, it is worth to remember
the goals of this reactor. As already stated, it does not target power production. It
is intended as an experimental unit to demonstrate the applicability of LFRs for com-
mercial purposes; to provide research opportunities for irradiation experiments in order
to qualify new fuel types and to verify and validate computational tools and codes; to
permit education of university students and training of commercial operators [48]. This
implicitly requests safety margins larger than necessary, which allow to stress the reactor
conditions with unprotected accidental scenarios to test its intrinsic capabilities to reach
a safe, steady-state regime. During an unprotected transient human intervention is not

envisaged (no reactor SCRAM by the plant operator).

SUNRISE-LFR has the general target of being able to withstand unprotected scenarios
for seven days. This comes with specific safety requirements, both on fuel and cladding.
First of all, it must be prevented by all means that fuel melting occurs in all scenarios,
normal and off-normal. This would be the worst event in a nuclear reactor because it
means that the system temperatures are extreme, all structural materials have already
melted and fuel, mixing with coolant and primary system metals, escapes from the reactor
vessel. System temperatures must be always very distant from fuel melting point, which
is in any case very high (around 2700-2800 °C for oxides and nitrides).

The second criterion is preventing cladding tube rupture caused by thermal creep. This is
a time-dependent, visco-elastic deformation of a metal tube that occurs at high temper-
atures (about 0.4-0.5 of melting point) and high stresses, eventually leading to rupture.
The internal stress level is provided by the gap pressure. That in turn depends on the
fission gas release (FGR), function of both temperature and burnup. The most conser-
vative assumption is FGR=100% which leads to thermal creep rupture if 7' > 763 °C for
seven days [48]. Adopting a recently published correlation for FGR on uranium nitride
[55], the maximum FGR is less than 10% even at 1200 °C; in this case thermal creep
rupture occurs if 7' > 816 °C for seven days [48]. However, these estimations account
only for steady-state temperature behaviors neglecting the effects of short-interval high
temperature peaks. Moreover, from a regulatory point of view, it might potentially not
be acceptable to assume anything other than a 100% fission gas release. Therefore, in this
work it is assumed the most conservative threshold for cladding creep failure after 7 days,
which is 763 °C. The requirement for SUNRISE-LFR asks to prevent that fuel cladding
consumes more than half of the margin to creep rupture after an unprotected transient.

Because the hottest cladding position in the core is at 560 °C in nominal conditions (Sub-
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section 3.4.1), half of the margin is at 662 °C: this is the first threshold in evaluating the
cladding safety margin. Second threshold is at 763 °C.

2.3. Reactor core layout

The size of the reactor is 80 MWth. This choice comes after considerations [48] about the
impact of a station blackout, which is a combination of ULOF (unprotected loss of flow)
and ULOHS (unprotected loss of heat sink). All the pumps and the steam generators
are supposed to completely fail and no other auxiliary system is supposed to successfully
enter into action, leaving the system in hot conditions with stagnant lead. Although this
is the worst-case scenario, the correct simulation of ULOF and ULOHS shows that some
natural circulation is still present. But it is neglected, and a more conservative transient

is assumed as the aim is just to give a quick a rough estimation of the size of the reactor.

Coolant maximum and minimum temperatures in the system are decided leveraging on
lead characteristics. In order to limit the corrosion by flowing lead on structural materials,
maximum temperature is fixed at 550 °C. This serves also in contrasting thermal creep
on fuel cladding. Lead minimum temperature needs to be sufficiently distant from the
melting point and needs to limit liquid metal embrittlement on metals: this is why it is
fixed at 420 °C.

Coolant core inlet and outlet temperatures, together with core thermal power, set the

mass flow rate: approximately 4243 kg/s.
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Parameter Value Unit
Core thermal power 80 MW
Lead core inlet temperature 420 °C
Lead core outlet temperature 550 °C
Lead mass flow rate 4243 kg/s
No. fuel assemblies 54 -
No. fuel rods per assembly 217 -
No. control assemblies 2 -
No. control rods per assembly 7 -
No. shut-down assemblies 4 -
No. shut-down rods per assembly 7 -
No. reflector assemblies 60 -
No. reflector rods per assembly 37 -

Table 2.1: SUNRISE-LFR core main parameters.

A complete derivation and justification of the solutions adopted in the core layout and
dimensioning can be found in a recent paper published by F. Dehlin from KTH [48]. It
provides an analytical method that explains the rationale behind the design of SUNRISE-
LFR. All the data here presented come from that article, as the author of this manuscript
has closely collaborated with F. Dehlin and the other engineers from Nuclear Engineering
Division at KTH.

This section continues with the description of the core layout.

The core is composed of 54 fuel assemblies containing each 217 fuel rods. The description

of fuel and of fuel rods is addressed in Subsection 2.3.2.

Reactivity control is managed primarily by two independently operated control rod as-
semblies made of natural boron carbide (B4,C) welded with Fe-10Cr-4Al-RE cladding.
Four shut-down assemblies organized into two independent banks with two assemblies per
bank are envisaged for SCRAM. The two banks have a different composition in order to
diversify the insertion mechanism: bank 1 adopts 96% '°B enriched boron carbide which
can be inserted by gravity having a higher density than lead, while bank 2 is made of
96% 1°B enriched tungsten diboride (WB;) which will foresee another insertion strategy
having a lower density than lead. It must be underlined that the control strategy is still

under development and reactivity control rods may change in the near future.
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In the periphery of the active core 60 reflector assemblies are foreseen to improve both

the neutron economy and to lower the neutron damage dose absorbed by the core barrel.

The core layout is displayed in Figure 2.2. Main parameters of reactivity control rods,

shut-down banks and reflector rods are summarized in Table 2.2.

Reflector assembly Shut-down
assembly - WB,

Fuel assembly

Shut-down
assembly - B,C Control assembly

Figure 2.2: SUNRISE-LFR core layout [48].
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Parameter Value Unit
Reactivity control pellet material B4C -
B9 enrichment Natural at.%
Reactivity control pellet diameter 30.0 mm
Control assembly worth (at MoL) 257 pcm
Shut-down bank 1 pellet material B4C -
Shut-down bank 1 worth (at MoL) 1236 pcm
Shut-down bank 2 pellet material WB, -
Shut-down bank 2 worth (at MoL) 1167 pcm
B'? enrichment (both banks) 96 at. %
Shut-down pellet diameter 53.8 mm
Reflector pellet material ZrOy -
Reflector pellet diameter 25.0 mm
Cladding material (all rods) Fe-10Cr-4Al-RE -
Inner duct material (all rods) Fe-10Cr-4Al-RE -

Table 2.2: SUNRISE-LFR reactivity control rods and reflector main parameters.

2.3.1. Fuel

One of the declared aims of Gen. IV nuclear reactors is to achieve sustainability in the fuel
cycle, both in the front-end and in the back-end. The ultimate goal is to fully close the fuel
cycle obtaining great benefits not only in efficiency (increase of conversion/breeding ratio
and utilization factor), but also in energy cost (less fuel needs to be mined and enriched)
and in proliferation resistance (plutonium and other fissile nuclides can be burned in the

core).

In this sense, some Gen. IV demonstrators choose mixed uranium and plutonium oxides
(MOX) as fuel. For instance, it is the case of the European ALFRED (Subsection 1.2.1).

For SUNRISE-LFR the fuel will be uranium nitride (UN) 12 at.% enrichment in 2**U. The
reasons are many. First of all, it has a higher density (heavy-to-light-metal ratio is unity)
which permits to reach criticality with a lower volume. Secondly, it has a higher thermal
conductivity, thus fuel peak temperature is decreased (increasing safety margins). Then,
it achieves a breeding ratio larger than one in a more compact way. Lastly, SUNRISE-

LFR is designed with the target of minimizing the reactivity swing over the fuel cycle to
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lower the need of control rods. With UN the reactivity reaches zero after approximately
16 EFPY (effective full power years), with a peak burnup of 59 GWd/ton-U and a peak
damage dose of 106 dpa [48], which can be perfectly sustained by cladding material.

Nitrogen will be enriched in '®N through cryogenic distillation process.

At present UN is not qualified as nuclear fuel. This means that the near-term deployment
of SUNRISE-LFR foresees a first core load with commercially available fuels, namely
uranium dioxide (UO3). Only at a later stage the reactor will transition to the novel,
long-term operation uranium nitride, for which the experimental reactor serves as a qual-

ification facility.

Although the author is aware that it is primarily important the study and the simulation
of a uranium dioxide fueled core, this manuscript refers only to the long-term uranium
nitride fueled core. To move from one core to the other, it is sufficient to change the set

of correlations describing thermo-physical properties of fuel (Appendix A).

2.3.2. Fuel rods and fuel assemblies

The core contains 54 fuel assemblies each consisting of 217 fuel rods. Each fuel rod
accounts primarily for the active region where UN pellets are located. The rest consists of
two zirconium nitride (ZrN) insulators, one above and one below the fuel column; a boron
carbide (B4C) shield located below the lower insulator; a gas plenum filled with helium
(He) located above the active zone; finally, two end-caps made out of alumina-forming-
austenitic (AFA) stainless steel close the fuel rod at both ends. Figure 2.3 presents a
sketch of the fuel rod and Table 2.4 lists its dimensions.
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Figure 2.3: Fuel rod axial profile used in SUNRISE-LFR [48].

Fuel pellets and coolant are separated by cladding. Its choice is extremely delicate because
of corrosion-erosion capabilities of molten lead. In the past, ideal candidates for fast
reactors were ferritic-martensitic steels (T91) but because of their scarce resistance against
creep at high temperatures they were discarded.

For SUNRISE-LFR the current idea is to adopt 15-15Ti-AIM1 as bulk material, due to
its high radiation dose limit of circa 130 dpa and good creep resistance up to 650 °C,
overlaid by a welded layer of Fe-10Cr-4Al-RE, a new metal alloy developed and studied
at KTH which has demonstrated excellent capabilities against lead corrosion up to 800
°C [30, 31, 56, 57|. Its composition is shown is Table 2.3.

Due to low temperatures reached by the fuel pin, it must be avoided pellet-cladding
interaction. This is why the thickness of the gap is a bit wider than standard fuel. Filling
gas is helium (He).

Cr Al Si C RE Fe
10.0 4.0 0.15 <0.05 Ti, Nb, Zr Bal.

Table 2.3: Fe-10Cr-4Al-RE alloy composition (all values are given in wt%) [57]. RE stands

for reactive elements.
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Parameter Value Unit
Fuel rod diameter 11.8 mm
Fuel rod pitch 13.0 mm
Wire spacer diameter 1.2 mm
Fuel rod active height 1010 mm
Fuel rod total height 1750 mm
Pellet material UN -
Pellet enrichment 12 at.%
Pellet porosity 5 %
Pellet diameter 10.0 mm
Cladding material 15-15Ti AIM1 -
Cladding thickness 0.5 mm
Overlay-weld alloy material Fe-10Cr-4Al-RE -
Overlay-weld alloy thickness 0.2 mm
Gap filling gas He -
Pellet-cladding gap thickness 0.2 mm
Insulators material ZrN -
Upper insulator height 10 mm
Lower insulator height 100 mm
Plenum filling gas He -
Plenum height 460 mm
Shield material B,C -
Shield height 100 mm
End cap material AFA -
Upper end cap height 20 mm
Lower end cap height 50 mm

Table 2.4: SUNRISE-LFR fuel rod layout.

The fuel rods are then inserted into hexagonal wire-wrapped tube bundles. The aim of

the hexagonal can is to keep lead flow straight and prevent lead to cross-flow or to form
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high turbulence regions which increase pressure losses and deteriorate removal power
capabilities (local increase of temperature). The wire serves to keep a space between the
rods and avoid any kind of oscillations (no spacer grids are present). The material is
Fe-10Cr-4Al-RE. A simplified sketch of a generic hexagonal fuel assembly is portrayed in
Figure 2.4a, while a sketch of the internal flow channel together with the wrapped wire
is portrayed in Figure 2.4b. All dimensions of the hexagonal assembly can be found in

Table 2.5.

Dwirc
Aﬂow
Dfucl
p
(a) Different kinds of channels [48]. (b) Internal flow channel [48].

Figure 2.4: Hexagonal assembly with a lower number of fuel rods.

Parameter Value Unit
Hex-can material Fe-10Cr-4Al-RE -
Hex-can inner flat-to-flat 196.0 mm
Hex-can outer flat-to-flat 202.0 mm
Hex-can pitch 204.2 mm

Table 2.5: SUNRISE-LFR hexagonal assembly layout.

2.4. Reactor vessel and primary circuit

SUNRISE-LFR is a pool-type reactor where all primary system is confined within the
reactor vessel. On the one hand this allows the module to gain in simplicity of design,
modularity in the deployment and overall safety (large break LOCA eliminated by design).

But on the other hand it complicates the handling of the primary system components,
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such as steam generators and pump, and the remote control of the fuel rods. Dedicated

solutions have not been addressed yet, it will be subject of future work in SUNRISE.

The primary system (Figure 2.5) comprises the reactor core, hot leg, steam generator and
pump module, cold leg and cold pool.

The core accommodates fuel which undergoes fission. It is cylindrically shaped and en-
closed by the core barrels. The lead flows from the bottom to the top of it while being
heated. Right above the core, lead is hot (550 °C in nominal conditions) and is flowing
toward the heat exchanger: this region is called hot leg and has a free surface whose level
changes according to lead thermal expansion. The remaining space above the hot leg is
filled with an inert gas, probably argon (Ar). Then, molten lead flows radially from the
central hot leg to the external cold leg passing through 10 steam generator units (Sub-
section 2.4.1). The cold leg is the annular part of the reactor and closed on top by a
lid, patented by Wallenius and Szakalos in 2021 [58|. Through the cold leg, lead flows
downward to the cold pool, which has spheroidal shape. This is the top bottom of the

reactor and from it lead starts again the loop going through the core.
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Figure 2.5: SUNRISE-LFR layout with dimensions (unit of measure is mm) [48].

The reactor vessel is surrounded by the guard vessel and the space in between is filled with
argon (Ar). This is to provide an auxiliary, passive power removal system which enters
into action only when the temperature of the system increases. In fact, due to argon poor
thermal conductivity, all the heat is transferred from the reactor vessel to the guard vessel
essentially by thermal radiation, which goes with the fourth power of temperature. This
means that until primary system is working in nominal conditions (low lead and reactor
vessel temperatures) the heat losses are about few hundreds kW, while when a sudden rise
in lead temperature occurs, for instance after an unprotected transient overpower (UTOP)

accident, power removed by thermal radiation almost doubles. In turn, the guard vessel



20 2| SUNRISE-LFR

exchanges power with the surrounding ambient through radiation and natural convection.
This system is called RVACS (reactor vessel auxiliary cooling system).

Another practical reason explains the existence of the guard vessel: it serves as a lead
catcher in case the primary vessel is fractured. In fact, it must be guaranteed that the

fuel is always covered by lead and this conditions sets the gap between the two vessels.

The primary vessel foresees to have a bulk of nuclear-grade SS316L stainless steel, already
qualified to preserve the integrity of pressure boundary, with an overlay weld of AFA steel
[31] on the lead exposed surfaces to form a boundary layer between the corrosive lead
and the corrosion susceptive SS316L. AFA steels are very convenient to be welded on
SS316L by conventional procedures; in principle, it is possible to adopt Fe-10Cr-4Al-RE
as overlay, but it would be unreasonable to laser-weld it over such a wide surface. At
present, AFA steels alone cannot be used to construct the vessel, because they need to
go under the costly and time-consuming process of qualification as a nuclear-grade steel,
and this is not the plan for SUNRISE-LFR.

Core barrel is made of Fe-10Cr-4Al-RE, while guard vessel adopts SS316L.

The position of the heat exchanger is crucial in maximizing buoyancy forces in natural
circulation. Not only this is beneficial in case of ULOF accident, but also reduces the pump
pressure injection in nominal conditions because it contributes in contrasting pressure
losses. In particular, the higher is the distance between the two thermal centers, located
at the midpoint of the core (heating region) and at the midpoint of the SG (cooling
region), the stronger natural circulation becomes. This is the reason behind the choice of
3.5 m.

All the dimensions of the primary circuit components and of the vessels are listed in Table
2.6.
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Parameter Value Unit
Core height 1.750 m
Core barrel material Fe-10Cr-4Al-RE -
Core barrel inner diameter 2.520 m
Core barrel outer diameter 2.560 m
Primary vessel material SS316L -
Primary vessel overlay-weld alloy Fe-10Cr-4Al-RE -
Primary vessel inner diameter 4.420 m
Primary vessel outer diameter 4.500 m
Guard vessel material SS316L -
Guard vessel inner diameter 4.700 m
Guard vessel outer diameter 4.800 m
Core and SG thermal centers distance  3.500 m
Cold pool spheroid radius 2.250 m
Cold pool spheroid height 1.125 m
Vessel height (cylindrical part) 4.900 m

Table 2.6: SUNRISE-LFR primary system design main parameters.

2.4.1. Steam generators and pumps

Primary circuit heat exchanger is composed of ten steam generator (SG) modules, patented
by L. Cinotti in 2013 [59]. They are in charge of the thermal power removal in the 80
MWth reactor, which means that each unit removes 8 MWth by heating up the secondary
fluid, water. A single module comprises both the actual steam generator and a pump, lo-
cated at the outlet of the module, in cold lead, to increase longevity. The steam generator
is made of 15 identical, spirally-coiled tubes stacked one above the other in a staggered
way (Figure 2.6). Water is flowing inside the tube bundles from the periphery to the
central part, while lead flows radially in the shell from the inner part to the periphery.
In each single SG lead enters at 550 °C and exits at 420 °C with a mass flow rate equal
to 424.3 kg/s. In the secondary side, subcooled water enters at 340 °C and exits in su-
perheated conditions at 530 °C. It is at 16.5 MPa and has a total mass flow rate equal to
4.46 kg/s.

The material adopted in the steam generator is once again Fe-10Cr-4Al-RE since it deals

with hot lead. In Table 2.8 all dimensions regarding the steam generator are listed.
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N

Figure 2.6: SG and pump module. The arrows denote hot (red) and cold (blue) lead flow
[48].

Parameter Value Unit
Power removed 8 MW
Water inlet temperature 340 °C
Water outlet temperature 530 °C
Water pressure 16.5 MPa
Water mass flow rate 4.46 kg/s
Lead inlet temperature 550 °C
Lead outlet temperature 420 °C
Lead mass flow rate 424.3 kg/s

Table 2.7: SUNRISE-LFR steam generator nominal conditions.
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Parameter Value Unit
No. units 10 -
No. spiral tubes per unit 15 -
Tubes material Fe-10Cr-4Al-RE -
Tubes internal diameter 10.7 mm
Tubes external diameter 12.7 mm
Tubes pitch 15.2 mm
No. spirals of the tubes 11 -
First spiral radius 0.112 m
Last spiral radius 0.280 m
SG elevation from the top of the core  2.47 m
SG tubes stack height 0.200 m

Table 2.8: SUNRISE-LFR steam generator and pump module main parameters.

This component is one of the main subjects of the overall work presented in this manuscript.
Chapter 4 introduces and goes into details of the assumptions and the approach of the

steam generator model.

Anyway, it must be remembered that the steam generators are not the only power removal
mechanism adopted in SUNRISE-LFR. First of all, the RVACS system mentioned before
is always present are ready to enter into play in case of temperatures increase. At present
its modeling does not include natural convection with the ambient but only thermal
radiation. Secondly, two passive dip-coolers will be introduced to dissipate heat in the
event of complete loss of secondary system (ULOF and ULOHS combined). They are not
modeled yet, but will consist of two empty tanks that can be filled with subcooled water
whenever the secondary system stops removing power; through the evaporation of water,
heat is removed from the primary circuit, thus leading to safe, steady-state conditions.

Both these auxiliary systems are intended to be passive.

2.5. Secondary side

The steam generator modules connect primary with secondary circuit, where water flows
and is heated reaching a very high superheating degree. What use can hot steam have?
Swedish nuclear regulator SSM prevents research reactors from being connected to the

electricity grid for profit purposes. This is the reason why a conventional Rankine cycle
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is not envisaged for SUNRISE-LFR. Instead, unconventional solutions are at study, being
the most probable just the use of high quality steam for industrial processes. Its selling
allows to finance the operation of the reactor itself without power production. In any

case, a detailed secondary system design will be studied and published at a later stage.

2.6. Conclusions

This chapter presented SUNRISE-LFR together with the research center formed among
the academic and industrial partners. The primary system and the core layout are de-
scribed with specific references to materials and dimensions. Also fuel and cladding are
properly commented, also with references to Gen. IV reactors. SUNRISE-LFR’s oper-
ating conditions and safety systems are mentioned. In the next Chapters 3, 4 and 5 the
reactor’s capability of withstanding unprotected accidental scenarios without compromis-

ing its targeted safety requirements is tested.
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3 ‘ Core and primary system
modeling and simulations

The necessity of a new code able to simulate the behavior of a lead-cooled fast reac-
tor under accidental scenarios comes after the fact that at present no software has been
purpose-built for studying specifically LFRs and kept open to the public. This led to
BELLA (Bortot’s Elegant Liquid LFR Analysis tool) [42-45], a computational tool de-
veloped at KTH and intended for use in safety informed, pre-conceptual design of LFRs,
as well as for education and training purposes. It is a plant simulator oriented to the dy-
namics and control of lead-cooled fast reactors and provides a non-linear solution for the
coupled neutron kinetics and thermal-hydraulics of primary and secondary systems. It is
based on the use of point kinetics and balance equations for mass, energy and momentum,
which are in general applied to all the primary system components, namely core, steam

generator and pool volumes, such as hot and cold legs.

This chapter is dedicated to the description of BELLA and to its use in some tran-
sient analysis. In particular, Sections 3.1 and 3.2 address the modeling of neutronics
and thermal-hydraulics, respectively. Then, Section 3.3 shows how the different modules
are implemented and coupled in MATLAB/Simulink. Section 3.4 presents simulations
and discusses results of SUNRISE-LFR under four accidental scenarios: UTOP, ULOF,
ULOHS and ULOF-ULOHS combined. Lastly, Section 3.5 delineates the conclusions
of this chapter mentioning the major accomplishments, limits and future work both on

BELLA, on the simulated transients and on the reference SUNRISE-LFR.

3.1. Neutronics

The modeling of neutrons behavior inside a finite, multiplying material can be approached
in different ways, according to the desired accuracy and targets. The starting point is the

neutron transport equation:

= S(7,t) — Su(M(7,1) — V - J(F, 1) (3.1)
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where neutron density n is both space and time dependent. Without entering into details,
the right-hand side contains three terms: in order, the source term, the loss term due to
absorption and the loss term due to leakage from the system.

A common approximation that relates neutron current density J with neutron density n

is given by Fick’s law in diffusion theory:

J=—DV¢ (3.2)
which, recalling neutron flux ¢ = nv, leads to the diffusion equation:

196 )
—or =5 = Sud+ DV (3.3)

All the hypotheses and physical interpretations of diffusion approximation are well ex-
plained in Lamarsh’ book [60]|. This is the typical approach to study neutron flux changes
in space and time adopting an analytically-derived equation. It can be extremely useful
when reactor core studies are aimed by the user or when specific regions inside the reactor

core are of interest.

However, the goal of BELLA is to give a fast but accurate representation of the whole
reactor together with the primary and the secondary circuit. There is no need to in-
vestigate the spacial dependence of the neutron flux inside the reactor core. Instead, it
is preferable to adopt a zero-dimensional model which accounts for all neutrons in the
reactor core without taking care about their position. Neutron point kinetics is perfectly

suited to that end. This is what BELLA utilizes as neutronics module.

3.1.1. Neutron point kinetics

This is a zero-dimensional model which focuses only on the time-dependent term of neu-
tronic population. Its validity holds if the system is approaching the critical state and if
there are no large localized perturbations. It is reasonable to assume that the conditions

are met in all the transients modeled and studied in this work.

In point kinetics formulation, neutron population is split into two contributions: prompt
neutrons, which are assumed to be emitted instantaneously with fission and which oc-
cupy more than 99% of the fraction of total neutronic emissions, and delayed neutrons,
which are the result of fission products (FPs) decay and, therefore, have way larger time

constants. Those FPs emitting neutrons while decaying are called neutron precursors.
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Neutron population varies over time according to:

dn

i (ext source) + (prompt n) + (delayed n) — (losses) (3.4)

where n is the total neutron density (cm™3) and losses are due to neutrons absorption
and leakage from the system. Apart from reactor startup, external source term is always
neglected due to both its smaller value and a very practical reason: a neutron source
would be totally consumed by the reactor nominal neutron flux very quickly, so it is
simply removed after the fission chain reaction has been initiated.

On the other hand, delayed neutrons are emitted after the decay of neutron precursors
and, because they are many and with different properties, they are commonly divided
into some groups. For thermal reactors a good approximation is 6 groups of neutron
precursors, while for fast reactor it can be even more (typically 8 or 10). For SUNRISE-
LFR 8 groups of neutron precursors are envisaged. The time variation of i-th group

density C; (em™2) is:
dc;
dt

= (production) — (decay) (3.5)

Starting from diffusion equation (Eq. 3.3) and following Lamarsh’ book [60], Eq.s (3.4)

and (3.5) can be manipulated to obtain the point kinetic model:

dn(t) _ p(t) — Beﬂfn(t) 4 i XCi(t) (3.6)

dt Ae ot
dGi(t) _ B
G T L -AGEH (3.7)

where p(t) is the time-dependent reactivity, Seg is the effective delayed neutron fraction,
Ao is the effective neutron reproduction time, §; and A; are the effective delayed neutron

fraction and decay rate for the i-th precursor group.

The effective delayed neutron fraction S.g is the sum over each precursor effective delayed

neutron yield
8
ﬁeff = Z Bz (38)
i=1
and the equilibrium precursor concentration for group ¢ can be obtained as:

Bi eq
WSy n; (3.9)

eq _
CZ‘ -

All the aforementioned parameters are calculated with the Monte Carlo software Serpent2
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by F. Dehlin and in [48| some information can be retrieved. Their values are listed in
Tables 3.1 and 3.2.

Group Bi (pcm) Ai (1/s)

1 15.9 0.0125
2 92.1 0.0283
3 50.4 0.0425
4 117.1 0.133
5 205.1 0.292
6 84.6 0.666
7 67.8 1.63

8 32.2 3.55

Table 3.1: SUNRISE-LFR point kinetics parameters for all neutron precursors. They are
calculated at MoL [48].

Parameter Value Unit
Dot 665.2 pcm
Aeff 0.089 1/s
Aegr 0.88 s

Table 3.2: SUNRISE-LFR point kinetics main effective parameters. They are calculated
at MoL [48].

It might seem a linear model but it is not, being reactivity p(t) time-dependent.

3.1.2. Decay power

Current version of BELLA incorporates the capability to estimate the decay heat resulting
from radioactive decay of unstable fission products. The model is based on the 1994
American National Standard (ANS) for decay heat power in LWRs [61] but, since the
purpose in BELLA is to provide a rough estimation rather than a precise calculation,

several simplifications are made.

Among all decay heat precursors only #*°U is considered and its decay curves (23 groups

are described) are derived from thermal fission data. This is because the ANS report
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was originally developed for LWRs, thus it does not contain any information on decay
heat fractions for fast reactors. Furthermore, the model does not account for the heat
source that arises from fission products undergoing neutron capture reactions after reactor

shutdown.

On this basis, the work of Paulsen et al. [62] was used as a guide in writing the decay

heat equations:
dh;(t) B
= t) — N\;h;(t 1
= n(n) - An) (3,10

where h; is defined as the decay power released by group j relative to the power generated
from fission under steady-state conditions. Recall that n(t) refers to the normalized, time-
dependent neutron population; 5; (MeV/s) and A; are the decay power fraction and the
decay constant for group j, respectively; €y;ss is the energy released per fission event in

units of MeV, which averages around 200 MeV for 23°U. Steady-state solution is:

B

]( ) €fi55>\j

n(0) (3.11)

In this way, reactor thermal power can be computed as a sum of neutron population

(fission reactions) and 3°U fission products decay source:

: _ ch(O)
Q) = TR 1o

n(t) + Y hy (t)] (3.12)

j=1

Values of the decay power fractions and decay constants of all 23 fission products groups
are listed in Table 3.3.
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Group B; (MeV /s) A (1/s)
1 5.28-10~* 2.72-10°
2 6.86-107" 1.03-10°
3 4.08-107! 3.14-1071
4 2.19-107! 1.18-107!
5 5.77-1072 3.44-1072
6 2.25-1072 1.18-1072
7 3.34-1073 3.61-1073
8 9.37-10~* 1.40-1073
9 8.09-1074 6.26-10~*
10 1.96-10~4 1.89-10~4
11 3.26-107° 5.51-107°
12 7.581076 2.10-107°
13 2.52:107° 9.99-1076
14 4.98.1077 2.54-1076
15 1.85-1077 6.63-1077
16 2.66-1078 1.23-1077
17 2.24-107° 2.72:1078
18 8.96-10~12 3.30-107°
19 8.60-107!1 7.42-10710
20 2.11-107™ 2.47-10710
21 7.12-10716 1.56-10713
22 8.11-107%7 2.26-107™
23 9.47-10717 2.05-10714

Table 3.3: Parameters for 2*°U fission products decay power adopted in SUNRISE-LFR.

3.1.3. Reactivity feedback

Reactivity is the parameter which links neutronics to external control of the reactor

(control rods, neutron poisons, etc.) and to thermal-hydraulic quantities. It is defined as:

keg — 1
keﬂ

(3.13)
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where k.g is the effective multiplication factor, namely the total number of neutrons
produced, prompt or latent, per neutron lost in the system. It can be calculated starting
from the diffusion equation and it allows to express reactivity p as a function of neutron
cross-sections and other microscopic parameters. However, there is no necessity to deepen
the knowledge about kg in this work, also because reactivity p is here expressed in terms

of thermal-hydraulic quantities.

According to the value of p, or of kg, a system can be defined:

critical p=0 or keg=1
supercritical ~ p >0 or Kkeg > 1 (3.14)
subcritical p<0 or keg<l

A critical system has a constant neutron population (thus power) over time. A supercrit-

ical (subcritical) system has an increasing (decreasing) neutron population over time.

As stated, reactivity p connects point kinetics to thermal-hydraulics and external control
of the reactor. In particular, it expresses the influence of the system temperatures varia-
tion and of position of control rods (no neutron poison is modeled in BELLA at present)
on neutron population, thus on power. In fact, a feedback loop between neutronics and
the thermal-hydraulic block is present: neutrons fission produces power, which acts on
temperatures of the system (fuel, cladding, coolant), which in turn give a contribution to

reactivity, which is present in neutron density’s derivative.

BELLA considers only the most important terms: Doppler effect, fuel thermal expansion,
lead thermal expansion, fuel assembly diagrid radial expansion. They are incorporated in
the reactivity feedback coefficients, calculated by neutronic codes (Serpent2 in this case
[48]) and assumed to be independent of temperature.

The influence of control rods position on reactivity is present in the external contribution

Apest, treated as an input of the model.

Therefore, a variation in time-dependent reactivity Ap(t) is calculated in BELLA as:

Ty(t — — ,
Ap(t) = Kp In [_f—()] + gy AT ¢ (t) + appy AT pp(t) + raa ATpy(t) + Apear (3.15)

T(0)
Here, Tf and Tp, are the average temperatures of fuel and coolant in the core, and T i3
is the temperature of the coolant in the inlet plenum, governing the radial expansion of
the fuel assembly diagrid. Kp is the Doppler constant of the fuel. Fuel axial expansion,
coolant thermal expansion and assembly diagrid radial expansion temperature coefficients

are denoted by oy, apy, and a,.q, respectively.
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All terms are linear to temperature variations except for Doppler effect: this is because
for fast reactors k.g temperature dependence goes as % [63]. After the integration of the

differential multiplication factor, the obtained dependence is logarithmic.

Table 3.4 lists the feedback coefficients at the middle of life (MoL) of SUNRISE-LFR.

Parameter Value Unit
Kp -530 pcm
Olax -0.15 pem /K
apy -0.66 pem /K
Orad 0.03 pem /K

Table 3.4: SUNRISE-LFR point kinetics main effective parameters. They are calculated
at MoL [48].

It is worth to point out that the value of Kp must not be compared to the others. Firstly
and simply because they have different units of measure (pcm against pem/K); secondly,
and as already underlined above, because Doppler term has a logarithmic dependence on
temperature which has always a lower absolute value than the linear temperature depen-
dence of all the other contributions. Later on in this chapter, the simulated transients

show that all terms in reactivity feedback have comparable orders of magnitude.

3.2. Thermal-hydraulics

This section addresses the calculation of temperatures of the system, mass flow rate in the
primary circuit and free surface level of the hot leg, exploiting energy balance equations,
momentum balance equation and mass balance equation, respectively. It is divided into

four subsections.

3.2.1. Core energy balance

In BELLA, the heat transfer from fuel to coolant is modeled by writing the set of energy
balance equations for fuel, fuel-cladding gap, cladding and coolant. In order to be consis-
tent with the assumptions of point kinetics, the approach is zero-dimensional. However,
because the reactor safety margins are calculated with respect to fuel and cladding tem-
perature, it is wise to divide radially the fuel rod into different parts, each characterized

by a given temperature, mass and radii. In particular, each fuel pellet is divided into cen-
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tral, middle and outer part, while cladding into inner, middle and outer part. In this way
it is possible to investigate the most severe conditions, which are in the pellet centerline
for fuel and in proximity of the gap for cladding.

Table 3.5 summarizes the characteristics of each part and Figure 3.1 represents the radial

nodalization of fuel rods.

ar nner radius uter radius ass emperature
Part I d Out d M T t
center center center
Fuel center 0 R m§el i
: center mid maid mid
Fuel middle R Rl miue Thuel
mid out out out
Fuel outer R RE MGel Tfe
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: out out out
Cladding outer R4 R mo T

Table 3.5: SUNRISE-LFR fuel rod nodalization main characteristics.
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Figure 3.1: SUNRISE-LFR radial nodalization of fuel rods (not in scale).

For what concerns the coolant, it is used only one radial node with mass mg;°.
Only one axial node is considered and its length is equal to the active height (Hyesive) of
the fuel.
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Energy balance equations are:
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The generalized conductive heat transfer coefficients h (in W/K) are given by

c—m pDcenter
47kauel Rfuel sznsH ctive

W™ = — (3.29)
g Rfutel
mi 47Tk%;loR%gleznsH ctive
hfugl = ! Rout (330)
fuel
2 k eN insHac e
hgay = e ping Zact (3.31)
In (Rclad/Rfuel)
n 47cha Rca N, insHactive
clad — e ld5 £ (332)
—out
ou 47Tk(7;na Rca N, insHactive
hijaa = fad 1:15 . (3.33)
Nucore
hpy = 27k RO N s H et~ (3.34)

where 6, = R%™, — R . is the cladding thickness, D{" is the hydraulic diameter of the
core and Nup;© is lead Nusselt number in the core. For the latter BELLA applies the

Mikityuk correlation [64]:

Nu = 0.047{1 — exp { - 3.8( Byin__ 1)] }(Peo‘77 +250) (3.35)

out
2 Rclad

where P, is the fuel pin pitch and Pe the Peclet number defined as
Pe = RePr (3.36)

In the above equations, the thermal conductivity k' fuel ' at the interface of two adjacent fuel
nodes ¢ and j is evaluated at their average temperature. As for the cladding, its node-
to-node changes in temperature are of the order of 5 K, thus its thermal conductivity is
calculated at the cladding mid-point and assumed equal for all nodes.

Fuel and cladding heat capacities ¢; are evaluated at average fuel temperature and at

cladding mid-point temperature, respectively. Average fuel temperature and average
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cladding temperature are:

o ( §em;er>2 (R}mdﬂ (R;entler)
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Coolant specific heat capacity, thermal conductivity, and Nusselt number are evaluated

at the average core coolant temperature Tp,  and velocity ey ¢, the second determined
as: '
m

o = 0 (3.39)

core—core
A Pb

Coolant mass flow rate mp; is retrieved from the mass transfer block related to momen-

tum balance equation. It is discussed in Subsection 3.2.3.

As more than once stated, the aim of BELLA is to inform the user about the safety
margins of the reactor, calculated with respect to fuel melting and cladding tube creep
rupture (Section 2.2). Therefore, it is of absolute importance to keep track of fuel and
cladding hottest positions inside the reactor. The radial profile is correctly taken into
account by radial nodes of fuel rods.

However, BELLA does not discretize the axial direction which needs to be considered

" (almost

in some other way. For this purpose, the spacial profile of volumetric power ¢
proportional to neutron flux ¢) is introduced. Assuming to have a homogeneous, non
reflected, cylindrical core (large number of fuel assemblies and small heterogeneities) of
radius R and height H (with extrapolated dimensions R., and H.,), and separating radial

dependence from axial dependence, diffusion equation (Eq. (3.3)) has solution:

2.4048 r TZ
" n n
— o 4
") =q"(r, 2) qmaxJ()( o )cos( ex) (3.40)

where Jj is the Bessel function of first kind, zero order. Reference system isr € [—Reore/2, Reore/2]

"

ma 15 the maximum

in radial direction and z € [— Hetive/2, Hactive/2] in axial direction. ¢

volumetric power and is computed after the average volumetric power ¢, , through the



3| Core and primary system modeling and simulations 67

peak factors (F4 axial and Fg radial are calculated by means of Serpent2 [48] adopting

the real core geometry):

quel tot
moo__ FaFr — ) . F 3.41
qmax qavg AR NpinsApinHactive ATH ( )

The worst conditions are in the peak assembly (PA), i.e. 7 = 0, both for fuel and cladding.

There, the axial power profile is:

ET

q7"(0,2) =¢"(2) =4 .cos (;_TIZ > (3.42)

Now the linear power and the heat flux calculated at a given radial position R # 0 can

be introduced:

q/(z> _ q/"(Z)'Apin (3‘43)
d(z) = ¢"(2)|r-27R (3.44)

Starting from the coolant and imposing the energy balance in steady-state conditions,

temperatures axial profiles are obtained:

. HezN iNS,ass . U4 . 7TFI(}LC e
Trp(2) = TPb,m—I—qu o pins, {sm(Hex) +sm( QH:I )} (3.45)

q TZ

Tout — T mazx 346
) = Trle) + gmtecos( ) (3.46)

in ou q;nax R(cﬂfzt Tz
s = T+ e (o () o

ou in q;naz R?fad mz
T (2) = Togha(z) + TR ln<R%iz cos . (3.48)
Tcenter _ Tout 1.361 0.0581 / 2.14P Tz 1301 3.49
fuel (Z) - fuel(z) +0. naz€ cos H ( : )

where Npins ass 15 the number of pins per fuel assembly and m;g‘ is lead mass flow rate in
the peak assembly (look at Subsection 3.2.3 for its calculation).

Since fuel thermal conductivity has a strong dependence on temperature, the energy
balance equation cannot be simplified as in the other cases. This is the reason why Eq.
(3.49) has a different shape. It is derived considering the conductivity integral and the
correlation for fuel thermal conductivity [48]. P is the porosity of the fuel (assumed

constant).
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By plotting Eq.s (3.45—3.49) in Figure 3.2 it is clear that cladding worst position is at the
core outlet (or better, at z = Hgeive/2) while for fuel it is slightly above the midplane.
These two are the positions where cladding and fuel temperature are tracked before and

after a transient to check the compliance with safety criteria.

Fuel rod temperatures axial profile

0.6
—— Lead
- Clad out
0.4 Clad in
— Fuel out
— —— Fuel center
E 02
c
o
g 0.
Q.
©
é -0.2
-0.4 - -
-0.6 ' : '

400 500 600 700 800 900
Temperature [°C]

Figure 3.2: SUNRISE-LFR fuel rod temperatures axial profile in nominal conditions.

It must be underlined that Eq.s (3.45—3.49) are valid only in steady-state conditions
(before and after a transient) because they do not take into account the correct time
behavior of fuel, cladding and lead. In fact, those are algebraic equations where the time

dependence is present only in Tpy;, and in ¢,

. and where fuel, cladding and lead’s time

constants are neglected. But this is not correct: fuel, cladding and lead should have finite
time constants properly accounted by differential equations such as Eq. (3.16). However,
Eq.s (3.45—3.49) are still correct in steady-state conditions and, therefore, they are not
used with the intent of tracking the whole transient but with the idea of checking only

initial and final values.

Another assumption is implicitly made: Eq. (3.40) is derived considering one-group
diffusion in a homogeneous, non reflected, finite cylinder. Although the peak factors are
calculated adopting the real core geometry, the temperature axial profile is estimated

using the cosine shape for ¢”’. In any case, this is not a strong approximation and it is
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totally within the scope of BELLA.

Parameter Value Unit
Radial peak factor 1.53 -
Axial peak factor 1.31 -

Table 3.6: SUNRISE-LFR’s core peak factors [48].

3.2.2. Primary circuit energy balance

69

In BELLA, the heat transfer from the core to the rest of the primary system components
— hot leg (HL), steam generator (SG), cold leg (CL), cold pool (CP) — is approximated

by the following set of energy balance equations:

—HL
mHLCPb dTPb
Pb dt
SG.in
TPb
SG,out
TPb
—CL
mCLCPb dTPb
M C dTRV
RVCRV
dt
— dT ¢y
GVLEGV
dt
—CP
mCPCPb dTPb
Pb dt
core,in
TPb
—HL —=CL —

. core,ou HL

tpncen (T ™ = Try ) (3.50)
—HL

T (3.51)
F<m§§7 TgbG’ma m2507 TEQGO’M: PEISO) (352)
) out =CL —CL =

TPyCPY (Tszg o~ pr> — iy (Tpy, —Trv) (3.53)

—CL — A gs =4 4
higy (Tpy —Try) — %(TRV —Tay) (3.54)
ERV EGV
ARyOsp 4 - Agvosp =4

I B (Thy =Tov) = 775 —1Tev - Ty) (3.55)
ERV EGV Eqv €a

. —CL —=CP

—CP

T'py (3.57)

Try s Ty, Try and Tay are, respectively, the average temperature of lead in the hot leg,

in the cold leg, the average temperature of the primary vessel or reactor vessel (RV) wall

and guard vessel (GV) wall. egy, egy and g, denote the RV, GV and ambient emissivities

(the ambient is assumed to be an infinite sink with constant temperature T,,,, = 20 °C),

respectively.
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Figure 3.3: SUNRISE-LFR primary system simplified sketch in BELLA (not in scale).

Coolant mass in the HL and in the CL can be computed as:

mpy = Apy Zpy ppy (3.58)

mpy = Aby Zby Doy (3.59)

being A%, the flow area of region i, ZHL the time-dependent elevation of the HL free
surface relative to the outlet of the core and Z&F the fixed CL height (from the inlet of
the core to the CL inner lid).

Reference BELLA code accounts also for the fraction of heat which is dissipated and
eventually transferred to the primary vessel (RV and GV) as the coolant flows through
the CL. Its convective heat transfer coefficient is calculated using Seban and Shimazachi’s
correlation [65] for Nusselt number:

Ky
DOE

hiy = wDf ZG5 [5+ 0.0025(Pefy) ] (3.60)

where DV is the internal diameter of the reactor vessel and Pe$F is the Peclet number



3| Core and primary system modeling and simulations 71

relative to lead inside the CL. Thermal conductivity kSL is evaluated at the average CL
temperature.

At the same time, the primary reactor vessel radiates heat from its outer surface Agy to
the guard vessel (space in between is filled with a stagnant inert gas, typically argon, for
which thermal conductivity is negligible). In turn, the guard vessel exchanges thermal
power with the ambient through radiation only from its outer surface Agy. Natural
convection is supposed to be modeled at a later stage.

An approximation whose validity has not been investigated in deep is the negligibility
of RV and GV’s thermal conductivity in the heat transfer across the walls: Eq.s (3.54)
and (3.55) assume a unique node at uniform temperature both for reactor vessel and for
guard vessel. Thermal conductivity should have an influence but, since the dynamics of
radiative heat transfer is extremely low (it can be observed in later simulations), it should
not be evident at all. This is the main reason why thermal conduction across the wall is

not considered.

Regarding the steam generator, the heat transfer from primary side (lead) to secondary
side (water) is modeled using a general function F' dependent on lead mass flow rate and
temperature, and water mass flow rate, temperature and pressure. The simplest version of
BELLA provides two different approaches: imposing any user-defined function for either
power removal Qg or temperature difference between the inlet and the outlet ATEE.

Thus, equations are:

TgbG,out _ TgbG,ln . ATgbG (361)
TSGout  _ pSGiin _ ﬁ 3.62
Pb Pb m%;cpb ( )

This is how BELLA addressed the SG module before a new version has been developed
and to which Chapter 4 is dedicated. The older version — Eq.s (3.61) and (3.62) — does
not even consider secondary side properties and working conditions. The SG is only a
constant sink of power or a block which lowers lead temperature by a constant amount,
whatever are the working conditions in the primary circuit. This approach has strong
limits, especially in simulating accidental scenarios. But it is fast, simple and it works
correctly in case of ULOHS transient (since SG module completely fails, there is no need
to demand for any complex model). Because of that, in this chapter (Section 3.3) simula-
tions adopting the simplest version for the SG are presented and discussed. In particular,
the author chose to model the SG adopting Eq. (3.62) and a few reasons explain why:
firstly, through reactivity feedbacks the SG module is capable of stabilizing the thermal
power generated by the core (SUNRISE-LFR is designed to produce 80 MWth constantly);
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secondly and most importantly, it allows the system to be affected by lead mass flow rate
changes and this is crucial in ULOF scenario: when rp, decreases as a consequence of
pump failure, the system responds by increasing the ATp;, across the SG (thus across the
core) in order to keep the power produced by the core and the power removed by the
SG equal and constant. This is exactly what simulations with the newly developed SG

module show, at least on a general level, in Chapter 5.

Coming back to the whole primary circuit model, steady-state temperatures are obtained
by setting to zero all time derivatives and by solving the resulting system of linear equa-

tions.

3.2.3. Primary circuit momentum balance

This subsection proposes a new equation to compute the derivative of coolant mass flow
rate through the entire primary circuit. Based on Todreas and Kazimi’s book [66], Ap-
pendix B contains its full derivation starting from momentum balance. The final result

is:
deb o APbuoyancy - A-Pfriction + A-Ppump

dt S, ﬁ—z

where 1 py, is lead mass flow rate in the system, APy oyancy is the buoyancy term, APpyiction

(3.63)

are the friction pressure losses and AP,,,,, the pressure head given by the ten variable
speed reactor coolant pumps. Last term can be considered as an input of the model
but usually it is kept fixed at the value needed to balance the other pressure terms in

steady-state nominal conditions:

AP]oump(t) = APpump(o) = APfriction(O) - APbuoym’u:y(o) (364)

The buoyancy term is the result of the gravitational contributions in the momentum

balance equation:

APbuoyancy — ﬁCLg(HCOTe + ZSG + HSG) . ﬁcorechore o ,EHLQZSG o pSGgHSG (365)

J— — —HL /CL
Assuming that T« = 56— T_34T it can be simplified to

CL

. _ —HL —
APbuoyancy = Q(PCL - pHL)ch,centers = gﬁ(T =T )ch,centers (366)
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where 8 = _g_:pp (lead thermo-physical properties are listed in Appendix A) and Hy, =

THeore + 75¢ + LHSY (distance between core and SG thermal centers).

Frictional pressure losses are computed for all regions in the primary circuit:
APpriction = AP + AP;S + AP{IF + APLE + APPI™  2APg™ 1" (3.67)
Each term is typically splitted into distributed and concentrated contributions:
APt = APty gistr + APty cone (3.68)

In most of the cases (core, HL, CL), distributed pressure losses are calculated adopting

Darcy-Weisbach equation:

(3.69)

H \ m|m
APfr,distr = (f ) | ‘

Dy ) 2pA2
where f is Darcy friction factor, Dj, hydraulic diameter, H height or length of the region,
p density of lead, A flow area of the region. The absolute value notation with 7 accounts
for the friction force change in direction depending on lead flow direction. The friction
factor is usually calculated adopting empirical correlations. One of the most utilized and

simple for its mathematical expression is Blasius correlation [67]:

A

" Re?

f (3.70)

where A and B are empirically-fitted coefficients, typically equal to 0.316 and 0.25 when
Reynolds number is within [2300, 20°000], to 0.184 and 0.20 when Reynolds number is
larger than 20°000. For the reactor core a better correlation would be the one proposed by
Chen and Todreas [68] which is derived for hexagonal wire-wrapped tube bundles (used in
SUNRISE-LFR). In order to keep the simplicity of Blasius together with the accuracy of
Chen-Todreas, Dehlin and Wallenius fitted the second correlation with a Blasius-shaped
curve and found as coefficients A = 0.406 and B = 0.272 [48]. For HL. and CL standard

values for Blasius are implemented.

Concentrated pressure losses are due to specific obstructions, restrictions of the flow in-
duced by deflecting fittings (bends or elbows) etc., and their expressions typically consist
in experimentally-derived coefficients which multiply the kinetic part. The best manual

for concentrated pressure losses coefficient is given by I.E. Idelchick in 1960 [69].

SUNRISE-LFR’s core includes neither valves nor deflecting fittings, thus concentrated
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pressure losses are offered solely by geometry changes in the fuel assembly:

AP = Keopegeom - ™11 (3.71)

T,conc

where Kcore geom is the sum of eight contributions:

Kcore,geom = Kfoot,inlet + Kfoot + Khe:(;,section,in + Krail + Krod,bundle,out + (372)
+ Khex,section,out + Khead + Kgrip

They are calculated as follows:

K poot,intet = Croot,inlet,resistance —p 1 ml (3.73)

2 ppy A?ﬂoot,mlet

2

Kfoot = (1— f’i bentn) 2[)%@1 2, (3.74)
Kucrsaionsn = (17 250 ) ot 379
Kot = 3 (1 - et ) 2 pﬁfﬂ,} F (3.76)
Kodpundieout = (1— Ajj;bcj:n>22p]€f’0i A2y o1 (3.77)
Kicoations. = & (1 - fi:;}ifn) 2 pig"“‘} T (3.78)
o (R e O
i = (1 Ay o (3.0

where Cioot inlet resistance 15 @ coefficient equal to 1.5.

In both distributed and concentrated pressure losses equations for the core the mass flow
rate 1 is calculated in the peak assembly (PA). The reason comes from the core outlet
temperature profile: in order to gain efficiency in the heat power extraction, coolant
temperature profile at the outlet of the core should be as flat as possible. This is because
mixing lead flows at different temperatures can establish strong instabilities in the overall
coolant motion (counter-flows, vortices, etc.) which deeply affect the general functioning
of the reactor and can even cause thermal fatigue to fuel elements and structural materials.
However, due to the radial profile in the linear power rate (Bessel-shaped), it is impossible

to keep a flat temperature profile unless some compensation strategy is implemented. At
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present SUNRISE-LFR envisages to introduce orifices at the core inlet in order to increase
pressure losses in the core outer rings. There, coolant mass flow rate decreases and higher
temperatures are reached, eventually flattening the coolant temperature radial profile.
Because of this reason, only the peak channel is not touched by the orificing and there
frictional pressure losses can be calculated by Eq. (3.71) using the PA mass flow rate

m = mbd evaluated as:

- PA quel
Mmpy, = —————>7 3.81
Pb CPbATI(;cI;re PA ( )
QrA fuer 18 the thermal power of the PA which is determined from the reactor power level

and the radial peak factor Fr as

Qfit = Qﬁ”” (3.82)
being N, the number of fuel assemblies.
AT ;ZTG7PA is the coolant temperature difference across the peak assembly and it is not
explicitly calculated in BELLA, which assumes that it is equal to the temperature differ-
ence across the average channel in the core. The target for SUNRISE-LFR is indeed to
have temperature profile at core outlet as flat as possible, hence ATx,™ pA = ATp "
is considered to be an acceptable approximation for the moment. A detailed Spamal

representation of the core will be done at a later stage adopting CFD softwares.

Hot leg and cold leg do not have specific elements which give concentrated pressure losses.
They enter in the momentum balance equation just with the distributed pressure losses

using Eq. (3.69), even though their value is totally negligible (< 1 Pa).

The steam generator of the reactor is based on the spiral heat exchanger tube design
patented by Cinotti [59]. The hot coolant is delivered from the HL into the annular
plenum inside the steam generator. Then, due to the hydrostatic pressure caused by
the top plate at the end of the plenum, the coolant is forced to flow radially through the
spiral tube stack, transferring heat to the secondary side. The resistance offered to coolant
cross-flow by staggered layers of planar spiral tubes with diameter D and pitch P cannot
be described in terms of the Darcy-Weisbach equation. Therefore, a correlation proposed

by Idelchik [69] is used to compute the distributed frictional pressure drops across the
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steam generator:

A PSG ) — out
r,distr
f Rout - Rin

D

B R0 _ R0 ( P) Nypos + 1 (M)0'27|: e p }1.73

15.6 — 8.35—
D 146p 27rHsheZZ P—-D

(3.83)

where Nypes is the number of staggered layers per steam generator, R;, and R,, are
the spiral initial and terminal radius respectively, p is the coolant density and g is the
coolant dynamic viscosity both evaluated at the average temperature of the SG, Hgpey is
the height of the spiral tube stack and m2¢ = rip,/10 stands for the mass flow rate in a
single SG.

Concentrated pressure losses for the SG have yet to be considered.

Lastly, concentrated pressure losses related to the motion of lead from central region (core
and HL) to the annular part (CL) and viceversa have yet to be investigated. Probably

the correct coefficients can be found once again on Idelchik [69].

3.2.4. Primary circuit mass balance

SUNRISE-LFR is planned to have a hot leg right above the core with a surface level Z#~
able to change over time in such a way to adapt to density variations of lead (thermal
expansion). On the contrary, and differently than previous versions of the reactor, cold
leg has a fixed level Z¢L covered by a metallic lid, patented by LeadCold [58], through
which the shaft of the pump-SG module passes.

This subsection proposes a new method to estimate the time-dependent HL free surface

level leveraging on mass balance equation.

ZHL

A first dimensioning of can be done in hot shut-down (SD) just considering a me-

chanical equilibrium in the cold pool:

Phydr,center = Phydr,annular (384>

where
Phydmemm, = Pﬁzgi + p}gsr _ (Hcorepcore + ZHLpHL)g (3.85)
Phydr,annular = Pfgﬁr = ZCLPCLQ (386)

Solving for HL free surface level

CL ,CL core ,core
gL _ 47 TpT T — H*p

ZHL — pp = 7L — peere (3.87)
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since in hot shut-down all system temperatures are equal to 420 °C, differently than cold
shut-down (all system temperatures are at 350 °C). This is the correct formula to calculate
ZML in stationary SD conditions, without the action of the pump. It allows to calculate
total lead mass in the system and, in turn, the time-dependent Z%%(t) by applying total

lead mass conservation equation:

Msp = M + MEE 4+ MSE + MS§E = (3.88)
— (AcoreHcore + AHLZHL + ACLZCL + VCP)pSD

M — Acore fcore jcore _ ACLzCL CL __ VCP CP
ZHL() = 5D P P P (3.89)
AHLpHL

where Mgp is the lead total mass in hot shut-down, i.e. total lead mass in the system in
all conditions. SG and pump are not included in the equations since CAD calculations of
their volume have yet to be provided. Nevertheless, they account just for a second order

contribution which is negligible at present.

3.3. Simulink implementation

The software utilized throughout all the dynamical simulations in this work is MATLAB®
(MATtrix LABoratory) developed by MathWork® |70, 71]. In particular, due to its strong
reliability and efficiency in simulating complex dynamical systems, all simulations are
performed by Simulink®, a MATLAB tool [72]. This is valid for all simulations presented

in this and subsequent chapters.

Simulink primary interface is a graphical block diagramming tool and a customizable set
of block libraries. It is optimized to solve explicit systems of differential equations where
input and output variables are well identified (causal approach). Therefore, an optimal
way to implement BELLA in Simulink is by grouping its equations into subsystems and

coupling them through flow signals.
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Energy balance primary system

Reactor core

Mass and momentum balance primary system

Figure 3.4: BELLA implementation in Simulink. Three main subsystems represent: re-
actor core (orange), primary circuit energy balance (light blue) and primary circuit mo-

mentum and mass balance (green).

The whole code is divided into three main subsystems (Figure 3.4). The first subsystem
(orange) models the reactor core and contains three other sub-subsystem: core energy
balance, point kinetics and reactivity feedbacks (Figure 3.5); its outputs are core tem-
peratures in general and, in particular, lead temperature at the outlet of the core. The
second subsystem (light blue) is the energy balance of the rest of the primary system and
it calculates lead temperatures in HL, CL, SG and CP. Third and final subsystem (green)
models the momentum and mass balance of the primary circuit providing as outputs lead

mass flow rate and HL free surface level.
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Figure 3.5: Reactor core implementation in Simulink. The three subsystems represent:

core energy balance (red), reactivity feedbacks (yellow) and point kinetics (blue).

Each subsystem is built systematically utilizing MATLAB Function blocks, which relate

inputs and output variables through equations, and Integrator blocks to solve the ordinary

differential equations (e.g., Figure 3.6 shows the primary system energy balance). All

blocks are taken from the Simulink Library Browser.
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Figure 3.6: Primary system energy balance implementation in Simulink. Magenta sub-

subsystem contains the modeling of ULOHS accidental scenario.

Table 3.7 lists the input and the output variables of each subsystem.
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Subsystem Inputs Outputs

Reactor core T ey T Tt T,
Tlg%re,out

Core energy balance Q fuel, T ;%re,m’ mpy Truets Tetaas Tpp "7,
Tlc;zre,out

Reactivity feedbacks Truer, Tpy 09, T ;(;)re,in Apgp

Point kinetics Apro, Apext Q Fuel

Primary system energy balance T ppy, Z1F, THE TS¢ TSE

QSG T]cj?)re,in
Primary system momentum and  All primary system mpy, Z1F
mass balance temperatures, AP,

Table 3.7: Simulink subsystems input and output variables in BELLA.

Figures 3.4 and 3.5 do not show some inputs: Apeyt, APy, and ng. They are the
controlled variables which trigger accidental scenarios. For this reason, they are incor-
porated in special magenta sub-subsystems named after the accidental transient (UTOP,
ULOF, ULOHS). They can be found in point kinetics subsystem, primary system mass
and momentum balance subsystem and primary system energy balance subsystem (e.g.,

Figure 3.6), respectively.

3.4. Simulations

A computational tool intended for use in safety informed, pre-conceptual design of lead-
cooled reactor systems is required to be capable of simulating the system under normal
and off-normal conditions. Indeed, BELLA current capabilities include simulation of un-
protected transient over-power (UTOP), loss-of-flow (ULOF), loss-of-heat-sink (ULOHS)
scenarios and a combination of ULOF and ULOHS (station blackout). This section is
entirely dedicated to BELLA’s simulation of transients on SUNRISE-LFR. It serves both
to test the code and to verify safety margins of the demonstrator reactor under accidental
scenarios.

This section starts with steady-state conditions of SUNRISE-LFR and then it proceeds
by showing simulation results in UTOP, ULOF, ULOHS and ULOF-ULOHS combined.

The general Simulink settings adopted in these transients are briefly discussed in Appendix
D.
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3.4.1. Steady-state conditions

BELLA perfectly sustains steady-state conditions. They are set by the total power of the
reactor, the core inlet temperature of lead, lead mass flow rate and total amount of lead
inside the primary system. Besides showing the results of the simulations through plots
— which is done only for thermal power and reactor core temperatures (fuel, cladding and
lead) in Figure 3.7 —, the most important values of SUNRISE-LFR working conditions
are listed in Table 3.8.

Core thermal power Core temperatures
100 dobioiats 1000 pare
— Power —Fuel avg
——Clad avg
80 800 Pb avg
——Pb outlet
5) ——Pbinlet |
g 60! o 600]
s 60 g 600
% ®
g 3
S 40f 2 400+
o E
i)
|.._
20 200 |
0 ; 0 ;
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time [g] Time [g]
(a) Constant core thermal power. (b) Constant main core temperatures.

Figure 3.7: Simulation results adopting BELLA in steady-state conditions.



3| Core and primary system modeling and simulations 83

Quantity Value Unit
Core thermal power 80.33 MW
Fuel average temperature* 643.9 °C
Fuel max temperature™* 867.9 °C
Clad average temperature* 496.3 °C
Clad max temperature** 559.8 °C
Lead core average temperature 484.8 °C
Lead core inlet temperature 419.5 °C
Lead core outlet temperature 550.1 °C
Lead mass flow rate 4243.4 kg/s
HL free surface level 2.947 m
SG thermal power removal 80 MW
Radiative power losses from the RV*** 328 kW

Table 3.8: BELLA steady-state values for the most important quantities.

Some notes to Table 3.8:

* ¢ fuel and cladding average temperatures are calculating using Eq.s (3.38) and (3.39),
respectively. Therefore, they consider the average temperature in radial direction

in the average channel at core midplane.

k. fuel and cladding maximum temperatures are calculating using Eq.s (3.49) and

(3.47), respectively. Therefore, they consider the innermost node temperature in

the peak channel at the hottest axial position.

*xx . global energy balance is not perfectly respected. This is totally understandable
because the dynamics of the radiative power removed from the reactor vessel is
extremely poor. Even though the simulation time is not low (4000 s), an equilibrium
between power lost (SG removal and RV losses) and power produced (fissions) has

yet to be reached.

3.4.2. UTOP

UTOP (unprotected transient overpower) is the first reference accidental scenario that is
examined. It is modeled as a sudden (step-wise) insertion of a positive reactivity through

the external contribution Ape,;. Its value is 0.2 $ which corresponds to 133 pcm. The
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rationale behind it is here explained: a sudden injection of positive reactivity can happen
because of unexpected control rod extraction; the most critical moment when UTOP
can occur is the one which exhibits maximum control rods insertion, which is at middle
of life (MoL). In fact, considering the reactivity swing curve (Figure 3.8), after reactor
startup the internal reactivity increases due to fuel breeding until around the 8th year
when it starts to decrease because of both fissile fuel burning, neutron poisoning and fuel
axial swelling. At MoL control rods must be inserted up to an amount corresponding to
210 pcm to achieve criticality, which means 105 pcm per control rod. This is the most
critical moment for UTOP to occur. Then it is decided that UTOP simulates the sudden
extraction of one control rod (105 pem), plus some extra margin: in this way, 130 pcm

are obtained, rounded up to 0.2 $.
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Figure 3.8: SUNRISE-LFR reactivity swing during the fuel cycle [48]. Blue markers are

results obtained with Serpent2 and the red line is a fitted quadratic function.

By setting the simulation time to 2000 s and triggering UTOP after 500 s, the major

quantities of interest are plotted in Figure 3.9.

The insertion of 0.2 $ of reactivity disturbs the established steady-state conditions. Apey
acts immediately on neutronics and, in particular, on neutron population (almost pro-
portional to core thermal power) with a step increase of its derivative. It can be noticed
because the first parameter to vary in the simulation is the core thermal power. Subse-
quently, all core temperatures start to increase according to their time constants: fuel is
the fastest because it is directly influenced by thermal power, but then cladding and lead
follow. At this point two things occur at the same time, even though with different time

scales: reactivity feedbacks and propagation of events in the primary circuit.



3| Core and primary system modeling and simulations 85

Reactivity feedbacks act together with the increase of core temperatures. They are reg-
ulated by an algebraic equation, meaning that, as soon as fuel temperature increases,
for instance, Doppler effect and fuel axial expansion counterbalance the power increase
by removing reactivity due to their coefficients negative sign. In Figure 3.9b they ap-
pear to be the first to assume non-zero values, although with different amplitudes. After
about 50 s, and following the slower dynamics of lead, coolant thermal expansion and
fuel assembly diagrid radial expansion enter into play (lead thermal expansion has a very
low feedback on reactivity when compared to the others and it is simply motivated by
the one-order-of-magnitude lower feedback coefficient). Doppler effect and diagrid radial
thermal expansion exhibit a strong feedback response capable of reducing reactivity and,
eventually, to bring it to zero, restoring neutronics steady-state conditions.

At the same time, the temperature increase of lead in the core has consequences on the
rest of the primary circuit: all pools show increased temperatures which, due to lead ther-
mal expansion, lead to an increased volume of lead inventory in the circuit. This volume
increase is managed by the hot leg which enhances its free surface level by approximately
20 cm (+6.7%). Primary circuit temperatures variation influences also lead mass flow
rate: both buoyancy term and frictional pressure losses change during the transient in
such a way that the mass flow initially increases and after a while achieves stable con-
ditions. Lead flow velocity never overcomes 0.90 m/s inside the core (the most critical

region due to the small area of flow channels), keeping a good margin to erosion.

What seems to be unexpected in this simulation is displayed in Figure 3.9a: even after
injecting 0.2 $ in the system, power returns back to initial value of 80 MW after a peak
just below 150 MW. Considering how the system is modeled, it is not weird at all: due to
the overall energy balance in the primary system, at steady-state conditions all sources of
power need to be balanced by sinks, which are the SG and the RV thermal radiation (Eq.
(3.90)). Since radiation from the RV never increases beyond 1 MW (starting from about
330 kW, peak value in the simulation is approximately 805 kW), the sinks are dominated
in amplitude by the constant SG which removes 80 MW independently of the conditions
of the system. This is the reason why core thermal power is restored at a value very close
to the initial one. The only slight difference is due to a variation in the thermal power

losses through the reactor vessel.

quel,tot = QSG + Qradiation (390)
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Figure 3.9: Main plots resulting from UTOP simulation. For the starred parameters look
at the notes after Table 3.8.
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Coming to the last two plots (Figures 3.9g and 3.9h), they show the behavior of fuel
and cladding in the peak assembly (innermost node at the worst axial position) and in
the average assembly (average node at the midplane). This is the meaning of the legend
present in the two plots which remains valid for all the other simulations.

Fuel undergoes a significant temperature increase, but it stays well distant from the
melting point (2850 °C). On the contrary, in the peak assembly cladding temperature
overcomes the 662 °C threshold, even though by only 3.5 °C, while the average assembly

remains about 60 °C below it. In any case, the second threshold at 763 °C is never

reached.

Although it is worth to remember that the likelihood of such an event (full expulsion of
one control rod without plant operator intervention) remains extremely low, this transient
requires to be further investigated because cladding in the peak assembly consumes half of
the margin to creep failure. Perhaps a different code that employs 1-dimensional (or even

2 and 3-dimensional) simulations of the whole core can check the results of the lumped

tool BELLA.

Table 3.9 lists the value of the main variables of interest after UTOP simulation.

Quantity Value Variation (%) Unit
Core thermal power 80.74 +0.5% MW
Fuel average temperature* 739.0 +14.8% °C
Fuel max temperature™* 953.5 +9.9% °C
Clad average temperature* 601.6 +21.2% °C
Clad max temperature™* 665.6 +18.9% °C
Lead core average temperature 590.6 +21.8% °C
Lead core inlet temperature 525.0 +25.1% °C
Lead core outlet temperature 656.3 +19.3% °C
Lead mass flow rate 4299.0 +1.3% kg/s
HL free surface level 3.144 +6.7% m
SG thermal power removal 80 +0.0% MW
Radiative power losses from the RV*** 731 +130.9% kW

Table 3.9: Values of the most important quantities simulated with BELLA after UTOP.

For the starred parameters look at the notes after Table 3.8.
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3.4.3. ULOF

ULOF (unprotected loss of flow) transient is the second reference accidental scenario that
BELLA is capable of simulating. It is initiated by a complete failure of all the pumps in
the system and modeled by an exponential decrease of the pump pressure head AP,
from nominal value to zero with a time constant equal to 10 s (Figure 3.10). The system
continues to work only if it is capable of sustaining natural circulation by relying on

buoyancy forces to compensate for frictional pressure losses.

By setting the simulation time to 3000 s and triggering ULOF after 500 s, the major

quantities of interest are plotted in Figure 3.11.

Pump pressure head

i —Pump -

Pressure [bar]

500 520 540 560 580
Time [s]

Figure 3.10: Pump failure: exponential decrease of pressure head.

The failure of the pumps affects immediately lead mass flow rate: following Eq. (3.63),
time derivative of mp, loses the main positive contribution and, thus, begins a steep de-
crease which stops only when natural circulation has established, i.e. when APy,oyancy =
APrriction- This is possible because frictional pressure losses are proportional to some
power of the mass flow rate, meaning that as mp;, decreases, APjyicion follows. When
natural circulation conditions are met, mp, = 1314 kg/s, about 31% of nominal value.

The strong decrease in the mass flow rate influences at first core temperatures (fuel,
cladding and lead at the outlet), which tend to increase. Then, because the steam gen-
erator continues to remove fixed power, the temperature difference across the SG (and

across the core) is enhanced. The following equation explains it:

Q = e, AT (3.91)
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When 71 decreases but () remains constant, A7 has to increase (¢, variations are not
significant). Therefore, if temperatures in the core and in the hot leg increase, lead
temperatures in CL, CP and at core inlet decrease. After that, some slow oscillations raise
up caused by reactivity feedbacks: due to Doppler effect and lead thermal expansion in
core, initially reactivity becomes negative and core thermal power decreases; consequently
core temperatures (fuel, cladding and lead) reach the peak and then decrease, lowering
their contribution in reactivity. After a while, because the constant SG power removal
remains higher than core thermal power, lead temperature at the core inlet decreases
and, due to the negative sign of the diagrid radial feedback coefficient, it injects positive
reactivity into the system (violet line in Figure 3.11b) which counterbalances fuel and core
lead negative contributions and sets the conditions for very slow oscillations. The poor
oscillation velocity is mainly motivated by the large thermal inertia of lead. After a couple
of oscillations the system reaches the steady-state. As already explained for UTOP, core
thermal power comes back to 80 MW following the reactivity trend with some delay.

On a global view, after the transient primary system temperatures have increased in the
core and in the HL, decreased elsewhere. Because of the larger volumes of CL and CP,
the net contribution to lead thermal expansion is slightly negative and, therefore, HL free

surface level have slightly decreased.
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Figure 3.11: Main plots resulting from ULOF simulation. For the starred parameters look

at the notes after Table 3.8.
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If on the one hand the system is capable of driving toward stable conditions, the temper-
atures after transient are not satisfactory at all.

In particular, around ¢ = 900 s coolant temperature at core inlet (or in CL and CP)
equalizes lead melting point, and for the rest of the transient it remains about only 25 °C
above it. This is problematic in two senses: first of all because of coolant solidification
risk; secondly, because of liquid metal embrittlement (LME), particularly strong at low
temperatures.

Moreover, Figure 3.11h shows cladding average temperature in the average channel al-
ways below the first threshold at 662 °C, but its maximum temperature in the peak
assembly above the second threshold of 763 °C at final steady-state conditions. This is
a bad behavior of the system and requires a better investigation through more advanced
1-dimensional (or 2 or 3-dimensional) codes to correctly simulate the transient in all core
assemblies and to check cladding integrity at high temperature.

For what concerns fuel pellets, they preserve a strong safety margin against melting both

in the peak and in the average assemblies.

However, it must be remembered that this transient is simulated with the strong hypoth-
esis of constant SG power removal capacity, which cannot be assumed to be realistic.
Chapter 5 simulates ULOF in the presence of a time-depended SG module and some
differences appear. Additional comments are given at the end of this chapter, in Section
3.5.

Table 3.10 lists the value of the main variables of interest after ULOF simulation.
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Quantity Value Variation (%) Unit
Core thermal power 80.13 -0.3% MW
Fuel average temperature* 712.8 +10.7% °C
Fuel max temperature™* 1072.4 +23.6% °C
Clad average temperature* 573.7 +15.6% °C
Clad max temperature™®* 784.0 +40.1% °C
Lead core average temperature 561.5 +15.8% °C
Lead core inlet temperature 349.1 -16.8% °C
Lead core outlet temperature 773.8 +40.7% °C
Lead mass flow rate 1313.8 -69.0% kg /s
HL free surface level 2.927 -0.7% m
SG thermal power removal 80 +0.0% MW
Radiative power losses from the RV*** 152 -52.0% kW

Table 3.10: Values of the most important quantities simulated with BELLA after ULOF.
For the starred parameters look at the notes after Table 3.8.

3.4.4. ULOHS

ULOHS (unprotected loss of heat sink) is the third reference transient for BELLA. It is
caused by a failure of all SG units at the same time and it is modeled as a step-wise

decrease of SG power removal from nominal 80 MW to zero.

This accidental scenario is simulated adopting two simulation times, 4000 s (about 1.1
hours) and 1000000 s (about 278 hours or 11.6 days), because of the very slow dynamics,
dominated entirely by the only thermal power sink left in the system, thermal radiation
from the reactor vessel. In the first simulation (Figures 3.12 and 3.13) it is possible to
notice the short-term events (steep decrease of core power and subsequent collapse of
system temperatures into a unique curve), while the second simulation (Figures 3.15 and
3.16) shows the long-term behavior of the reactor, characterized by a general decrease of

the temperatures.

As soon as SG modules fail, the system loses its main power sink: SG average temperature
reaches immediately 550 °C and, hereafter, all the rest of the primary system pools (CL,
CP and core) start to increase their temperatures. Hence, hotter lead in the core activates
the first reactivity feedbacks: diagrid radial thermal expansion negative feedback (violet

line in Figure 3.12b) totally dominates lead thermal expansion positive feedback (yellow
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line again in Figure 3.12b) and, then, reactivity becomes negative. Subsequently, core
thermal power reduces and the same does fuel temperature. Even though that activates
Doppler effect and fuel axial expansion inserting positive reactivity into the system, di-
agrid radial expansion continues to set the overall behavior of reactivity: its very strong
contribution is a consequence of both its feedback coeflicient absolute value (more than
four times fuel axial feedback coefficient, for instance) and the large temperature excur-
sion that lead at core inlet has already undergone. This is the mechanism that links the
loss of SG and the strong decrease in fission power. In about 30 minutes, only decay
power is left, which is only a fraction of the nominal 80 MW but remains for a very long
time.

Due to the low value of decay power (just above 1 MW), all temperatures collapse into a
unique line (tiny differences are still present, though) and slightly increase. In fact, decay
power remains larger than the only power sink left, thermal radiation from the reactor
vessel, at least until the end of the first simulation (Figure 3.13b). And it is true even
though thermal radiation immediately increases above 1 MW as a consequence of the
rising in RV temperature, in contact with hot lead (Figure 3.13c).

Due to the general temperature increment in the primary system, HL free surface level
grows to accommodate lead thermal expansion. Coolant mass flow rate decreases because

buoyancy term lowers as a consequence of the smaller AT across the system.
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Figure 3.12: Main plots resulting from ULOHS simulation with simulation time equal to

4000 s (1.1 hours). For the starred parameters look at the notes after Table 3.8.
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Figure 3.13: Additional plots resulting from ULOHS simulation with simulation time

equal to 4000 s (1.1 hours).
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Figure 3.14: Zoom on the moment when radiation power losses overcome core decay

power.

Figure 3.14 shows the instant in which thermal losses from RV overcome decay power:
approximately 1.6 hours after ULOHS is triggered. From that moment on the reactor
is effectively cooled down by the RVACS system (passive safety). This is extremely
beneficial because drives the system toward steady-state, safe conditions, but eventually
it may lead to solidification of the coolant if the system temperature goes below lead
melting point (327.5 °C). However, the dynamics of the transient is extremely low because
dominated by radiation heat transfer, giving in principle sufficient time to the plant
operators to intervene and restore working conditions. In fact, LFRs projects under
development described in Chapter 1 usually foresee 72 hours as a time reference before
human intervention and ULOHS simulation shows that even after 11.6 days some margin
to lead solidification is still present.

In Figure 3.15b reactivity feedbacks are positive and continue to increase. They do not
have any influence on thermal power because neutron population is null at this point.
Thermal power is entirely controlled by fission products decay power.

Due to primary system temperatures decrease, lead density grows and HL free surface

level decreases. Lead mass flow rate exhibits only a mild decrement in this transient.
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Regarding the safety margins to fuel melting and cladding tube creep rupture, this tran-
sient is not a concern at all because the system is effectively cooled down. Safety margins
are always well respected. However, it must be noted that the dynamics of RVACS cooling
action is here underestimated because it does not include natural convection by external
air. That should increase the cooling rate of the system lowering the time needed to reach
coolant solidification. In this case, a delayed intervention of the plant operator could lead

to some troubles.
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Figure 3.15: Main plots resulting from ULOHS simulation with simulation time equal to

1000000 s (278 hours or 11.6 days). For the starred parameters look at the notes after

Table 3.8.
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Figure 3.16: Additional plots resulting from ULOHS simulation with simulation time
equal to 1000000 s (278 hours or 11.6 days).

Table 3.11 lists the value of the main variables of interest after ULOHS simulation.
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Quantity (unit) Value Variation Value Variation
(1.1 h) (1.1 h) (11.6 d) (11.6 d)
Core thermal power (kW) 1069 -98.7% 211 -99.7%
Fuel average temperature® (°C) 592.1 -8.0% 350.9 -45.5%
Fuel max temperature** (°C) 595.2 -31.4% 351.6 -59.5%
Clad average temperature® (°C) 590.2 +18.9% 350.4 -29.4%
Clad max temperature** (°C) 591.1 +5.6% 350.6 -37.4%
Lead core average temperature 590.1 +21.7% 350.4 -27.7%
(°C)
Lead core inlet temperature (°C) 589.2 +40.4% 350.2 -16.5%
Lead core outlet temperature 590.9 +7.4% 350.6 -36.3%
(°C)
Lead mass flow rate (kg/s) 4207.2 -0.9% 4042.0 -4.8%
HL free surface level (m) 3.212 +9.0% 2.776 -5.8%
SG thermal power removal (MW) 0 -100% 0 -100%
Radiative power losses from the 972 +204.6% 217 -31.9%
RV*** (kW)

Table 3.11: Values of the most important quantities simulated with BELLA after ULOHS.

For the starred parameters look at the notes after Table 3.8.

3.4.5. ULOF and ULOHS

Last accidental scenario considered as a reference in BELLA is a combination of ULOF
and ULOHS. It is supposed to model station blackout: all primary system components
that rely on external conditions — primary pumps and steam generators — fail at the
same time. Pump module follows once again an exponential decay with time constant

equal to 10 s; SG module goes to zero as a step function starting from its nominal value.

This scenario is simulated by triggering at ¢ = 1000 s both ULOF and ULOHS events.
Considering once again two simulation times equal to 4000 s (about 1.1 hours) and 1000000
s (about 278 hours or 11.6 days), the trend of the main variables of interest is displayed
in Figures 3.17, 3.18, 3.19 and 3.20.

In this complex scenario two major events occurs: pump does not provide anymore pres-
sure head and SG power removal goes instantaneously to zero. In the previous subsections

the two transients are analyzed separately, while here they must be coupled. It is not
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trivial to distinguish between the consequences of one failure and the other, especially be-
cause this is a strongly non-linear system. Nevertheless, some comments can be pointed

out.

Although the instantaneous SG failure provokes an immediate surge in the SG temper-
ature, the effects on the rest of the system take slightly more time because of the large
lead thermal inertia. On the other hand, even though the rate of failure of the pump is
finite (about 50 s to complete), its effects take place very quickly: lead mass flow rate
strongly decreases and, as a consequence, core temperatures (fuel, cladding and lead)
grows. Differently than ULOF alone, here SG power removal capacity has gone and hot
lead coming out of the core is not cooled down effectively. This induces an increase of
CL, CP and core inlet lead temperatures.

To understand what happens to core thermal power, reactivity feedbacks need to be taken
into account (Figure 3.17b): initially, Doppler effect and fuel axial expansion inject nega-
tive reactivity into the system causing a decrease in core power (lead thermal expansion
is not significant); consequently, core temperatures stop their increment and start de-
creasing, partially removing the negative reactivity inserted (Doppler and axial expansion
become even positive after 4 minutes); at the same time, hot lead at core inlet activates
diagrid radial expansion which slowly adds more negative reactivity. The total reactivity
remains always negative because diagrid expansion dominates; thus, core power contin-
ues to decrease until neutron population is set to zero, remaining only with FPs decay
contribution, almost entirely removed from the system by thermal radiation through the

reactor vessel (Figure 3.18b).

Eventually, the system temperatures converge toward 600 °C without collapsing on it
(Figures 3.17¢ and 3.17d), differently than ULOHS only. This is simply because here
both Qs and 1 py, decrease. In fact, considering Eq. (3.92), since core power decrease

(almost -99%) is larger than mass flow rate decrease (-93%), AT lowers but remains finite.
Q = 1hc, AT (3.92)

Coolant mass flow rate is still present because sustained by natural circulation.
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Figure 3.17: Main plots resulting from ULOF-ULOHS combined simulation with simula-

tion time equal to 4000 s (1.1 hours). For the starred parameters look at the notes after
Table 3.8.
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Figure 3.18: Additional plots resulting from ULOF-ULOHS combined simulation with
simulation time equal to 4000 s (1.1 hours).

Thermal radiation from the reactor vessel overcomes decay power about 1.6 hours after
the accident is triggered. From that time on, the reactor is effectively cooled down by the
passive RVACS system and led to safe conditions. In general, all the comments already
given about ULOHS are still valid here: the behavior of the system is optimal but some
attention must be paid over solidification of the coolant, which would compromise the
further utilization of the reactor. Anyway, thanks to the very slow dynamics dominated
by radiative heat transfer, human intervention taking place within 10 days can take full
control of the system avoiding any lead freezing. At the end of the simulation (11.6 days)
lead temperature in the cold pool (approximately 350 °C) is still higher than the melting
point. Nevertheless, thermal radiation alone underestimates the real cooling capability of
the RVACS, which would significantly enhance if external natural convection is modeled.

Due to primary system temperatures lowering, eventually HL free surface level decreases.

Regarding the safety margins to fuel melting and cladding tube creep rupture, this tran-

sient is not a concern at all because the system is effectively cooled down. This is true even
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though cladding temperature in peak assembly (blue curve in Figure 3.17h) undergoes a
steep increase beyond the second threshold at 763 °C. In fact, it must be remembered
that fuel and cladding temperatures in the peak assembly are calculated through algebraic
equations neglecting their own dynamics (Subsection 3.2.1). This conservative assumption
does not represent correctly the transient; only the steady-state values are correct. Also,
it has to be reminded that thermal creep is a time-dependent phenomenon: cladding tem-
perature above the second thresholds for a short time interval should not give any problem.
Nevertheless, the overcoming of the second threshold is surely a general indicator that

needs further analysis.
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Figure 3.19: Main plots resulting from ULOF-ULOHS combined simulation with simula-
tion time equal to 1000000 s (278 hours or 11.6 days).
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Figure 3.20: Additional plots resulting from ULOF-ULOHS combined simulation with
simulation time equal to 1000000 s (278 hours or 11.6 days).

Table 3.12 lists the value of the main variables of interest after ULOF-ULOHS simulation.
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Quantity (unit) Value Variation Value Variation
(1.1 h) (1.1 h) (11.6 d) (11.6 d)
Core thermal power (kW) 1070 -98.7% 211 -99.7%
Fuel average temperature® (°C) 603.3 -6.3% 356.1 -44.7%
Fuel max temperature** (°C) 618.9 -28.7% 361.4 -58.4%
Clad average temperature® (°C) 601.4 +21.2% 355.6 -28.4%
Clad max temperature** (°C) 614.8 +9.8% 360.3 -35.6%
Lead core average temperature 601.2 +24.0% 355.5 -26.7%
(°C)
Lead core inlet temperature (°C) 587.8 +40.1% 350.8 -16.4%
Lead core outlet temperature 614.9 +11.8% 360.4 -34.5%
(°C)
Lead mass flow rate (kg/s) 278.4 -93.4% 149.8 -96.5%
HL free surface level (m) 3.220 +9.3% 2.780 -5.7%
SG thermal power removal (MW) 0 -100% 0 -100%
Radiative power losses from the 971 +204.3% 217 -32.1%
RV (KW)

Table 3.12: Values of the most important quantities simulated with BELLA after ULOF-
ULOHS combined. For the starred parameters look at the notes after Table 3.8.

3.5. Conclusions

This chapter has focused on the modeling of the reactor core and of the rest of the primary
system. A lumped code, namely BELLA is presented and discussed in depth. The basic
assumptions are listed and explained not only from the theoretical point of view but also
while describing the simulations of SUNRISE-LFR: in this way it is perhaps easier to the
reader to better understand the implications of the rationale behind BELLA.

Four accidental scenarios are simulated and discussed by means of plots and tables in
the dedicated subsections. This conclusive section is not meant to give specific comments
about those transient because that is already done, but general considerations about the

code and the design of the reference reactor.

As a general overview, BELLA is capable of correctly sustaining steady-state conditions

of an LFR and of simulating severe accidental transients. Each simulation seems to
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have physically reasonable results and explanations of the complex relations between the

variables of interest. This is clearly a first important goal of this chapter.

Some improvements of BELLA to simulate even more realistic and accurate conditions
can be implemented. For instance, even though 8 groups of neutron precursors are a
very good approximation of neutronics, more groups can be considered to achieve a bet-
ter resolution of neutron spectrum. Again in neutronics, fission products groups used to
calculate the decay power come from thermal reactors database; considering parameters
coming from fast reactor, as well as fission products of other fissionable nuclides besides
2350, can surely increase the accuracy of the decay power.

In thermal-hydraulics the improvements can go in different directions. Cladding can be
modeled considering both 15-15Ti and Fe-10Cr-4Al-RE layers. Primary circuit pressure
losses should include additional terms, such as concentrated pressure losses in the steam
generator or due to lead flow from the central hot leg to the annular cold leg (and vicev-
ersa). Moreover, RVACS needs to incorporate also natural convection, which speeds up
the dynamics and gives a new contribution in passive reactor cooling (but also in thermal
losses).

However, the two most important contributions might come from including a thermome-
chanical module of the fuel, which accounts for both thermal effects and fuel burn-up
affecting several properties of the fuel rods (thermal conductivity, swelling, fuel gap com-
position, etc.), and a model of the secondary circuit starting from the steam generator
module, at present represented by a couple of extremely simplified algebraic equations.
Fuel thermomechanical module is currently being developed at KTH and has the ambition
to be finished and operative by August 2022. For what concerns the secondary side, a

major topic of this manuscript, it is developed and discussed in depth in Chapter 4.

Coming back to BELLA, not only the general code can be improved, but also the acci-
dental scenarios can be modeled differently: for instance, UTOP, ULOF and ULOHS can
be coupled in various ways, even without assuming the worst conditions in the failure of
components (e.g., 0.1 § reactivity insertion with partial ULOHS). Furthermore, both in
ULOF and ULOHS additional pressure losses can be included as a consequence of failure

of pumps and SGs.

Last comments are devoted to the general results of the simulations and to SUNRISE-
LFR capability of maintaining safe conditions. As said, the dedicated subsections goes
into details of the scenarios results. SUNRISE-LFR shows important capacity of resisting
to severe accidents. This is in particular true when fuel melting is taking as a reference:
excellent properties of uranium nitride and passive safety mechanisms (natural circulation

and RVACS) give to the system a high degree of inherent safety which keeps the margin
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to the melting point always very large.

A more complex situation comes up when fuel cladding safety margin is monitored. On the
one hand, ULOHS and ULOF-ULOHS do not show any problem in the long-term cladding
temperature, below the first threshold (662 °C) in both cases; in ULOF-ULOHS the two
thresholds are overcome by peak assembly cladding temperature right after the accident is
triggered, but, as said, out of steady-state conditions the equations implemented are not
physically correct (they neglect cladding time constant) and, also, thermal creep rupture
takes place only when cladding stays at high temperature for a long time (days as an order
of magnitude). On the other hand, UTOP and ULOF show some bad behavior. The first
is characterized by a cladding temperature in the peak assembly which overcomes the
first threshold and it remains there after the transient is finished; this should not be a big
issue for thermal creep, but for sure a better investigation both on thermal creep at lower
temperatures and on power and temperatures spacial profile (1, 2 or 3-dimensional) may
be suggested. ULOF represents the most problematic transient: cladding temperature
in the peak assembly results to be larger than the second threshold (763 °C) for almost
the whole simulation time and, in particular, at the final steady-state conditions. This
is a major concern because it may compromise the integrity of the fuel pins in the peak
assembly. In addition, ULOF calculates that the cold lead inside the system approaches
the melting point and stabilizes to no more than 30 °C above it: this second problem is
again of big concern. Without any doubt, ULOF transient requires a deep investigation

adopting accurate reference codes.

Anyway, it has to be remembered that these transients are simulated adopting strong
hypotheses that in some scenarios may be unrealistic, especially when it comes to thermal
creep thresholds (Section 2.2) or to the assumed constant power removal by the steam
generator. Regarding the latter, Chapter 5 allows to understand the differences when the
SG module is explicitly modeled.

As a last remark, these are severe accidental scenarios whose likelihood of occurring is
regarded to be extremely low. They assume the failure of all ten steam generators or
all ten primary pumps, or even the two together, without conceiving human intervention
nor automatic control action of the reactor, whose conditions are thus stressed as much
as possible. But this is exactly what design basis accidents are supposed to be and their
simulation is extremely important in understanding the behavior of the nuclear system

under low-probable but severe scenarios.
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4: ‘ Steam generator modeling and
simulations

Among the goals of this thesis work, the improvement of BELLA by means of a more
realistic model for the steam generator (SG) is envisaged. It is part of the larger target
of modeling the whole secondary system of lead-cooled fast reactors and here it is done
with reference to SUNRISE-LFR.

This chapter is composed of six sections. Section 4.1 recaps the layout of the SG foreseen
in SUNRISE-LFR. Section 4.2 discusses different ways of approaching two-phase flows in
SGs. Section 4.3 is dedicated to the moving boundary approach, chosen for this work;
it discusses assumptions and derives equations. Section 4.4 shows the implementation of
the model in Simulink. Section 4.5 presents some reference simulations to test the SG

module standalone. Lastly, Section 4.6 delineates some conclusions.

4.1. Real SG module

SUNRISE-LFR features ten steam generator modules, patented by L. Cinotti in 2013
[59]. They are in charge of the thermal power removal in the 80 MWth reactor, which
means that each unit removes 8 MWth by heating up the secondary fluid, water. A single
module comprises both the actual steam generator and a pump, located in cold lead at
the outlet of the SG, to increase longevity. The steam generator is made of 15 identical,
spirally-coiled tubes stacked one above the other in a staggered way (Figures 4.1a and
4.1b). Water is flowing inside the tube bundles from the periphery to the central part,
while lead flows radially in the shell from the inner part to the periphery (Figure 4.2a
illustrates the flow scheme).

In each single SG lead enters at 550 °C and exits at 420 °C with a mass flow rate equal
to 424.3 kg/s. In the secondary side, subcooled water enters at 340 °C and exits in
superheated conditions at 530 °C. It is at 16.5 MPa and has a total mass flow rate equal
to 4.46 kg/s.
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The material adopted in the steam generator is Fe-10Cr-4Al-RE in order to cope with

corrosion issues. In Table 4.2 all dimensions regarding the steam generator are listed.

Dutlet to the pump
Hot lead collector [inlet)

Top plate
Spiral tube bundie
Cold lead collector

[outlet] Perforated plates

Shell

(a) Vertical section [48]. (b) 3D representation. Reproduced with
the permission of LeadCold.

Figure 4.1: SG and pump module.

Parameter Value Unit
Power removed 8 MW
Water inlet temperature 340 °C
Water outlet temperature 530 °C
Water pressure 16.5 MPa
Water mass flow rate 4.46 kg /s
Lead inlet temperature 550 °C
Lead outlet temperature 420 °C
Lead mass flow rate 424.3 kg/s

Table 4.1: SUNRISE-LFR steam generator nominal conditions.
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Parameter Value Unit
No. units 10 -
No. spiral tubes per unit 15 -
Tubes material Fe-10Cr-4Al-RE -
Tubes internal diameter 10.7 mm
Tubes external diameter 12.7 mm
Tubes pitch 15.2 mm
No. spirals of the tubes 11 -
First spiral radius 0.112 m
Last spiral radius 0.280 m
SG elevation from the top of the core  2.47 m
SG tubes stack height 0.200 m

Table 4.2: SUNRISE-LFR steam generator and pump module main parameters.

4.2. Notes on modeling approaches

As described in Chapter 3, BELLA current version incorporates a very simplified SG
model. It implements two mutually exclusive equations, which assume either constant

temperature difference or constant power removal:

TGt — pSGin _ ATSG (4.1)
7SGout  _ pSGiin _ .QSG 4.2
Pb Pb mgchb (4.2)

As a consequence, the SG is a static component totally independent of the conditions of

the reactor primary system.

The large limits of this approach may be overcome in different ways according to the level
of accuracy, and subsequent computational load, desired. Due to the complex geometry of
the spiral tubes and of the cross-flow pattern between the two fluids, only a 3-dimensional
approach can respect the configuration of the real component. For instance, CFD (com-
putational fluid dynamics) investigates the physical phenomena in a 3-dimensional mesh
with high spacial resolution. The computational cost is intense, but a complete simulation
of the SG dynamics can be achieved. However, the final goal is to integrate the SG model

within BELLA, a high-speed lumped code, and, hence, it would be senseless to develop a
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3-D, low-speed CFD code.

In order to build a model compatible with BELLA, a simplification of the SG geometry
must be carried out. First of all, spirally-coiled tubes are reduced to straight, concentric
tubes with water flowing inside and lead outside. Then, the complex 3-D cross-flow
pattern is replaced by a 1-D counter-current flow configuration (Figure 4.2). The latter
is preferred over co-current flow configuration because of the general direction of the two
fluids in the real component: lead is flowing toward the periphery while water is flowing

toward the central part, thus making the counter-current option more suitable.

'

(a) Real (spiral) tube. (b) Approximated (straight) tube.

Figure 4.2: Lead (red) and water (blue) flow pattern for the real and the approximated

SG at comparison.

Tubes inner and outer diameters are kept equal to those of the real SG, thus maintaining
the same values for water flow area and wall thickness. On the other hand, lead flow
area is more difficult to assess, also because in the real component it increases along
radial direction (cylindrical area is proportional to the radius), while in the approximated
straight tubes it is uniform along the flow axis. Although an average value between the
11 spirals cylindrical areas could be used, in this work lead flow area is not derived from
geometrical parameters but from the erosion constraint: in order to keep some margin
from it, nominal lead flow velocity inside the tubes is fixed at a value slightly lower than

1.5 m/s and then the flow area is calculated from lead mass flow rate and density. The
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following equations show how flow areas for a single tube are computed:

D?
A, = % (water) (4.3)
> 2
A, = M (wall) (4.4)
A = )= (lead) (4.5)
b NiubesproUpp '

A better calculation of the average lead flow area can be derived after the CAD model of
the SG is developed.

As a modeling approach, this 1-dimensional system can be described in terms of distributed-
parameter methods. They divide the axial length in slices (1-D mesh) and apply conser-
vation equations in each slice, solved by finite difference methods for instance. Then,
fluids conditions are computed and the boundaries between the three SG regions (sub-
cooled, saturated and superheated) are identified. Some complexity may rise when the
boundary between two regions is exactly in the middle of one slice, but this can be coped
by increasing the mesh resolution.

However, it is not convenient to increase the spacial resolution of the SG to achieve
high-level accuracy in single-phase regions temperature profile while the rest of the code
(reactor primary system) is kept zero-dimensional. In fact, in order to be as consistent
as possible to BELLA, it is preferable to implement a lumped-parameter method which
is still capable of simulating the dynamics of the three regions. These considerations led
to the moving boundary approach, a zero-dimensional model which allows to track the
time-dependent lengths of the SG three regions. It permits to easily simulate accidental
conditions while monitoring the amount of water and steam inside the SG. Moreover,
literature claims that it is numerically faster compared to discretized models and very
robust to sudden changes in the boundary conditions [73]. Section 4.3 describes it in

detail by deriving the equations.

But before addressing the moving boundary model, a couple of additional considerations
need to be discussed.

First of all, in SUNRISE-LFR ten steam generators are present with 15 tubes each. Here
it is decided to neglect any possible difference among the 10 steam generators and among
the 15 tubes in order to model a unique once-through tube assumed to be in the average
conditions. Thus, power removed and fluids mass flow rates are referred to a single tube
and then have values equal to 1/15 of the SG ones. Table 4.3 summarizes the single tube

working conditions. Inlet and outlet temperatures do not change.
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Quantity Reactor Single SG Single tube
Removed power (MW) 80 8 0.533
Water mass flow rate (kg/s) 4243 424.3 28.29
Lead mass flow rate (kg/s) 44.61 4.46 0.297

Table 4.3: SUNRISE-LFR steam generator nominal conditions. Last column (Single tube)
is adopted in the model.

A second important consideration is about the modeling of the saturated region, where
liquid water and steam are present at the same time. Appendix C discusses possible
approaches to it. In this work a homogenous equilibrium model (HEM) is considered
where the average (volumetric) void fraction 7 is calculated starting from the saturated

density ratio n as:

7 = (1+7) {1—7}111(1—%%)} (4.6)

Ps,
no= (4.7)
Ps,l — Ps,g
being p, , and ps; the density of saturated vapor and of saturated liquid water, respec-

tively.

As a conclusive remark of this section, the author is aware of the approximations that
are introduced hereabove, although their effects have not been quantified. It could be
an interesting future work that can be done together with the code verification against
some benchmarks (e.g., RELAP) and with its validation by testing the real SG in an
experimental facility (among the scope of the SOLSTICE project, Section 2.1).

4.3. Moving boundary approach

The moving boundary model [47, 63, 73] is the choice for the dynamical simulation of
the steam generator in BELLA. It consists in a lumped-parameter approach where three
regions of length Ly, L, and L3 and same cross-section A are characterized by uniform
thermodynamic conditions. Each region corresponds to each phase of water: subcooled
(1), saturated (2) and superheated (3).

The model utilizes mass and energy conservation, together with Leibniz’ rule to approxi-
mate PDEs with ODEs, to derive all dynamical equations for water, lead and wall. In this

way, wall and fluids temperatures and water mass flow rate are calculated in every region.
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Momentum balance equation is not encompassed and neither are pressure drops; pressure
is only determined by the outlet water mass flow rate and a valve admission coefficient.

Since the valve is always kept open, pressure is constant.

The method leverages on some basics assumptions, besides the ones already discussed in

Section 4.2. They are all here summarized:
e Simplification of the geometry.

e Lumped-parameter approach: uniform temperature and average thermo-physical

properties in each region.
e One-dimensional flow in axial direction z.
e Uniform flow in the cross-section perpendicular to axial direction.
e Homogeneous and equilibrium model (HEM) for the two-phase flow (Appendix C).
e Constant and uniform pressure P.

e Instantaneous dynamics for 7,,, and T, s temperatures (steady-state energy bal-

ance).

e Adiabatic or frozen-mode approximation for some fluid properties (e.g., lead and
wall densities and specific heat capacities, water average void fraction): they are in

general time-dependent but their time derivative is not explicitly accounted.

Before showing the equations, some notation. All temperatures are denoted by subscripts:
firstly a letter to indicate the substance (s for water, p for lead and w for wall), then a
number to indicate the region in the SG (1 for subcooled, 2 for saturated and 3 for

superheated). To avoid confusion, lead mass flow rate is renamed in this context I' =
= SG

]\T,:L ke while m, or 1 is adopted for water mass flow rate. Figure 4.3 helps in understanding

the configuration.
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Figure 4.3: Scheme of the regions and of the notation for the SG moving boundary model.
Blue is water, red is lead and gray is wall; violet and orange are wall in contact with water

and with lead, respectively.

Each region is identified by the average temperature (e.g., 7,,;) and by the boundary

temperatures (e.g., T}, and T} o).

At this point, equations. The model is derived from first principle mass and energy
balance:
a —
8—? +V-(pi) = 0 (4.8)
bl (phtl) = —-V-¢"—¢"+=— 4.9
5 TV (o) Vod' ="+ -+ o (4.9)
which, for a 1-dimensional system and separating water, lead and wall, reduce to:
0Ap Om
—+— =0 4.10
ot 0z ( )
d(ph — P)  Omh
A, = nD;,a,(T, — T, 4.11
5% T o, D s ( ) (4.11)
A ppcyT)) (e, 1)
A, %tp P24+ T 52” = 7Dy, (T, — Tp,) (4.12)
oT,,
Awpwcwﬁ = TDgua,(T, — Ty) — Do (T — T) (4.13)
being h enthalpy (é), p density (%), ¢ specific heat capacity (@%K), « heat transfer
coefficient (mZVK)
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In order to move from PDEs (both time ¢ and length z derivatives) to ODEs (only time

t derivative) Leibniz’ rule is utilized:

dZQ le =2 a

%/; Flz,t)dz = fz2,t)— = = flz,t) - + ; 50/ (2:)dz (4.14)

which, applied to Eq.s (4.10, 4.11, 4.12, 4.13), eventually leads to:

A G0 —20) + et ol = it =it (419
AL 3 P = 20) e, D1, ) = plen O (e 052 — (= ) | =
— iz, O)h(z1, ) — 120, (20, 8) + T Din (20 — 21)0 (Tas — Ts) (4.16)
A 5 Tolea = 20) + TS~ T 2] - (117
= T2, (Ty(20, ) — Ty(21, 1)) — TDout(22 — 2)(Ty — Tp)
AwPyCu [% (Tow(22 — 21)) + T (21, t)% — Ty(2a, t)%] (4.18)

= WDout(ZQ — Zl)ap(Tp — Twp) — WDin(ZQ — Zl>as(Tws — TS)

In the previous passage the adiabatic or frozen-mode approximation has been exploited
on pp, Cp, Py and c,, assuming that those properties are time-dependent but with a
negligible time-derivative with respect to the other terms. To check the validity of the
approximation, the relative variation rates of those properties need to be compared to the

relative variation rates of their corresponding temperatures, and they need to satisfy:

1dp 1 de 1 dT
e 5 D (4.19)
p, dt cp dt T, dt
1 dp 1 dé, 1 dT,
—e = — = 4.20
Do dt Ty dt < T, dt (4:20)

The results of simulations are in general accordance with this approximation, especially
when it comes to lead properties. However, although wall properties variation rates are
almost always lower than wall temperature variations rates, they are in the same order
of magnitude. Figures 4.4a and 4.4b show the general trend for lead properties and wall

properties.
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(a) Lead well satisfies the frozen-mode approxi- (b) Wall thermal heat capacity has a boundary

mation. behavior (note that y axis is logarithmic).

Figure 4.4: Relative variations rates for lead and wall properties in saturated region under

a transient in which T}, ;, increases by 20%.

Then, the approximation must be considered with some caution.

Next subsections show the equations implemented in water, lead and wall sides.

4.3.1. Water side

A water thermodynamic state is defined by two thermodynamic quantities, e.g. P and h;
or P and T;. In saturated conditions, the state is defined only by pressure P. The three
regions equations are hereafter derived starting from Eq.s (4.10) and (4.11).

Subcooled region

Mass and energy balance equations:

d dL . .
. [%(plel) B ps’ld_tl] = Min = M2 (4.21)
d dL dP ) .
A, [E(pslhsllll) - ps,lhs,ld_tl — L1%} = Nuphsin — M1 2hs; + (4.22)

+ WDinLlasl(Tw,sl —T)
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Separating all terms:

dL dps . )
As |:(p81 Ps, l) dtl + L1 stl = Mip — M2 (423)
dL dpsl dhsl dP .
As |:(:Oslhsl - ps,lhs l) dt + Llhsl dt + plel dt Ll dt - (424)

- minhs,in - ml,th,l + ﬂDinLlad(Tw,sl - Tsl)

and considering that:

hsin hs
hea = % (4.25)
Ps1 = p(hsl,P) (4'26)
he = h(P) (4.27)

the equations become:

dLy 1 9ps| dhsin 10psi| Ohsy  Opsi| \dP
As S s _L - = . — = 428
[(’“ T R TR (28hP8P op |, ) di (4.28)
= My — M2
dL 1 8,031 dhs,m
AS{(pslhsl pslhsl) dt +§L1 (hSIW +psl) dt + (429>

1 8p31 8h51 apsl ar
Ly | = (225 Y i
* 1{2(81(% P“’“) op Top | ]dt}

= minhfs,in - ml,th,l + 71-l)inLlOCsl (Tw,sl - Tsl)

Saturated region

Mass and energy balance equations:

d dL, d(Ly + L) . .
A, L — — 2 = — 4,
Lﬁ (psala) + psy—r T M1z — a3 (4.30)
d dL, d(L, + L) . dP
A, hL s, hy sohsg————— — L = 4.31
|:dt (p 2) + p l l dt p 9 sg dt 27 dt ( )

= yghs; —ashsy + TDipLoasa(Tys2 — Ts2)
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Separating all terms:

L,
dt

+ (psa — ps,g)% + Ly dfl’f = (4.32)

= M2 — Ma3
dL, dph dP]
o dt |
= 1yghs; — ashs g + TDim Lo (T2 — Ti2)

AS (pS,l - ps,g)

dL

1 _
“dt + (ph - ps,ghs,g)

As (ps,lhs,l - ps,ghs,g)

and considering that:

1 [k _ _
p2 = 7| pdz=Tpsg+ (1 =T)pss (4.34)
2 JIL,
— 1 [l
pho= 7= | phdz =Tpsgheg + (1 =7)psihs, (4.35)
2 JILq
Ps,g) Ps2, Ps,ly hs,ga hs,h 7 = f(P) (436)

with the average void fraction 7 as in Eq. 4.6 (HEM) and assumed to have a negligi-
ble time-derivative (frozen-mode approximation is perfectly satisfied since pressure P in

always constant), the equations become:

dL B dL _9Ips, _O0ps1\dP
As {(ps,z - ps,g)d—tl + (L =7)(psy — ps,g)d—t2 + Lo (7 appg +(1-7) ;H)E} = (4.37)
= m1,2 - m2,3
dL . dL
AS |:(p8,lh8,l - ps,ghs,g)d_tl + (1 - 7) (pS,th,l - p&gh&g)d_; + (4'38)
— aps — 8h5 — aps l — @hs l ar
Lo heg 2 +psg—asd + (1 = Phopp + (L= Fpsypar =1 ) = | =
+ 2(7 s 5p TPssgp + (1 = F)hsy 5P + (1 —=7)pss 5P =

= 1hyghs; — Maghs g + TDinLoasa(Ty 52 — Ts2)

Superheated region

Instead of modeling the superheated region into a unique zone as for subcooled and
saturated regions, the choice is to divide it into n,enes = 2 sub-regions (Figure 4.5). Two

main reasons explain why:

e Considering the working conditions of the reference SG, the superheated region has
a very large length Lz (16 times L; and almost 3 times L,). Average properties
poorly represent real conditions over such an extended region. To gain in accuracy,

it is suggested to increase the number of regions.
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e In some scenarios, it happened that T ,,,; was larger than 7, ;,,, physically impossible.

This is in principle allowed by the model because these are boundary temperatures

not controlled by the energy balance equations which, instead, contain heat transfer

between the average temperatures. In particular, giving the large value of L3, this

happened in scenarios of 20-30% increase of T, ;,. By considering one additional

region this problem is solved.

The increased number of regions does not compromise or change the overall method,

which remains consistent with a lumped-parameter approach.

In principle one could even extend n.,,.s beyond 2 to gain further in accuracy. This has

not been done in the proposed model although it may be considered as a future direction

of improvement. Section 4.6 gives further comments about it.

The two regions in superheated conditions are named region 3 and region 4. They are

equally spaced with length named Lj; = L3/2 and treated exactly as before starting from
Eq.s (4.10) and (4.11).

ms,in

I r r
‘ ‘ T Tp.3‘ T. T Tp,iﬂ r
b Tp,out o7y eTpi12 oTp2 or23 o PRI L Y —
Tw;p,l Twp,z Twp,a Twp,n!-
T,
o Twa oTwaz oTy: oTwzs Jws  [Twas JTwa
- Tws,l LTws,Z ATWS,Z ‘Tws&
T, T T. Ts 4 Ts out
b7, . °Ts, $ Toar o fsae fs3 (Tsas Jlsa  Foout
ms,out
M1z Ts23 Tilg 34
L3 Ls;
Ly L, Ly

Figure 4.5: Scheme of the regions and of the notation for the SG moving boundary model,

employing 2 superheated regions.
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Region 3

Mass and energy balance equations:

d(Ly + Ly) d(Ly + Ly + Ls;) |
AS -, S L ’L S - 4, S :
dt<p3 34) t Ps23 o Ps3.4 7 |
= Mgz — M34
d d(Ly + Lo) d(Ly + Ly + L) dP]
As >, shsLi S hs - 4, T WMs hs ’ _Lz_
[dt(Ps sL3;) + ps2,shsos 0t Ps3,4Ms3.4 o 3, ar

= m2,31132,3 - m3,4hs3,4 + 7TDmL3,iOés3(Tw,s3 - Ts3)

Separating all terms:

dL dL dLs; dps
As |:(ps,g — Ps3,) (d_tl + d_152> + (ps3 — 08374)d—§’ + Lg,id—;}

= Mgz — M34

dLy dL Ls;
Ay [(ps,ghs,g — pssahssa) (d_tl + d_t2) + (psahss — ,033,4h53,4)d—?; +
dpsS dhsg dP
+L3ihs3 i + L3ips3 i 3, dt}

= 1hgshsg — Mg ahssa + TDi Lsias3(Ty 53 — Ts3)

and considering that:

h53 _ hs,g+hs3,4

2
Ps3 = p<h837P)
hsg = h(P)

L = Ll + L2 + 2[4371'
dLs; 1 (dLl N dLQ)

dt 2\at T oat

= (4.39)

= (4.40)

(4.41)

(4.42)
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the equations become:
dLy  dL, dLs; 1~ Opss| dhga
As s,g — Fs T ETE s3 — Ms — A 7 — 448
{(P,g p3,4)<dt + dt>+(p3 Ps3.4) 7 5185 L at +  (4.48)
1 aPSS ahs apsf} dpP . .
L 9 R J—
* ( on |, oP " op |, )@ 28~ s
dLl dL2 L3z
As s hs — Vs hs T T s hs s hs 4.49
{(P,g g~ Ps34 3’4)(dt+dt)+(p3 3 = Ps34 34)dt + )
1 Ops3 dhs3 4
—L 7 hs a1 s :
+23’<36h +'°3) a
1 8/)53 ahs aIos3 dpP
L il 5 hS S 9 h‘S 1 — =
+3’[2< on P+p3) op " "ap | @
= 1hgghgy — Mgahsa + WDian,zass(Tw,s:a —Ts3)
Region 4
Mass and energy balance equations:
d d(L1+ Lo+ Ls; ) .
A (,054L3 2) + ,0534 ( ! 2 > ) = m3,4 — Mout (450)
dt dt
d d(Ly + Ly + Ls;) dP
A, alea L3 ; o340 = — La; 4.51
|:dt(p4 aL3;) + ps3ahissa Il 347 gp (4.51)
- m3,4hs3,4 - mouths,out + WDinL3,ias4(Tw,s4 - Ts4>
Separating all terms:
[ dLl dL2 dLSz dps4
As s — Ps,ou Y Y s s 2 s,0u L =
_(p3,4 Ps, t)(dt+dt>+(p3,4+P4 Ps,out) 7 o Tl
- m3,4 - m,out
i dlLy dLs dLs;
As S hs - souhsou T TR shs S hs _2souh50u —
_(P3,4 3,4 — Ps,out ’t)<dt+dt)+(p4 4+ Ps3,4M3,4 Ps out s out) 0t +
L zhs L iPs —L 1, -
+Ls3 4dt+3p4dt 3’dt]
= m3,4h53,4 - mouths,out + 71-lyz‘nL?),iOéséL(T'w,sél - Ts4)
and considering that:
hS hS ou
he — % 4.54)
psa = plhs, P) (4.55)

(4.52)

(4.53)
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the equations become:

dL dL dLs;
As |:<ps3,4 - ps,out) (d_tl + d_t2> + (ps3,4 + :084 - 2ps,out)d—t3’ + (456>
1 8054 dhs3 4 dhs out aps4 dpP . .
—La; : : Ly;——| — — Moy
oo P( a T a )T op | @ a4 T Mout

dL dL dLs;
As |:(ps3,4hs3,4 - ps,ouths,out) <d_tl + d_t2> + (ps4hs4 + p53,4hs3,4 - 2ps,ouths,out)d—;y + (457>

1 8954 dhsS 4 dhs out aps4 dP
SLail b s : ’ Lyi( haame| —1)—| =
- 3’( P+p4)( a )+3’<48Ph dt

2 1 oh
= m3,4hs3,4 - mouths,out + 7TD7;TLL3,Z.O{S4(T’U),S4 - Ts4)

4.3.2. Lead side

Lead thermodynamic states are univocally identified by temperatures 7},. The four regions

equations are derived starting from Eq (4.12):

ApPp16p1 %(TplLl) - Tpl,z% = (4.58)
= Ten(Tys — Tyout) — TDout L1yt Ty — Top 1)

Appp2cp2 %(szLz) + Tpl,Z% - sz,gd(le—jm} = (4.59)
= Tep(Tyas — Tyiz) — TDowt Loty (Thy — T po)

Appp3Cp3 %(Tp:%Ls,i) + Tp2,3% —Tp34 Ay + (I; - LSJ)} = (4.60)
= F%p3(Tp3,4 - Tp2,3) - DoutL3,iap3(Tp3 - Tw,p3)

Apppatpa %(TmLs,i) + Tp34 Ay + 5152 i LB’i)} = (4.61)

= Fcp4(Tp,in - Tp3,4) - 7T-DoutL?),iOépll(711)4 - Tw,p4)
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Separating all terms the equations become:

[ dT,, dLq
Appp1Cp1 _Ll d;) +(Tp1 Tp12) dt} =

- Fcpl (Tp1,2 - Tp,out) - 7T-l)outLlapl (Tpl - Tw,pl)

AT,
dt

dLy

Appp20p2 L2

= FCpQ(Tp2 3= pl 2 - 7TDoth2Oép2(Tp2 - Tw,pQ)

Appp3cps | (Tho,3 — Ty3a (dLl AL ) (Tp3 — Tp3a)——
= Fcp3(Tp3 4 — 2 3) outL3 zap3(

Apppacps | (Tpza — Tpin) (dczl dL2> + (Tps + Tp3a —
= Tep(Tpin — Tysa) — TDous L0 (Tpa — Toop)

The average temperatures are calculated as:

Ty = 5

T, — Tp1,2 ‘g Tyo3
Ty — Tyos —QF Tps4
T, — Tysa+ Tpin

2

+ (Tp1,2 Tp2 3) dt + (Tp2 - Tp

Tp,out + Tp1,2

127

(4.62)

(4.63)

(4.64)

(4.65)

(4.66)
(4.67)
(4.68)

(4.69)



128 4| Steam generator modeling and simulations

4.3.3. Wall side

Wall thermodynamic states are univocally identified by temperatures T,,. The four regions

equations are derived starting from Eq (4.13):

d dly

AppuwiCwl | —Tw1lr) — Tyro——| = 4.70
Puw1Cuwl _dt( 1 1) 1,2 dt ( )
= 7Tl)outLlCVpl (Tpl - Tw,pl) - 7Tl)inLlOéssl(jL),sl - Tsl)

d dL, d(Ly + L)

AwpwrCuws | — (Lol Twio— —Tyos—————=| = 4.71
Pw2Cuw2 _dt( oLa) + T2 0t 2,3 0t ( )
= 7Tl)outLZCVpQ(7-'102 - Tw,pQ) - WDinLQOCSQ(Tw,SQ - TSZ)

[ d d(Ly + Ly) d(Ly + Ly + Ls;)

AwpwiCuws | —(Twsls; Tyos———= — 1T, : = 4.72
Pw3Cw3 _dt( 3L3;) + Twos 7 3,4 7t ( )
= 71-l)outL3,i05p?>(Csz?) - Tw,pS) - WDinLB,iOCSS(Tw,SiS - TSB)

[ d d(Ly + Ly + Ls;
Awpw4cw4 _(Tw4L3,i) +Tw3,4 ( L = 37) = (473)
i dt
= 71-l)outL?;,iOép4(Crp4 - Tw,p4) - 7TD’L'TLL3,Z'O{S4<TU),S4 - Ts4)
Separating all terms the equations become:
[ dT, dL
Awpwlcwl Ll dtl + (Twl - Tw1,2>d_t1:| (474)
- WDoutLlapl (Tpl - Tw,pl) - WDinLlasl (Tw,sl - Tsl)
[ dT, dlq dLs
A L Twio — T, — T — T, — = 4.
wPw2Cw2 L2 + (Tur2 — Twa3) 7 + (Tw2 — Tuw2,3) dt] (4.75)
= ’/TDoutLZOépQ(TpQ - Tw,p?) - WDinLQQSQ(Tw,SQ - TSQ)
[ dTwS dL1 dLQ dL31,

AwpPuwsCws | Lsi—— Twos — T —+ — Tws — Ty, : 4.76
,0303_3, 0t + (Twa,3 3’4)(dt + dt)+( 3 34) dt] (4.76)
= 7leoutLZS,iCVpS(T‘pi‘) - Tw,pS) - 7Tl)inL‘B,ias?)(T’w,SS - Ts3)

[ dTw4 dLl dLQ dLgZ

AppuwiCuws | Lsi—— + Ty, —+ — Tws + Tyza)—=| = 4.77

,0404_3, 7 + 3’4(dt+dt)+( 4+ Tuza) dt} (4.77)

= 7"-Z)outLS,Z'CV104(iz-';la4 - Tw,p4) - 7Tl)in[13,1'0554(,IILU,SAL - Ts4)

4.3.4. Properties and correlations

Thermo-physical properties of water are obtained through the well-known X Steam tool
[74] in MATLAB, which is a full implementation of the International Association for
Properties of Water and Steam Industrial Formulation 1997 (IAPWS IF-97) (75, 76].

Thermo-physical properties of lead and of wall are listed in Appendix A. It is important
to specify that, although the metallic alloy utilized in the SG will be Fe-10Cr-4Al-RE,
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at present a set of correlations for a different metal has been employed. This alloy is
T91, a ferritic-martensitic steel that was originally considered among the options for
structural materials in Gen. IV reactors but then discarded because of bad behavior at
high temperatures, especially in terms of creep. New properties for FeCrAl steels will be

integrated once available at a later stage.

Water convective heat transfer coefficients

For single-phase convection Dittus-Boelter correlation [60] is considered:

Nupg = 0.023 Re"®Pr®* (4.78)

where Nuppg, Re and Pr are the Nusselt, Reynolds and Prandtl numbers respectively:

apple

NUDB = 2 (479)
L.

Re = U’Z (4.80)

Pr = % (4.81)

with app heat transfer coefficient and L. characteristic length (hydraulic diameter). Its
validity range is Re > 10000 and 0.6 < Pr < 160.

For two-phase region Kandlikar correlation [77] is adopted:

e = (C1C0%2(25 Fri,)% + C3B0“ Fyia) - app (4.82)

where C7, Cy, C3, Cy and C5 are experimentally derived constants, Fr;, is the Froude
number in "liquid only" conditions, Ff4 is a fluid-dependent parameter (equal to 1 in
case of water) and app is the single-phase heat transfer coefficient for the subcooled

region. C'o and Bo are the convection number and the boiling number.

Fr, = \/QZLL (4.83)

Co = <1;5)0.8(%>0'5 (4.84)

B QII
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being T the dryness fraction, Q" the heat flux (%) and G the mass flux ( nfgs);

1
7 = 1?5‘21%7 (4.86)
Q" = Acit (4.87)
G = Aﬁ 1.88)
A = 7DL (4.89)

Lead convective heat transfer coefficients

For lead Zukauskas correlation [78, 79| for staggered tubes with S7/S, < 2 and in tran-
sition regime (10® < Re < 2 x 10°) is used:

S 0.2 Pr 0.25
Nug, = 0.35(5—9 Re0'60Pr0'36<ﬁ) (4.90)

with Sp and Sy, transverse pitch and longitudinal pitch respectively (Figure 4.6), and Pr,
Prandtl number evaluated at tube-wall temperature. Out of that validity range other

versions of the same correlation exist.

Figure 4.6: Sketch illustrating nomenclature for staggered tube arrangements used in

Zukauskas correlation [78].

Table 4.4 summarizes the correlations adopted for water and lead heat transfer coefficients

and lists their values in nominal conditions.
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Region Water correlations Value Lead correlations Value
() (0
m2-K m2-K
Subcooled (1) Dittus-Boelter 40 Zukauskas 211
Saturated (2) Kandlikar 350 Zukauskas 216
Superheated (3) Dittus-Boelter 19 Zukauskas 227
Superheated (4) Dittus-Boelter 13 Zukauskas 233

Table 4.4: SG heat transfer coefficients values in nominal conditions.

4.4. Simulink implementation

The software utilized throughout all the dynamical simulations is Simulink®, a MATLAB®
tool. It is optimized to solve explicit systems of differential equations where input and
output variables are well identified (causal approach). Thus, it is appropriate to re-write

all moving boundary SG equations in explicit form.

Water

) . dh
Input variables: T, Min, K, ==, Ty1, Two, Tws, Twa.

State variables: L, Lo, hsga, hs,out-

OutPUt variables: ml,Qa m2,37 m3,47 mouta Tsla T527 Ts3a Ts47 Ts ;out»y Lla L2a L3a

Qsh Qs27 Qs?)u Qs4-

Mass flow rates are obtained from mass balance equations, while regions lengths and water

dt’

enthalpies from energy balance equations:

. . AL, 1. Opa| dhei
= in — As s s =L . 491
e = [(pl T A T (4.91)
+ L 1 a:031 ahs,l apsl @
20 |, 0P 0P|, ) dt
dL1 1 1 aPsl dhs in
= — =L hs a1 s 7 4.92
dt pslhsl - ps,lhs,l{ 2 1( ! oh P 1) dt + ( )
1 apSl ahs l apsl dpP mznhs ,in, — 1y ohsy
— Li|=| haa—— hg -1 25
1[2( on |, P )ap+ op |, A T A, *

TDin Lo

————— (T —T.
+ As ( w,s1 51)}
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. . dL, _ dL
Mmo3 = Mi2 — As |:(ps,l - ps,g) dt + (]- - 7)(p57l - ps,g)d_t2 + (493)
_0ps _\Ops1\dP
L 9 (1-7) 22 ) =
ok (7 op "% ) w
dL, 1 dLy
by _ — (Paihss — peghsg) =t 194
B T P ) G o
_. Ops _ Ohy _ 0ps. _.  Ohgy dP
— Lo( Fhey—=22 4+ ps g 4 (1= Fhgyas + (1= 7)oy — 1
2<7 9 OP +7p 9 OP +( ﬁy) N oP +( P)/)p | oP dt +
myohg; — Mash, D, Lacg
+ 1,275 As 23 5.9 + As2 2 (Tw,s2 - TsQ)}
. . dL dL dLs;
mz4 = Ma3 — Ay [(Ps,g - Ps3,4)< dtl + d_752> + (Pss - Ps3,4)d—;” (4-95)
1 apsi’) dhsS 4 1 aps?) ahfs g apsS ar
+ —L3 i =+ Lzl 5 ’ —
Oh |, dt 2 0h |, oP ' oP|,) dt
dhs3.4 1 { (dLl dL2)
A — (ps.ohse — pszahs — 4+ —= 4.96
dt %LZS,Z' (ps3 + hs3 8523 P) (p o P 374) dt dt ( )
L 1 8p53 ahs apsS dr
- s hs — Fs hs — L ) hs s .9 hs — =1
(psshss — ps3ahssa) dt 3 [ ( R +P3> 9P + 3P . dt+
Mo 3hs , — M3 ah 7D La 00
+ 2,31%s,9 AS 3,4183,4 + Aj, 3 (Tw,si% _ ng)}
. . dL dL dLs;
Mout = M3 4 — As [(053,4 - ps,out) <d_tl + d_t2> + (053,4 + Psa — 2ps,out) dj + (497)
+ 1 L a/)54 dh53,4 dhs,out 8[)54 dP
> Oh dt dt 2P|,
dhs out dhs3 4 1 |: dLl dL2
: = - : + - (ps3,4h53,4 - ps,ouths,out) — +— ]+
dLS , 8ps4 dP
- sh S hs -2 souhsou Lz hs_ -1 4.
(psahisa + pssahissa — 2ps out ) 7t 3,( P . dt+ (4.98)
m hs - mou hs ou ’/TDan iOs
+ 347534 AS oot + As& ! (Tw,s4 - Ts4):|
Lead
Input variables: Ly, Lo, Ls, Tpin, Twi, Tw2, Tws, Tops, & dt , I, dT(;;"".

State variables: Tpl’g, Tp2’3, Tp374, Tp,out‘

Output variables: Tp1,27 Tp2.37 Tp3,4; Tp,out: Tplv Tp2 p37 p47 Qpb Qp27 QpSa Qp4



4| Steam generator modeling and simulations

3,4) dLS,i

dTp,'m
dt

dTpB 4
dt

dTpg 3

dt

Tyss 2Ty — Tysa) (alL1 . dLQ) 22T i — Tt — T,
di Ls, dt " dt Ly,
2r 27TDou Apg
+ m(Tpvm —Tp34) — T:cz(TpA‘ — Twpa) —
PP g PFpa~p
dT 03 _ 2(Tp3,4 — Tp273) dLy dLs Z(Tp3,4 — Tpg) dLs; .
dt Lsa at | dt Ly dt
2 21D g
" Dl 0 T =y (T = Te) =
pPrFp g PFPo™~p
dt Lo dt Lo dt
2r 21 Dy x
" Tl T o) =y (T = Te) =
PP pPrrpa™~p.
AT, out 2oz — Tp) dLy oT
7 = : T — Tpou
dt L dt Ayl e Trew) F
_ QﬂDoutapl (Tpl . Tw pl) - dTpl,Q
Appplcpl ’ dt
where
Tyour + T,
Tpl _ D, t2 pl,2
T+ T,
sz _ pl,2 2 p2,3
Tos+ T
Tpg _ p2,3 2 p3,4
Tosa+1T,in
Tp4 _ p3,4 : D,
Wall

Input variables: Ll; L27 L37 Qsh Qs27 Qs?n Qs47 Qpla Qp27 Qp37 Qp47

State variables: T,1, Two, Twz, Twa-
Output variables: Ty1, Two, Tws, Twa-

dL;
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T _ Tma=Tudls , Zfﬁﬁi (T — T - ZD,)—&@ STy (4107

dZ; :2 _ Tw2,3[;Tw1,2 d;tl + Tw2,3L; T2 d;f + Zf;:ﬁi 22 (Tp2 — Twp2) + (4.108)
- %(Tw,ﬂ —T)

dﬁé“” = ng74L_;)),Z»Twz3 (d;sl + dstQ) T”3’2; e dsf t (4.109)
+ %(Tm — Towps) — %(Tw733 —T.3)

d§?4 _ Tw3,4L 3— Tous dsf,i " pr:ﬁi (Ths — Ty ps) — %(TW ~ T (4.110)

Closure equations

Some equations to close the problem and compute all needed quantities must be consid-
ered.

First of all, secondary side pressure P is calculated as:

P = Pu+ (4.111)

where P, is the pressure at the outlet of the SG and K is the valve admission coefficient.

Since the valve is always open, K — oo and hence P — P,,;.

Secondly, temperatures of wall in contact with water (T, ;) and with lead (T},,). They
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are calculated assuming an instantaneous dynamics (negligible time constants) as

Ravg
fon = - 2ED (4.112)
w,sl — wl — 27Tkw1L1 sl .
T, T, 1n(R“”9) 4.113
w,s2 w2 T 27Tkw2L2 QSQ ( . )
In (azz
Tyes = T, fin 4.114
w,s3 w3 T 27Tkw3L3 P Qs3 ( )
T, T, IH(RWQ) 4.115
w,s4 — wd T 27T]€w4L3 ; Qs4 ( . )
()
T, = T, i 4.116
1 L+ 27rk:w1L1Qp1 (4.116)
ln( Rout) 4 7
T, = T, _Mavg ] 11
P2 2+ Ik 2L2 Qp2 ( )
i)
Tyos = T, 4.118
3 st o Ls lst (4.118)
i)
T, = T Ly 4.11
w,pd wa T o kfw4L3 Z62104 ( 9)

where k,, is wall thermal conductivity (m—WK), and Q, and Qp are thermal power exchanged

from water side and lead side, respectively. The latter are calculated as:

Qs = mDiyLiag(Tyst — Tyr) >0 (4.120)
Qw2 = mDiLooa (T2 — Tiz) > 0 (4.121)
Qs = TDmLyiass(Tyes — Tys) > 0 (4.122)
Qs = Dy Lass(Topsa — Tos) > 0 (4.123)
Qu = TDoui L1y (T — Tyypr) >0 (4.124)
Qpz = TDouLocin(Tpo — Typpo) > 0 (4.125)
Qps = TDourLsioeys(Tyz — Topps) > 0 (4.126)
Qps = TDoutLsiatps(Tps — Ty pa) > 0 (4.127)

Lastly, wall temperatures at the regions boundaries are simply evaluated looking at the
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derivatives of the regions lengths as suggested in [73]:

T, db ~

Ty = P (4.128)
T %<0
T, dbz -

Tyoy = Poooa (4.129)
Ty %2 <0
T oi

Tusa = B (4.130)
T’LU3 dtyz S 0

This approach leads to some discontinuities in their values, but it does not affect the good

behavior of state variables T,,1, Tw2, Tws, Twa, as it is shown by simulations in the next

section.

As it was done in Chapter 3, the optimal way to implement the SG model in Simulink is

by grouping its equations into subsystems and coupling them through flow signals.

i

|

:

T s in

1o flow_in

Bt

m_flow Ph

(1{'1'_T_p_ill

wall

L3

Total power SG

Figure 4.7: SG implementation in Simulink. Three main subsystems represent: water
side (light blue), wall (gray) and lead side (red).

The whole code is divided into three main subsystems (Figure 4.7), each representing one
side of the SG. The first subsystem (light blue) models water side, the second subsystem
(gray) is the wall interface, the third subsystem (red) models the lead side. They all
contain a MATLAB Function block, which calculates properties and differential equations,

Integrator blocks and input /output signals. All blocks are taken from the Simulink Library
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Browser. For instance, Figure 4.8 represents water side subsystem.
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L!'I} 1
der b in Water mass flow rates
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Figure 4.8: Water side implementation in Simulink.

Table 4.5 lists the input and the output variables of each subsystem.

Subsystem Inputs Outputs
Whole SG model Tpiny S22 T, Tygny Tpg?™, T ™
dhﬁ' in
at_» "Min
. dhs in .
Water side Ty in, at 0 Mins K, Li, dt ) QZ
Ti
Wall L'w dt’ Ql Tllu
Lead side Tp,im, dTp in F L“ dt , i TSG,avg7 ng,out
T,

Table 4.5: Simulink subsystems input and output variables in moving boundary SG.

The outputs of the whole model are lead temperature at the outlet of the SG (7t =
T55"") and lead average temperature in the SG (T5.*"). Their role is better clarified

in the next Chapter 5, when the SG model is integrated within BELLA.
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4.5. Simulations

The model requires to be tested against some reference scenarios. They correspond to
possible transients caused by variations on primary side (lead) or secondary side (water)
conditions, namely on inlet temperature and mass flow rate. This section is entirely

dedicated to these transients. They are:
e 20% increase of T}, ;,
e 65% decrease of T
e 20% decrease of T ;,
e 20% decrease of 1,
Before doing that, steady-state conditions of the moving boundary SG are computed.

The general Simulink settings adopted in these transients are briefly discussed in Appendix
D.

4.5.1. Steady-state conditions

The moving boundary SG model perfectly sustains steady-state conditions. They are used
to calculate the total length L of the once-through tube on the condition that it needs to
be capable of removing 0.533 MW of power from lead by flowing water. Once this value

is found, it is kept fixed for all the remaining simulations.

Due to the absence of any transient, only regions lengths and total power removed by the
SG are plotted (Figure 4.9). The values of the most important parameters of the SG in

nominal conditions are listed in Table 4.6.
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Simulation results adopting the moving boundary SG in steady-state condi-

Quantity Value Unit
Subcooled region length 0.592 m
Saturated region length 2.855 m
Superheated region length 8.006 m
Total thermal power 0.533 MW
Lead inlet temperature 550.0 °C
Lead outlet temperature 420.0 °C
Lead mass flow rate 14.14 kg /s
Water inlet temperature 340.0 °C
Water outlet temperature 530.0 °C
Water mass flow rate 0.297 kg/s

Table 4.6: SG steady-state values for the most important quantities.

Total length results in L = 11.453 m. Although the geometry is different, this value is

considered as a first estimation of the real SG spiral tubes length.

Now all the other transients can be simulated.
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4.5.2. Lead inlet temperature surge

This transient can be interpreted as a preliminary test of the SG model to the UTOP

scenario, where indeed all temperatures of the primary system, and especially lead tem-
perature at the SG inlet, increase.

In Simulink the temperature surge is modeled as a step-wise increase of T}, ,, by 20% at

time t = 10 s. Total simulation time is 50 s, sufficient to let the SG dynamics conclude.
The trend of the main variables of interest is displayed in Figure 4.10.
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Figure 4.10: Main plots resulting from 7}, ;, surge simulation.
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Since this is the first simulated transient adopting the SG model, it is taken as a reference
for some very general comments about the behavior of the main quantities which are not

repeated in the next subsections.

Following the instantaneous increase of T}, ,,, all lead temperatures in the system grow.
In Figure 4.10b it is possible to notice some weird oscillations in the colder lead regions:
this does not seem to be a physically reasonable trend, but it is clear that it is caused by
the last term in Eq.s (4.99, 4.100, 4.101, 4.102). One could decide to remove those terms
to simplify the equations and, as a consequence, eliminate the oscillations. Although
it has been tried, in this work the preferred choice is to keep them — they come after a
correct mathematical derivation of the equations — and just ignore the oscillatory behavior
(additional comments are given in Section 4.6). T3 4 does not suffer from these oscillations
because the inlet lead temperature surge is instantaneous and no derivative is accounted

(T = 0).

The increase in lead temperatures implies a general grow of the system temperatures,
both for water and for wall.

Water temperatures in subcooled and saturated regions do not change because inlet tem-
perature Ty ;, and pressure P are constant throughout the transient. Superheating degree
increases significantly and, hence, the extension of superheated region rises too. As a
consequence, both subcooled and saturated regions decrease in length. Their oscillatory

behavior is caused by the oscillations in lead temperatures.

Regarding wall temperatures, T,,; overcomes T, around ¢t = 50 s (Figure 4.10d). Al-
though this might seem strange, it is perfectly justified by the conditions of the transient:
since wall is positioned between water and lead, T < T, < T}, is always valid for each re-
gion. T, is closer to lead or to water temperature according to their thermal conductance,
whose difference is mostly determined by the convective heat transfer coefficient of the
fluids (wall thermal conductivity is about the same on both sides). Focusing on region 1,
due to the poor heat transfer capability of subcooled water, T}, is closer to T}, rather than
to Ts;. Conversely, since in saturated region two-phase flow has very good heat transfer
properties, Tyo is almost equidistant from 7); and T (heat transfer coefficients in SG
nominal conditions are listed Table 4.4). To understand what happens in the transient,
Figure 4.11 is considered. Due to the system temperatures increase and due to the subse-
quent variations in regions lengths and power exchanged, water heat transfer coefficient
in region 1 remains about the same while in region 2 increases by approximately 50%.
On the other hand, heat transfer coefficients on lead side equally increase by around 8%.

This suggests that T;,; increases more than 7, and that, at some point, overcomes it.
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Figure 4.10e explains the increase of system temperatures from another point of view:
total power delivered to the system by lead is larger than total power removed by water
for the most part of the transient. Due to the conservation of energy, the difference is
stored inside the system by increasing the temperature. The initial spike in the power
exchanged by lead is determined by region 4 contribution (Figure 4.10f) and it is caused

by the algebraic relation to calculate ()4 — look at Eq. (4.127) — and by the step-wise
increase of T}, ;y,.
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Figure 4.11: Additional plots resulting from T}, ;, 20% surge simulation.

4.5.3. Lead mass flow rate decrease

This is a very interesting scenario for two reasons. First of all, it allows to stress the
SG model with external conditions similar to ULOF transient (where lead mass flow rate
decreases by 69% according to Subsection 3.4.3). Second of all, it is representative of the
biggest limit of the current approach: in transients where power strongly decreases and
water does not fully evaporate, the SG model fails. The following discussion, with the

help of Figure 4.13, explains why.
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In Simulink this scenario is modeled by a step-wise decrease of I' by 65% at time t = 20

s. Total simulation time is extended to 100 s in order to let the dynamics finish.
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Figure 4.12: Lead mass flow rate.

The immediate consequence of the strong, instantaneous fall of lead mass flow rate I
(Figure 4.12) is a sudden decrease in total power exchanged by lead, easily understandable
from:

Q, = Tc,AT, (4.131)

That is initially true for all SG regions, but then each region behaves in a different way.
Subcooled and saturated regions eventually come back to their nominal power levels
because, no matter what happens to lead side, water conditions at SG inlet never change
and water flow continues to evaporate absorbing the same amount of power. This implies
no variations of water temperatures, while lead temperature difference across subcooled
and saturated regions increases, explained once again by Eq. (4.131): if I decreases with
@), constant, AT, has to rise up (¢, variation is not significant).

Instead, superheated regions account for the whole power losses, so intense that (),3 and
()psa continue to decrease down to very low values (less than 40 kW each). Eventually,
in superheated regions lead is not cooled down effectively and there its temperatures
grow toward 7}, ;, (550 °C), while water is not heated up properly and its temperatures
approach the saturation point (350 °C). As a consequence, L3 greatly decreases, while L,

and L- increase.

Power removed by water follows power exchanged by lead (Figure 4.13e).
L, and L, compensate for L3 decrease, whose final steady-state value obviously depends
on the amount of I" decrease. With a 65% decrement, saturated region becomes very

small (less than 8 cm).
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The simulation of lead flow losses even more severe (>65%) is not possible. The moving
boundary SG model presented here assumes that the three regions (subcooled, saturated,
superheated) always exist with positive, finite lengths L1, Ly and Ls. None of them can
ever become zero or negative. Thus, there is a minimum amount of power that the system

always requires to exchange, and it is the one needed by the water flow to fully evaporate:
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Figure 4.13: Main plots resulting from I" 65% decrease simulation.

Qsmin = Ms(hsg — hein) = 0.291 MW
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A 65% decrease of lead mass flow rate is very close to that threshold: Qs,mt = 0.299 MW
and L3 = 7.6 cm. A further decrement of I' would cause an error because water does not
evaporate entirely and L3 tries to become null and negative. This is the biggest limit in
the current SG model and, in order to be capable of simulating more severe scenarios, the

model requires some improvements. A few hints are given in Section 4.6.

Moreover, this limit of the moving boundary model may result in some issues when sim-
ulating ULOF scenario. In Subsection 3.4.3 it is calculated that with the old, static SG
model natural circulation sets a value for I' decreased by 69%. That is not promising.
Chapter 5 correctly simulates ULOF with BELLA fully coupled to the moving boundary
SG.

4.5.4. Inlet water temperature decrease

The remaining two subsections present the transients caused by sudden variations of water

working conditions. They are intended to represent failures on the secondary side of the

SG.

Here at t = 10 s, a step-wise 20% decrease of water inlet temperature is considered. Total
simulation time is 40 s. The trend of the main variables of interest is displayed in Figure
4.14.

The impact of T} ;,, decrease is first of all on subcooled region: due to a higher subcooling
degree, L, starts to increase immediately.

At the same time, 7 strongly decreases to about 1/3 of its nominal value (Figure
4.14f). This is explained by the first term inside square brackets in Eq. (4.91): pg
suddenly increases because water at SG inlet becomes colder, % is positive and, thus,
because of the negative sign in front of the square brackets, 712, o decreases. The decrement

is instantaneous because Eq. (4.91) is algebraic. The other mass flow rates follow.

Both these effects have consequences on the rest of the system, which exhibits quick
variations at the beginning of the transient. Since 1y, is constant, all the other water

mass flow rates come back almost immediately to their nominal value.

At the end of the transient, subcooled region has extended by 3.8 times, Ly is about
the initial value, while L3 has decreased by 26% . Thermal power exchanged in region 1
increments by more than 4.5 times (due to the larger subcooling degree) and overcomes
the decrease of thermal power in the other regions. As a consequence, total thermal power

exchanged increases (Figure 4.14e).

Water temperatures show an overall decrease, especially in (and caused by) subcooled
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region. Due to the larger total thermal power exchanged, the temperature difference of

lead across the SG increases.
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Figure 4.14: Main plots resulting from Ty ;, 20% decrease simulation.

4.5.5. Water mass flow rate decrease

This is the last transient presented in this chapter. It tests the response of the SG after a

sudden decrease of the water mass flow rate by 20%. This scenario is supposed to simulate

a loss of flow accident on the secondary fluid.

In Simulink, a step-wise decrease of m;, is triggered at ¢ = 10 s and the total simulation
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time is 40 s. The trend of the main variables of interest is displayed in Figure 4.15.

Together with 1m;,, all the other water mass flow rates instantaneously decrease as well,
since they are related by algebraic equations. The same happens to power removed by
water and, subsequently, to power exchanged by lead (Figure 4.15e). This worsens the
cooling capabilities of the system and hence lead temperatures increase.

Although the power exchanged in all regions has decreased, due to the lower 7, also
water temperatures increase reaching a higher superheating degree (Figure 4.15¢). Con-

sequently, superheated regions gets larger (Figure 4.15a).

From Figure 4.15d, the region characterized by the largest power loss is the saturated

one.

As a general comment, the SG model reacts to a loss of flow in the secondary circuit by

decreasing the total exchanged power and by increasing the temperatures of the system.
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Figure 4.15: Main plots resulting from 7, 20% decrease simulation.

4.6. Conclusions

This chapter focused on steam generator modeling adopting the specific layout of the SG
modules foreseen in SUNRISE-LFR. Different approaches are presented and discussed,
and the rationale behind the implemented choice is explained. It is the moving boundary
approach, whose equations are step-by-step derived in Section 4.3. A little modification to
the standard method is applied: superheated region is divided into two parts to improve

accuracy and avoid unphysical behavior of the system. After building the model, it is
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implemented in Simulink and utilized to simulate four accidental scenarios. They serve to
test it as well as to prepare the ground for the next chapter, where it is integrated within
BELLA.

This conclusive section is meant to give some general considerations about the code and

to indicate possible directions to improve it.

As a general overview, the moving boundary SG is capable of correctly sustaining steady-
state conditions and of simulating some reference accidental transients. The results seem
to have physical sense as they can be explained in terms of relations between the input

and output variables. That is the very first goal of this chapter.

Although with different intensities, all scenarios present some oscillations in lead temper-
atures which were labeled as "weird" in Subsection 4.5.2. On a more profound way, they
are a consequence of parabolic equations (heat equations) which imply an infinite velocity
for disturbances propagation: as soon as T}, ;, increases, all the dominion is affected. This
is embodied in the system transfer function by the presence of some positive zeros, the real
causes of the oscillatory behavior. In a certain way, the oscillations set to avoid violation
of physics. This is an expected behavior because no transport equation is implemented:
it would solve the issue and account for a finite velocity in heat propagation. However,

that is not considered here.

In developing the model and discussing the simulations, some limits of the approach have
already risen up.

First of all, this thesis lacks of a verification of the code against well-proved benchmarks.
The author is aware of this limit and is open to future works where appropriate time
can be dedicated to it. A reliable code which can be adopted in the verification pro-
cedure is RELAP [80]. Connected to this, a subsequent validation of the code against
experimental data is of extreme interest to check the correctness and the accuracy of the
model. Indeed, in parallel with the SUNRISE project, the SOLSTICE project (Section
2.1) aims at constructing an electrically-heated mockup where components and materials
for SUNRISE-LFR will be tested. This is the environment where both the SG module

and the moving boundary code are going to be validated.

Then, strictly speaking about the code, a lot of improvements can be pursued. Once
available, correlations for Fe-10Cr-4Al-RE might substitute those of T91 steel to enhance
the adherence to the real component. Different approaches for the two-phase flow can
be explored (Appendix C), even though they can increase the number of equations and,
thus, the complexity of the model. Also, momentum balance equation can be included in

the moving boundary approach to calculate pressure drops along the SG and introduce a
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more realistic time dependence on pressure.

Although all these are interesting ways to refine the newly built SG model, two additional
strategies might lead to even larger improvements. They are discussed as follows.

It is absolutely necessary to expand the validity of the model also to those scenarios
(or systems) characterized by low exchanged power and incomplete water evaporation.
As already mentioned in Subsection 4.5.3, when the exchanged power decreases below
a minimum value (necessary to evaporate all water), superheated region length tries to
become negative and, thus, the SG model fails. It happens because the model is built to
always have subcooled, saturated and superheated regions with positive, finite lengths.
One way to cope with this limit is by constructing three sub-models A, B and C and by
coupling them with simple conditional clauses. Model A has all three regions (subcooled,
saturated and superheated), model B has only two regions (subcooled and saturated),
while model C has only a single region (subcooled). Conditional clauses are based on
the power @ exchanged by the fluids. The logical structure of the model is presented in
Algorithm 4.1.

Algorithm 4.1 SG moving boundary sub-models logic.
1: if Q > ritg(hsy — hsin) then

2:  Model A

3: else if 1, (hey — hain) < Q < 14(hey — hsin) then
4:  Model B
5
6
7

. else
Model C
. end if

If the conceptual part is not difficult to understand, the practical development may face

some annoying intricacies.

The second strategy to improve the code aims at gaining in the overall accuracy. As
already done in Section 4.3, by increasing the total number of regions the spacial resolution
of the module increases and the same does the accuracy. This does not compromise the
nature of the approach, which remains lumped and moving boundary, but can potentially
lead to benefits without largely increasing the computational effort. In this sense the idea
is to divide both the subcooled and the superheated regions into smaller parts that can
be called "zones" (Figure 4.16). The number of zones, which can be different in the two
regions, can be user-defined according to the level of accuracy desired (e.g., more zones

where gradients VT are high). This allows to have a versatile SG code which can be
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tailored on the real module working conditions. For instance, a SG with a very large
subcooling degree and a lower superheating degree might benefit from a large number of
subcooled zones and a low number of superheated zones. The situation is the opposite
for the SG envisaged for SUNRISE-LFR. One could also think about discretizing the
saturated region, even though the benefits may not be significant. The general advantage

in having an adaptive SG model can be enormous.
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Figure 4.16: Scheme of the SG moving boundary model with user-defined zones for sub-

cooled (3 zones) and superheated (5 zones) regions.

Moreover, the two strategies can be coupled, so that the obtained code is extremely

powerful.

Both directions have been investigated by the author of this manuscript. The equations
are derived and the Simulink codes are written. However, due to the aforementioned
unexpected intricacies, an insufficient amount of useful and reasonable results has been
obtained so far. Thus, that part is not included in this thesis. It would be interesting to

dedicate more time to both in a future project.

As mentioned at the beginning of this chapter, the moving boundary SG is developed
with the aim of coupling it with BELLA to overcome its oversimplified SG module. This
is the topic of Chapter 5.
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5 ‘ Primary circuit and SG
coupling

The ultimate goal of this thesis is to developed an improved version of BELLA able to
represent lead-cooled fast reactors more realistically. The focus has been on the compo-
nent connecting primary and secondary circuits — the steam generator —, developed in
Chapter 4. The last chapter before conclusions completes the work by integrating the
moving boundary SG within BELLA and by simulating the reference accidental scenarios
UTOP and ULOF. Conversely, ULOHS and ULOF-ULOHS combined are not considered
here because they are not affected by the new SG model. In fact, after the SG goes instan-
taneously from 100% power removal to 0 (ULOHS scenario), the module is disconnected

from the primary system and does not influence it anymore.

This chapter is divided into three sections. Section 5.1 shows how Simulink allows to
couple the newly developed SG model to BELLA. Section 5.2 presents the simulated
transients underlying the differences between the old static SG and the new SG model.

Lastly, Section 5.3 summarizes and concludes the chapter.

5.1. Simulink implementation

The compatibility between BELLA and the new SG code is on different levels. Firstly, they
share the zero-dimensional approach to describe the physical system. Secondly, they are
very (BELLA) or quite (SG model) fast in computing the simultions. Thirdly, both codes
are developed within MATLAB/Simulink® and so they are written as explicit systems of
differential and algebraic equations (DAE) visualized in terms of subsystems with input

and output variables, very easy to connect. This really facilitates the procedure.

In SUNRISE-LFR’s primary circuit the SG interacts only with the hot leg and the cold
leg. Therefore, without aiming at great aesthetics of the resulting graphical interface, but
focusing only on the efficiency and practical simplicity of the blocks manipulation, the SG

subsystem (blue block) is collocated within the primary system energy balance subsystem
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(Figure 5.1). It receives as inputs lead temperature at SG inlet, its derivative and lead
mass flow rate, while computes as outputs for BELLA lead temperature at SG outlet and

lead average temperature in SG.
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Figure 5.1: Primary system energy balance with moving boundary SG (blue) in Simulink.

Since the SG model is configured for a single tube in a single SG, lead mass flow rate
coming from primary circuit is divided by the number of SGs, 10, and by the number
of tubes in a SG, 15. All the rest of BELLA and of the moving boundary SG does not

change.

5.2. Simulations

As already discussed in Chapter 3, BELLA current capabilities include simulation of un-
protected transient over-power (UTOP), loss-of-flow (ULOF), loss-of-heat-sink (ULOHS)
scenarios and a combination of ULOF and ULOHS (station blackout). Its coupling with
the newly developed SG model is supposed to affect UTOP and ULOF transients because
the strong hypothesis of static steam generator is removed. However, any transient which
includes ULOHS does not benefit at all from the new SG module because, before the

accident is triggered, static model and moving boundary model provide the same result
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and, after the accident is triggered, the module is not used anymore. Therefore, ULOHS
and ULOF-ULOHS combined are not simulated in this chapter. For their results, the

reader is referred to Section 3.4.

This section starts with steady-state conditions of SUNRISE-LFR and then it proceeds
by showing simulation results in UTOP and ULOF. It serves both to test the coupling
of the codes, to check the differences from previous simulations (with the static SG) in
order to assess the limits of the assumed constant SG power removal, and to verify safety

margins of the demonstrator reactor under accidental scenarios.

The general Simulink settings adopted in these transients are briefly discussed in Appendix
D.

5.2.1. Steady-state conditions

BELLA and SG fully coupled perfectly sustain steady-state conditions. They are set
by total power of the reactor, lead temperature at core inlet, lead mass flow rate, total
amount of lead inside the primary system, water temperature and mass flow rate at SG
inlet. Due to the absence of any transient, only core thermal power and regions lengths
are plotted (Figure 5.2). Total simulation time is 4000 s. Nominal values of the most
important parameters of SUNRISE-LFR and of the SG are listed in Table 5.1.

Core thermal power SG moving boundaries
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— Power —— Subcooled length
—— Saturated length
80 10+ Superheated length
8 !
2 5ol =
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S 40} S
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20 5|
0 : 0 :
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(a) Constant core thermal power. (b) Constant regions lengths.

Figure 5.2: Simulation results adopting BELLA fully coupled with the SG in steady-state

conditions.
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Quantity Value Unit
Core thermal power 80.33 MW
Fuel average temperature* 643.8 °C
Fuel max temperature™* 867.8 °C
Clad average temperature* 496.2 °C
Clad max temperature** 559.7 °C
Lead core average temperature 484.8 °C
Lead core inlet temperature 419.6 °C
Lead core outlet temperature 550.0 °C
Lead mass flow rate 4247.2 kg/s
HL free surface level 2.947 m
Radiative power losses from the RV*** 328 kW
All SGs thermal power removal 80.00 MW
Subcooled region length 0.591 m
Saturated region length 2.854 m
Superheated region length 8.008 m
Water inlet temperature 340.0 °C
Water outlet temperature 530.0 °C
SG total water mass flow rate 4.461 kg /s

Table 5.1: BELLA-SG steady-state values for the most important quantities. For the

starred parameters look at the notes after Table 3.8.

5.2.2. UTOP

It is modeled as a sudden (step-wise) insertion of positive reactivity through the external

contribution Apes. Its value is 0.2 $ which corresponds to 133 pem.

By setting the simulation time to 2000 s and triggering UTOP after 500 s, the major

quantities of interest are plotted in Figures 5.3 and 5.4.

The beginning of the transient is identical to Subsection 3.4.2 and here it is just sum-
marized. The insertion of 0.2 $ of external reactivity increases immediately neutron
population, thus core thermal power. Subsequently, all core temperatures (fuel, cladding
and lead) grow activating reactivity feedbacks (Doppler, fuel axial expansion and core

thermal expansion) which partially counterbalance external reactivity injection. At the
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same time, lead temperature increment propagates through the hot leg and arrives at
the steam generator. There, lead temperatures in all regions increase and, therefore, lead
exchanges more thermal power to the secondary fluid, water, which increases in temper-
ature as well. As a consequence, the SG increments the superheated region length, while
subcooled and saturated regions become shorter, even though they continue to exchange
the same amount of power (water temperature and mass flow rate at SG inlet are constant

throughout the whole transient).

Following lead flow in the primary circuit, cold leg and cold pool increase in temperature,
and that allows radial reactivity feedback to enter into play: reactivity is decreased further
and reaches negative values around ¢ = 630 s. Hence, core thermal power starts decreasing
and the same do all system temperatures until steady-state conditions are met: reactivity

is null and all temperatures are stabilized.

Differently than the results of BELLA standalone, the moving boundary SG allows the
core to increase its thermal power after reactivity injection, as it should be. In fact,
after an insertion of 0.2 $, final core power is approximately 95 MW starting from 80
MW in nominal conditions. At the same time, also the SG modules have increased their
total power removal from 80 to 95 MW, although with some delay and without peaking at
around 155 MW as the core does. The area between two curves (core power and SG power
in Figure 5.3a) corresponds to the energy that is stored inside the system: it explains in
another way that the system (fuel, cladding, lead and water) has increased its overall
temperature. To be precise, also thermal radiation losses need to be considered, but they
are are always less than 700 kW, so they can be neglected in the energy balance at a first

rough approximation.

Due to thermal expansion, HL free surface level increases by almost 6%. Moreover, due to
the specific dependence of lead mass flow rate derivative on lead temperatures (buoyancy
and frictional terms), mp; slightly increases by about 1.6%. However, lead flow velocity
never overcomes 0.90 m/s inside the core (the most critical environment due to the small

area of flow channels), keeping a good margin to erosion.
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Figure 5.3: Main plots resulting from UTOP simulation.
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Figure 5.4: Additional plots resulting from UTOP simulation. For the starred parameters
look at the notes after Table 3.8.

The last two plots (Figures 5.4c and 5.4d) show the behavior of fuel and cladding in the
peak assembly (innermost node at the worst axial position) and in the average assembly
(average node at the midplane). This is the meaning of the legend present in the two
plots which remains valid for all the other simulations.

As for all scenarios investigated so far, fuel undergoes a significant temperature increase,
but stays well distant from the melting point (2850 °C). On the contrary, cladding over-
comes the first threshold at 662 °C in the peak assembly, even though by only 9 °C, while
the average assembly remains about 65 °C below it. However, the second threshold at

763 °C is never reached.

Table 5.2 lists the value of the main variables of interest after UTOP simulation. It also
includes their percentage variation with respect to steady-state values and to BELLA

previous version simulation (Subsection 3.4.2).
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Quantity (unit) Value Variation Variation
(S.S.) (BELLA)
Core thermal power (MW) 95.31 +18.7% +18.0%
Fuel average temperature® (°C) 757.5 +17.7% +2.5%
Fuel max temperature** (°C) 1008.6 +16.2% +5.8%
Clad average temperature® (°C) 596.0 +20.1% -0.9%
Clad max temperature** (°C) 671.1 +19.9% +0.8%
Lead core average temperature (°C) 583.0 +20.3% -1.3%
Lead core inlet temperature (°C) 505.9 +20.6% -3.6%
Lead core outlet temperature (°C) 660.1 +20.0% +0.6%
Lead mass flow rate (kg/s) 4316.9 +1.6% +0.4%
HL free surface level (m) 3.117 +5.8% -0.9%
Radiative power losses from the 646 +103.8% -11.6%
RV (KW)
All SGs thermal power removal (MW) 94.67 +18.3% -
Subcooled region length (m) 0.277 -53.2% -
Saturated region length (m) 1.528 -46.5% -
Superheated region length (m) 9.649 +20.5% -
Water inlet temperature (°C) 340.0 0% -
Water outlet temperature (°C) 652.2 +23.1% -
SG total water mass flow rate (kg/s) 4.461 0% -

Table 5.2: BELLA-SG steady-state values for the most important quantities. The same
notes highlighted in Table 3.8 remain valid here.

Although the adoption of the moving boundary SG model results in some evident changes
with respect to UTOP simulated in Subsection 3.4.2, in particular in the new core power
level, the overall behavior of the system does not seem to significantly vary. Also the
major conclusions in terms of safety margins to fuel melting and cladding creep failure

remain unchanged from Subsection 3.4.2.

5.2.3. ULOF

It is the last accidental scenario presented in this chapter. A complete ULOF transient

envisages a 100% failure of all the pumps in the system, modeled by an exponential
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decrease of the pump pressure head from nominal value to zero with a time constant

equal to 10 s.

However, BELLA fully coupled with the moving boundary SG is not capable of simulating
such a demanding scenario and the reason is the following. As already discussed in
Chapter 4, one of the limits of the new SG model is in simulating scenarios with low
power exchanged between the fluids. If the power is lower than a minimum quantity
Qs,min (Eq. (5.1)), equal to the power required to evaporate all water flow, an error
appears and the model fails. This is evident in superheated region’s length L3 or power
qupe,,hmted: they all decrease toward zero and, when the condition of minimum power
does not hold anymore, they try to become negative, which is not allowed by the code
(Figure 5.5). In that instant the error rises up stopping the simulation from continuing.
Another symptom is in water temperatures in superheated region: they all approach the
saturation point and try to go below it in case the exchanged power is not enough to
complete water flow evaporation.

The minimum exchanged power for one SG unit is:

Qamin = Mis(hsg — hein) = 4.365 MW (5.1)
which means 0.291 MW per single tube or 43.65 MW considering all 10 SGs.
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Figure 5.5: Error on ULOF scenario: both L3, Qps and (4 arrived at 0.

ULOF is the transient suffering the most from this limit because as soon as the pump
stops working, lead mass flow rate decreases inducing a temporary reduction both in
core thermal power and in power removed by the SG. If ngﬁtot stays above 4.365 MW
throughout the whole transient, no problem occurs. But in a complete ULOF this is
not the situation. With a total failure of all system pumps, SG thermal power goes

temporarily below the threshold and the code fails (again Figure 5.5). The system needs
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to keep at least 3% of pump pressure head in order to successfully simulate the scenario.

Because of these reasons, only partial ULOF transients are hereafter presented. In par-
ticular, the main discussion is about a ULOF scenario which keeps 3% of pump pressure
injection, while at the end of the section some comments are given about ULOF keeping
5%, 10%, 20%, 30% and 50% of pump pressure head. This is how they are named: x%
ULOF means a ULOF transient which keeps x% of pump pressure injection.

By setting the simulation time to 3000 s and triggering 3% ULOF after 500 s, the major
quantities of interest are plotted in Figures 5.6, 5.7 and 5.8.
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Figure 5.6: Pump and mass flow rate in 3% ULOF simulation.

The partial failure of the pumps affects immediately lead mass flow rate (Figure 5.6b),
which begins a steep decrease and stops only once natural circulation has established.
This has consequences both on core and SG.

At a core level, all temperatures (fuel, cladding and lead) increase activating reactivity
feedbacks (Doppler, fuel axial expansion and core thermal expansion) which start to
decrease core power level. As a consequence, after an initial peak, core temperatures
begin to decrease. In the meantime, hotter lead propagates through the hot leg and
arrives at the inlet of the SG.

In the SG the fall of lead mass flow rate has a great impact. Remembering that Qp =
I'c, AT, power exchanged by lead decreases immediately affecting all SG regions in dif-
ferent ways one to another.

In subcooled and saturated regions, since @ is almost constant (water conditions at SG
inlet do not change), the lower Qp determines a strong decrease of lead temperatures in

such a way that AT, across these regions greatly increases and compensates for the loss
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of primary flow. Steady-state conditions are met very rapidly with Qp coming back to its
initial value.

Conversely, in superheated regions @, can follow Qp decrease, inducing a strong lowering
in all water temperatures down almost to the saturation point (350 °C). Therefore, su-
perheated region’s length Lj strongly decreases (it almost disappears), while Ly and L,
raise up with large steep. Due to Qp decrement, also lead temperatures drop, but very
shortly hotter lead arrives from the HL and heats up superheated regions on both sides,
lead and water. Accordingly, SG lengths change: L3 increases back to about one half of
its initial value, while L; decreases to about one half of its peak value and L, comes back
to approximately its nominal value. Qp and Q, follow.

Eventually this is the effect on the SG: T}, ;, and T} ,,; increase while 7T}, ,,; decreases.

Colder lead at SG outlet flows through the CL and the CP and reaches the core inlet.
There, it activates the radial diagrid feedback coefficient which increases reactivity to a
positive value. Thus, core power increases and eventually reaches a larger value than
the nominal one. The same applies for the SG (due to conservation of energy), which

continues to sustain the trends of its temperatures and regions lengths described above.

After smooth oscillations in core temperatures, the final system configuration is the fol-
lowing: higher core and SG thermal power (86 MW), larger ATp;, across the core and the
SG, an increased water superheating degree (7, = 576 °C) and primary coolant flow
rate at 1450 kg/s thanks to buoyancy forces.

The net contribution to lead thermal expansion is slightly negative, therefore HL free

surface level has slightly decreased.



164

120 Power comparison )
—— Core power |
- —— Radiat RV-GV |
100, - 5G removal

B
(=]

Power [MW]
& B
]

Reactivity [pcm]
(=]

(5]
=

L)

0 500 1000 1500 2000 2500 000
Time [s]

(a) System power comparison.

200 ) Core temperatures

——Fuel avg |

0 500 1000 1500 2000 2500 000
Time [s]

(¢) Core temperatures.

‘0. SG moving boundaries -
—— Subcacled length |
—— Saturated length
8 Superheated length | |
E &
s
= |
§ 4 — |
25 i 1
1]

0 500 1000 1500 2000 2500 000
Time [s]

(e) SG regions lengths.

SG water temperatures

w o o m
Q @ o m
(=] (=] o =]

Temperature [
&
(=]

0 500 1000 1500 2000 2500 3000
Time [s]

(2) SG water temperatures.

5| Primary circuit and SG coupling

0. Reactivity contributions B
| —Doppler ||
| — Axlal

40| Lead core |
| —— Radial

| —— Extemnal
207 —Total

0 500 1000 1500 2000 2500 000
Time [s]

(b) Reactivity contributions.

200 P_b prima_r_y gy_ste_rrl hamperawre_s

——Hot leg

— Steam gen |
Coldleg

— Cold podl |

0 500 1000 1500 2000 2500 000
Time [s]

(d) Primary system temperatures.

800 - SG lead temperatures

Temperature [°C]

§ |

1000 1500 2000 2500 3000
Time [s]

(f) SG lead temperatures.

SG power from lead side

-

0 500 1000 1500 2000 2500 3000
Time [s]

(h) SG power from lead side in regions.

Figure 5.7: Main plots resulting from 3% ULOF simulation.
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Figure 5.8: Additional plots resulting from 3% ULOF simulation. For the starred param-
eters look at the notes after Table 3.8.

Focusing on the safety margins, it can be repeated what is written in Subsection 3.4.3.
Fuel is always very distant from the melting point; cladding in the average assembly
maintains a good margin to creep failure while cladding in the peak assembly overcomes
both creep thresholds at final steady-state values. This is a concerning final configuration
because the system does not meet the safety requirements for thermal creep, confirming
the preliminary conclusions of Subsection 3.4.3. In addition, around ¢t = 570 s lead
temperature at SG outlet reaches a minimum (340 °C) and then stabilizes at 347 °C, very
near to lead melting point (327.5 °C). This increases the coolant freezing risk and adds
concerns about liquid metal embrittlement (LME).

The transient needs a better investigation adopting spacial resolving codes (1-d, 2-d or

even 3-dimensional tools) to confirm the general results.

Table 5.3 lists the value of the main variables of interest after 3% ULOF simulation. It
also includes their percentage variation with respect to steady-state values and to BELLA

previous version simulation (retaining 3% pump head).
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Quantity (unit) Value Variation Variation
(S.S.) (BELLA)
Core thermal power (MW) 85.81 +6.8% +7.0%
Fuel average temperature® (°C) 714.9 +11.0% +1.4%
Fuel max temperature** (°C) 1078.7 +24.3% +2.9%
Clad average temperature® (°C) 565.5 +14.0% +0.1%
Clad max temperature** (°C) 769.2 +37.4% +1.5%
Lead core average temperature (°C) 552.4 +14.0% <-0.1%
Lead core inlet temperature (°C) 346.6 -17.4% -2.9%
Lead core outlet temperature (°C) 758.2 +37.9% +1.4%
Lead mass flow rate (kg/s) 1449.6 -65.9% +1.7%
HL free surface level (m) 2.918 -1.0% -0.4%
Radiative power losses from the RV*** 141 -55.4% -16.6%
(kW)
All SGs thermal power removal (MW) 85.72 +7.2% -
Subcooled region length (m) 4.607 +679.4% -
Saturated region length (m) 3.099 +8.6% -
Superheated region length (m) 3.747 -53.2% -
Water inlet temperature (°C) 340.0 0% -
Water outlet temperature (°C) 576.2 +8.7% -
SG total water mass flow rate (kg/s) 4.461 0% -

Table 5.3: BELLA-SG steady-state values for the most important quantities. For the

starred parameters look at the notes after Table 3.8.

As it was true for UTOP; also in case of ULOF the adoption of the moving boundary SG
confirms the general results obtained with the static SG model. Apart from the different
core power level, all temperatures remain within a 3% variation with respect to BELLA
standalone simulation, and most of them are within a 2% interval. The same holds for

lead mass flow rate.

What is surprising about the system is its response after a loss of flow. The pumps
partial failure decreases coolant mass flow rate, but the reactor does not drive toward a
lower power configuration. Instead, final thermal power has increased by 7% with respect

to nominal value. This behavior is confirmed by the simulation of different amplitudes
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ULOF scenarios. Figure 5.9 shows core thermal power trends for ULOF with 50%, 30%,
20%, 10%, 5% and 3% of retained pump pressure head.

Core thermal power
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Figure 5.9: Core thermal power in partial ULOF scenarios.

Although the current version of the moving boundary SG does not allow to investigate
a complete ULOF, the behavior depicted above suggests that the system is able to keep
a large core thermal power, ever higher than in nominal conditions, always removed by
an increased SG thermal power. This is accounted by increasing the coolant temperature
difference across the core and the SG. Therefore, the system does set on stable, steady-
state conditions, but at expense of a worse temperature distribution: hot regions become
hotter and cold regions become colder. Table 5.4 lists final core thermal power in the

transients shown in Figure 5.9.

Quantity (unit) 50% 30% 20% 10% 5% 3%
Core thermal power (MW)  84.28 87.31 89.15 89.57 87.41 85.81
Variation to S.S. (-) +4.9%  +8.7% +11.0% +11.5% +8.8% +6.8%

Table 5.4: Core thermal power after partial ULOF (x% indicates the percentage of re-

tained pump pressure head).

To conclude this subsection, although cladding safety margins mights be compromised
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even under a partial (but significant) ULOF, it must be always remembered that this is a
severe accident whose likelihood of occurring is known to be very low. Also, it relies on a
very conservative, probably even unrealistic, assumption on fission gas release to calculate
creep thresholds (Section 2.2).

5.2.4. ULOHS

As already mentioned, the inclusion of the moving boundary SG does not change the
simulation of this transient. It results exactly as in Subsection 3.4.4, to which the reader

is referred.

5.2.5. ULOF and ULOHS

As already mentioned, the inclusion of the moving boundary SG does not change the
simulation of this transient. It results exactly as in Subsection 3.4.5, to which the reader

is referred.

5.3. Conclusions

This chapter coupled BELLA with the newly built SG model, exploiting their excellent
compatibility both in terms of the general approach (lumped, fast codes) and in terms
of the software utilized for their development (MATLAB/Simulink). This final section is
meant to give general considerations about Chapter 5, outlining its major achievements,

limits and possible future directions of improvement.

As a first general comment, the codes coupling has been successful. The integrated code
is able to correctly sustain steady-state conditions and to simulate reference accidental
scenarios UTOP and (partial) ULOF, decreasing but not compromising the computational
speed of the software. Calculated results are in line with physical expectations and can be
reasonably described in terms of the causal relations between input and output variables.

This is surely a first important goal of the chapter.

Moreover, the code confirms the overall results obtained by the previous version of BELLA
with the static SG, which does not appear to be such an unreasonable assumption, even if
it needs to be taken with great attention. Speaking about the static SG, here the reference

is only to the constant power removal one modeled by Eq. (3.62).

However, a non-negligible limit of the integrated code raised up. The current version of the

SG does not allow to simulate a complete unprotected loss of flow transient. That is the
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reason why only partial ULOF scenarios are computed and presented. The causes of that
limit are well-known and more than once explained (Section 5.2.3 as well as Chapter 4).
They are related to the basic assumption of the moving boundary SG for which the three
regions (subcooled, saturated and superheated) need to exist in any working conditions.
A possible strategy to remove that hypothesis without abandoning the moving boundary
approach leverages on three different sub-models A, B and C coupled together and each
representing a SG with a different number of regions: 3, 2 and 1. In this way, transients
with low exchanged power, caused by large losses of flow for instance, can be simulated.

More details are given in Section 4.6.

Other areas of improvement of the code refer specifically to BELLA on the one side and to
the moving boundary SG on the other side. They are described in the dedicated chapters

and here only reminded:

e BELLA: neutronics (decay power), structural materials correlations, primary circuit

pressure losses, RVACS natural convection, thermomechanical module.

e SG: structural materials correlations, two-phase flow modeling, pressure drops in
water side, discretization of subcooled and superheated regions to gain in accuracy

and versatility.

Last comments are devoted to the general results of the simulations and to SUNRISE-LFR
capability of maintaining safe conditions. Details about each scenario are given in the
dedicated subsections. SUNRISE-LFR shows an important capacity of resisting to severe
accidents. This is true especially when fuel melting is taking as a reference: excellent
properties of uranium nitride and passive safety mechanisms (natural circulation and
RVACS) give to the system a high degree of inherent safety which keeps the margin to
fuel melting point always very large.

However, a more than concerning situation regards fuel cladding creep rupture. This
emerges as the weakness of the current design of SUNRISE-LFR because both in UTOP
and ULOF scenarios the safety margin is significantly stressed. In UTOP fuel cladding
temperature in the peak assembly consumes more than half of the margin to creep rupture
(at 662 °C) when the steady-state final value is considered. In ULOF the situation is even
worse because cladding temperature in the peak assembly overcomes also the second
threshold (at 763 °C), which means that, if it stays at that temperature assuming a 100%
fission gas release, cladding tube breaks after seven days. In any case, it is appropriate
to mention that in both transients cladding temperature in the average assembly (at core
midplane) does not exhibit any problem at all.

Another issue arising in ULOF is about cold lead pools (CL, CP and core inlet). They
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undergo a considerable temperature decrease (final temperature is 347 °C) which poses

the attention on coolant freezing risk and on liquid metal embrittlement (LME).

SUNRISE-LFR is designed with the intent of resisting to severe unprotected accidents
for seven days before any intervention of the plant operator. One safety requirement is
that fuel cladding temperature does not consume more than half of the margin to creep
rupture. This does not seem to be respected under the assumptions of the code and
under the very conservative hypothesis on thermal creep: as explained in Section 2.2, the
safety margins are calculated assuming 100% fission gas release (FGR) in order to be as
much conservative as possible. However, a recently published correlation for FGR [55] in
uranium nitride fuels calculates that the maximum FGR is less than 10%, even assuming
fuel temperatures higher than the ones registered in UTOP and ULOF simulations. This
suggests that probably the two thresholds for creep failure adopted in this work are ex-
tremely conservative and could be relaxed.

In any case, and without any doubt, ULOF transient requires a deep investigation adopt-

ing accurate codes to describe an LFR core with a good spacial resolution.

As a last remark, it has to be remembered that UTOP and ULOF are severe accidental
scenarios whose likelihood of occurring is regarded to be extremely low. But this is exactly
what design basis accidents are supposed to be and their simulation is extremely important

in understanding the behavior of nuclear systems under low-probable but severe events.
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6 ‘ Conclusions and future

developments

This manuscript presented the thesis work conducted over a seven-month period at Royal
Institute of Technology in Stockholm, Sweden. It introduced the state-of-the-art of lead-
cooled fast reactors, mentioning the major benefits and challenges that they pose, and de-
scribed in detail the Swedish demonstrator, SUNRISE-LFR, to which this work is mainly
referred. The ultimate goal has been to provide an efficient, accurate but simple zero-
dimensional plant simulator oriented to the dynamics and control of LFRs. Chapters 3,
4 and 5 are fully dedicated to it. In particular, leveraging on the already existing BELLA
code, which is updated and improved in some parts, a new model for the steam generator
(SG) is developed, tested and coupled to BELLA in order to simulate reference acciden-
tal scenarios. They are unprotected transient overpower (UTOP), unprotected loss of
flow (ULOF), unprotected loss of heat sink (ULOHS) and station blackout modeled as a
combination of ULOF and ULOHS.

The choice for the SG module is the moving boundary approach, a lumped model which
is able to track efficiently the dynamics of the SG three regions (subcooled, saturated and
superheated) without compromising the speed of the overall software. It can be claimed
that the results are very satisfying: the integrated code is capable of simulating the reactor
normal and off-normal conditions providing physically reasonable results.

However, the complete ULOF transient cannot be simulated due to the biggest limit of
this SG model: if the exchanged thermal power decreases below a given threshold (power
necessary to evaporate all water flow), the model fails. This is why only partial ULOF

are simulated and commented.

The reactor under test is SUNRISE-LFR, whose safety requirements are severely stressed.
The demonstrator is designed to withstand an unprotected accidental scenario for seven
days without compromising the safety margins to fuel melting and cladding tube creep
rupture. In particular, no more than half of the safety margin to creep failure is allowed

to be consumed (Section 2.2).
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In all simulations, fuel melting is far from being an issue. Its safety margin is always
sufficiently large (>1500 °C) to state that it is extremely unlike that it occurs. However,
cladding creep failure appears to be of great concern, especially when it comes to UTOP
and ULOF: in the first case half of the margin to creep rupture is consumed and in the
second case the whole margin is gone. Moreover, under ULOF another issue must be
carefully considered: in cold pools (CL, CP and core inlet) lead goes worryingly near the
melting point, increasing the freezing risk and liquid metal embrittlement effects. On
the other hand, ULOHS and ULOF-ULOHS combined do not suffer from any of these
problems; their only concern is an overcooling of the system in the long term that can
lead to coolant solidification.

Nevertheless, a critical discussion on simulations outcomes needs always to take into
account the assumptions on codes, on transient conditions and on safety margins. In this
work, very conservative hypotheses are adopted and, although this might be considered
a bit excessive, for instance in terms of the safety margin to creep failure (Section 2.2), it

is the standard procedure in design basis accidents safety analysis.

BELLA and the newly developed SG model need an intense benchmark against a reference
code for liquid metal fast reactors. That is expected to be done in the near future and
the reference code is SAS4A /SASSYS-1.

At the same time some directions of improvement can be pursued, addressing both the
primary circuit and the SG models. In particular, about the SG Section 4.6 suggests a
strategy to achieve a complete simulation of ULOF while maintaining the general approach
adopted. Moreover, another way to significantly improve the code accuracy and versatility
is proposed in terms of discretization of subcooled and superheated regions into smaller
zones. Regarding BELLA, the thermomechanical module for the fuel (uranium nitride)
is currently under development at KTH. Important future works are dedicated to passive
auxiliary safety systems (e.g., dip-coolers), secondary circuit and control strategies of the

reactor.
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A. ‘ Thermo-physical properties
correlations

Temperature dependent correlations for coolant, cladding and fuel thermo-physical prop-

erties used in the transient analysis are specified below. Units of measure are:

T K]
P [Pd
p(T) (2]
o) |l
KT) g
u(T) [Pa-s)

Some attention must be paid to pressure (Pa) and porosity (-) for which the same letter

P is used. Each time it is specified to which quantity a correlation refers.

Lead thermo-physical properties

Lead coolant properties are taken from the handbook on lead and LBE properties released
by OECD-NEA in 2015 [81]:

o(T) = 11441 — 1.2795 T (A1)
1.524 x 10°
op(T) = 176.2—4.923 x 1072 T + 1.544 x 1075 T2 — T—j (A.2)
KT) = 92400117 (A.3)
1069
w(T) = 4.55 x 10~ *exp (T) (A.4)
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Cladding thermo-physical properties

Correlations for 15-15Ti density and specific heat capacity are derived from experimental
data published for D9 steel by Banerjee and co-workers [82], whereas for thermal conduc-
tivity a correlation fitted by Leibowitz and Blomquist to measured conductivity of D9
[83] is adopted:

p(T) = 8138.6 — 0.24855 T — 1.02387 x 1074 7% +4.28927 x 1072 T%  (A.5)

1.345 x 1074
¢(T) = 291.9+0.3792 T — T—><2 (A.6)
o) 7.598 +2.391 x 102 T — 8.899 x 106 T T < 1030 K
7.260 +1.509 x 102 T T > 1030 K

Fuel thermo-physical properties

Density [84], thermal conductivity [85] and thermal heat capacity [86, 87| for UN fuel in
208 K < T <2523 K are:

p(T) = (14420 —0.2779 T — 4.897 x 107> T?) (1 — P) (A8
E(T) = 1.864 ¢ 2147 0361 (A.9)
B 1 05\>  exp (%) o 26415 x 101 —18081
o(T) = YTy [51.14(T> W +9.491 x 10737 + 5 exp < T )} (A.10)
where P = 0.05 is the porosity of the fuel, 8y = 365.7 K is the Einstein temperature and
MMuyn (%) is uranium nitride molar mass:
MMyy = (0.12 - 235 + 0.88 - 238 + 15) x 107°
Density [88], thermal heat capacity and thermal conductivity [87] for UO, are:
10963
p(T) — (A1)

9.973 x 10~1 +9.082 x 10=6 T"— 2.705 x 10-10 T2 4+ 4.391 x 10-13 T3

T T \?* T \?
T) = 193.2 95.7444 —— —312.0041 [ —— 116.8222 ( —— A12
¢(T) 93.238 + 325.7 005 312.00 <1000> +116.8 ( ) +  (A12)

1000

— 2.6334 (i)4—2.6441 (i)Z (A.13)

1000 1000

100 6400

ET) = + exp ( ) A.14
) 75408 + 17.692 (1) + 3.6142(72)” (L) (o0 A

1000
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Fuel-cladding gap thermo-physical properties
Helium density and thermal conductivity (IAEA, 1997 [89]):

o(T) = R;fj - (A15)

P
KT) = ko-|14+32x1073 k2 —
( ) 0 _'_ X 1 REQT

(A.16)
where P is helium pressure, Ry, = 2077.3 @L_K is helium specific gas constant, while ky and
k1 are two quantities dependent on helium temperature 7" and on a series of correlations
coeflicients b;:

6.161 x 1073\/T

ko = Al
0 kl (A.17)

o= ool ) e

Validity range is 300 K < T < 2500 K and 0.1 < P <6 M Pa.

T91 steel thermo-physical properties

Since at the time of writing it was difficult to find tabulated data and peer-reviewed
correlations for Fe-10Cr-4Al-RE adopted in SUNRISE-LFR, here it is proposed a set of
correlations for T91 steel [90]:

p(T) = 7799 —0.201 T — 1.102 x 10~* 72 (A.19)
E(T) = 17.94+0.0251 T —1.45 x 107° T*? (A.20)
cp(T) = -3979x 1072 T* +1.151 x 107° 7% — 1.103 x 1072 T2 + 4.677 T — 244.0 (A.21)

They have been temporarily adopted for the SG walls modeling.
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B | Derivation of the coolant mass
flow rate dynamical equation

This appendix shows the step-by-step derivation of primary fluid (lead) mass flow rate dy-
namical equation starting from first principle momentum balance. It is based on Todreas
and Kazimi’s book [66], chapter 3.

Momentum balance equation (3-dimensional):

DT 9pv _
_ T = -V P .7 q B.1
"Tr = o + V- pv VP +V - T+ pg (B.1)

where p is density (%), ¥ velocity (), P pressure (Pa), 7 shear stress tensor (Pa) and

g gravitational acceleration (s%)

By scalarly multiplying Eq. (B.1) by ¢é;, the versor of the curvilinear coordinate [, and
introducing the Darcy-Weisbach expression for the shear term, 1-dimensional momentum

balance equation is obtained:

G 0 (G or _ fIGIG
o + a<7> ==l 2D, — pgcost (B.2)

kg
m2-s

where G = pv is the mass flux ( ), f the single-phase Darcy friction factor (-) and 6

the angle formed by vertical axis z and direction .
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A

Hyesset T

Heore + ZuL T

ZCL -
HCOY'E + ZSG + HSG + Hpump

Heore + Zsg + Hsg|
Hcare o+ ZSG T

Heore

Figure B.1: Sketch of the loop (in yellow with green points) for the integration of mo-
mentum balance equation in SUNRISE-LFR.

To derive the dynamical equation for the lead mass flow rate rmp, (kg), momentum balance

equation (B.2) has to be integrated around the loop of Figure B.1 from node A to node

E clockwise. One by one, each term is considered starting from right hand side.
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Static pressure:

/ ——dl = / AP = —APyp = APp s = APyuy — APP™ 4 gpSGeut frvme
A A

(B.3)
where AP,,,,, is the pump pressure head, positive under operating conditions and null

when pump is failed.

Friction term:

E B’ B C
f\G|G / GG / GG / _JIGIG
= ——dl + ———dl + —dl+ B4
/A 2w ™ = ], 2m, o0, ] T2 (B4)

D D’ E
+ / _wdl_’_/ _wdl+/ _ﬁdl
C 2pDh D 2pDh ’ QpDh

— _APfC?:L o AP]L};mular . AP;?TE . APﬁL o AP](}:mular . APﬁG

with each APy, usually split into distributed and concentrated contributions:

Apfr = APfr,distr + APf?“,conc (B5)

Gravity term:

E A B H' H B c D D E
/—pgcos@dZZ/ +/ —1—/ —I—/ +/ +/ +/ +/ +/
A A 4 ' ' H B c D '

However, considering that ffl =/ ;I, =/ 5 " = 0 because elevation does not change and

that f ;/ = f 5 since density does not change, gravity term becomes:

E B c D E
/ —pgcosfdl = / pCLgdl — / P Cgdl — / pLgdl — / p°Cgdl = (B.7)
A ' B C D

— 7CL (Hcme + ZSG + HSG 4 Hpump) 7corechore —ﬁHLgZSG _ ﬁSGgHSG

Coming to the left hand side, temporal acceleration term:

E

E oG LA len OG " Ly, Orpy
—dl = i) B LY S N _ B.
DY A LN Y B9

E

B Ly, dmpy,  drpy Ly,
B Z d — dt (’;Ak)
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where Ly is the length of k-th flow section of uniform flow area Aj:

(B.9)

E Lk [ core ZSG’ HSG ZC’L
ZA_k - Acore + AHL + ASG + ACL
k=A

All the different flow areas of the fuel assembly (foot, excan, rail, etc.) are here neglected.
Flow area of the SG needs to be improved once the CAD model of the module is available.
Other contribution (e.g., CP) are neglected because hard to estimate at this point. It is
worth to note that in principle these approximations do not affect the steady-state value

of the mass flow rate rmp, but only its time constant.

Lastly, spacial acceleration term:

[5(S)-[AE)-(E),-(S),=0  om

under the assumptions that flow area in A and E are the same and that density p does

not change (the contribution coming from pump pressure injection is negligible).

Rearranging the terms and naming

APbuoyancy — pCLg<Hcore + ZSG + HSG) . ﬁcorechore . —HngsG . —SGgHSG (Bll)
APfricti(m — APC?Te 4 APSTG 4 API-;{L 4 APC;L + AP]{)?mP + 2APa;Lnular (B12)
the final equation is:

deb o A_Pbuoyancy - APfTiCtiOTL + APpump
- E
dt D hen ﬁ_i

(B.13)

where pump term is calculated from steady-state nominal conditions and kept fixed:
APpump = A1Dpump(0> = Ame'ction(O) - APbuoyancy(()) <B14)

==core =S5G THL  FCE

In steady-state conditions and assuming that T' =T = 5 —, buoyancy term

can be simplified to

— —c
A‘Pbuoycmcy = g(ﬁCL - ﬁHL>ch = gﬂ(THL =T L)ch <B15)

with = —g—; (lead thermo-physical properties are listed in Appendix A) and Hy, =
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SHere + 759 + LH5Y (distance between core and SG thermal centers).
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C ‘ Two-phase flows modeling

This appendix briefly presents different approaches to describe two-phase flow systems
and focuses on the one adopted in the SG model. The reference is Todreas and Kazimi’s

book [91], chapter 5.

The SG saturated region is a single-component, two-phase system with liquid water and
vapor as co-existing phases. Neglecting chemical reactions, existing models are divided

into two main categories:

e Mixture models, which describe the two-phase flow in terms of a pseudo single-phase

flow (the mixture) with averaged properties. The approach is macroscopic.

e Multifluid models, which take into account also (microscopical) interface interactions
between liquid water and vapor. They can describe the formation of liquid film,

vapor, droplets.

The simplest mixture model, called homogeneous equilibrium model (HEM), assumes
there is no relative velocity between the two phases, i.e. homogeneous flow (HF), and
that vapor and liquid are in thermodynamic equilibrium. In this case mass, momentum
and energy balance equations of the mixture are sufficient to describe the flow.

Extensions of HEM to include relative velocity (slip) between the two phases or thermal
non-equilibrium (e.g., subcooled boiling) effects are possible using externally supplied,
usually empiric, constitutive relations. A well-known example for such mixture models is

thermal equilibrium drift flux model, which introduces a slip ratio different than unity.

In a two-fluid model, three conservation equations are written both for liquid and vapor
phases. Hence, the model is often called the six-equation model. It requires a larger
number of constitutive equations, among which the most important are on transfer of
mass ('), energy (Q) and momentum (F)) across liquid-vapor interfaces.

Extensions to multifluid models are also possible but have not been applied as widely as
the simpler two-fluid model. They are capable of describing vapor bubbles, continuous
liquid, continuous vapor and liquid droplets at the same time by means of separate sets

of conservation equations.
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Among the alternative models the choice depends on the nature of the problem to be
solved. Once a model is selected, constitutive relations are needed to describe the exchange

rate of mass, momentum and energy.

The saturated region of the moving boundary steam generator is modeled adopting HEM.

Homogeneous equilibrium model (HEM)

It asks for three conservation equations — mass, momentum and energy — of the mixture
and two constitutive laws — wall momentum and energy. Water and steam are at ther-
modynamic equilibrium (same temperature, same chemical potential, while pressures are

related by the Young-Laplace equation) and flow with the same velocity.

In order to describe average properties some equilibrium mixture quantities are intro-
duced:

1 (7 A,(2) V.
- — 9y = 9 C.1
L/O A TV (G1)
M,
Ty = —— 2
Lst M9+Ml (C )
Fg
T = C.3
R (C.3)
To = O (C.4)
Vo + Wi
_ h—n
Tip = hg “h (6-5)

7 is the (volumetric) average void fraction, Ty the average static quality, T the average
mass quality (or dryness fraction), T, the average volumetric quality, Ty, the thermody-

namic equilibrium quality and p,,;, the mixture density.

The very general relations between 7, T and 7, are:
1—7 _1_fvol _pgl—f

—— =S8 —= =85 ———
v Lol Pl X

(C.7)

being s = %] the average slip ratio.
Considering HEM:

e Homogeneous flow (HF): average slip ratio equal to unity (3 = 1) which in turn

means y = T, from Eq. (C.7).
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e Thermodynamic equilibrium: average mass quality and thermodynamic average

quality coincide (T = Zy,).

Then a formula for average volumetric void fraction can be derived [90]:

7 = (1+n) [1—nln(1+%)} (C8)

with n = _Psg (C.9)

Ps,l — Ps,g

the saturated density ratio.
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D | Simulink® settings in
simulations

This appendix shows the Simulink settings of the simulated transients. It serves both as
a way to motivate them and as a reference to those who want to replicate the simulations
using BELLA and the SG model.

o0 @ Configuration Parameters: BELLA_Persico_VER26/Configuration (Active)

Q Ss

Salver Simulation time
Data Import/Export
Igth ana Data Types

* Diagnostecs
Hardware Implementalion
Iodel Reterencing Type: Variable-step [ = sciver. [ode 153 (stifiNDF) =]
Simulation Target

Start time: (0.0 | Stop time: 1e6

Balver selection

¥ Solver datais

Max step size auto | Retative wierance: [1e-3

Min step size: a_L_rto ._ Absolute tolerance: aum

Inital step size: auto 1 Aulo scale absoluls olerance

Sohver reset method: | Fast --, Maximum order: | 5. :
Shape praservation: Disablo Al | -

Mumber of consecutive min steps 1

Soier Jacchian mathod: auto | -

Zero-crossing options
Zero-crossing controi: | Use local settings | asgorinm: | Adaptive |«
Time tolerance: 10*1268%eps Signal threshald: |auts

MNumbaer of conseculive zero crossmngs: | 1000

Tasking and sample time oplions

|| Automatically handie rate transition for data transter

oK Cance| Hel ADRYy

Figure D.1: Solver settings window in Simulink.

Figure D.1 shows the Simulink window for solver settings. Apart from the Start time,
always set to zero, and the Stop time, decided according to the simulation’s dynamics and

the interested time scale, the parameters that were utilized are:
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- Solver
- Max step size
- Relative tolerance

The solver Type was always maintained on Variable-step to let Simulink adjust the time-
step dynamically according to the specified accuracy requirements. It is way more efficient
than the alternative Fized-step, whose time-step is chosen by the user and kept fixed, es-
pecially for those dynamical systems or scenarios that have conditional events or different

components in the dynamics.

Simulink offers a wide list of solvers, but due to the stiffness characterizing BELLA and
the SG model only implicit methods were efficient in keeping numerical stability without
using impractically small time-steps. Among those implicit solvers listed by Simulink,
two resulted to be very reliable: ode15s and ode23s. Odel5s [92] is a variable-order solver
based on the numerical differentiation formulas (NDFs) of orders 1 to 5. Ode23s (93] is a
fixed-order solver based on a modified Rosenbrock formula of order 2. It can solve some
kinds of stiff problems for which odelbs is not effective.

Odelbs seemed to be the most efficient (the fastest with the same accuracy requirements)
and it allowed to simulate with success all scenarios. Ode23s was not as good as odel5s but
it permitted the simulation of most of the transients with sufficiently small computational
effort.

Mazx step size sets the maximum allowed time-step size and in most of the cases it was left
to the default auto, i.e. Simulink itself computes it according to simulation’s conditions.
In some demanding simulations, in particular with ULOF, it was necessary to set it to
a very low value to obtain an acceptable result. In case of BELLA coupled with the SG
model, it has been necessary to set it to 1 or even to 0.5 to avoid errors in the numerical
convergence of the simulation. That came with the downside of longer computational

times.

Relative tolerance, together with the Absolute tolerance, sets the accuracy requirements
for the simulation to converge. It was kept most of the times on its default value 1072 but
during the work different options have been considered. For instance lower values, such
as 107° and 1077, were tried with the aim of increasing the level of accuracy but without
always obtaining the hoped results. The default value seemed to be the most suitable for

all the simulations.

The following Tables D.1, D.2 and D.3 list the solver configuration of each simulated

transient presented in Chapters 3, 4 and 5, respectively.
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Transient Simulation sime (s)  Solver RTOL  Max step size
Steady-state 4000 odel5s 1073 auto
UTOP 2000 odelbs 1073 auto
ULOF 3000 odelbs 1073 1
ULOHS 4000 odelbs 1073 auto
ULOHS 106 odelbs 1073 auto
ULOF-ULOHS 4000 odelbs 1073 auto
ULOF-ULOHS 106 odelbs 1073 auto
Table D.1: Solver settings in BELLA simulations.

Transient Simulation sime (s)  Solver RTOL  Max step size
Steady-state 4000 odel5s 1073 auto

T,y in sSUrge 50 ode23s 1073 auto

I' loss 100 ode23s 1073 1

Ty.in decrease 40 odel5s 1073 auto

g loss 40 odelbs 1073 auto

Table D.2: Solver settings in SG standalone simulations.

Transient Simulation sime (s) Solver RTOL  Max step size
Steady-state 4000 odelbs 1073 auto
UTOP 2000 odelbs 1073 auto
ULOF 50% 3000 odelbs 1073 1

ULOF 30% 3000 odelbs 1073 1

ULOF 20% 3000 odelbs 1073 1

ULOF 10% 3000 odelbs 1073 1
ULOF 5% 3000 odelbs 1073 0.5
ULOF 3% 3000 odelbs 1073 2

Table D.3: Solver settings in BELLA fully coupled with SG simulations.
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