Nuclear Propulsion for
Naval Vessels

An investigation into the dynamic behavior
of a high-temperature gas-cooled reactor
with a supercritical carbon dioxide power
conversion cycle

LTZ3(TD) T.H. (Tom) Wien

Technical University Delft
Faculty of Energy Flow and Process
Technology




Nuclear Propulsion for Naval Vessels

An investigation into the dynamic behavior of a high-temperature gas-cooled reactor with a supercritical
carbon dioxide power conversion cycle

by

LTZ3(TD) T.H. (Tom) Wien

A thesis for obtaining the MSc. degree in Mechanical Engineering,
with the specialization Energy Flow and Proccess Technology,
at the Delft University of Technology.

Student number: 5870682

Date submitted:  December 8, 2024

Place: Delft
Supervisors: prof. dr. ir. R. Pecnik TU Delft
dr. ir. JW.R. Peeters TU Delft
ir. G.-J. Meijn Damen Naval

Image front page: The nuclear-powered aircraft carrier USS Gerald R. Ford |1]

Technische Universiteit Delft
Delft University of Technology



Abstract

There is currently a resurgence of interest in nuclear propulsion within the maritime sector, which is reflected
by the ambition, as mentioned in the Dutch maritime sector report "No Guts, No Hollands Glorie", to develop
a standardized, modular nuclear reactor for ship integration within 10 years. Nuclear energy has the potential
to reduce the maritime sector’s contribution to climate change, as it does not emit COs during operation.
Additionally, in contrary to many other renewable energy sources, nuclear energy offers a high-energy-density
power source capable of providing sufficient energy for longer periods of operation. Not only would this improve
the strategic autonomy of the Royal Netherlands Navy, but it would also be a solution for the increasing en-
ergy demands of additional unmanned systems or advanced combat systems, like high power radars and rail guns.

Implementing nuclear propulsion in future (naval) vessels presents challenges, particularly regarding the dy-
namic power profile of ships during operation. Land-based nuclear reactors typically operate as stable power
sources, which contrasts with the fluctuating power demands of ships, especially naval vessels. This research
aims to find a solution for these dynamic power requirements, without the use of energy storage capabilities,
like batteries, for peak shaving capabilities.

Based on the expected implementation of a small modular reactor (SMR) by 2034, the Future Air Defender
and the Amphibious Transport Ship were selected as potential vessel types of interest for the Royal Netherlands
Navy to implement an SMR. Additionally, the high-temperature gas-cooled reactor (HTGR) and the supercrit-
ical carbon dioxide (sCO2) recompression power conversion cycle were selected for the nuclear power plant. A
dynamic model of the selected SMR and its energy conversion system has been developed to compare its ramp
rate with those of conventional naval prime movers, such as diesel engines and gas turbines.

The simulation results indicate that the reactor dynamics alone are insufficient to meet common ramp rates of
naval vessels, demonstrating that relying solely on reactor control is not a viable control strategy. However, the
implementation of the turbine bypass valve, while operating the reactor at a constant load, provides dynamic
power behaviour comparable with diesel engines and even gas turbines. Potential drawbacks include reduced
cycle efficiency at part load, as well as significant pressure and temperature gradients within the heat exchang-
ers. The unacceptable temperature increase at the reactor’s inlet was addressed by incorporating a dump cooler
into the primary circuit. This research therefore concludes that an HTGR, in combination with an sCO5 cycle
and a bypass valve, is capable to provide the dynamic power requirements of a naval vessel.
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Nomenclature

Abbreviations P Pump
ARIS Advanced Reactors Information System PCHE Printed Circuit Heat Exchanger
ASWF Anti-Submarine Warfare Frigates PKE Point Kinetics Equation
ATS Amphibious Transport Ship PWR Pressurized Water Reactor
B Blower R Reactor
BNI Barber-Nichols Incorporated RC Recompressor
BWR Boiling Water Reactor RCCS Reactor Cavity Cooling System
cL Cooler RNLN Royal Netherlands Navy
css Combat Support Ship RPV Reactor Pressure Vessel
DCL Dump Cooler SCWR Supercritical Water Reactor
Ep Full Power SFR Sodium-cooled Fast Reactor
. SMR Small Modular Reactor

FuAD Future Air Defender

STC Sequential Turbocharging
G Generator

SWR Sodium Water Reaction
GFR Gas-cooled Fast Reactor

T Turbine
HEU High Enriched Uranium

TAC Turbine Alternator Compressor
HSC High-end Surface Combatant

TRISO Tristructural-Isotropic
HTGR High-Temperature Gas-cooled Reactor )

TRL Technology Readiness Level
HWR Heavy Water Reactor ) )

TTD Terminal Temperature Difference
IAEA International Atomic E A

niernational Atomic Energy Agency VHTR Very High Temperature Reactor

16 Ideal Gas WNA World Nuclear Association
IHX Intermediate Heat Exchanger Roman Symbols
LCF Luchtverdedigings- en commandofregat A Area m2
LEU Low Enriched Uranium c Population of delayed neutrons —
LFR Lead-cooled Fast Reactor c Speed of light m
LOL Loss of Load Cy Valve discharge coefficient —
LPD Landing Platform DOCk Cp Speciﬁc heat Capacity k:giK
LTR Low Temperature Recuperator C, Valve construction coefficient m?
MC Main Compressor d/D Diameter m
MOX Mixed Oxide dyg Hydraulic diameter m
MSR Molten Salt Reactor E Energy J
OPV Ocean-going Patrol Vessel Friction factor -
ORC Organic Rankine Cycle Function —
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fopen Valve opening — t1 Radioactive half-life s
F Fission rate to power factor — T Temperature K/°C
g Gravitational field strength = U Speed o
h Convective heat transfer coefficientm% U Overall heat transfer coefficient m‘g/K
h Enthalpy é v Neutron velocity o
H Height m v Specific volume %
m
H. Channel height m Urod Rod speed s
3
H, .4 Rod height m v Volume m
Z Compressibility factor —
I Inertia kgm? P y
o Greek Symbols
k Multiplication factor —
a Reactivity feedback coefficient b
k Thermal conductivity 77‘:1/7
B Effective delayed neutron fraction  —
L Channel length m . )
vy Specific heat ratio —
m Mass flow kg
s € Surface roughness m
M Mass kg 7 Efficiency —
MCF Mass Correction Factor - A Prompt neutron generation time s
n Neutron population - A Radioactive decay constant st
Ng Isentropic volume exponent — L Dynamic viscosity %
N Atomic number density % v Neutron velocity o
N Number of channels — ™ Pressure ratio —
. k
N Shaft speed RPM/% p Density P
NCF Speed Correction Factor - P Reactivity pem/$
Nu Nusselt number . DM Macroscopic cross section em™!
» Perimeter m o Microscopic cross section cm?
» Pressure Pa T Nucleus mean lifetime s
10) Neutron flux i
P Power w mes
Substances
Pr Prandtl number —
) Be Beryllium
Q Heat w
C Carbon
r/R Radius m
/ CO, Carbon dioxide
R Specific gas constant TR D Deuterium
Re Reynolds number — He Helium
s Entropy ,WLK | lodine
t Time s Pm Promethium
te Equivalent plate thickness m Pu Plutonium
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1 Introduction to Nuclear Propulsion
for Naval Vessels

1.1 Introduction

Nuclear propulsion has recently gained increasing interest within the maritime sector in the Netherlands and
Europe. According to the Dutch maritime sector policy report "No Guts, No Hollands Glorie" published in
2023, nuclear energy can help reduce dependency on fossil fuels and provides a potential high-energy density
source for ships without emitting carbon dioxide (CO2). One of the project goals is to develop a standardized,
modular nuclear reactor for ship integration within 10 years [2]. The resurgence of interest in nuclear propulsion
for maritime applications comes at a crucial time when the global shipping industry is aiming to reduce its en-
vironmental impact. Recognizing the urgent need to lower dependence on fossil fuels and mitigate greenhouse
gas emissions, the use of nuclear energy presents a promising solution. The Dutch maritime sector's focus on
nuclear propulsion reflects a broader international trend towards cleaner and more sustainable energy sources
for maritime applications.

Renewable energy sources, like wind and solar [3], and alternative fuels, like methanol [4], are investigated
as a potential replacement of fossil fuels, but an issue arises looking at their energy densities. Compared to
conventional fossil fuels, the energy and power densities of 'green’ energies are significantly lower [5] [6]. The
expectations are that, especially for naval vessels, the energy usage on ships will not decrease in the coming
years. This is due to the implementation of drones and unmanned vessels, without even considering the possi-
bility of adding additional weapon systems such as a rail gun [7]. On one hand, the energy demand is increasing
while on the other hand, there's an energy density decrease which results in an energy mismatch problem. Nu-
clear energy could play a major role in solving this issue, as it offers one of the highest available energy densities.

Nuclear energy is not seen as a renewable energy source, due to the limited amount of uranium and thorium
available on earth. Despite that, it is a low-carbon energy source that does not emit CO5 during operation. Over
the course of the life-cycle of nuclear power plants, they produce similar amounts of CO5 per unit of electricity
as wind, and one-third of the emissions per unit of electricity compared with solar [8]. As the maritime sector
was responsible for 2.9% of the worldwide CO4 emissions in 2018, and 3-4% of the EU'’s total CO2 emissions [9],
implementing this technology could contribute to lowering the maritime influence on climate change.

Operational advantages of nuclear propulsion for naval vessels include high energy density and ensuring sufficient
power for long operation times, this way providing a reliable power source for various ship types. As a result,
nuclear vessels can ensure high vessel speed without losing endurance, this way ensuring a high operational
endurance due to the potential of staying at a location for long periods (regarding an energy perspective).
Therefore, operational flexibility is improved as nuclear vessels can respond to crises more quickly and can
operate longer with fewer logistics support compared to conventional vessels [10]. It is therefore no surprise
nuclear energy has been used on vessels previously, especially on military ships.

Nuclear energy has been utilized for propulsion in military ships, such as aircraft carriers and submarines. China,
France, India, Russia, the United Kingdom and the United States possess nuclear-powered naval vessels [11],
and other countries like Australia [12] and Brazil [13] are currently in the process of developing nuclear naval
vessels. These military ships benefit from energy independence for long operation times, which especially holds
for air independent power sources for submarines. Moreover, merchant ships in countries like Germany, Japan,
Russia and the United States have applied nuclear propulsion specifically for icebreakers and cargo ships [14].
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1.2 Problem statement and research questions

Although nuclear energy has previously been used on ships, that does not mean the technology can be easily
implemented in future (naval) ships. The biggest issue arises from the dynamic power profiles that ships,
especially naval vessels, require during operation. Nuclear reactors are commonly used to operate as stable
power sources, and operating ships fully on nuclear energy could lead to dynamic issues when the required
power increases or decreases. Previous research on applying nuclear energy on ships [15] [16] [17] accounted
for this dynamic behaviour by applying linear power increase/decrease limits based on values from literature
(stating a power increase of e.g. 5%/min is the limit). These studies show that significant power peak shaving
capabilities, such as batteries or fuel cells, are required to support the dynamic power behaviour of ships.
Moreover, previous research has primarily focused on ship types like container ships and dredgers, which have
more stable power profiles than naval vessels. To ensure that nuclear energy can be applied as a power source
for naval vessels, the dynamic power behaviour of nuclear power plants must be investigated, leading to the
following research question:

How can a nuclear power plant be implemented in a naval vessel to supply the required dynamic power
behaviour?

To answer this research question, multiple sub questions were formulated in order to analyse different aspects
of this question. These sub-questions are:

1. What naval vessels are of interest for the Royal Netherlands Navy for the implementation of nuclear
technology?

2. What are the dynamic power behaviour requirements for the selected naval vessels?
3. Which reactor type proves the most suitable for integration into a naval vessel?

4. Which power conversion cycle, in combination with the selected nuclear reactor, is the most suitable
onboard of a naval vessel?

5. Which control strategy should be selected to improve the dynamic power behaviour of a maritime nuclear
power plant?

6. What are the dynamic limitations of the selected nuclear reactor?
7. What are the dynamic limitations of the selected power conversion cycle?

This research question, along with the associated sub-questions, will be addressed through a combination
of a literature study and a designed model. The literature review was performed to assist in initial design
choices, ensuring alignment with recent developments in nuclear reactors, power conversion cycles and control
configurations. Based on these findings, a novel modelling approach was applied for dynamically modelling a
nuclear power plat installation. In this way, this research contributes to the preliminary design phase of nuclear
propulsion for (naval) vessels by providing initial insights into whether the dynamic capabilities of a naval vessel
can be achieved with a nuclear power plant.
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1.3

Thesis outline

The thesis is organised as follows:

In Section [2] the literature research will be presented. Here, the vessels of interest for the Royal Nether-
lands Navy, the propulsion layout and dynamic power requirements of a naval vessel will be determined.
In addition, different nuclear reactors will be investigated and compared with each other. The power
conversion cycles, and required heat exchangers, will be discussed. Finally, the power dynamics of the
reactor and the control configurations of the cycle will be investigated.

In Section [3| the layout of a nuclear power plant, specifically designed for a naval vessel, will be presented,
Here, the selected nuclear reactor type, power conversion cycle and control method will be combined into
one detailed plant configuration.

In Section [4] the detailed plant configuration is modeled and the respective sub-models are further de-
scribed, providing the equations and assumptions related to each of the sub-models.

In Section [5| each component of the model will be validated.

In Section [6] an overview is provided of the required control loops for stable plant operation, followed by
the selected control methods and their implementation.

In Section [7| a number of scenarios are proposed that will be used to highlight the dynamic capabilities of
the nuclear power plant. The results of each scenario are presented and discussed.

In Section [8] a general discussion is presented, reflecting on the choices made regarding the selection of
the nuclear power plant and the created model.

In Section [9] the problem statement is revisited, answering the individual sub-questions, leading to the
answering of the main research question posed in this thesis.

In Section [10] research recommendations based on the current work and topics for further research are
presented.

MSc.
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2 Literature research

2.1 Vessel considerations for nuclear propulsion
2.1.1 Propulsion types

The implementation of nuclear energy on a maritime vessel is impacted by the type of propulsion method used
on the vessel. Before investigating the dynamic power requirements of the vessel, it is important to examine
the most common types of (naval) propulsion, review the propulsion types previously used on nuclear ships, and
ultimately select a specific propulsion type to serve as the basis for this nuclear power plant. After the selection
of this propulsion type, a short investigation towards the vessels of interest for the Royal Netherlands Navy
will be performed. Finally, the dynamic power requirements of naval vessels will be determined as reference
conditions for the nuclear power plant installation.

2.1.1.1 General propulsion types

Geertsma states there are different propulsion and power generation types for naval (vessels). For propulsion
types a distinction is made between mechanical, electrical and hybrid propulsion, of which an overview is
presented in Figure In the case of mechanical propulsion, one or more combustion engines are connected
directly or through a gearbox to a propeller. An additional engine, in combination with a generator, is required
to provide electrical power for the hotel load of the vessel. With electrical propulsion one or more electric motors
are connected to a propeller directly, which are provided power by solely an engine and generator installation.
Hybrid propulsion is a combination of the previous two, using one or more combustion engines and electric
machines connected directly or through a gearbox to a propeller. The distinction between power generation is
neglected, as nuclear energy was assumed to be the solely power source for this research.

mechanical propulsion hybrid propulsion electrical propulsion

2 (2) (2)
£

(2)

w @ @
(3) (3)
5) o {4](% {4}@
(5) (4) (5) @
@ load @ (5) load
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Legend: (4) transformers G generators
(1) direct mechanical drive (5) frequency converters M motors
(2) diesel generators (6) gearbox MG motor / generator
(3) electrical distribution (7) controllable pitch propeller

Figure 1: Propulsion layouts for mechanical, hybrid and electrical
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2.1.1.2 Propulsion for nuclear energy

Historically, there have been many cases where nuclear energy has been used for ship propulsion. The method of
implementation is however not consistent as multiple propulsion types have been used. Looking at submarines,
it is stated that Russia, the USA and the UK rely on mechanical propulsion while France and China use the
turbines to generate electricity for propulsion [19]. The nuclear Russian Kirov class cruisers applied a steam
propulsion system turning two shafts therefore applying mechanical propulsion as propulsion type [20]. The
four nuclear merchant ships that were used as cargo ships all applied mechanical propulsion [19] (Appendix
provides additional information about merchant nuclear vessels). Historically it therefore seems mechanical
propulsion was favoured as propulsion type, however the implementation of electrical propulsion was limited at
the time most of these ships were in operation and could (partly) suggest why electrical /hybrid propulsion was
not implemented.

Nuclear energy has been actively considered in recent ship design studies. Full electrical propulsion was preferred,
as it adds flexibility for placement of the reactor and the motor separately from each other in the ship, not
being limited by a mechanical connection. Removing the main shaft would also free up space in the ship [21].
Houtkoop [22] also favours electrical propulsion as it gives the option of adding batteries to the power genera-
tion of the ship. These batteries could be used for enhanced load response and peak shaving purposes. Energy
storage also benefits the implementation of electrical propulsion.

Overall, the historical use of mechanical propulsion does not seem to be the favoured option for future nu-
clear vessels. The flexibility benefits of system placement, the possibility of adding batteries for load following
and an expected increase in electrical desires for sensors and advanced weapon systems determined that electri-
cal propulsion was deemed the favoured option for nuclear ship designs. For simplicity, full electrical propulsion
was selected, but additional complexities could be added in further (electrical) propulsion designs.

2.1.2 Vessels of interest

2.1.2.1 Future ships for the Royal Netherlands Navy

The past few years, more budget of the Dutch government went towards Defence purposes [23|. Besides many
other purposes, the budget is going towards replacing and expanding the current fleet. Multiple replacement
projects are currently ongoing and these will be investigated to see which ships have potential for implementa-
tion of nuclear propulsion. It was decided to look solely at these projects, as this is the only public information
about the replacement and expansion of the Dutch Navy. Nuclear energy could be of interest for additional
future projects, but as information about these projects is not available at the time of writing, other futuristic
ideas will be neglected.

An overview of the current projects regarding the expansion and replacement of the Dutch Navy can be seen
in Table [I} [24]. Table (1 shows that multiple projects are already under construction, under contract or under
tendering, indicating specific information is already available for these projects. Regarding the two projects
under construction, the combat support ship (CSS) and the Vlissingenklasse, both projects have selected to
not implement nuclear propulsion and are therefore not of interest. For the Anti-Submarine Warfare Frigates
(ASWF) project, which is currently under construction, the main contractor Damen Naval has already decided
to implement another propulsion method by signing a contract with MAN for diesel engines and generators [25].
For the replacement of the submarines, the tendering process has been evaluated and for now the French com-
pany Naval Group was selected as main contractor [26], but all the proposed designs did not implement nuclear
propulsion. It has also been decided that the eight support vessels will implement methanol as fuel source [27].
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Although seven projects are listed in this table, it is not realistic to assume all projects could be of interest for
nuclear propulsion. Only the Future Air Defender (FuAD) and the Amphibious Transport Ship (ATS) project
are current projects of the Royal Netherlands Navy that could be of interest for implementation of a nuclear
reactor. To the writer's knowledge these projects have not selected a definitive propulsion method and the ship
types are of interest looking at historical use of nuclear propulsion and their ship size. Even in the case when a
maritime small modular reactor (SMR) will not be designed on time, these ship types could implement a nuclear
power plant at a later moment. If during the design phase the implementation of an SMR is considered, then
during a midlife update the SMR could be implemented. It is therefore that both these projects will be further
investigated to see if nuclear propulsion could be a feasible option.

Table 1: Replacement and expanding project for the Royal Netherlands Navy [24]

] Type \ Name \ Number \ Project phase \ Delivery year
Supply ship Combat Support Ship 1 Construction 2025
Mine countermeasures Vlissingenklasse 6 Construction 2025
Frigates Anti-Submarine Warfare Frigates 2 Contract 2029
Support vessel Seagoing and diving vessels 8 Preparation 20307
Submarines Replacement Walrusklasse 4 Tendering 2034
Frigates Future Air Defender 47 Preparation 20347
Transport/patrol Amphibious Transport Ship 67 Preparation 20357

2.1.2.2 Future Air Defender

The aim for the Future Air Defender (FUAD) project is to achieve a replacement for the Air Defence and
Command Frigate (Luchtverdedigings- en commandofregat, LCF) of the Dutch Navy. As this project is still in
its preparation phase, it is difficult to determine what the required power and energy demands are. For this
reason, the assumption is made that the power and energy requirements are similar to High-end Surface Com-
batant (HSC) described by Sapra et al. [28], as the design focus of this ship is similar to the purpose of the FUAD.

In Figure [2| an overview is given of the power and energy requirements at specific ship speeds for the high-end
surface combatant. The energy requirements depend on a yearly operational profile of the ship. For example, if
the ship is operating almost all the time at 10 knots, then it is expected that at 10 knots the most amount of
energy is required. Even if at higher speeds significantly more power is required the operational duration at these
power levels is shorter and therefore the overall energy requirement is lower. It can be seen that for the HSC at
around 18 knots, 500 MWh of energy is required, which is the most for all ship speeds. The required power at
that moment is 8 MW. Although less energy is used at higher ship speeds, around 400 MWh at 28 knots, the
power demand can be significantly higher, topping at 28 MW. This maximum power depends strongly on the
desired maximum ship speed and can increase significantly if the maximum ship speed is slightly increased after
28 knots. It could be desired for the FUAD to ensure higher top speeds, for example for operating in carrier
strike groups, but as no clear information is present about these desires it was assumed the top speed is 28
knots. At lower ship speeds a lot of energy is required, as at 0 knots more than 400 MWh is required with a
power need of 1.1 MW [28]. This is the result of the hotel load of the ship, which must always be provided
even when the ship is laying for anchor or staying in the harbour. The current installation of the HSC contains
a fuel capacity of 700 m3 [28].
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Figure 2: Average power and energy requirements for Figure 3: Average power and energy requirements for
the high-end surface combatant (HSC) [28] the landing platform dock (LPD) [28]

2.1.2.3 Amphibious Transport Ship

The ambition for the Amphibious Transport Ship (ATS) project, previously known as LPX project [29], is to
replace the current landing platform docks (LPD) and the ocean-going patrol vessels (OPV). The ATS will
therefore be a combination between a transport and patrol vessel. As this project is still in its preparation
phase, it is difficult to determine what the required power and energy demands are. For this reason, the as-
sumption is made that the power and energy requirements are similar to the LPD described by Sapra et al. .
The power and energy requirements compared to the vessel's speed can be seen in Figure

In contrast to the HSC, the energy requirement of the LPD tops when it's laying for anchor or staying in
the harbour. At 0 knots the energy required is almost 1500 MWh and the power required is 3.6 MW [28]. The
highest amount of energy during sailing is required at 20 knots which is 500 MWh and at this point 15 MW of
power is required. At the top speed of the LPD, the energy required lowers to 300 MWh, but the power need
increases to 21 MW. The current installation of the LPD accounts for a fuel capacity of 7700 m?, out of which
1500 m? is used for its own onboard power requirements .

2.1.3 Dynamic power requirements for naval vessels

2.1.3.1 Limiting dynamic system

As discussed in Section [2.1] electrical propulsion was selected as the preferred propulsion method, which means
that all the energy produced by the nuclear reactor is directly converted to electricity before it is used by other
(sub)systems on the vessel. The power requirements within a vessel are determined by the propulsion of the
vessel and by the hotel load, which includes all the non-propulsion (sub)systems. All these loads are connected
to the vessel's grid, but the impact of each system may differ greatly in the amount of electric power required
and the intensity of their use. If the power demand of a (sub)system is small compared to the power of a
single diesel generator, or if the dynamic power variations of a (sub)system are sufficiently small, these can be
neglected with respect to the overall load response of the prime mover.

In reality, most hotel loads are relatively small in power size or have such a small dynamic power variation
that these can be neglected. The propulsion load therefore requires in general the majority of the installed
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power and the acceleration of the vessel therefore determines the dynamic requirements of a naval vessel. The
impact of waves could also contribute to significant power changes, but this impact will be neglected within this
research. The propulsion load, and thus the dynamic acceleration of a vessel, is based on the power provided
by the prime movers. This means that not the vessel itself, nor the operational desires of the captain, are the
limiting factor for the dynamic power demand, but the prime movers determine the dynamic requirements of a
vessel. For naval vessels, there are in general two types of prime movers, which are a diesel engine and a gas
turbine. By investigating the rates at which power can be increased or decreased of the diesel engine and the
gas turbine, the current dynamic power behaviour of a naval vessel can be determined.

2.1.3.2 Diesel Engine

To investigate the dynamic power behaviour of a diesel engine, the four-stroke diesel engine MAN V28/33D
STC (sequential turbocharging) was chosen as this is a common diesel engine for naval purposes (the ASWF will
implement these engine types [25]) and MAN provides the required data for most of their diesel engines [30]. The
MAN V28/33D STC is a marine engine designed to provide propulsion for ship types like frigates, amphibious
and logistic ships. The name of the engine is related to its technical properties as it has a 28 cm cylinder bore
and a 33 cm piston stroke. It can contain 12, 16 or 20 cylinders which can produce a maximum of 500 kW
per cylinder, therefore ranging between the 6 and 10 MW, at a maximum operating speed of 1000 rpm. The
dynamic power behaviour of the diesel engine can be determined by looking at the ramp limits given by the
manufacturer. In Figure [4] specific acceleration times for several operations can be seen. Several manoeuvre
types can be seen which cover full ahead, stop and full astern. The black lines are normal manoeuvre acceleration
times and the blue lines are emergency manoeuvre acceleration times. Although it can be argued that the blue
lines are feasible for the engine, it is not specifically stated how many cycles the engine can endure before the
maintenance of the engine increases. Therefore, during operation the normal manoeuvre lines are maintained
and these will therefore indicate the dynamic limits that can be achieved with a diesel engine.
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Figure 4: The specific acceleration times for the MAN V28/33D STC diesel engine [31]

Figure [4] shows that for full astern, the accelerations are slower or equal compared to sailing full ahead. It is
assumed that for nuclear power, the power generation when sailing ahead or sailing astern will not differ, and
for this reason only the ahead manoeuvres will be investigated as these are the more challenging power changes.
The figure shows that when the stop to full ahead manoeuvre takes place, the engine load changes linear from
10% to 100% in 3 minutes, showing a 30%/min increase. In the case of the manoeuvre from full ahead to a
stop situation, the load changes from 100% to 0% in 1 minute indicating a 100%/min decrease.
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2.1.3.3 Gas Turbines

Another common prime mover for naval applications is the gas turbine. To investigate the dynamic power
behaviour of the gas turbine, the GE LM2500 was selected as this is a common gas turbine for naval purposes
(for example the current German F125 frigates [32] and the Arleigh Burke-Class Destroyers for the United
States Navy [33] apply the GE LM2500 GT). The LM2500 is a gas turbine that is used for ship types like patrol
boats, corvettes, frigates, destroyers, cruisers, cargo ships, and aircraft carriers [34] and is therefore applicable
for the research case. Specific data about the dynamic power behaviour of the LM2500 for naval applications is
not publicly available and could not be used as a dynamic power reference. It was therefore assumed that the
dynamic power behaviour of the naval type LM2500 is similar to the dynamic power behaviour of the industry
type LM2500, which provides more publicly available data. It is stated that for all the LM2500 models the
ramp rate is 30 MW/min [35]. The lowest rated LM2500 model has the highest ramp rate and has in this
configuration a net output of 33.5 MW. The available data makes no distinction between increase and decrease
ramp rates, and these are therefore assumed to be equal. The ramp rate of the gas turbine that will be used
for comparison is therefore equal to 30 MW /min for a 33.5 MW rated gas turbine, which is equal to 90%/min.

2.1.4 Conclusion vessel considerations

Historically, mechanical propulsion has been used as propulsion type for nuclear vessels. However, new designs
have favoured the use of electrical propulsion as this improves flexibility, reduces the needed volume of the shaft
and adds the possibility of batteries for load following conditions. It was therefore decided to implement a full
electrical propulsion system for the nuclear power plant.

Multiple projects about the replacement of vessels for the Royal Netherlands Navy were investigated. Of
all these projects, only the Future Air Defender (FUAD) and Amphibious Transport Ship (ATS) were deemed
feasible for nuclear propulsion. After investigating the power profiles of the FUAD and the ATS, it seems that
the most amount of energy is not needed at full power. For the FUAD the most amount of energy (500 MWh)
is used at 18 knots and 8 MW of power. For the ATS, the most amount of energy (1500 MWh) is used at 0
knots and 1.1 MW. Compared to the max power needs of these vessels, 28 MW for the FUAD and 21 MW for
the ATS, this means that the most amount of energy is used at low part load. It is therefore crucial, for efficient
power consumption, that the efficiency at part load is considered during the design of the nuclear power plant.

To investigate the dynamic behaviour of these ships, it was determined that the prime movers are dynamically
the limiting factor for a naval vessel. The diesel engine and gas turbine were selected for further investigation
as these are two common naval vessel prime movers. The MAN V28/33D STC, a common naval diesel engine,
and the GE LM2500, a common naval gas turbine, were selected for determining the dynamic requirements.
Looking at the characteristics of this diesel engine, a power increase of 30%/min could be realized between
10—100% of full power and a power decrease can be realized of 100%/min from full power to full stop. The
gas turbine achieves faster overall dynamic power behaviour compared to the diesel engine, as it can reach a
ramp rate of 90%/min. However, no distinction was made between increase and decrease ramp rates and these
are therefore assumed equal. This results in the ramp rate of the diesel engine being slightly faster when a
power decrease is desired. Overall, the dynamic behaviour of these two prime movers will be compared with the
dynamic power behaviour of the nuclear power plant to determine if nuclear energy could fulfill, or come close
to, the current dynamic requirements for naval vessels.
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2.2  Nuclear energy

This section will give a short introduction towards the use of nuclear energy, and general concepts of reactor
analysis. At first the process of radioactive decay will be explained. Neutron interactions, focusing specifically
on fission, will be discussed next. Finally, the concept of reactivity and its importance for dynamic reactor
control will be explained.

2.2.1 Radioactive decay

The stability of nuclides present in the universe differs. Unstable nuclides can undergo a spontaneous transfor-
mation into a different nuclide while emitting energetic particles, which is called radioactive decay [36]. Reasons
for this occurrence could be an imbalance between the amount of neutrons and protons within the nuclide, or
an energy imbalance that creates the need for the nucleus to emit the excess energy in order to obtain greater
stability [37]. The decay process leads to another nuclide, but if this nuclide is still unstable, this nuclide can
further decay until a stable nuclide is reached, resulting in a so-called decay chain. There are different types of
decay of which a decay (emitting a helium nucleus), 8 decay (emitting an electron or positron) and ~ decay
(emitting a photon) are the most common [36]. All natural decay reactions result in a net positive output of
energy. This creation of energy in any nuclear reaction follows Einstein's postulate of mass-energy equivalence,
stated in Equation [1] [38]. From this postulate, and the knowledge of the decay reactions producing energy, a
result is that the mass of the products in a nuclear reaction is lower than the mass of the reactants, as the mass
is converted into energy.

E = mc? (1)
2.2.2 Neutron interactions
In contrary to protons and electrons, which are
pOSitiVely and negative|y Charged, a neutron has Elastic Scattering . Inelastic Scattering | Radiative Capture

no charge or is, as the name suggests, neutral. )
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clear reactions, for which an ovgrvi}:aw can be o @é ¢ .@:O@ 3—@:&@
seen in Figure These interactions can be * 17, )
categorized in two groups, which are scattering @

and absorption. In practice, not all neutron in- | Charged-Particle Reactions | Neutron-Producing Reactions | Fission
teractions will take place as frequent as others. ""'“"‘""""“‘d"e":_.‘]i | ['"'1""'“'3""'"'w‘“;' . ~am 0 _»
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be made between the microscopic cross-section

o [cm?], the probability of neutron interaction

with only a single nucleus, and the macroscopic Figure 5: Types of neutron interactions [39]
cross-section ¥ [cm~1], the probability of neu-

tron interaction with a chunk of material, which are related to each other by the atomic number density of the
material N [#/cm?] [36]. These cross-section can be applied for every type of neutron interaction, and so the
total cross-section ¥; can be determined as the cross-section of neutron absorption 3, and scattering 35 added
together, presented in Equation [2] The cross-sections of absorption and scattering can be further divided into
more specific neutron interactions to give details over a specific type of neutron interaction.
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2.2.2.1 Fission

All these neutron interactions play a role in using nuclear energy, but their significance is different. The energy
released in a nuclear reactor comes from neutron interactions resulting in fission, and therefore more attention
will be given to this specific neutron interaction. Nuclear energy can be created from the principle of fission
and fusion. Where the principle of fission accounts for the splitting of atoms to create energy, fusion applies
the concept of combining atoms into a single atom to create energy. Currently, all commercial operated nuclear
power reactors rely on the principle of fission, so for this reason fusion will be ignored. Nuclear reactors are
devices in which controlled nuclear fission chain reactions can be maintained. Here, a fission reaction occurs
where neutrons are used to induce splitting of heavy nuclei into smaller nuclei, releasing energy and several
additional neutrons. These neutrons can then be used in multiple further fission reactions [36]. An overview of
a fission process can be seen in Figure [f]

The total amount of energy per fission is around 200 MeV,

but the energy released during a fission reaction is dis- neutron
tributed among several reaction products, of which not all © -

. e fission product
can be used as useful energy. The most significant part / Q
of the energy (80%) is kinetic energy of fission fragments, _—
which are most present at the location where fission oc-  neutron g —> ¢ ———————— @ neutron
curs. However, some energy appears as kinetic energy ~—
of neutrons (3%) and gammas (4%). These have rela- target \ & .
. . . . . nucleus fission product
tively long distant ranges and will result in energy being
distributed over the full core of the reactor, including the Vneutmn
shielding. All these energy sources are instantaneous, but
some fission energy (4%) appears in the form of heat gen- Figure 6: Nuclear fission reaction [40]

erated by the decay of radioactive fission products. Even

after shutdown, but also during operation, heat will be produced caused by the decay of fission products into
other products. This amount can be significant, as it is around 4% of the heat generated during operation. It
is therefore important that even after shutdown the reactor is cooled to prevent a temperature increase. The
final two sources of energy distribution are the neutrinos (5%) and other non fission reactions due to neutron
capture (4%). Due to the distribution of the energy produced by fission over multiple reaction products, not
all energy by fission can be used effectively. The effective heat per fission depends on the isotopes used in the
fuel, and can therefore differ based on the core composition used in a specific reactor. [30]

2.2.2.2 Nuclear fuel materials

It is not possible for all types of materials to undergo fission. A distinction can be made between fissile and
fertile materials, where fissile materials contains isotopes like 233U, 23°U, 23%Pu and 24'Pu [36] [41]. These
fissile materials can undergo fission by capturing neutrons in a thermal spectrum [41]. Of the fissile isotopes
only 235U is found in nature. Natural uranium is however composed primarily of 233U, only containing 0.711%
23577 [36]. Multiple reactors need higher enriched uranium (higher percentage of 23°U) of around 3-5% to
operate efficiently, so enriching is applied. Besides enriching, another process to achieve fissile materials is
breeding, in which neutron capture is applied to isotopes that can produce fissile materials. The isotopes that
can undergo neutron capture to produce fissile materials are called fertile isotopes, of which 2*2Th and 238U
are of interest due to the abundant supply throughout the world. These fertile isotopes will respectively convert
into fissile 233U and 239Pu [36]. In the case of fast reactors other isotopes can be used as fuel which are: 232Th,
23817 240py; and 242Py, but these are not called fissile but fissionable isotopes [36].
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Uranium fuel containing around 3-5% of 2*U is called low enriched uranium (LEU). Due to proliferation
risks, it is required for nuclear reactors to operate with LEU up to a 20% enrichment as anything above 20%
can be used for building nuclear weapons and is determined as highly enriched uranium (HEU) [42]. Although
civilian reactors are not allowed to use HEU, an exception can be made for defence purposes. Some naval
reactors use HEU up to 97 percent of 23°U as this provides enough reactivity to override xenon poison dead
time. It also ensures reactor compactness, a higher fuel burnup and the possibility for a single fuel loading for
the operational time of the ship [43]. However, this research will focus solely on reactors using LEU. As the
maritime sector aims to develop a standardized nuclear reactor, it would be wise to prioritize a reactor design
that is permissible for both civilian and naval applications.

Reactors run on materials like uranium, plutonium and thorium. Of these materials, only plutonium is not
a naturally occurring element, as it is created as a by-product during nuclear operations. Uranium is nowadays
used mostly a fuel material, but there is significant interest in the development of thorium as fuel. Thorium is
abundantly available on earth, it reduces the total amount of radioactive waste, lowers the amount of long-lived
waste products (as the formation of plutonium is less likely during this process) and increases proliferation
resistance [15]. However, a downside of thorium is that it is not fissile and therefore a nuclear reaction will not
spontaneously happen. A solution for this problem is to start the reactor with another fissile material, such as
23577 or 239Py.

2.2.2.3 Fission products

After the occurrence of a fission reaction in general two fis-

sion products occur. The specific fission products are not 101
constantly the same two fragments as a hundred different fis-
sion products can occur. The products can have mass num- 100 ¢

bers ranging from 70 to 170, but these different mass num-
bers are not created equally. The probability that a fission
fragment is a specific nuclide with mass number A is deter-
mined by the fission chain yield presented in Figure [7| [44].
As can be seen, the four fuel isotopes %53U, 235U, 239Pu
and 23iPu have similar yield curves, whereas the yield curves ¥
of the plutonium isotopes are slightly shifted towards the 5 N -

e

CHAIN YIELD (%)
)
N

103 41

higher masses compared to the uranium isotopes curves. It 10t p T s

can be seen that it is far more likely to obtain mass num- s L ‘_'_Pu'w‘ ‘ ‘

bers of around 100 and 140 (occurring around 6.5% of all %70 50 20 100 110 120 130 140 150 160 A
fission re:actior)s)' than obtaining two fission products with a Figure 7: Fission chain yield of 233U, 233U,
symmetric splitting (both products with a mass number of 239D and 2Py [44] - -
around 118) which only occurs 0.01% of all fission reac- . a

tions.

Some attention should be given to some specific fission products, which are xenon (Xe) and samarium (Sm).
These products are of interest as they can affect reactor operation significantly due to their large absorption
cross-section. As a result, neutrons can be absorbed by the xenon and samarium, lowering the amount of neu-
trons available for fission, which is called fission product poisoning [36]. In the worst case, too much Xe and/or
Sm is present in a reactor, resulting in a reactor where the amount of neutrons is too low to result in enough
fission reactions, a so-called dead reactor. The reactors can stay dead for hours or days, depending on how much
Xe and/or Sm is present. As can be seen in Figure these products, with A = 135 and 149, are likely to occur,
but can also be the result of decay from other isotopes. Xenon can decay further into other isotopes with a
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smaller absorption cross-section, therefore lowering the amount of neutrons absorbed, but samarium is a stable
isotope and can only be removed by neutron capture. Although samarium has a smaller absorption cross-section
than xenon, and thus has a less impact on the absorption of neutrons, due to its stability it can build up to
significant concentrations, even after the shutdown of a reactor [36]. It must be noted that the concern for a
dead reactor is primarily an issue for thermal reactors [36] [45]. The absorption cross-section of fission products
rapidly decline for neutron energies above 1 V. As thermal reactors are operating with neutron energies below
1 eV they do not benefit from this decrease in absorption cross-section, while fast reactors operate with higher
neutron energies and therefore do benefit from this absorption cross-section reduction [36].

2.2.3 Nuclear reactor analysis

For nuclear reactor analysis it is important to track the amounts of neutrons generated and absorbed in the
reactor. These neutrons are responsible for the fission process and should therefore be sufficiently present in the
reactor. A way of analysing the neutrons in the reactor is by applying the multiplication factor k. This is defined
as the number of neutrons in one generation divided by the number of neutrons in the preceding generation [36].
If k is equal to 1 the amount of neutrons stays constant during operation and the reactor is called critical. In
the case k < 1 then the number of neutrons is decreasing and the reactor is subcritical. In the case of k > 1
the number of neutrons is increasing and the reactor is supercritical. There are multiple ways of determining
the multiplication factor k, for example the four- or six-factor formula [36], but a more convenient parameter for
dynamic reactor analysis is core reactivity p. Reactivity measures the deviation of the core multiplication factor
from unity and is typically measured in units of dollars or percent per delayed neutron fraction. It is defined
according to Equation 3] [36].

o(t) = % (3)

During operation of the reactor, the reactivity of the reactor will change due to external and internal phenomena.
External phenomena are mostly related to raising or lowering the control rods (although other control methods
are used in specific reactor designs, which will be explained in Section , but there are many internal phe-
nomena having an effect on the power of a reactor. Feedback phenomena like fuel or moderator temperature
changes have a short-term (timescale: < s) effect on the reactor, while Xe or Sm have a longer time effect
(timescale: hours to days) [46]. Feedback effects, due to for example fuel burnup, could also take multiple
weeks or years before having a significant effect on the reactor [36] [47]. To ensure criticality can be main-
tained, these feedback phenomena must be compensated, which could be for example achieved in short time by
raising the control rods or by refuelling the wasted fuel for long term feedback effects. However, these feedback
effects could also be beneficial in maintaining a safe and stable reactor. For example, if designed properly, a
temperature increase of a reactor will result in a negative reactivity, lowering the criticality and so the amount
of fission reactions occurring. As a result the temperature would lower, this way ensuring self-regulation of the
reactor and thus inherent safety [36].

There are multiple feedback phenomena that have an effect on the reactivity, but for short term reactivity
feedback the most important is the increase of fuel temperature. To assess this reactivity feedback a coefficient
of reactivity is determined as presented in Equation 4] [36]. Here, « is the reactivity coefficient and T is the tem-
perature resulting in a reactivity change. The fuel temperature coefficient of reactivity is principally determined
by the Doppler effect [36]. The Doppler effect reflects the change in neutron cross-section for the uranium fuel
material by Doppler broadening. Therefore, as the fuel temperature changes the amount of absorbed neutrons
changes, impacting the reactivity of the reactor [47].

_dp
ar = 57T (4)
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2.3 Nuclear Reactor Technologies
2.3.1 Introduction nuclear reactors

Nuclear reactors are used all over the world for energy production. In 2022 there were a total of 437 reactors
in operation in 32 countries. This resulted in a capacity of 394 GWe, producing around 10% of the world's
electricity [48] and around 25% of the world's clean electricity. In the Netherlands, nuclear energy is responsible
for only 3.3% of the energy generation, which comes from a single 485 MWe reactor operating at Borssele, but
there are projects ongoing to increase the number of reactors in the Netherlands [49] [50]. Although traditionally
the amount of nuclear energy has been provided by large nuclear power plants, there are developments ongoing
towards smaller nuclear reactors, the so-called small modular reactors (SMRs). These SMRs are also of interest
for maritime applications as they have a lower power capacity and are smaller in size compared to traditional
nuclear power plants. SMRs are defined as having a power capacity up to 300 MWe per unit, which is around a
third of the normal capacity of traditional nuclear power plants, but there are also even smaller reactors, so called
microreactors operating below the 10 MWe power level [51]. An overview and size comparison is presented in
Figure[8] At the time of writing over 80 designs and concepts for SMRs and microreactors are known, but only
four are in advanced stages of construction [52], showing the need for development and additional research.

LARGE, CONVENTIONAL REACTOR SMALL MODULAR REACTOR MICROREACTOR
700+ MW(e) Up to 300 MW(e) Up to ~10 MW(e)

Figure 8: Power and sizing difference between the classification of nuclear reactors [51]

2.3.2 Nuclear energy production

2.3.2.1 General overview nuclear power plant

A general overview of a nuclear reactor can be seen in Figure [9]
This overview is based on the layout of the pressurized water re- / =
actor as this is the most common reactor type in the world [49].

The nuclear fuel is present within the fuel rods positioned in the
center of the reactor. These rods are enclosed by a moderator
(in the case of a thermal reactor) which slows down the neutrons
from a fast to thermal energy spectrum. Control rods are imple-
mented for controlling the amount of fission reactions and thus the

Control rods

HX

Fuel rods

amount of heat produced in a reactor. The created heat must be =
removed from the reactor core by a cooling medium, which trans- e 4
fers the heat to a secondary circuit by a heat exchanger. Surround- Reactor pressure vessel

\ Moderator /| j

ing the reactor core is a reflector which scatters neutrons back to- K'ﬁ Coolant flow =
wards the core, ensuring less neutrons escape to the surroundings. Fi-
nally, the reactor core is surrounded by a shield to minimize radia-
tion reaching personnel, the environment and equipment near the re-
actor [53].

Figure 9: Simplified overview of a
nuclear reactor
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A general overview of a nuclear power plant can be seen in Figure In total, two loops are present, the
primary connected to the reactor, and the secondary to the turbomachinery and cooling installation. The heat
produced in the nuclear reactor is transferred by the primary loop to the heat exchanger, which in the case of
Figure [L0] will create steam in a steam generator. This steam will spin the turbine and the connected generator
will convert this mechanical energy into electrical energy. The steam will further be cooled by a condenser to
ensure liquid water enters the secondary loop again for further heating. The reason for the two loop construction
relates to the risk of radioactive material being transferred in the first loop and the second loops limits the
radioactive material being transferred through the turbine and condenser. Besides, the primary loop operates
under high pressure to ensure the conversion to steam is limited improving heat transfer properties. As the
primary loop can contain radioactive material, this has to be shielded from the outside and must be part of the
containment structure, which ensures that in any circumstance radioactive material cannot contact the outside
environment.

Electric
> p X Power Output
- e - electric
pressure [ *® turbine  generator
| A4

vessel

> .
v condenser cooling tower
v

control £y
rads & steam 4
generator

nonradioactive
water vapour

<<<<<

warm water

|
| | ——— ‘L‘\;‘]LH.'L | cool water

Figure 10: General overview of a pressurized water reactor installation ||

2.3.2.2 Nuclear fuel

There are different kinds of fuel types for nuclear reactors which can apply ura-
nium and/or plutonium as fuel material. By far the most widely used nuclear fuel f-vem e

type is uranium dioxide (UO3), with enriched ?35U. Only some heavy water and T rre
graphite moderated reactors can use natural uranium as fuel, therefore limiting
the need for enrichment. In addition, in some power reactors, the by-product -
239Py is mixed with enriched uranium in the form of a mixed oxide (MOX)
fuel [53]. In Figure[L1]a generic fuel element of a reactor can be seen. This ele-
ment consist of a zirconium-tin alloy tube and within this cladding tube the fuel
pellets are present. At the top of the fuel pellet an open volume is present (the
plenum) which prevents damage from over pressure due to gases released from
the fuel [55]. Another noteworthy fuel type is the tristructural-isotropic (TRISO)
layered particle [55]. This fuel has been specifically made for higher tempera-

plenum ~ 35 cm
fuel-stack hold-down spring

fuel-cladding gap

fuel
stack

~ 350 ci

3

cladding

fuel pellet

ture environments, which can be found in the very high temperature reactor — bottom end plug
) guide into bottom plate
(VHTR) [55] [56], and can be used for temperatures up to 1600°C [45]. This of thefuel assembly

TRISO fuel is a 1 mm diameter sphere containing a kernel of fuel surrounded by Figure 11: Generic fuel ele-
three layers of carbon and one layer of silicon carbide. Each layer has a specific  ment of a LWR
function, as can be seen in Figure[I2] As all these particles are self protected by
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several layers, there is less risk of a single point failure regarding damage to the fuel, enhancing the safety of
this fuel type [57]. Due to the small size of these particles, the fuel forms applying TRISO particles can differ
in geometry. For high-temperature gas-cooled reactors there are in general two options in core geometry, which
are a prismatic core and a pebble-bed core (see Appendixfor a concept design). Both use TRISO particles,
but the difference in geometry results in differences regarding size and type of operation [57].

Heat Fuel (UCQ, UO,)
escapes
Porous carbon buffer contains pressure
— Inner pyrolytic carbon for structure
Radiation
contained

Outer pyrolytic carbon outer shell

Figure 12: Structure of a TRISO particle

2.3.2.3 Moderator

In a thermal reactor the fast fission neutrons lose their kinetic energy
primarily through elastic scattering with the moderator. The moderator is  Table 2: The number of scatter-
a nucleus with a small mass number, as these are favourable for lowering ~ ings (n) needed to slow a neutron

the energy with each occurrence of elastic scattering [53]. The amount ~ down from 2 MeV to 0.025 eV
of times elastic scattering has to occur before the desired energy level is

reached is not constant and is dependent on the material of the moderator. ’ Material ‘ A ‘ n ‘
In Table[2|different types of materials can be seen and the required amount H 1 18.2
of elastic scatterings n before the energy level is lowered from 2 MeV to Hy0 1&16 | 19.8
0.025 eV [53], showing which types of materials are favourable for acting D 2 25.1
as a moderator. It can be seen that water and deuterium (D) need the D0 2&16 | 357
lowest amount of scattering before the desired energy level is reached. He 4 42.8
It is therefore that these two materials are used worldwide in light water Be 9 88.1
reactors (water) and heavy water reactors (deuterium). However, a liquid %8 12 115
moderator is not always applied and therefore other moderators like solid u 238 2172

graphite (carbon) are used in many gas type reactor. Also Beryllium
(oxide) has been proposed as moderator [53].

2.3.2.4 Reflector

Most nuclear reactors have a reflector which surrounds the core, but a reflector could also be present in the
center of the core. The reflector is made of a material that has a high neutron scattering property (and preferably
also a low neutron absorption property). Common reflector materials are graphite, beryllium, water, and natural
uranium [59]. Due to this high scattering property, the reflector reflects some neutrons back into the core,
which would otherwise have leaked from the reactor. This effect improves the neutron economy in the reactor
and reduces the amount of fuel needed to achieve criticality [53]. A reflector is also applied to increase the
thermal neutron flux density near the edges of the core. As a result, the power at the edge increases, thereby
decreasing the difference between the peak and average power density in the core. This ensures a more uniform
power profile across the core which is beneficial for power generation and heat transfer [53].
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2.3.2.5 Control rods

The control rods present in the reactor are for, as the name

suggests, controlling the rate of fission in the nuclear reactor. A

general layout of these rods can be seen in Figure[13] By rais- mm

ing or lowering these rods, the criticality of the reactor changes. %

The rods are made of materials like boron or hafnium, which are steel prossure vessel
materials that have a large absorption cross-section. This way

Control rods

the control rods can absorb neutrons, preventing the neutrons
from causing fission [61]. A distinction is made between regulat-
ing rods, which are responsible for changing reactor power, and /‘
safety rods, which are only present for reactor shutdowns and - o

other emergencies . During reactor operation the composi-
tion of the fuel changes due to the burn up of fissile material.
This results in more negative reactivity and to compensate this u

Fuel rods

(as it is desired to maintain criticality) another negative reactiv- — 7
ity must be removed. One way of realizing this is by withdrawing
the control rods, but other control methods are also applied. Figure 13: Rods in a reactor

2.3.2.6 Reactor vessel

Surrounding the nuclear reactor is the reactor vessel, which is called a reactor pressure vessel (RPV) if it works
under high pressure. An example of a RPV is presented in Figure[14] indicating that the RPV contains everything
belonging to the reactor core. The RPV is designed to protect the reactor from outside influences and is an
additional safety barrier from keeping radioactive material away from the outside environment. The RPV also
guides the coolant through the core of the reactor to ensure heat transfer occurs. Besides, the RPV includes
the mechanism for raising or lowering the control rods and allows for instrumentation to be added directly in
the core to monitor the operating conditions. [53]

I Nozzle

Reactor Closure Head

Feedwater Nozzle

Reactor Vessel Support
Structure

Figure 14: Outside and inside of the reactor pressure vessel of the South Korean SMART SMR
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2.3.2.7 Shielding

Personnel operating with nuclear reactors, and the environment

of the nuclear power plant, must be protected against radia-

tion from the nuclear reactions. To ensure radiation is partially a @&p

stopped before entering the human body, shielding is applied. p o——nu —» i

This shielding is based on the type of radiations, of which an g
. - L ; Y \N\N\N\NV NS Yy

overview can be seen in Figure[I5] In this figure it can be seen N oo :

that «- and S-particles cannot easily penetrate materials, and

for this reason during shielding calculations only y-rays and neu-

trons are considered as they have strong penetration capabilities.

For shielding radiation, the material type has a significant im- Figure 15: Types of radiation and the impact

pact on the protection of radiation. In general, it is not possible  of shielding with different materials

to select a single material that can protect against ~y-rays and

neutrons due to the reason that materials with high amounts of protons perform better in minimizing ~-ray

radiation, while the materials with a low amount of protons are more efficient for blocking neurons. In addition,

the shielding should be capable to protect against fast and thermal neutrons, containing different energy levels.

As a result, a mixture with both heavy and light nuclei is necessary for efficient shielding to make sure personnel

is protected against both ~-rays and neutrons with a broad energy spectrum. [64]

[~

Paper/Skin Aluminum Lead Concrete

2.4 Reactor types
2.4.1 Overview reactor types

There are different nuclear reactor designs used worldwide for energy production. A distinction can be made
between their generation type, gen. | until gen. IV, of which an overview is presented in Figure The first
ever build reactors are gen. | reactors, but these are not commonly used anymore and are mostly replaced by
the generation Il, Il and 1114 reactor types. These generations all have similar reactor concept designs, but later
generations have added more passive safe and redundant systems, while also improving plant economics. The
last type of nuclear reactors, generation IV, contains new concept designs, mainly created to improve efficiency,
safety and economics while minimizing waste production and the proliferation risk . These reactors are
currently in their design and testing phase and are expected to be operational in the coming decade.

Generation |
[ — Generation I
Early Prototype [ . | Generation Ill Near-Term
Reactors Comgz;‘::?;rzower I:_ Deployment
Adl_"vil,'l"??d Generation IV

Generation I+
Evolutionary

Designs Offering —Highly
Improved Economical
; Economics —Enhanced
_— Safet
~Shippingport —Minir:al
—Dresden, Fermi | | _ABWR Waste
—Magnox ~LWR-PWR, BWR —System 80+ —;rol_iferation
_CANDU -APGOO esistant
~VVER/RBMK -EPR
| Gen Il [ Genil+ | Geniv
1950 1960 1970 1980 1990 2000 2010 2020 2030

Figure 16: Different generations of nuclear reactors

MSc. Thesis T.H. Wien 18



Nuclear Propulsion for Naval Vessels

2.4.2 Selection method

To investigate the potential of implementing nuclear energy on ships, multiple reactor designs must be inves-
tigated. Gen. | reactors were prototype reactors and as they are not used anymore, this generation will not
be investigated. The further reactor generations will be considered for maritime implementation. Here, no
distinction will be made between gen. II, Il and Ill4 reactors, as they have similar concept designs. If such a
reactor was implemented on ships, a specific reactor design will have to be selected that has sufficient safety
features, and would therefore probably be a gen. Il or Ill4 reactor type.

For the gen. I, Il and Ill4+ reactors, only the pressurized water reactor (PWR) will be investigated, and
reactors like the boiling water (BWR) and heavy water (HWR) will be neglected. The assumption is made that
if almost every nuclear ship in history has used PWRs, and not the other technologies present at that time,
the PWR is not only the superior gen. II, Il and Ill+ reactor type for maritime application, but it is also the
reactor type with the most maritime experience, making it the favoured reactor type of these generations. A
pre-selection will also be made for the gen. IV reactors types. The delivery year of the FUAD and the ATS,
which were selected in Section [2.1.2.1] as projects of interest, is set around 2035. It is therefore not of interest
to investigate nuclear reactors that are expected to be unavailable at that time.

2.4.2.1 Technology readiness level reactors

The different reactor technologies of the gen. IV reactors
are all in different readiness phases and it is therefore im-
portant to look at their technology readiness level (TRL)
before comparing the technologies. The reactors that are sfR
part of the gen. IV reactors are the very high tempera- -
ture reactor (VHTR), the sodium-cooled fast reactor (SFR),
the supercritical water reactor (SCWR), the molten salt re-
actor (MSR), the lead-cooled fast reactor (LFR) and the .

gas cooled fast reactor (GFR) [66]. The gen. IV in- LFR I [

ternational forum [66] investigated the future outlook of R
these reactors in 2014. Although this research is slightly

outdated, this is the latest research investigating all the 2000 2005 2010 2015 2020 2025 2030
gen. IV reactors at the same time. Figure present @Viabiity  OPerformance

the timelines and belonging phases for each reactor type.
Here, a distinction is made between three phases namely Figure 17: Outlook gen. IV reactors

e The viability phase, when basic concepts are tested,
e The performance phase, when processes, phenomena and materials are verified and optimised,

e The demonstration phase, when detailed design is completed and licensing, construction and operation
of the system are carried out. Expected to take atleast 10 years.

At first the different TRLs must be determined, which has been done by applying the TRL scale of the "Rijksdient
voor Ondernemend Nederland" . Here they state four phases are present:

e Discovery phase: TRL 1, 2 and 3,

e Development phase: TRL 4, 5 and 6,

MSc. Thesis T.H. Wien 19



Nuclear Propulsion for Naval Vessels

e Demonstration phase: TRL 7 and 8,
e Deployment phase: TRL 9.

Based on the TRLs for each phase and the phases presented in Figure [17] at the moment of 2014, the TRLs
of the reactors were determined. However, some small changes will be made to update the TRLs based on
2014 data to current values. TRL results of both methods are presented in Table 3] The updated TRL
values are determined based on the following reasoning. Looking at the Advanced Reactors Information System
(ARIS) [68] most reactor designs part of the SCWR, GFR and MSR are still in the conceptual design phase. It
can therefore only be concluded that these reactor types are still in the development phase and for this reason
were given a TRL of 4-6. The TRLs for the SFR and LFR, based on the data of Figure [L7] seem appropriate
to current reactor developments and were therefore not changed. For both reactor types there are already
reactors under construction, or in operation, at large conventional reactor level (for example; LFR: BREST,
SFR: BN-series [69]). In addition, historically these reactor types been tried on maritime vessels, although
implementation was not successful [70] [71]. A final change will be made towards the TRL of the VHTR. The
TRL of the VHTR, based on Figure [17} is lower than expected looking at the current developments for the
VHTR. The predecessor of the VHTR (the High-Temperature Gas-cooled Reactor (HTGR)) has already been
successfully operated for land based applications. For example, the High Temperature Test Reactor (HTTR)
is currently in operation in Japan [72] and the HTR-PM is currently within the latest stages of construction
in China [68]. It could be that the TRL of the VHTR is lower due to the fact that a big distinction is made
between the developments of the HTGR and VHTR. It could be that the TRL of the VHTR is lower than
expected due to the fact that the aim for operating at temperatures above 1000°C is not realised. However, the
HTGR shows that the realisation of lower output temperatures is closer than stated in Figure[I7] In addition, it
seems that most reactor designs applying an HTGR or VHTR construction make no distinction between these
two categories (ARIS [68] defines them as gas cooled reactors). It was therefore decided to increase the TRL
of the VHTR to 7-8, as the influence of the HTGR is included within this reactor type.

Table 3: Technology readiness level for gen. IV reactors

] Reactor type \ TRL [56] \ TRL adjustment ‘

SFR 7-8 7-8
LFR 7-8 7-8
VHTR 6-7 7-8
SCWR 6-7 4-6
GFR 5-6 4-6
MSR 3-4 4-6

Based on the TRLs of different gen. IV reactors, as presented in Table[3] it was decided that the SCWR, GFR
and MSR are not of interest due to their low TRL. Still, further research could consider these reactor types if
significant progress is made, as some of these reactor types are of interest for maritime implementation [15] [19].
This initial selection therefore determines that the following four reactor technologies will be investigated:

1. Pressurized Water Reactor (PWR) (gen. II, Il and Ill+),

2. Very High Temperature Reactor (VHTR) (gen. 1V),
3. Lead-cooled Fast Reactor (LFR) (gen. V),
4

. Sodium-cooled Fast Reactor (SFR) (gen. IV).
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2.4.2.2 Criteria assessment

To identify the most suitable reactor type for maritime implementation among the four selected options, an
investigation will examine the operational characteristics of each reactor. A criteria-based assessment will enable
a comparison across reactor types. These criteria are divided into four main categories: overall performance,
dynamic performance, safety and maritime feasibility. Each category includes several sub-criteria, which will be
explained before assessing each reactor type.

Overall performance

The overall performance of a reactor type is crucial, as it provides insights into which reactor might be most suit-
able for maritime implementation. This can also indicate which reactor type(s) companies may find worthwhile
for investment and further development. To evaluate this criterion, factors such as economics, efficiency, and
application versatility will be examined. Economics are essential, as economic feasibility has historically posed
significant challenges to (maritime) reactor implementation. High efficiency reduces waste for a given power
output and allows for lower reactor output to achieve the same electrical power. Finally, versatile applications
increase the reactor’s potential for various implementations. A multipurpose reactor type could leverage the
advantages of collaboration across multiple companies and sectors, thereby accelerating its development.

Dynamic performance

To achieve the power transients required in naval applications, a reactor optimized for dynamic performance
could be advantageous. To assess this dynamic capability, the load-following range and ramp rate will be
examined alongside susceptibility to reactor poisoning. The load-following range indicates the power levels at
which the reactor can operate relative to its full power, while the ramp rate shows how quickly the reactor
can transition between these levels. Susceptibility to reactor poisoning reflects how potential poisoning might
impact reactor operation. If the reactor is highly susceptible, negative reactivity could limit the occurrence of
enough fission reactions, potentially leading to reactor shutdown. As explained in Section [2.2.2.3] this is mostly
an issue for thermal reactors.

Safety

Safety is another critical criterion, as the reactor must ensure the safety of both crew and environment, not
only during normal operation, but also in accident scenarios and during maintenance. To evaluate this criterion,
neutron spectrum, pressure and temperature levels, and design aspects will be assessed. Here, a fast neutron
spectrum is considered less safe due to the increased complexity of reactor control. Additionally, elevated pres-
sure or temperature levels decrease reactor safety, as it must rely on robust containment and high-temperature
materials that could fail. Finally, design aspects like passive systems that enhance safety in emergencies and
the use of dangerous materials will also be investigated. While no single sub-criterion alone deems a reactor
type unsafe, excessive levels across multiple criteria will determine a reactor unsuitable for implementation.

Maritime feasibility

The final criterion for reactor selection is maritime feasibility. Since most nuclear reactors are designed for
land-based applications, successful implementation to a maritime environment is not guaranteed. For a mar-
itime reactor, minimizing weight and volume is essential, as available space on ships is limited, and excessive
weight can lead to reduced speed and manoeuvrability, as more power is required to maintain performance.
As only information is available about the sizing and weight of reactor pressure vessels, a comparison will be
made between these different RPVs related to their power output. Additionally, the reactor type must offer
a sufficient amount of SMR designs within the appropriate power range. Based on selected ship types, SMR
designs below 50 MWe were deemed acceptable. Even if a reactor performs well in other criteria, it cannot be
considered suitable for near-term maritime implementation if it only operates effectively at large power outputs.
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2.4.3 Reactor investigation

2.4.3.1 Pressurized Water Reactor
At the end of the year 2022, just over 70% of all op-

erable reactors (307 out of the 437 worldwide reactors)
were pressurized water reactors (PWR) [49]. Besides, ,
historically almost all nuclear driven ships have imple- l

mented a PWR as reactor type [14]. This not only .o
shows the importance of this technology for the current o
nuclear sector, but also indicates a lot of experience ke
has been made operating this type of reactor (at sea).

PWRs operate within a thermal spectrum and apply

UO, as fuel material although sometimes a MOX fuel
structure is applied [68]. In Figurea general concept
of a PWR can be seen. Here, heat is transferred to
a steam generator by pressurized water. A pressurizer,
present within the primary circuit, controls the system
pressure to ensure enough water stays liquid. The steam
produced in the second loop will be directed to the tur-
bine generators to produce electricity. It is then cooled Deminoralizer Raacor
in the condenser and continues as inlet water for the Pumps
secondary loop [73]. PWRs currently in operation pro-

duce a coolant outlet stream of 315-330°C and due to Figure 18: General concept of the PWR
these lower outlet temperatures, the efficiency of this

reactor is lower than gen. IV reactors, ranging between 25-35% for SMR designs [74].
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As the PWR contains multiple reactor designs for maritime purposes, the load following range and ramp rate
are improved compared to land-based reactors. In general for PWR SMRs a load following range of 20-100% is

applicable , but some specific maritime models could operate within the 10-100% range .
The most common ramp rate for a PWR is 6%/min [77], but specific maritime reactors could reach

10%/min [45].

As most PWRs use ordinary water, and as this is a non-toxic medium, it does not bring concerns about
worker exposure to hazardous materials and also simplifies maintenance operations. On the contrary, PWRs
operate under high pressures, and the reactor coolant pressure ranges conventionally between 15-16 MPa [68].
This could result in issues when leakage occurs or when damage is inflicted during combat situations. On the
other side, operational safety tests and decades of successful operation across multiple different PWR installa-
tions, show that this technology is reliable and safe for operation.

In Appendix the sizing and weight values can be seen for specific PWR reactors. Based on the aver-
age value of PWR below 50 MWe, the following average sizing and weight values were selected: 12.5 m3/MWe
and 5.4 tonne/MWe. In addition, it is shown that for maritime applications the relative sizing is lower than
land-based power plants, as this is 5.7 m3/MWe.

There are multiple PWRs created in the SMR size range. In total 29 SMRs are currently designed apply-
ing PWR technology, of which 8 are specifically designed for maritime purposes. Of these reactors 8 designs
range within the desired power ranges of the selected vessels [45].
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2.4.3.2 Very High Temperature Reactor

The very high temperature reactor (VHTR), part
of the gen. IV reactors, is the next step in the
development of high-temperature gas-cooled reac-
tors (HTGR). The VHTR is a graphite-moderated
reactor operating on the thermal neutron spec-
trum focused on maximizing safety and ther-
mal efficiency, the latter by having a high out-
let temperature. This high temperature ensures
it can operate a hydrogen production plant, visi-
ble in Figure [19] and that it can be used to gen-
erate electricity at high efficiencies [56]. It
is therefore deemed a reactor type that contains
significant economic improvements compared to
PWRs [78]. In addition, the high outlet temper-
ature and hydrogen production possibility could Figure 19: General concept of the VHTR
also be of interest for the decarbonization of the

industry sector, a sector deemed hard to decarbonize due to the required heat at high temperatures.

The VHTR has two typical reactor configurations, namely: the pebble bed and the prismatic block (see Ap-
pendix for a concept design) [56]. There is a difference between these two configurations regarding the
shape of the fuel geometry, but the technical basis is for both configurations the same. It has a graphite core
structure and low power density [56]. The heat created in the core is transferred by helium to the secondary
cycle. Here, another working medium drives a turbine for generating electricity or produces hydrogen.

The fuel used in the VHTR is the earlier mentioned TRISO fuel, also for SMR designs [45]. Within this
TRISO particles most of the time UO,, is used, but there are also designs applying MOX and UCO [68]. The
TRISO fuel is especially designed to function in the high operating temperatures of the VHTR as it can with-
stand temperatures up to 1600°C [45]. Regarding the fuel cycle is the VHTR able to support alternative fuel
cycles such as U-Pu, Pu, MOX and U-Th even regarding SMR designs .

The VHTR can supply heat over a range of core outlet temperatures between 700°C and 850°C ,
but future designs could even produce outlet temperatures of more than 1000°C [56]. This high outlet temper-
ature also results in higher efficiencies compared to PWRs. Efficiencies are stated between 40-50 % for large
power SMRs [74], but for smaller power SMRs the efficiency lowers to 33-45% [45]. The operating pressure
of specific reactor designs differ between the 4-9 MPa.

There is limited information available about the load following capabilities of a VHTR. Only a few specific
designs present the load following range; the XE-100 and the PBMR are between 40-100%, whereas the SC-
HTGR can achieve a range of 20-100% [76]. It is therefore assumed that in general the VHTR can achieve
a 30-100% load following range. The ramp rate also differs between these designs, as the XE-100 achieves
3%/min and the SC-HTGR and GTHTR300C achieve 5%/min. However, the Holosquad (Holosgen)
achieves a significantly faster ramp rate, equal to 10%/min. It is therefore assumed the general ramp rate of
the VHTR is the average of these four, which is 6% /min.

The VHTR is an inherent and passively safe reactors, because it has a low power density coupled with the
high heat capacity of graphite. In some cases a reactor cavity cooling system (RCCS) is applied, which is capa-
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ble to avoid core melting due to overheating as the RCCS is capable of passively removing heat from the RPV
with radiation and (natural) convection techniques [79]. However, the high temperature of the VHTR could
result in material issues, which has been the reason several alloys are created for high temperature environments.
Noteworthy is that most materials contain a high chromium weight fraction for oxidation resistance. At elevated
temperatures, these materials are able to form a chromium rich oxide on their surface, which protects around
corrosion [80]. The radiation dose for the workers operating a VHTR is very low due to the inert coolant helium
and corrosion issues are limited. Furthermore, operational safety tests on existing smaller versions of HTGRs,
have been performed successfully making it feasible for operation [81].

In Appendix[A3]the sizing and weight values can be seen for specific VHTR reactors. Based on the average value
of these reactors the following sizing and weight values were selected: 37.8 m3/MWe and 16.3 tonne/MWe for
VHTR SMRs having a power output lower than 50 MWe. This is significantly higher than conventional PWRs,
which is expected as the VHTR has a lower power density for enhanced safety features. It should be noted
that these values are based on only 4 specific reactor models and actual values could therefore differ significantly.

There are multiple HTGR/VHTR created in the SMR size range. In total 20 reactors are designed applying
HTGR/VHTR technology, of which 5 are so called microreactors. Of this reactor 11 designs seem appropriate
for the desired power range. [45]

2.4.3.3 Lead-cooled Fast Reactor

The Lead-cooled fast reactor (LFR) is a member
of the gen. IV nuclear reactors and an overview
is presented in Figure [20] It is a fast neutron re-
actor applying molten lead or lead-bismuth as a
coolant medium. This way it can achieve high
outlet temperatures, resulting in that the LFR
can be used for efficient electricity production but
also for industrial heating processes. In addition,
the LFR can also be used as a breeding reactor
for converting fertile materials into fissile mate-
rials [56]. The LFR was top-ranked among the
other gen. |V reactors regarding sustainability, due
to its closed cycle, and proliferation risk, due to
employing a long life core [82]. Applying lead as
coolant, the reactors can operate on low-pressures
of 1 bar [68] while still ensuring very good ther-
modynamic properties. In a pool or loop config-
uration, the liquid lead flows through the reactor Rt

core, transporting the thermal energy produced by Figure 20: General concept of the LFR [56]
fission reactions to a heat exchanger. A secondary

loop drives a turbine for electricity generation. [56]

LFRs can apply a wide range of fuel types, applying conventional UO2, or MOX, but also fuel types like
UN (uranium nitride) or PuN (plutonium nitride) [68]. The coolant outlet temperature belonging to an LFR
ranges between the 480-540°C [45] [74], although a few specific reactor designs presented within ARIS [68]
indicate the range is wider, ranging between 390-650°C. This high outlet temperature results that designs above
100 MWe can achieve efficiencies of 35-47%, but SMR designs have an efficiency of 30-35% [45] [74].
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The LFR is deemed the reactor type with the best overall load following capabilities compared to other SMR
types [75], but the load following range of these reactors differ significantly between specific designs. The
W-LFR has a load following range between 65-125 % [68], while the LFR-AS-200 has a load following range of
20-100% [68]. Ismael et al. [75] even state a range of 0-100% can be achieved. They also state a ramp rate of
10% min can be achieved [75], which corresponds with the ramp rate of the W-LFR [68] [45].

An important feature of the LFR is the enhanced safety that results from the choice of molten lead as a
chemically inert and low-pressure coolant [56]. Still, lead is a toxic coolant, so protections are needed for
workers when dealing with spills, especially during maintenance [81]. In addition, lead has a high melting point
(330°C) so freeze prevention will be a necessary part of the design [81]. During maintenance of the reactor
this high melting point should be still realised, which resulted in issues for the Russian Alfa-class submarine.
Coolant activation could also result in the production of radioactive toxic polonium-210 [81].

In Appendix the sizing and weight values can be seen for specific LFR reactors. Based on the average
value of these reactors the following sizing and weight values were selected: 8.56 m3/MWe and 5.58 ton-
ne/MWe for LFR SMRs having a power output lower than 50 MWe. It should be noted that these values are
based on only two specific reactor models and actual values could therefore differ significantly. There are several
LFRs created in the SMR size range. In total 8 SMRs are designed applying LFR technology, but only three are
in the operating range for the selected vessels [68] [74].

2.4.3.4 Sodium-cooled Fast Reactor

A sodium-cooled fast reactor (SFR) is a fast reactor
type part of the gen. IV reactors. Multiple SFRs
have been operated successfully, especially by Rus-
sia, and this technology has also been applied on a
submarine, although not successfully, by the USA.
Prior SFRs have been shown to be operable, but
the capacity factors were very low due to operation
issues [81]. SFRs have been seen as a promising
technology regarding actinide management, reusing
spent reactor fuel and utilizing the U-238 resources
at earth [82] [83], but only if overall economics are
improved [82] which are deemed significantly worse
than PWR SMRs [78]. The SFR operates on the
principle of using liquid sodium as a coolant within
a closed-loop design. In this system, liquid sodium Figure 21: General concept of the SFR [56]
circulates through a primary reactor pool, which can

be seen in Figure 21} The sodium absorbs the heat of the reactor and transfers this through a heat exchanger
to another working medium, which eventually drives a turbine for electricity generation [56] [31].

Cold plenum

Hot plenum

SFRs can apply MOX as fuel type, but also apply a U-zr (uranium-zirconium) fuel type [68]. It is possible
for fast neutrons in the reactor to efficiently breed fissile material from fertile material, this way contributing to
a sustainable and efficient nuclear energy system [56] [81].

Operating on sodium, it ensures the SFR can have a high power density while operating at low pressures between
1-6 bar [56]. The outlet temperature of the reactor ranges between the 475°C and 550°C [68] [45] [56]. This
higher outlet temperature, compared to PWRs, results in higher efficiencies of 30-35% for SMR designs [45].
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There is limited information available about the load following capabilities of a SFR. It is stated that the
4S SMR can achieve a 0-100% load following range [68], but the load following range of the BN-800 (2100
MWth) is given as 17-100% [82]. Ismael et al. [75] state that SFRs can operate with a load following range of
20-100% and it is therefore assumed the general load following range is 15-100%. Ismael et al. [75] state the
ramp rate of an SFR is equal to 1-2%/min and as no other information was available this ramp rate was selected.

While no oxygen is present in the reactor’s environment, this way preventing corrosion, sodium reacts chemically
with air and water resulting in dangerous sodium water reactions (SWR). It therefore requires a sealed coolant
system for additional protection [56] [83]. In addition, sodium also reacts with CO5 if the reaction temperature
is around 600°C resulting in an auto ignition reaction. Although this reaction is less intense than reactions
with water or air, it still lowers the safety of adding a potential supercritical carbon dioxide power conversion
cycle [83]. Engineering solutions have adequately addressed both of these concerns at conventional SFRs around
the world [81] by for example applying a nitrogen or helium gas Brayton cycles as power conversion method [83],
but concerns arise when operating this technology in a maritime environment.

In Appendix the sizing and weight values can be seen for specific SFR reactors. Based on the average
value of these reactors the following sizing and weight values were selected for SFR SMRs below 50 MWe:
92.6 m3/MWe and 8.6 tonne/MWe. It should be noted that these values are of one specific reactor model and
actual values could therefore differ significantly. This limited information is the result of the existence of only
4 sodium type SMRs of which 3 designs are of interest of the selected naval vessels [45] [74].

2.4.3.5 Overview nuclear reactor types

Reactor type \ PWR \ VHTR \ LFR \ SFR ‘
Overall performance +/— ++ = =
Economics* + ++ +/- ——
Efficiency at SMR size [%] 25-35 33-45 30-35 30-35
Application versatility — ++ ++ +
Dynamic performance +/— +/— ++ +
Load following range [% of FP] 20-100 30-100 20-100 | 15-100*
Load response rate [%/min] 6 6 10 2%
Susceptibility to reactor poisoning [-] High High Low Low
Safety 4 I = =
Neutron spectrum [-] Thermal | Thermal Fast Fast
Primary circuit pressure [MPa] 15-16 4-9 0.1 0.1-0.6
Primary circuit temperature [°C] 315-330 | 700-850 | 480-540 | 475-550
Design aspects [-] +/— + - ——
Maritime feasibility ++ + +/— ——
Weight for SMR < 50 MWe [tonne/MWe] 5.4 16.3* 5.58* 8.6*
Sizing for SMR < 50 MWe [m3/MWe] 12.5 37.8* 8.56* 92.6*
SMRs designs [-] 29 20 8 4
SMRs within desired power range [-] 8 11 3 3
Ranking \ 2 1 3 4
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In this analysis four reactor types were investigated: the pressurized water reactor (PWR), very high temperature
reactor (VHTR), lead-cooled fast reactor (LFR) and sodium-cooled fast reactor (SFR). Each of these reactors
have potential for maritime purposes, but only one will be selected. In Table [4] an overview is given of the
investigated criteria and the results for the respective reactor type.

For the two fast reactors, the LFR and the SFR, both have been tried for implementation on naval vessels,
but in both cases this was not successful. Looking at Table [4] it seems that reactor dynamics are better than
conventional PWRs, as the load following range is wider or similar, load response rates are higher for the LFR
and fast reactors are less susceptible to poisoning. In addition, the higher efficiency and potential for multiple
application purposes, compared to PWRs, indicate their interest. However, the safety of these reactors is lower
as the LFR uses molten lead, which is toxic and brings additional maintenance and operational issues. The SFR
uses sodium, which could create a fire when it reacts with air or water. In addition, compared to the PWR
and the VHTR, limited information is available about these reactors, economics are (likely) worse and there are
fewer SMRs in development at the moment, resulting in the conclusion that both fast reactors are not ready
for maritime implementation. Both fast reactor were therefore deemed as not optimal for maritime environments.

Looking at the PWR, this is the most used reactor type for conventional and maritime reactors, resulting
in a lot of real-world operational experience. Not only would this improve the implementation and design phase,
but it also means operational safety standards can be met with an acceptable amount of risk. On the other
hand has the VHTR not been implemented for maritime purposes, but its safety is theoretically better due to a
lower pressure environment, helium as inert cooling medium and the potential of a passive cooling system. The
economics and efficiency are also better for the VHTR, which is partly the result of its higher outlet tempera-
ture. In contrary, the dynamic power behaviour for the PWR is slightly better than the VHTR. This difference
is negligible when realizing that maritime PWRs give special focus on dynamic power behaviour, and a maritime
design of a VHTR could improve these values. Regarding sizing and weight is the PWR the most optimal for
implementation for maritime applications, but here again an aim for implementing gen. IV technologies on
vessels could lower their relative sizing and weight.

In summary, the PWR and VHTR reactors are closely matched in operational capabilities, with valid argu-
ments supporting each option. However, as a gen. |V reactor, the VHTR is designed to offer improvements
in multiple areas, and ongoing advancements may address its current limitations compared to the PWR. By
focusing on maritime adaptations, designers could further enhance the VHTR's dynamic performance and op-
timize its size and weight to come closer to the performance of the PWR. Given that the VHTR either meets
or exceeds the PWR in most other criteria, it is the preferred choice for this research. This selection would not
only enhance operational capabilities, but also promote strategic autonomy. Furthermore, with its potential ap-
plications across various sectors, the VHTR offers promising opportunities for cross-sector collaboration, which
could accelerate its development and improve short time feasibility.

2.5 Power conversion units

The heat created by a nuclear reactor cannot be used directly for propulsion or auxiliary loads. To convert this
heat to electrical energy, power conversion steps must be applied for creating useful energy. Power conversion
can be performed using different types of thermodynamic cycles. At first two common conversion cycles, the
Rankine and Brayton cycle, will be investigated. Here, a comparison will be made between common different
mediums available for power conversion which are air, helium, nitrogen, steam and supercritical carbon dioxide.
Based on several criteria like sizing, efficiency and load following, a selection will be made which conversion
cycle is the best option for a maritime nuclear reactor.
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2.5.1 Rankine cycle
2.5.1.1 General cycle operation

The Rankine cycle is a thermodynamic cycle, which converts heat into mechanical energy. It is used worldwide
mostly as a steam cycle in coal, gas, geothermal, nuclear and solar thermal power plants [84]. To ensure heat is
converted into mechanical work, the Rankine cycle has four main steps; compression, heat addition, expansion,
and heat rejection. These steps can be seen in Figure 22]in which the T-s diagram is visible. In this figure the
4 main steps of an ideal Rankine cycle can be seen as [84]:

1. Isentropic compression (1-2), putting water under pressure by a pump without adding or removing heat.
2. Isobaric heat addition (2-3), converting water into steam by adding heat from an energy source.
3. Isentropic expansion (3-4), converting thermal energy in mechanical work by expanding steam in a turbine.

4. lsobaric condensation (4-1), converting the steam back into water by removing heat through a condenser.

Temperature, T

Entropy, S

Qout

Figure 22: T-s diagram and component overview of a Rankine cycle

Instead of steam is it also possible to use organic fluids for power conversion, which occurs in the so-called
Organic Rankine Cycle (ORC). The heat source of the cycle is in general the determining factor for the cycle
selection, as ORCs are suitable for low/medium temperature and small heat sources, while steam is the best
option for medium/high temperature and large heat sources [86]. The reason for this is the low critical tempera-
ture of commonly used organic fluids (T<300°C). In addition, the high temperature heat source will easily cause
decomposition of most regular organic fluids [86]. This leads to the conclusion that the ORC is not deemed
an attractive option for the high temperature conditions of a nuclear power conversion cycle, which operates at
higher temperatures above 300°C. However, the ORC is commonly used for effectively transporting waste heat,
this way improving overall cycle efficiency. It is therefore that the ORC has already been implemented on ships
to convert low temperature waste heat into power [86]. It could therefore be a beneficial addition, but is less
relevant as a conversion cycle for the primary heat source.
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2.5.1.2 Current use

Currently, most nuclear power plants in operation use PWRs or BWRs, which apply steam turbines for producing
electricity. Nuclear turbines usually operate with main steam pressures between 4.9 to 6.9 MPa and because
of this relative low steam pressure the volume flow per power output is up to 5 times larger than of fossil
fired power plants, resulting in larger components for nuclear power plants [84]. In addition, the efficiency of
conventional nuclear power plants is lower than for example coal burning plants, which is the result of the lower
output temperatures belonging to conventional nuclear plants [84]. The Rankine cycle is still a commonly used
power conversion cycle in SMR designs . As PWRs operate at lower outlet temperatures than gen. 1V
reactors, and steam cycles still outperform helium and supercritical carbon dioxide cycles in terms of efficiency at
lower output temperatures, Rankine cycles are still favoured for SMR applying PWR technology . Operating
experience is also a factor in selecting a Rankine cycle [83].

2.5.2 Brayton Cycle
2.5.2.1 General cycle operation

The Brayton cycle is a thermodynamic cycle that is mostly used in modern gas turbine engines, such as those
used in aircraft propulsion, power generation, and some industrial applications. With respect to nuclear reactors
is the Brayton cycle the most studied for application at gen. |V reactors. The cycle can be run as an open
system if it operates on air, but can also reuse the exhaust gases in a closed cycle. The thermodynamic steps
belonging to a Brayton cycle can be seen in Figure 23] and contain the 4 following steps:

1. Isentropic compression (1-2), the compressor compresses the gases without adding or removing heat.
2. Isobaric heat addition (2-3), under constant pressure the gases are heated by an external energy source.
3. Isentropic expansion (3-4), high temperatures gases expand in a turbine to produce mechanical work.

4. Isobaric condensation (4-1), gases enter a heat exchanger, which removes heat and lowers the temperature.
In the open Brayton cycle the gases are rejected into the atmosphere.

Temperature, T
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Entropy, S
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Figure 23: T-s diagram and component overview of a Brayton cycle
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2.5.2.2 Open and closed cycle

The Brayton cycle can be implemented as an open or closed cycle configuration. The open Brayton cycle
involves the continuous intake of fresh air from the environment. The closed Brayton cycle operates within a
closed loop in which the working fluid undergoes the same steps as the open cycle, but it is contained within
the system. This means additional systems must be added for cooling the medium, but results in more control
over the working conditions and specific type of fluid.

The open Brayton cycle does not seem appropriate for power conversion of a nuclear power plant implemented
in a maritime environment as this cycle configuration is limited to using air as working fluid. The environment
of a maritime vessel contains high amounts of moisture and traces of salt [15], resulting in an additional need
for air filtration systems to ensure no fouling and corrosion occurs [88]. In addition, the environment of a vessel
ensures sufficient cooling capacity is present, minimizing the beneficial aspect of an open Brayton cycle which
does not require cooling capacity [15]. The use of different working fluids with favourable thermal and transport
properties compared to air, makes the closed cycle also the favoured option [88]. Finally, specifically for naval
vessels, the open cycle ensures thermal signatures are elevated due to the outlet of heated air, increasing the
chance of detection by enemy thermal sensors. It was therefore decided that for a naval vessel the open Brayton
cycle is not the preferred option.

2.5.2.3 Working media

The most common type of fluids for the Brayton cycle are air, helium, nitrogen and supercritical carbon dioxide
(sCO2) [88]. As air is mainly used in the open Brayton cycle, which was not deemed beneficial, air will be
neglected. The other three working fluids will be shortly covered.

Helium is an ideal gas, which makes it a beneficial fluid for reactor cooling under high temperature condi-
tions [88]. Especially in the case of a direct driven power conversion cycle connected to a nuclear reactor,
helium could increase overall safety regarding radiation issues within the whole power conversion cycle. As
it is a non-corrosive and non-toxic gas, the maintenance and operational lifetime of components is beneficial
compared to other working fluids [89]. Furthermore, helium has a high thermal conductivity and can therefore
realize efficient heat exchange within power cycles or reactor cooling [88] [90]. However, helium is costly and
not abundant at earth and could therefore result in feasibility issue regarding economic effectiveness or large
scale implementation. Other disadvantages are high leakage rate and the need for multiple turbomachinery
stages for an effective cycle design [88].

Nitrogen is another medium proposed in Brayton cycles [83] [91] [92]. As the composition and properties
of nitrogen are similar to air, the experience of conventional air gas turbines increases its technological feasi-
bility [88]. Furthermore, as nitrogen is inert, it is proposed as a power conversion cycle for SFRs to prevent
a dangerous sodium water reaction [91] [92] [93]. However, the poor heat transfer properties and high pres-
sure losses, result in lower cycle performance compared to other working fluids [88]. Furthermore, nitriding and
embrittlement of materials at high temperatures limit the potential for implementation in an HTGR/VHTR [388].

Supercritical carbon dioxide (sCO2) systems for converting heat to power are of interest due to their high
efficiency [88] [94] [95] [96], operational flexibility [94] and low volume to power ratio [88] [95] [96]. Besides,
COq is abundant, low cost, non-toxic, non-flammable and thermally stable at high temperatures [88] [97], mak-
ing it a feasible option for heat to power conversion from high temperature heat sources [88] [94]. Although
COg4 is more chemically stable than steam, CO5 is not an inert gas like helium and therefore corrosion issues
may occur, especially under high temperature operating conditions [88] [89].
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2.5.2.4 Current use

The open air Brayton cycle is already in operation in many fields like aerospace and power industries, proofing
it is a working and matured technology [98]. It is also proposed as power conversion cycle for land-based PWR
SMRs [98]. On the other hand, there is a lot of research into closed cycles especially for gen. IV reactors
and multiple SMRs designs aim to implement such a cycle. The company OKLO is developing the 1.5 MWe
SFR Aurora, which will apply an sCO, Brayton cycle as power conversion system [98]. The GT-MHR, part of
the HTGRs, applies a helium gas turbine system [89]. Another HTGR, the GT-HTR also applies a helium gas
turbine in which a recuperated cycle without intercooling was applied [89]. The SFR ARC-100 applies an sCO,
Brayton cycle in its design, as this lowers the risk of a SWR [83].

2.5.3 Direct and indirect drive

Besides the type of conversion cycle, there is also a difference between a direct and indirect drive option. During
the direct drive option, the fluid entering the turbomachinery is directed through the reactor core, while in the
case of an indirect drive a secondary cycle is present. In this case a heat exchanger separates the primary reactor
cycle and the secondary turbomachinery cycle. The difference between the direct and indirect drive can be seen
in Figure

The indirect drive is favourable due to the flexibility of different working fluids between the primary and sec-
ondary circuit. As the direct approach is limited to the medium used for cooling the reactor, limitations occur
for the fluid type within the power conversion cycle. Implementation of the direct approach would also result in
fluids entering the turbomachinery directly after leaving the reactor core, which could result in radiation issues
along the total system. Although an inert medium like helium could be used for cooling, reducing the risk
of radiation within the whole system, safety risks increase with the direct option. Probably the whole power
conversion system should be shielded against the risk of radiation leakage, increasing the size and weight of
the power plant. The indirect approach could however also produce safety issues related to heat exchanger
puncture [99] and therefore the need for shielding the whole power conversion cycle must first be investigated
more properly. Finally, with the direct approach, the turbomachinery should be able to operate in circumstances
where the fluid is irradiated, which could impact its performance or maintenance needs.

l Generator l I J_ Generator
Reactor o IHX
Core Core
\Turbine / 1 I—I 1 |
Recuperator g Recuperator g
Compressor l Compressor I l

DIRECT GAS — —
TURBINE CYCLE Precooler g INDIRECT GAS Precooler g
TURBINE CYCLE L

Figure 24: Direct and indirect drive for a nuclear power conversion cycle [88]

Overall, to ensure flexibility in conversion medium and to ensure safety for the whole power conversion cycle,
the choice was made to implement an indirect cycle approach for the power conversion cycle. Still the direct
approach connected to a nuclear reactor has been investigated in literature [100] [101] and should not be
excluded in further research as it could be that the direct cycle is beneficial regarding dynamic power behaviour
due to operating without an additional heat exchanger (which lowers the total thermal mass).
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2.5.4 Efficiency

2.5.4.1 Impact medium and outlet temperature

The efficiency of the different power conversion cycles is of importance for economically viable power systems,
reducing the amount of nuclear waste needed for power production and lowering the required power output of the
reactor as more efficient energy is realized. From a thermodynamic perspective, higher operating temperatures
are desirable to achieve a higher thermal to electric conversion efficiency []@ . This is also presented in Equation
Bl which shows the theoretical equation for the Carnot efficiency. In Figure[25]the efficiencies can be seen for the
steam, helium (He) and supercritical carbon dioxide (sCO3) cycles compared to the turbine inlet temperature.
Another possible medium in the Brayton cycle is nitrogen. The efficiencies of this cycle have been investigated
and Ahn et al. added this efficiency in a similar figure. There it seems that nitrogen cycles operate slightly
more efficient than helium cycles at temperatures below 650°C and slightly below helium cycles above turbine
inlet temperatures of 650°C.

o TCOld (5)

Furthermore, in Figure[25]it can be seen that the sCO5 cycle has an overall higher efficiency than the helium cycle,
while the steam cycle has the lowest efficiency at higher temperatures. In the same figure the general pressures
and operating temperatures from several reactor types can be seen. Looking at the reactor technologies, only
the VHTR is capable of operating in the inlet turbine temperature range that belongs to the highest cycle
efficiencies. After the VHTR, the highest cycle efficiencies are realised for the MSR and GFR, but in general
the gen. 1V reactors all operate at higher efficiencies ranges compared to conventional PWRs. However, it
must also be noted that when operating in the temperature range of PWRs, at lower outlet temperatures below
400°C, the superheated steam cycle still outperforms helium and sCO cycles regarding efficiency [87].
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Figure 25: General cycle efficiencies for steam, helium and supercritical carbon dioxide compared to the turbine
inlet temperature and operating ranges of different reactor technologies [103]
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2.5.4.2 Part-load operation

Gad-Briggs et al. [104] investigated the efficiency
during part load operation of a helium Brayton cy-
cle when coupled to a gen. IV nuclear power plant,
specifically a GFR and VHTR. The results are pre-
sented in Figure|26|and show that operating at a part
load of 50% reduces the efficiency by 10%. However,
a more drastic efficiency loss is observed when part
load drops to even lower percentages, as at 15% full
power the cycle efficiency is only 20%. As naval ves-
sels often operate for extended periods at low part
loads, as presented in Section[2.1] this efficiency drop
impacts the total efficiency of the vessel. If it is de-
sired to maintain a high efficiency during the oper-
ational lifetime of the vessel, it would be advisable
to strive for the highest full power efficiency, as this
would result in a better overall efficiency performance
at part load.

2.5.4.3 Power sizing considerations

Another consideration impacting the efficiency is the
absolute power output of the cycle. As the power
of the conversion cycle increases, the total cycle ef-
ficiency increases mainly due to turbomachinery effi-
ciency increases [83] [89]. The major reason for the
turbomachinery efficiency reduction due to smaller
power sizes is because of the increased losses due to
irreversibility in the turbomachinery [83]. The irre-
versibility generated in the turbine is related to the
turbine's surface and the power generation is related
towards the volume of the turbine. Therefore, as the
total power output of the cycle increases, more vol-
ume is needed to produce this power. This results in
a lower surface to volume ratio, which reduces the ir-
reversibility generation and will result in an increased
turbomachinery efficiency [89] [98]. Ahn et al. [83]
researched the decrease in efficiency related to the
power size for a 150 MWe power conversion cycle
belonging to an SFR. Figure[27] shows that the sCO5
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Figure 26: Part load efficiency belonging to three differ-
ent helium Brayton cycles: a simple cycle recuperated
(SCR), intercooled cycle recuperated (ICR) and inter-
cooled cycle without recuperation (IC) [104]
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Figure 27: Efficiency decrease due to smaller power
conversion cycles for supercritical carbon dioxide, he-
lium and nitrogen [83]

cycle still achieves the highest efficiency, but it also lowers the least in efficiency when a small power conversion
cycle is applied [83]. However, the calculations of Ahn et al. [83] are not fully explained and a 5% isentropic
efficiency drop was identically assumed for all cycle types. In addition, they investigate specific cycle layouts,
where the recompression cycle is investigated for the sCO5 cycle, but a reheating and intercooling combination
is investigated for the helium cycle. This could influence the outcome of their research. Still, it is of importance
to investigate the efficiency drop due to smaller turbomachinery sizing, as power sizes belonging for maritime
applications are even lower than the investigated power output in Ahn et al. [83].
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2.5.5 Turbomachinery sizing

It is important to compare the different conversion cycles based on their sizing, as limited space is available on
ships. In Figure |28 a general size comparison can be seen for steam, helium and supercritical carbon dioxide
turbines [105]. The volume difference, especially between the steam and the other types of turbines,
is significant and should therefore be considered before implementation on a (naval) vessel. The exact volume
difference between the different cycles is not certain as the sCOg is deemed 4 times smaller [87], or 10 times
smaller than the steam Rankine cycle. It is however certain that a Brayton cycle, and especially an sCO-
conversion cycle, is much smaller than a steam Rankine cycle. Although Figure 28| can be a little exaggerated,
it does represent clearly which cycle is smaller in size compared to the others.

Yoon et al. [106], state that the total volume of turbomachinery needed for an sCOs conversion cycle is
1.4 m3, while connected to a 330 MWth PWR. This small turbomachinery sizing is also noticeable within
the design of KAIST, presented in Figure 29 Here, a 36 MWth PWR is connected to an sCO2 cycle, which
produces 12.5 MWe. All the components for power production are present within Figure 29| showing only a
container size of 7.0x3.7x3.8 meter is required. Overall it can only be concluded that, looking purely on a size
perspective, an sCOy power conversion cycle would be the most beneficial for maritime applications.

70m
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J‘h Helium turbine: 17 stages / 333 MW (187 MW,)

X L Yan, LM Lidsky (MIT) (without casing)
: S-CO, turbine: 4 stages / 450 MW (300 MW_) * “ ‘Ij
(wthout casing) oco, -
ot: Compraeses Cooler Conden:
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Figure 28: Size comparison between turbines for Figure 29: Cycle design of a 36 MWth PWR and 12.5
steam, helium and supercritical carbon dioxide MWe sCO- cycle [107] [108]

2.5.6 Load following
2.5.6.1 Rankine cycle

Salazar et al. investigated the operational flexibility of several power conversion methods, including coal
power plants applying a steam Rankine cycle. Ramping rates of these power plants are in the range of 0.5-
8% /min [109], but ramp rates between 3-6%/min are also mentioned for steam cycles [84]. In addition, Salazar
et al. [109] showed that start up times for coal power plants are also significantly slower than gas turbines. The
specific startup time depends strongly on how long the shutdown time was prior to the start, as lower metal
temperatures result in longer start-up times . However, Spelling et al. [110] suggest that start up times
can be reduced if the steam turbine can be kept hot during idle periods. Spelling et al. [110] state that heat
blankets will have the most significant impact on keeping a higher temperature in the casing of the turbine, this
way reducing the thermal stress during cold startup time.
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2.5.6.2 Brayton cycle

Ming et al. [101] analyse the transient possibilities of a 5
MWth direct sCO4y conversion cycle. The results of ap-
plying a combined inventory and bypass control, further
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explained in Section [2.9] can be seen in Figure 30] Al- é 22‘2 /
though the reactor output stayed constant, the system still % ;g; P Syoen
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pressor [L01]. The results show that a 0% power output E:(z) :g;ﬁz;;‘;m‘“ S
can be realised after a transient duration of 920 seconds, e 8 W Comprassor and compressor s equal
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Bong et al. [95], report for a similar case a 5%/min power E—L y
transient, but this occurred when applying inventory con- 0 5000 10000 15000 20000 25000
trol. The simulations of Ming et al. [101] also show that Time (5)

the power increase takes more time before it achieves full
power, as the full transient duration takes 3200 seconds,
achieving a transient speed of 1.88%/min. However, as
can be seen in Figure[30] this slower transient is determined by the power increase after already achieving a 60%
of full power level, indicating that the transient speed is not linear.

Figure 30: Normalized power output during a load
change of 100-0-100 % [101]

Carstens investigated a 600 MWth nuclear indirect sCO, power conversion cycle. The transient pos-
sibilities of this cycle were investigated for a loss of load (LOL) scenario, of which the results are presented in
Figures 31] and Due to the generator loosing its power almost immediately a power imbalance occurs over
the shaft, resulting in an increase in shaft speed. The bypass control added to this cycle will however result in
a decrease in turbine power output, this way stabilizing the shaft speed after a few seconds. The results show
that even in a loss of load scenario, the shaft speed increase can be limited to a 30% increase, with appropriate
bypass control, suggesting fast power transients can be achieved under normal operating conditions. However,
these results predict faster power transients than presented by Ming et al. [101] and Bong et al. [95]. This
contradiction could be (partially) explained due to the difference in cycle configuration, as Carstens applies
an indirect sCO5 cycle, which could be dynamically beneficial from the direct cycle configuration.
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Figure 31: Power transients of several components
during a loss of load scenario [[111]

Figure 32: Shaft speed during a loss of load scenario
for different bypass reaction times [111]
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2.5.7 Cycle selection

There are many power conversion cycle types for converting the thermal heat of a nuclear reactor into feasible
electrical energy. The steam Rankine cycle is commonly used for nuclear power plants, but it is compared to
the Brayton cycle larger, has a lower efficiency at high temperatures and does not contain dynamical bene-
fits. It was therefore not selected as appropriate power conversion cycle for nuclear maritime reactors. Still, the
organic Rankine cycle could be an attractive addition for efficiency improvement regarding the use of waste heat.

The Brayton cycle was selected as the most useful power conversion cycle, but this cycle contains multiple
specific configurations. At first, the open Brayton cycle was not deemed an attractive option for naval vessels
as it limits flexibility of the fluid choice to air and increases thermal signatures of the naval vessel. In addition,
the direct drive option was also not deemed beneficial as this increases safety risks due to radiated fluid entering
turbomachinery, increases the amount of shielding needed as the turbomachinery components must be shielded,
lowers the flexibility choice of a cycle fluid to the cooling fluid used in the reactor and probably results in lower
power transients. The indirect closed Brayton cycle was therefore selected as power conversion cycle.

The fluid used in this cycle impacts the overall cycle performance drastically. Nitrogen is not of interest
as it lacks significant cycle improvements compared to air and is not effectively applicable as power conversion
cycle for high temperature reactors. Between supercritical carbon dioxide (sCO3) and helium, sCO9 seems to
be the favoured cycle medium for an HTGR/VHTR due to an improved efficiency and smaller cycle sizing. In
addition, sufficient research into this fluid type is performed, especially in combination with nuclear reactors,
which makes it the most beneficial fluid medium for a nuclear power conversion cycle on a maritime vessel.

2.6 Supercritical carbon dioxide power conversion cycle
2.6.1 Thermodynamic properties

Supercritical carbon dioxide cycles are of interest due
to two main reasons. At first, the fluid properties 400

near the critical point of COy (30.98 °C and 73.77

bar [91]) ensure that an efficient and small cycle can 79

be designed [85] [94], which is the result of having a 350

liquid-like density and a gas-like viscosity near the crit- &€ ?eg?:j;“”““a'

ical point [94]. Secondly, the nearly ambient critical % 0

temperature of CO5 ensures that sCO5 power cycles can g& 300f

be used for multiple different heat sources, like waste 2 -

heat recovery or nuclear power [85]. In Figure[33]the T- .

h diagram of several isobars of CO2 are presented near 2501 g
the critical point. Not only is the supercritical region 2255_ | | ‘ 3
present, the thermodynamic behaviour of CO, is also 00 200 300 400 50 600

visible. It is shown that the enthalpy changes signifi- Enthalpy (kJikg)

cantly near the critical point of CO2, while temperature  Eigyre 33: T-h diagram of several isobars near the
stays relative constant. Equation [p|presents the calcula-  critical point of CO, [85]

tion for the specific heat capacity, which indicates that

near the critical point the specific heat capacity increases drastically. This low slope near the critical point, and
thus high specific heat capacity, results in a compression process where energy can be added to the fluid while
incurring a little increase in fluid temperature [85]. This reduces the amount of work required to increase the
pressure of sCOo, therefore improving the overall cycle efficiency.
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oh
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All other fluids are also able to operate in supercritical regions, but these regions are far from operating conditions
that can be achieved within conventional cycle limits [85]. The main advantage of CO2 compared to these
fluids is that its critical temperature is near ambient temperature. For comparison, water turns supercritical
above a temperature of 374.3 °C and a pressure of 22.1 MPa [112], which increases the complexity of achieving
and operating in its supercritical region.

2.6.2 Turbomachinery considerations

2.6.2.1 Shaft configuration

There are different types of shaft configurations

possible for a power conversion cycle of which an =
overview has been presented in Figure 34l In gen- | ,I OCG ) G
ear

eral, the turbomachinery shaft configurations can be G::r;:lror Tubine  Compressor
classified into three types [113]: 1) The most simple ’ (a) TAC
and compact configuration is the so called Turbine-
Alternator-Compressor (TAC). This single shaft con- q—"\l—@
figuration represents the compressors, turbine and g
Generator Turbine Turbine Compressor Motor

an alternator/generator as coaxial [85]. 2) Turbine-
Generator and Turbine-Compressor (TG-TC). This IS

shaft configuration uses one shaft for a turbine driv-
ing the generator while another shaft is used for a —..—- D:@
Gear

turbine driving the compressors [113]. 3) The last

. . o = . Generator Turbine Compressor Motor
configuration, the so called “TG-C", uses a turbine () T6-C
for driving the generator while a motor drives the
compressor with another shaft [113]. For simplicity, Figure 34: Typical shaft configurations [[113]

the TAC shaft configuration was chosen for imple-

mentation as this is the simplest and widely used [85], but other shaft configurations could be beneficial for
implementation on a naval vessel. Further research must be done towards comparing the (dis)advantages of
different shaft configurations for optimal performance.

2.6.2.2 Axial or radial turbomachinery

For the selection of turbomachinery at first a choice must be made on the type of turbomachinery of which a
distinction can be made between centrifugal/radial or axial flow turbomachinery. Brun et al. [85] present a range
for different turbomachinery characteristics in Figure [35] It shows, that for power levels of a naval vessel it is
not recommended to implement axial flow compressors. Although single stage axial turbines could be beneficial
according to this figure at power levels around 10 MWe, the question arises if this would be advisable. Brun et
al. [85] state that it is expected that the most efficient configuration for the turbine and recompressor transitions
from radial to axial at 30 MWe and 100 MWe, respectively. For the main compressor it is expected that at all
power scales a radial compressor is used as this compressor type is better for regions where gas properties are
closer to the critical point [85]. As the maximum required power output for a naval vessel is around 28 MWe,
as described in Section it was decided to implement a radial design for the main compressor, recompressor
and the turbine.
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Turbine {

Figure 35: General sizing and performance characteristics of sCO, turbomachinery
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2.6.3 Cycle considerations

To improve the overall cycle performance of a Brayton cycle, additional components can be added. The most
common components added to a power conversion cycle are a recuperator, a reheater and/or an intercooler.
It is possible to add multiple of these components to a cycle, or use a combination of several components for
the total cycle configuration. This final cycle configuration all depends on the specific working conditions of
the cycle and therefore many possible cycle configurations are possible. Brun et al. state that the indirect
recompression and reheat cycle are the most efficient cycle configurations for sCOy power conversion cycles,
while Dostal argues that the recompression cycle is more beneficial due to its simplicity. In addition,
Dostal states that re-heating more than one stage is economically unattractive, limiting the possibility of
improving the efficiency of the cycle. Although there are many different sCO, cycle configurations considered
in literature, it seems the recompression cycle is the most considered due to its large efficiency and relative

simplicity [85] [105] [111] and was therefore selected for this research.
plicity [85]

2.6.3.1 Recompression cycle

The most common sCO5 Brayton cycle is the
recompression cycle, which is presented in Fig-

ure This cycle is based on the most basic
sCO; cycle, namely the recuperator cycle. As

this cycle only applies a recuperator, it has a
lower efficiency than cycles implementing addi- 1
tional intercoolers or reheaters [87]. However,

by adding an additional compressor, and be-
longing recuperator, the efficiency can be in-
creased without increasing complexity drasti- £
cally . Dostal and Carstens
state that the recompression cycle is the most TR “HTR
efficient cycle architecture for an sCO5 cycle,
while still retaining simplicity. It was argued
that inter-cooling is not attractive for this type
of cycle as it offers a very modest efficiency improvement while increasing complexity. This lack of efficiency
improvement is the result of the pinch point problem in sCO5 . The pinch point problem occurs at the point
in the heat exchanger where the temperature difference is the smallest and in this region the heat transfer of
sCOs is less effective compared to other Brayton cycles.
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Figure 36: Overview of the recompression cycle
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However, the recompression cycle is probably not suitable for all types of purposes as for waste heat recovery
the recompression cycle is unsuitable due to the relatively small specific work, the slight temperature difference
in the heater and the lower heat recovery from the exhaust gas [97]. In addition, for fossil fueled power plants
the cycle is also not beneficial due to small temperature window used for heat addition. Still, for the purpose
of a nuclear reactor, it is a favoured cycle configuration as this contains a large temperature window in which
heat is added to the secondary cycle [85] [105].

2.6.3.2 Efficiency considerations

For an sCO9 cycle, it is stated that an optimized cycle efficiency can be achieved at a pressure ratio between
2.4 and 2.8 [87] [92] [106] [114]. As the pressure ratio of the system is related to the turbomachinery design, it
is of importance to select turbomachinery with the right pressure ratio. Turbomachinery with a smaller pressure
ratio can still be favoured, but than a multi-stage compression or expansion process should be considered.
Furthermore, the split ratio is also an important parameter in the recompression Brayton cycle. As it can be
used to balance the heat capacity on both sides of the LTR, it is an important parameter in improving cycle
efficiency [92]. It is defined as the amount of mass flow rate going through the main compressor compared to
the total mass flow rate entering the turbine [92]. For an efficient sCOy Brayton cycle, the split ratio ranges
around 0.65-0.7 [92].

2.7 Heat exchangers
2.7.1 Printed Circuit Heat Exchanger

The physical size of a Brayton cycle can be roughly
estimated based on the heat exchanger volume which
occupies the major portion of the system [83]. This
indicates the extreme importance of a heat exchanger
when implementing a Brayton cycle on a nuclear ves-
sel where space is limited. There are multiple types
of heat exchangers available, but the Printed Cir-
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Periodic boundary
surfaces

cuit Heat Exchanger (PCHE), visible in Figure [37} @ ®

is widely adopted as suitable heat exchanger choice ey ‘
for power conversion cycles [91] [113] [116], espe- — B

cially for next generation nuclear reactors using cool- /_v‘ —o

ing mediums as helium or sCOy [111] [117] [118] u ,,,1 =

[119]. In these power conversion cycles the PCHE is D —e

mostly used for the recuperator, intercooler, heater - -

and cooler, although for the last two sometimes shell-
and-tube heat exchangers are used [113]. From a © @
size perspective, the recuperator is responsible for
the most amount of heat exchanger volume needed
in a conversion cycle [91] and the effective design of
a PCHE could lower the needed volume compared to
shell and tube heat exchangers as the PCHE only needs 20% of the volume for the same heat load capabili-
ties [118]. In addition, the PCHE is able to withstand high pressures and high temperatures [111] [113], while
still being highly effective [91] [117]. Due to their lower mass and higher heat transfer coefficients compared
to shell-and-tube heat exchangers, PCHEs also have faster dynamic responses [119]. Overall, the PCHE is the
best suitable heat exchanger type for a nuclear power installation implemented on a maritime vessel.

Figure 37: Schematic structure of a printed circuit heat
exchanger with a wavy channel geometry [115]
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The PCHE contains multiple layers stacked on each other and each plate contains multiple semicircular channels
for the hot and cold fluids, this way ensuring optimal heat transfer due to increased heat transfer area. There are
different types of PCHEs which can differ based on the channel type. The most basic PCHE contains straight
channels for the hot and cold channels. Other advanced concepts can apply wavy channels which are more su-
perior to straight channels PCHEs as wavy channels increase heat transfer performance. However, the pressure
drop along these advanced channels increases compared to straight channels [117]. Still, if the pressure drop
is manageable in the overall power conversion design, wavy channels can reduce the amount of heat exchanger
volume needed as the overall heat transfer coefficient is twice as high compared to straight channels [120].

2.7.2 PCHE sizing and operating conditions

Limited information is available about the practical design
of PCHEs, but Bennett et al. [121] investigated the pa-
rameter ranges of typical PCHEs. The most important
parameters for straight channel PCHEs are stated in Table
and the belonging geometry areas can be seen in Figure
38l In addition, they state that the two most common
material types are Stainless Steel 316L and Inconel Alloy
617 [121]. Olumayegun et al. [91] also state that there
are limits to the overall module size of a PCHE as it is
possible to produce modules with sizes up to 900 mm in
width, 900 mm in height and 2500 mm. Regarding PCHEs the length is parallel with the flow direction of the
fluids. In the study of Olumayegun et al. [91] a nitrogen power conversion cycle belonging to a 500 MWth SFR
was investigated. Here, the recuperator needed 63 modules, resulting in a total heat transfer duty of 1100 MW
and a total heat exchanger volume of 119 m3. In the thesis of Chen [120] a 600 MW PCHE applying helium
was modelled, which resulted in a needed total volume of 52 m?.

—

Figure 38: Design geometry for corresponding val-
ues belonging to a PCHE [121]

Table 5: Range values for the different parameters for straight channel printed circuit heat exchangers [[121]]

] Parameter \ Low value \ High value \

Channel depth (d) [mm] 0.6 1.5
Channel width (w) [mm] 0.8 3
Wall thickness (¢) [mm] 0.6 1.2
Plate thickness (¢,) [mm] 1.6 2.4
Hot inlet temperature [K] 430.15 852.15
Cold inlet temperature [K] 303.15 558.71
Hot inlet pressure [MPa] 2.2 9.26
Cold inlet pressure [MPa] 6.5 2255
Channel mass flow rate [kg/s] | 0.000017 0.00034

For a nuclear power conversion cycle implemented on a naval vessel, the printed circuit heat exchanger (PCHE)
is selected. Not only is the PCHE able to withstand high pressures and high temperatures, but compared to
shell and tube heat exchangers needs the PCHE only 20% of the volume and also results in faster dynamic
responses. Compared to straight channel PCHEs are wavy channel PCHEs beneficial regarding heat transfer.
This reduces the volume needed for the heat exchanger, but wavy channels increase the pressure drop in the
heat exchangers. Finally, there are design limitations regarding the production of PCHE, but it is possible to
produce PCHE modules with sizes up to 900 mm in width, 900 mm in height and 2500 mm in length if desired.
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2.8 Dynamic limitations of nuclear reactors

There are many aspects that influence the dynamics of nuclear reactors. As limited information is available
about the dynamic characteristics of specific nuclear reactors, a general investigation has been performed towards
the aspects affecting nuclear dynamics. This includes control methods for power regulations, physical aspects
affecting power dynamics, thermal safety limitations and general plant considerations regarding load following.

2.8.1 Power control methods

There are many ways of controlling the power output and power distribution within nuclear reactors, and each
reactor type has its own specific control methods. In addition, most reactor types apply a combination of
different control methods, making it difficult to state a typical control configuration for each reactor type.
Therefore, the most common control methods will be investigated, which are: control rods, soluble neutron
absorbers, coolant flow rate, burnable poisons, physical mechanism for reactivity control and fuel management.

2.8.1.1 Control rods

Control rods are the most common control method for nuclear reactors [36]. As explained in Section
raising or lowering the control rods changes the criticality of the reactor. The rods are made of materials like
hafnium or boron, which are materials that can absorb neutrons, preventing the neutrons from causing fission
in the fuel [61]. It is however stated by Atkinson et al. [122] that control rods tend to remove neutrons from
the top or bottom of the core. This affects the power distribution and uniformity of the core, and therefore
the aim should be to use the control rods as little as possible. To compensate the effect of a change in power
distribution by control rods, the reactor has a difference between enrichment across the length of the reactor,
which in combination with the control rods ensures a more uniform power profile [122]. However, a reduced
enrichment across some parts of the core reduces the overall lifetime of the core. Other control options should
therefore be added to ensure a uniform power distribution while not limiting the operational lifetime of the
reactor [122].

2.8.1.2 Soluble neutron absorber

Another control method, used commonly in water type reactors like the PWR, is by changing the boron
concentration in the coolant/moderator. This boron concentration acts as a soluble neutron absorber and thus
by increasing the boron concentration in the water more neutrons are absorbed by the boron instead of the
fuel, resulting in a uniform reactivity decrease within the reactor. To reverse the effect, the water has to be
treated to remove the boron, which is slow and costly and creates radioactive waste [123]. It is therefore used
mainly to counteract reactivity changes due to intermediate and long term processes like fuel burn up [53] [124],
ensuring excessive movement of the control rods can be avoided [53]. Although less applicable to gas cooled
reactors, the concept of adding a neutron absorber to the coolant can still be used. For example, the advanced
gas cooled reactor (AGR) applies CO2 as coolant during normal operation. This reactor has a back-up safety
system which injects nitrogen in the channels of the reactor core [125]. As nitrogen is a much better neutron
absorber than CO5 the amount of fission reactions taking place would lower, showing the possibility of adding
a soluble neutron absorber for power control.

2.8.1.3 Coolant flow rate

Another control method is controlling the coolant flow rate by using the recirculation pumps. This control-
ling method is effectively implemented in some BWRs and is applied in combination with control rods. The
recirculation controlling method takes advantage of the negative reactivity feedback based on the coolant tem-
perature. As the coolant flow rate is increased, the temperature is reduced, which will increase overall reactivity
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and therefore power production [124]. The opposite occurs when the cooling rate is decreased. This controlling
method is suitable for load following in the power range interval of 60—100% and within this region fast ramp
rates up to 10%/min can be achieved by only using this control method. Below 60% rated power, load following
cannot only be realised by recirculation controlling and additional rod control is required [124].

2.8.1.4 Burnable poisons

Burnable poisons are materials like boron and gadolinium [126] intentionally introduced into the reactor to
absorb neutrons without undergoing fission themselves. They can be mixed with the fuel in the form of
compounds or pellets, or they can be placed in separate rods among the fuel rods [122] [126]. As the reactor
operates, the poison absorbs neutrons, reducing the overall reactivity of the core. Over time, as the reactor
operates, the burnable poisons are themselves "burned up" and will gradually lose their effectiveness at absorbing
neutrons [122]. This allows the reactor’s reactivity to increase over time, compensating for the depletion of
fissile material (which induces a negative reactivity). Burnable poisons are therefore long-term reactivity control
methods [53] and result that reactivity during the reactor's operating lifetime is more constant. They can also
act to ensure a uniform power distribution within the reactor core. Burnable poisons compensate for the fuel
depletion within the reactor, allowing other control methods to be solely used for short time power control.

2.8.1.5 Mechanical systems

Reactivity control systems of nuclear reactors could include physical mechanisms for adjusting the geometry
of the core, such as mechanisms for adjusting the reflectors in the reactor. This has been investigated in for
example the design of the U-battery. Due to its small annular core, the centre reflector contains the area
with the highest thermal flux [126]. Physically removing the central reflector could therefore act as a variable
reactivity control mechanism. Preliminary results show that by applying a variable height inner reflector, the
dependence of the control rods for reactivity control due to fuel depletion reduces [126]. However, this control
method increases the complexity of the reactor significantly and Atkinson et al. [126] also note that removing
the inner reflector results in additional neutron leakage from the reactor.

2.8.1.6 Fuel management

The final control method used in reactor control is based on fuel management of the reactor. Some reactors
contain systems which can influence the distribution of fuel within the core during operation, this way optimizing
power output and managing reactivity. One of these reactors is the pebble bed reactor, part of the VHTRs.
As explained in Section the pebble bed reactor applies small pebbles as fuel. The design of the reactor
allows the possibility to continuously deploy newly fresh fuel within the reactor core and by using several pebble
inlet positions at the top of the core, the pebble distribution over the core can be influenced [127]. The power
profile in the radial direction can be controlled by placing pebbles with different fuel enrichment at a different
radial starting position [127]. Another advantage of these pebbles is the possibility of recycling used pebbles to
control the power distribution while not needing burnable poison materials [127]. This can be done by placing
fresh pebbles in the outer region of the core while placing recycled pebbles in the centre of the core [127]. Other
reactor types may not have this flexibility during operation, but in the design phase fuel management strategies
could also influence the overall reactivity within the reactor.

2.8.2 Physical aspects

Power transients of a nuclear power plant also have impact on several physical aspects of the reactor. The
most important phenomena are a change in fuel, moderator or coolant temperature, the increase of fission
poisoning and the fuel burnup. A well-designed reactor will have a negative reactivity feedback regarding a
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temperature increase of different materials. An increase in temperature due to a power transient could therefore
result in a negative reactivity feedback. As a negative reactivity impacts the power increase, this could limit
the power transients of the reactor [36]. A higher concentration of fission products, like xenon and samarium,
decreases the amount of neutrons that undergo fission reactions within the fuel. As a power change impacts
the concentration of fission products [36] [128] it is important to limit the power change in such a way that the
amount of fission products stay limited and a dead reactor is avoided. Fission products need time to decay into
more stable, less affecting, fission products. This could result that after a significant power increase/decrease,
the reactor needs time before it can undergo another significant power increase, as otherwise the amount of
fission products could be too high to even ensure a power output from the reactor. Finally, the amount of fuel
burnup also impacts the reactor dynamics, as the allowed/achievable power transient rate for reactors drops
as the length of the fuel cycle increases [124]. At the start of the fuel cycle the reactor would be capable of
achieving faster power transients than at the end of the cycle [124], limiting the operational capabilities of such
a reactor. This could result that the refuelling time of a maritime nuclear reactor must be shortened if certain
power dynamics must be achieved during the full operation time.

2.8.3 Thermal aspects

During power changes, it is important to ensure that the material

within the reactor is not damaged. Maximum temperature values Power density [MWin']
for materials like the fuel, cladding or coolant should be maintained
during power transients to prevent material degradation or in the
worst case material damage [47]. The result of a power change is that
the heat through the materials and the temperature of the materials
itself will change significantly. Irregular power distribution in the fuel
blocks can therefore result in different operating conditions within the
reactor. For example, Figure 39| presents the power distribution within
a fuel block of the U-battery. As the power density within the fuel
block could differ between 0.7 and 2.5 MW/m? the heat flux within
the fuel block will not be constant [129]. Beside irregularities within
the whole fuel block of a nuclear reactor, there is also a difference
between the temperature distribution within the fuel elements itself.
The temperature within the fuel element could differ significantly and
wall temperatures are not a representation of the center of the fuel T e s
[47]. Calculating the inner temperature of the fuel elements, at a Bl

location within the fuel block that encounters the highest heat flux, Figure 39: Steady-state power density
is therefore essential in preventing material damage. of the U-Battery at full power [T29]

25

05

2.8.4 Plant performance considerations

There are also some considerations that the operator of a nuclear reactor must consider regarding the dynamic
use of a reactor. A slower ramp rate would limit the material stress and fatigue of the materials within the
reactor and as a result there are lower maintenance costs and more load cycles achievable [124]. The economic
impact of load following for a nuclear power plants is therefore an additional concern for dynamic power tran-
sients. Nuclear power plants that operate in load following mode could reduce the average load factor by more
than 10% [124]. This is less of an issue looking at a whole nuclear power plant fleet of a country, as not all
the power plants will operate in load following mode [124]. However, if the economic impact of a single nuclear
power plant is determined, or if the whole fleet is operating in load following mode, then load following could
reduce economical feasibility. Loisel et al. [130] argue against this and state that a load following reactor could
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be capable of providing higher load factors than reactors intended for baseload operation. If the power plant
would only operate on baseload, the power output would be lower than maximum power, as it is not possible
to operate at full power for long operation times [130]. Load following could therefore temporarily act at higher
power outputs than constant baseload operation, which could improve the overall load factor of the reactor,
compensating operating at lower power outputs.

Regulations also influence the load following capabilities of a reactor. According to European regulations
from 2001, reactors must be able to operate continuously between 50-100% of rated power with a 3-5%/min
rate of change regarding the electrical output [124] [131]. During an emergency, the reactor should be capable
of achieving a rate of change of 20%/min [124]. However, this is only allowed with fresh fuel, as when the
reactor is through 90% of its fuel, it is not allowed to change significantly in operating power [123].

2.9 Power conversion cycle control
2.9.1 Dynamic control strategies

To safely and effectively control the dynamic power load on the conversion cycle, multiple control strategies can
be applied. For closed cycle configurations there are in general three main control strategies which can be used
(in combination) to control the cycle power output. These are bypass control, inventory control and temperature
control [94] [95] [105]. The control strategies will be investigated further to understand their working and their
potential benefits. Between the three main control categories, there are many different specific control strategy
configurations available. Due to the large number of possible configurations, and the difference in complexity
between these strategies, a general control analysis was performed.

2.9.1.1 Bypass control

With bypass control, the power output is controlled by controlling the mass flow rate through the turbine as
this is directly related to the power created by the system [105]. When the bypass valve is opened, some high
pressure working fluid is transferred to the low pressure side [105] resulting in a reduction of mass flow in the
direction of the turbine. This not only lowers the mass flow rate through the turbine, but also reduces the
expansion ratio. Sometimes the bypass flow is split into multiple streams, in which for example one of the outlet
streams will be mixed at the turbine outlet and the other at the pre-cooler inlet [105], but this all depends on
the specific cycle configuration and location of the bypass valve. The main advantage of bypass control over
other control options is its capability to deal with rapid power changes due to fast power dynamics [105].

2.9.1.2 Inventory control

Inventory control uses a storage tank to temporarily store the working fluid from the cycle. Fluid present within
the tank cannot produce power and storing fluid will thus result in a cycle power decrease. If a power increase
is desired, then the working fluid can enter the cycle from the storage tanks. This control strategy ensures
that pressure ratio remains relatively unchanged, and as the cycle efficiency is effected by the pressure within
the system, this ensures a stable cycle efficiency during part load [105]. There are however some drawbacks
for inventory control. First, additional volume is needed as storage tanks must be added to the system [105].
Secondly, system stability issues could be the result due to local pressure gradients caused by the temporary
storage and return of the fluid [95] [101]. Another drawback is the finite capacity of the storage tanks, which
limits the rate of power change. Once the pressure in the vessel reaches the compressor outlet pressure the
power cannot be further decreased, limiting the control range of inventory control [105].
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2.9.1.3 Inlet temperature control

The last control option is by changing the turbine inlet temperature. In contrary to the previous control
strategies, the mass flow is kept constant across the turbine [105]. Instead, the inlet temperature of the fluid is
adjusted, which can be realised by changing the reactor power output. This approach is therefore dynamically
limited to the dynamics of the reactor. The change in power output level of the reactor, and the change in
turbine inlet temperature, will also result in a change in other temperatures and pressures around the cycle as
these are influenced by the temperature of the fluid leaving the turbine [105]. This approach is suited mainly for
nuclear power plants operating at baseload, which is not the case for a nuclear power plant on a naval vessel.
Solely implementing inlet temperature control as a control strategy, and therefore limiting the dynamic change
of the power conversion cycle to the dynamics of the nuclear reactor, is therefore not deemed an attractive
option for nuclear propulsion.

2.9.2 Comparison of control strategies

2.9.2.1 Efficiency

Each control strategy has its own specific impact on the

total cycle efficiency. In Figure 40| the impact of different ko

control strategies, on the efficiency of a helium power con- HELIUM INVENTORY CONTROL
version cycle, is displayed. Bypass control, reactor outlet il i el
temperature control, or a combination of the two results el TENP. CONTROL

in a significant efficiency decrease when operating at part i

load. Inventory control ensures a more stable efficiency g sl

level and only drops significantly in efficiency at part load S

below 40% full power. However, these results are based Bl BYPASS CONTROL
on a helium Brayton cycle and as COs is not an ideal gas g

the results could differ [105]. Moisseytsev et al. [132] in- « 15 QUTLET TENE AND
vestigated the behaviour of different control strategies for § e el

a 400 MWe nuclear power plant using sCOy as working
fluid. When the system operated between the 50-90% of
its nominal power, inventory control maximized cycle effi-
ciency. However, in an operating range above the 90% of | i f |
the nominal power, the bypass resulted in a more suitable S L M
control strategy [132]. Overall, it seems that regarding T v AT e T e

efficiency at part load, inventory control is the preferred  Figure 40: Impact of the control strategy on the
option. cycle efficiency during part load [[105]

2.9.2.2 Dynamic behaviour

Dostal [105] states that there is a difference between the dynamic behaviour of the three main control strategies.
According to his research, bypass control is able to accomplish a 10% load step change, which neither inventory
nor temperature control are capable of [105]. Temperature inlet control is limited by the change in reactor
output and according to Dostal this control strategy can achieve a load rate change of 5%/min. An explicit
value for the rate of change for inventory control is not mentioned, but an order of fastest to slowest control
schemes is given as bypass control, inventory control and lastly temperature (reactor) control [101] [105] [111].
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2.9.3 Control configurations

For the control of a recompression cycle, there are multiple configurations possible, each with its own benefits
and disadvantages. An overview of common control options for a recompression cycle is presented in Figure
[41] Here, the grey valves are throttle valves, used for ensuring a stable cycle operation, the red valves are
bypass valves, used for bypassing a certain component and blue valves are valves used for cooling the waste
heat of the cycle. In addition, an example location is given for an inventory tank. It must be noted, that
this is not a fully inclusive configuration option and multiple other control configurations are present within
literature . To determine which control configuration will be selected, an initial comparison will
be made between several common control configurations.

2.9.3.1 Bypass valves

There are multiple possible locations for a bypass valve, which are presented in Figure [41] as red valves. At
first, a turbine bypass valve (V4) can be placed, which passes the outlet flow of the heater to the inlet of the
HTR. This is a common bypass valve in Rankine cycles [111], but this valve produces a large thermal shock
due to the large temperature difference around the turbine [105]. Another bypass option is between the inlet of
the heater and the inlet of the HTR (V14 + V4), which is a common location for helium Brayton cycles [111].
The temperature difference between these two points is less and results in a lower thermal shock. Finally,
the sCO4y recompression cycle has the possibility of another bypass valve located between the LTR and HTR
(V7). The temperature difference at this location is the smallest, as it is equal to the heat exchanger terminal
temperature difference. Although this location is a favoured sCO5 recompression cycle option, it also contains
a lot of uncertainties regarding practical implementation .
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Figure 41: Control overview of a recompression cycle ||
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2.9.3.2 Inventory control

According to Dostal [105] there are two common methods of applying inventory control. In both cases the flow
enters the storage tanks at the outlet of the compressor, as the inlet should be at the highest pressure point
within the circuit [105]. A difference occurs between the outlet of the storage tanks [104] [105]. The first outlet
option is before the inlet of the cooler [105] as presented in Figure [41] this way passing the turbine first as it
will enter the compressor again. Another option would be to connect the outlet of the tank to the same point
as the inlet, but this would require an additional (smaller) compressor in the system [104] [105]. Both options
indicate that after storage of the fluid, the fluid must at least enter a compressor again before it can enter the
turbine, ensuring the fluid keeps a high enough operating pressure.

2.9.4 Control method selection

For controlling a Brayton power conversion cycle there are in general three control strategies which are: bypass,
inventory and temperature control. Bypass control is deemed faster than inventory control, which is in its place
is faster than temperature control. Although bypass control is dynamically favoured, the efficiency drop at
part load is significant during bypass and temperature control, while inventory control manages a more efficient
power control. It is for this reason that a combination between bypass and inventory control is an attractive
control choice, as this benefits the stability of efficiency from the inventory control, but also the dynamics of
the bypass control. However, as this research focuses on the dynamic possibilities of a nuclear power plant,
optimal part load cycle efficiency will be neglected. Therefore, looking solely at optimal cycle dynamics, bypass
control is deemed the superior control strategy.
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3 Nuclear power plant design

3.1 Plant sizing

In Section it was decided that for the RNLN, the FUAD and the ATS projects are of interest for nuclear
propulsion. Based on an energy analysis of similar vessel types, the important power levels are determined for
these projects. Table [f] provides an overview of the power requirements for the FUAD and the ATS at some
important power levels as percentage of full power (FP). These power levels all refer to the electrical power
requirements due to the choice for full electrical propulsion.

Table 6: Important power values for the FUAD and the ATS

FuAD ATS
Parameter MWe | % of FP | MWe | % of FP
Max power sailing 28 100 21 100
Min power sailing 2 7.1 5 23.8
Power at max energy 8 28.6 14 66.7
Power in harbour 1.1 3.9 3.6 17.1

Based on Sections [2.4] and [2.5] the most suitable nuclear power plant for a naval vessel should contain an HTGR
in combination with an sCO5 recompression power conversion cycle. To design such installation, it is important
to consider the required power levels to accurately represent a propulsion system for a naval vessel. As two
vessels of interest are selected, and only one power conversion cycle can be designed for this research, both use
cases must be considered for the sizing of the installation.

It was decided to implement multiple separate nuclear power plants on board of the naval vessels. Naval
vessels operate long durations at low power outputs, as presented in Table [6] and the efficiency of a nuclear
power plant decreases significantly at part load, as indicated by Figures and 40l Multiple nuclear power
plants present the opportunity to individually operate each installation at its desired power output. It could
therefore be decided to shutdown a few installations and run a single installation at full power, providing the
required power output at a high cycle efficiency. In addition, an increased number of separate power plants
improves the redundancy of the vessel. Even if one power plant is damaged, then other installations could still
provide power to the vessel, improving the vessel's resilience.

Firstly, between the FUAD and the ATS, the most amount of energy is used at power levels of 8 MWe and
14 MWe respectively. The design aim for the nuclear power plant is therefore to produce a power output
between 7-8 MWe. This provides the possibility for the FUAD to operate at full power with one installation,
while the ATS could use two installations at full power to produce the desired power at max energy consumption.

Secondly, the maximum power levels of both vessels should be achieved by a combined number of nuclear
power plants. The choice for a 7-8 MWe power range of a single nuclear power plant results for the ATS in the
need of 3 installations to provide the desired 21 MWe. The FuAD needs 4 nuclear power plants to provide at
least the required 28 MWe. This increases the maximum power level of the FUAD, but this was only deemed
beneficial as additional power output could be used for achieving higher ship speeds or implementing larger
sensor and weapon systems.
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Finally, it is not only of importance to achieve the required maximum power, but also the minimum required
power. For both vessels, the minimum required power output occurs when staying within the harbour. Although
it could be argued that this power consumption could be provided by the harbour energy infrastructure, it was
decided to account for the worst case scenario, which means a (single) nuclear power plant should be able to
provide these power levels on its own. Between the FUAD and the ATS, the lowest amount of power that is
needed occurs when the FuAD is staying within the harbour, requiring a power of 1.1 MWe. It was decided
that a single nuclear power plant should be able to provide 10% part load energy, as then at least a power of
1.1 MWe could be provided to the vessel.

3.2 Overall cycle design

Before a detailed design of each component is given, at first a general overview of the designed nuclear re-
compression cycle will be explained, which is visible in Figure [42 The recompression cycle applies a nuclear
reactor (R) as heat source, using helium as working medium. To ensure sufficient pressure is realized within
the primary circuit, a blower (B) is added. The primary circuit also contains a dump cooler (DCL), which can
be activated or neglected with a valve (V5). The heat present within the helium will be transferred by the
intermediate heat exchanger (IHX) to the sCO5 cycle. The sCO4 cycle applies a single stage turbine (T), but
adds an additional separate compression stage, resulting in a main compressor (MC) and a re-compressor (RC).
These turbomachinery are all connected to a single shaft, which also drives the generator (G). For optimal
cycle efficiency, two recuperators will be placed after each compressor, resulting in a low and high temperature
recuperator (LTR and HTR). A cooler (CL) must be implemented to transfer leftover heat from the cycle to the
seawater. To ensure sufficient mass flow from the seawater is entering the coolers, two pumps (P) are added to
the system. Finally, multiple valves have been added to the system. Here, V1-V4 are throttle valves, which are
used for maintaining a safe and stable cycle pressure, while V6 is a bypass valve used for controlling the cycle
power. In reality, the different components are connected with several pipes, but it is at this research phase not
possible to make an estimation about the specific layout of such a system within a naval vessel. It was therefore
decided to neglect the impact of pipes on the system, which is a common assumption [116] [134].
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Figure 42: Schematic overview of the designed recompression cycle with a nuclear reactor
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3.3 Reactor selection

For implementation of the HTGR, it is of importance, look-

ing at the aim of this study, that the selected reactor will be ~ Table 7: Design values of the U-battery [135].
within the right power range of a naval vessel, but also that Mass flow is calculated based on an enthalpy
enough design values are available in literature for modelling ~ Palance at full power.

purposes. Based on Figure it is expected that an HTGR ’ Parameter ‘ Value ‘
in combination with an sCOy power conversion cycle, should _
achieve an efficiency between 40-50%. A desired cycle power Capacity [MWth] 10

Core layout Prismatic

output of 7-8 MWe, therefore results in a required thermal _
power output of 14-20 MWth. A potential HTGR that could Moderator Graphlte
provide the desired power amount is the so-called U-battery. Coolant Helium
The most publicly developed design of the U-battery contains Fuel type . UO; (TRISO)
a power output of 10 MWth of which general reactor Inlet temperature | C] 400
values are presented in Table [7] In addition, this specific Outlet temperature [*C] 750
reactor model contains enough public information for model Pressure [bar] 40
implementation therefore making it a feasible Mass flow [kg/s] 5.5
reactor choice for this research. A single 10 MWth reactor

will not provide the required power output for naval propulsion, so it was therefore decided to combine two
single 10 MWth U-battery as power source for one power conversion cycle, resulting in a 20 MWth power source
for a single power conversion cycle. The two reactors will be modelled individually, but by equally splitting the
fluid streams leaving the IHX, and mixing the fluid streams leaving the reactors before entering the IHX again,
a 20 MWth power source design can be realised.

The U-battery is a reactor still in its design phase and therefore different designs are present within litera-
ture [136]. In Figuresand a schematic overview can be seen of the selected design of the U-battery.
Based on the design of Ding et al. and the material sizing and operating conditions of Atkinson et al. [122],
the vertical cross-section was created. At the reactor inlet, the helium will rise between the barrel and RPV
before going downwards through the multiple coolant channels within the hexagonal fuel blocks. Here, heat
transfer will occur, which results in heated helium leaving the RPV at the bottom of the reactor. As the barrel
is not capable to withstand temperatures above 425°C , this outlet stream must be insulated.
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Figure 44: Schematic vertical cross-section of the U-
Figure 43: Schematic horizontal cross-section of the battery, based on the work of Atkinson et al. [122] and

U-battery [122] Ding et al. [09]. Image not drawn to scale.
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3.4 Power conversion cycle

For implementation of the power conversion cycle, at first an efficient power conversion cycle must be designed.
This cycle is designed based on the recompression cycle and uses the following assumptions:

1. Seawater inlet temperature equal to 35°C,

2. Heat exchanger terminal temperature difference equal to 10°C,

3. Helium inlet temperature within the reactor equal to 400°C,

4. A pressure ratio of 2.5,

5. Shaft speed equal to 20,000 RPM,

6. Design turbomachinery efficiency equal to 84.9% for the compressor and 91.9% for the turbine,
7. Lower cycle pressure equal to 90 bar.

At first, to account for the worst case scenario, a seawater temperature of 35°C was chosen. Naval vessels op-
erate globally, and should therefore be capable to operate in any conditions. In the worst conditions, seawater
temperatures could rise to 35°C [137], so this value was selected as input temperature for the cooling.

Multiple heat exchangers are present in the power conversion cycle. The terminal temperature difference
(TTD) of a heat exchanger has a significant impact on the total design of the heat exchanger. Based on the
work of Olumayegun et al. [91] the TTD was set to 10°C. A smaller TTD could be achieved, but this increases
the total needed volume of a heat exchanger drastically. A more optimal cycle design could decrease the TTD
for some heat exchangers present within the cycle, but this can only be determined if a full detailed ship design
is available, as otherwise heat exchanger sizing limitations are not known.

The helium inlet temperature for the U-battery was selected at 400°C [135]. Although this value could be
increased, a higher inlet temperature would result in material temperatures exceeding safety limits. In normal
operating conditions, the barrel of the reactor, which is made of steel, should keep a temperature below 425°C
as otherwise graphitization of steel starts to occur [136]. A helium inlet temperature of 400°C therefore applies
a safety margin of 25°C for the materials which are in direct contact with the inlet stream.

Due to a lack of time, it is not possible to perform a full sCO5 turbomachinery design, and therefore the
turbomachinery design values presented by Oh et al. [108] were selected, which are a pressure ratio of 2.5 for
the turbomachinery and the cycle. As this falls within the efficient pressure ratio range of an sCOs power
conversion cycle, as explained in Section [2.6.3.2] this was set to the pressure ratio of the designed cycle. Fur-
thermore, the shaft speed of Oh et al. [108] was set to 20,000 RPM, which was deemed within reason by looking
at Figure [34| and was therefore used for the designed cycle. The efficiency of the applied turbomachinery is
assumed equal to the turbomachinery efficiency applied by Oh et al. [108], which results in 84.9% for the main-
and recompressor and 91.9% for the turbine. Scaling will affect turbomachinery efficiency, but as this effect is
small, as explained in Section [A8] it is neglected.

A pressure of 90 bar was selected as lower cycle pressure. As this pressure is far away from the pressure
of the critical point, small pressure changes would not immediately result in phase changes. In addition, a 90
bar lower cycle pressure would result, in combination with a pressure ratio of 2.5, in a higher cycle pressure of
225 bar. Olumayegun et al. [134] apply a maximum pressure of 250 bar for their designed sCO2 cycle, showing
that the selected pressures are within safety margins.
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It is further assumed for the cycle design that no pressure losses occur over the heat exchangers. As this is the
case in reality, the actual design points will differ slightly from the calculated points during the simulation. With
these boundary conditions, the operating points of the cycle can be determined. To calculate each operating
point, only two thermophysical properties must be known, as CoolProp is capable to determine each other
needed property. The number of the operating points relate to the cycle points presented in Figure [42] To
determine the thermophysical properties of each operating point (P), the following steps are applied:

1. The lower and higher cycle pressure are known, which results that at least one thermophysical property
is known for each design point.

2. A water temperature of 35°C, and a TTD of 10°C results in a temperature of 45°C at P1 E]
3. The efficiency of the main compressor, and the enthalpy at point 1, determine the enthalpy at P2.

4. The temperature at the outlet of the LTR should be 10°C higher than P2, resulting in the temperature
at P8.

5. The efficiency of the recompressor, and the enthalpy at P8, determine the enthalpy in P3.

6. The temperature at the inlet of the LTR should be 10°C higher than P3, resulting in the temperature at
P7.

7. The reactor inlet temperature of 400°C, and a TTD of 10°C result in the temperature at P4.

8. P5 and P6 are limited by the overall mass flow of the system. Maximum mass flow is desirable, as more
power is than produced in the turbine, but there are two limitations to the maximum amount of mass
flow in the power conversion cycle. First, the heat of the reactor is limited to 20 MWth, limiting the
amount of heat entering the secondary cycle. The temperature of P5 is therefore related to the cycle
mass flow, as a higher mass flow would result in a lower temperature in P5. As the turbine characteristic
is set, the temperature in P6 is directly influenced by the conditions in P5. If the temperature in P6
should account for the TTD with P4, this means P5 must at least contain a certain temperature (and
thus limited mass flow) so that the TTD between P4 and P6 is satisfied. Secondly, the HTR provides the
temperature increase from P3 to P4 due to leftover heat provided by the enthalpy change between P6
and P7. If P6 would drop lower due to an increased cycle flow, then the enthalpy difference between P6
and P7 could drop below the enthalpy difference between P3 and P4, realizing P4 cannot be achieved by
the recuperator. To satisfy both conditions, the model calculates the maximum mass flow in which both
conditions are still valid and this way determines the temperature in P5 and thus P6.

9. The split ratio has an influence on the total cycle efficiency. To ensure optimal cycle efficiency, the
difference in heat over the LTR should be set to 0, as then all the heat available is effectively transferred.
The enthalpy difference between P2-3 and P7-8 should therefore be compensated in different mass flows.
The split ratio is determined such that the total amount of energy at both sides is equal.

Applying all the above mentioned steps ensures that the thermophysical properties of each point in the power
conversion cycle is known. This results in the T-s and p-h diagram of the designed cycle, which are presented
in Figures and Furthermore, the cycle mass flow was determined equal to 114.78 kg/s. The split ratio
was calculated as 0.71, which is similar to design values used in literature, as explained in Section 2.6.3.2] A
full design overview of the power conversion cycle is presented in Table [8]

This inlet temperature at the main compressor is relatively high compared to common main compressor inlet temperatures for
power conversion cycles. Appendixshows the impact of this assumption on the cycle performance.
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Figure 45: T-s diagram of the designed cycle Figure 46: P-h diagram of the designed cycle

Table 8: Design values of the power conversion cycle

Parameter \ Value ‘
Working fluid Supercritical carbon dioxide (sCOz2)
Cycle type Indirect recompression
Turbomachinery type Radial /centrifugal
Thermal power [MWth] 20.0
Electrical power [MWe] 7.9
Efficiency [%] 39.5
Shaft speed [RPM] 20,000
Cycle pressure [bar] 90-225
Cycle mass flow [kg/s] 114.78
Split ratio [-] 0.71
Seawater inlet temperature [°C] 35
Heat exchanger terminal temperature difference [°C] 10

3.5 Heat exchanger design

To implement the several heat exchangers, beforehand the sizing of the heat exchanger must be determined.
As explained in Section 2.7} has the wavy channelled PCHE a higher heat transfer capability compared to
other types of heat exchangers, resulting in a smaller required heat exchanger size. As a vessel has limited
space available, this type of HX was selected for all the heat exchangers present within the power conversion
cycle. As the wavy PCHE of Marchionni et al. [138] is based on experimental data, it was decided to use as
much of the same design parameters of this PCHE. The total sizing of the PCHE is limited by the sizing limits
stated by Olumayegun et al. [91], described in detail in Section . In addition, a mass flow channel limit was
stated equal to 0.001 kg/s, which is similar to values of the experimental heat exchanger used in Marchionni
et al. [138]. This value exceeds the maximum value stated by Bennet et al. [121] as described in Section [2.7]
Further research should validate these limits, but for this research the data of the experimental heat exchanger
were applied.
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The pressures losses over the heat exchanger cannot be excessive, as otherwise the power conversion cycle
would lose its pressure. It is therefore of importance, that during the design of the heat exchangers, the pres-
sures losses are limited, which was realised based on the following reasoning. The design compression ratio
of the compressors is equal to 2.5, while for the turbine the design expansion ratio is 2.44 [108]. This is not
equal due to the pressure losses present over the heat exchangers and the heat exchanger pressure losses should
therefore not exceed the difference between these pressure ratios. Fully flowing through the whole cycle, the
sCO, passes six times through a heat exchangerE]. Applying an expansion ratio of 2.44 on the higher cycle
pressure of 225 bar, results in a lower cycle pressure of 92.2 bar, which is 2.2 bar above the designed lower
cycle pressure. The overall heat exchanger pressure losses should therefore not exceed 2.2 bar. In addition, to
ensure that the effect on flow entering and leaving the channels is negligible on the heat transfer of the heat
exchangers, the length of the PCHE should be maintained a certain minimum value. It was decided to not
lower the length of the PCHE to 0.4 m, but further research should validate this assumption.

The limitation of mass flow through a channel has a significant impact on the Reynolds number of the flow
within the channels, as the mass flow impacts the fluid velocity. This has the most influence in the heat ex-
changer design of the IHX. The limitation in channel mass flow rate of the sCOy will enforce a low channel
mass flow rate at the helium side, resulting in lower Reynolds number. This effect must be accounted for by
changing the diameter of the channels, as this changes area of the channel and thus the flow velocity. Other-
wise, Reynolds number would drop below values of a turbulence region, limiting effective heat transfer at the
helium side. Therefore, the diameter of the heat exchanger of the IHX has been adjusted in such a way that
the Reynolds number stays above 2300 among all the nodes of the heat exchanger. The same phenomena
occurs at the cooler regarding the side of water, but the diameter of the channel would drop below practical
values of PCHE before a turbulence region would be realised. Therefore, laminar flow regions are present in
the water channels, which has been accounted for in linear friction factor relations and constant Nusselt number.

As the cycle design points are determined, the input and output conditions for each heat exchanger are known.
Based on an iterative process of manually changing the length, the channel diameter and the amount of chan-
nels, a design was selected, which results in the desired output conditions with acceptable mass channel flows
and pressure losses. The results of this heat exchanger design are presented in Tables [9 and [10] The lower
channel diameter of the IHX, used for ensuring a turbulence flow region, ensures that the pressure drop over
the channel is significantly higher compared to the other heat exchangers. Although the pressure drop of sCO,
is 0.56 bar, the lower pressure drop in the other heat exchangers ensures that the total cycle pressure drop is
equal to 1.92 bar, which complies with the previously mentioned 2.2 bar and was therefore deemed acceptable.

Table 9: General heat exchanger values

] Parameter \ Value ‘
Material Stainless steel 316 L [138] |

Density [kg/m?] 8000 [139]

Specific heat capacity [J/kgK] 500 [139]

Thermal conductivity [W/mK] 15 [139]

Width wall [mm] 0.75 |121]

Plate thickness [mm] 1.8 [121]

Channel surface roughness neglected [138]

2The path of the sCO; through the cycle is: MC — LTR —+ HTR — IHX — T — HTR — LTR — CL — MC. sCO; flow
entering the main compressor will therefore encounter six heat exchangers before a full cycle is completed.
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Table 10: Printed circuit heat exchanger design values

Parameter | HX | HTR | LTR | CL |
Heat transfer duty [MW] 20.00 26.17 14.68 11.48
Fluid, hot/cold side [-] He/sCOq sCO2/sCO- sCO2/sCO2 | sCOy/Water
Mass flow, hot/cold side [kg/s] | 11.01/114.78 | 114.78/114.78 | 114.78/81.28 | 81.28/108.83
Channel diameter [mm] 1.40 2.00 2.00 2.00
Module width [mm] 899 899 899 899
Module height [mm] 495 810 639 603
Module length [mm] 400 1450 1460 990
Volume [m?] 0.178 1.056 0.839 0.537
Number of channels per row [-] 418 327 327 327
Number of rows [-] 275 450 355 335
Hot side inlet/outlet temp. [°C] 750/400 420/222 222/116 116/45
Cold side inlet/outlet temp. [*C] 390/531 212/390 105/212 35/55
Hot/cold side pressure loss [kPa] | 72.86/56.69 | 48.60/17.28 49.78/8.95 10.42/8.22
Hot/cold side channel flow [g/s] | 0.096/0.99 0.78/0.78 0.99/0.70 0.74/0.99

3.6 Control valves

There are many valves used in a power conversion cycle, but in general they can be classified as throttle or
bypass valves. Throttle valves are used for "throttling" the mass flow. Due to valve resistance a pressure drop
will occur over the valve, and by controlling the opening of the valve the resistance and thus outlet pressure
can be controlled. Bypass valves are used, as the name suggests, to bypass a certain component. By opening
the valve the flow will (partially) skip a certain component. For this research the valves presented in Figure
were selected, in which the throttle valves are displayed in grey and the bypass valve in red.

The throttle valves before the main and recompressor (V1 and V2) are applied to control the inlet pressure of the
compressors and ensure an efficient operating region is realised. The throttle valve after the main compressor
(V3) controls the maximum cycle pressure to 250 bar to prevent cycle damage [134]. It is also possible to
control the pressure by controlling the mass flow through the compressor, but this was deemed too complex
for this research purpose. An additional throttle valve is installed after the recompressor (V4). Carstens [111]
states that the recompressor can produce higher pressures than pressures realised after the main compressor and
LTR. If there is a large pressure difference between the two incoming streams at the mixer, then flow reversal
can occur, which could result in system failure [140]. To prevent this possible failure, V4 is placed after the
recompressor and limits the pressure of the recompressor to the pressure after the LTR.

There are multiple possible bypass valve locations of which a few are presented in Figure The most
common bypass valve location in power conversion cycles, is the so-called turbine bypass valve [111] of which
the location is presented in Figure [42] Dostal [105] argues that this valve produces a thermal shock due to the
large temperature difference before and after the turbine, and therefore proposes other bypass locations. It is
however not clear which exact bypass valve would be the most realistic and beneficial regarding a prevention of
thermal shock. For example, Carstens [111] argues that the bypass valve should be placed between the HTR
and LTR, as here the smallest temperature difference occurs, but it is also stated that questions arise about
the technical feasibility of such a valve. The turbine bypass is a realistic option that has been effectively used
before and was therefore selected for this research. Further research could focus on comparing multiple bypass
locations to determine the most optimal bypass location.
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4 Modelling method

4.1 Overview

To investigate if a nuclear power plant can provide the required dynamic power behaviour of a naval vessel, a
model will be created. As the current research phase on this subject is in a starting phase, a model could give
preliminary results to indicate if power dynamics could be realised. In addition, a model is required as linear
assumptions regarding the dynamic limitations are not sufficient. This section will explain the method applied
for designing the dynamic model.

Figure |47| presents an overview of the created Simulink model of the nuclear supercritical carbon dioxide re-
compression cycle, indicating the most important subsystems and parameters within the model. Here, several
thermodynamic states are present, which present a combination of mass flow, pressure and enthalpy for a spe-
cific substance. As these substances enter a subsystem, the thermodynamic state changes (partially) based on
the system characteristics. As can be seen, the model is limited to the switchboard of the naval vessel and
specifics regarding the propulsion system has been neglected for this research, but were further investigated by

Wien and Meijn [141].
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At first in Section [4.2] the choices within the Simulink environment will be explained. The applied filters within
the model are explained in Section while Section explains the calculation of different thermodynamic
properties. Section [4.5] discusses the neutronics model for the nuclear reactor, which contains neutron kinetics,
reactivity and reactivity feedback, followed by the thermal hydraulics in Section [4.6] After this, the heat
exchanger model will be explained in Section [4.7] The turbomachinery model will be explained in Section [4.8]
which discusses the used performance maps and the applied correction equations. Finally, the model for the
shaft speed and the modelling of the valves will be explained in Section [4.9]and Section respectively.

4.2 Simulink environment

The Simulink environment presents the possibility for dynamic power simulations, but to use this environment
multiple solver choices must be made. At first, it was decided to implement variable time steps within the
simulation. Due to the complexity of the model, running the model at small constant time intervals is not
possible, as this would make the model user unfriendly. Small time steps are needed in Simulink to accurately
calculate the small disturbances that occur when the power demand changes, but are not required when power
stays relatively constant. It was decided to use a relative tolerance equal to 10~° for the variable time step as
this was deemed accurate enough, while not impacting simulation time drastically.

Furthermore, to solve the differential equations within the model, the ordinary differential equation (ode) solver
ode23tb (stiff/ TR-BDF2) was selected. The heat exchangers used in the model apply a counter flow modelling
structure, resulting that the first node at the hot side is in contact with the last node of the cold side and
vice versa. As multiple heat exchangers are present within the whole system, which also interact with other
components, a stiff environment is created for solving the multiple differential equations. The ode23tb is created
specifically for a stiff modelling construction and was therefore deemed sufficient as ode-solver. Other solving
settings were deemed not influential for the simulation results or were put on automatic Simulink settings.

4.3 Filter

Filters are added to the model to ensure a stable model is realised. Within the model there are several
parameters that are connected within a loop. The Simulink model applies variable time steps to ensure the
relative tolerance stays within 1076, However, this presents an issue within the approach created for this
model. Simulink determines the relative tolerance based on the change of several "states". By monitoring
the change of these states, and measuring the relative tolerance, the variable time step is changed to ensure
accurate calculations are performed. There are several "state" blocks that Simulink can monitor, but the most
commonly used is an integrator block. If a certain equation contains an integration step, then Simulink is
capable to monitor this process. The three parameters that occurs in a loop within the model are mass flow,
pressure and enthalpy. Of these variables, only enthalpy is constantly calculated according to equations that
contain an integration step. Small changes within mass flow or pressure are therefore not accurately monitored
by Simulink. This results in not accurately changing the variable time step, even when pressure changes exceed
the relative tolerance value, resulting in simulation issues.

Input S Output

Figure 48: First-order low pass filter
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To prevent this issue a first order low pass filter has been applied between each cycle loop for mass flow and
pressure, as presented in Figure [48] As this filter contains an integration step, Simulink is capable to track
changes during the simulation. A low pass filter was added as this ignores quick changes, while ensuring that
large changes are accounted for. The time interval ¢ for these filters has been arbitrary set to 1 second, and
seems to not influence the outcome of the simulation significantly.

4.4 Thermodynamic properties

During the simulation of the power conversion cycle, several thermodynamic properties must be calculated.
These properties could differ significantly, especially for a supercritical fluid as COs. It was decided to implement
the CoolProp application to determine these thermodynamic properties as it is accurate enough for this research
purpose and is free to use. The designed model will have three main parameters that will transport information
to other subsystems, namely mass flow, pressure and enthalpy. If in any of the following equations other
thermodynamic property parameters must be used, CoolProp will be applied. CoolProp can be used if there are
two known thermodynamic properties, so for example the temperature can be determined if the thermodynamic
properties pressure and enthalpy are known, which is stated in Equation [7]

T = fep(h,p) (7)

However, directly calling CoolProp from Simulink for each time a thermodynamic property is needed, slows down
the simulation drastically. To improve simulation speed, without losing significant accuracy, it was decided to
calculate the thermodynamic properties before running the simulation and store them in a dataset. For a range
of different pressures and enthalpies, a dataset for each thermodynamic properties is generated. Datasets can
be easily used with Lookup Tables in Simulink and require negligible simulation time. Although simulation time
is improved significantly, a potential drawback in accuracy occurs, as interpolation must occur between the
beforehand generated data points. After comparison with original CoolProp values, this decrease in accuracy
was deemed acceptable as values differed in the range of 1073. Appendix presents an overview regarding
the range and step size of the different datasets for the Lookup Tables.

4.5 Reactor neutronics
4.5.1 Neutron kinetics

To describe the neutron kinetics of the nuclear reactor, multiple approaches can be used, which could differ signif-
icantly for different reactor types or modelling purposes [46] [142]. One of the common modelling approaches is
the point-kinetics model, which has been used not only to describe the reactor dynamics in SMRs [47] [143], but
also specifically for gen. IV reactor types like the HTGR/VHTR [118] [144] [145] [146]. Qiu et al. [145] stated
that this approach can be used for the VHTR due to that the selected 5 MWth Mi-HTR has a low output power
and small reactor volume. This makes the point-kinetics model a suitable method for the selected research case.

The Point Kinetic (PK) model assumes that the spatial dependence of the diffusion model can be described
by a single spatial shape, removing the spatial dependence of the diffusion model [36]. The neutron density at
each point of the nuclear reactor core therefore only varies with time [142]. This makes it a less accurate and
reliable model than developing a 3D reactor model, but it lowers the model complexity and computational time
needed as the PK model only contains ordinary differential equations. Still, according to Wang et al. [142] the
PK model still performs well in cases where the local neutron disturbance is not significant or close to criticality,
which could be the reason Qiu et al. [145] mentioned that the model can be implemented for small power size
VHTRSs. Close to criticality does not refer to models created for accident simulations, as in those simulations
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criticality could change significantly. In addition, Atkinson et al. [147] applied the PK model for the transient
simulation of the U-battery as they also deemed it a feasible model with acceptable levels of accuracy. As the
accuracy of the PK is still applicable for small size power reactors, in which the criticality does not change
significantly, the PK model can be used for the purpose of this study.

Within the point-kinetics models there is a distinction between several methods; the one-energy-group point ki-
netics, multi-energy-group-point kinetics, the one-energy-group multi-region kinetics and the multi-energy-group
multi region kinetics [46]. Although all these approaches have been used for modelling reactor dynamics [46],
the one-energy-group point kinetics is the simplest, yet still used widely in literature [47] [118] [143] [144]
[145] [146] [148] and will therefore be selected. Within this method there is a distinction between the amount
of delayed neutron groups, based on the half-lives of the precursor nuclides, applied in the PK model. The
current method implements the six groups of delayed neutrons as this seems the most complete model ap-
proach [36] [53] [118] [144] [145] [146] [149], but other approaches simplify this by combining it to a single
delayed neutron group [47] [143] [148].

The derivation from the neutron diffusion equations to the applicable Point Kinetic equations (PKEs) for
modelling has been done multiple times in literature. The specifics of this derivation can be found in Dud-
erstadt and Hamilton [36]. The most common notation of the PKEs, considering the six groups of delayed
neutrons, is presented in Equations 8] and [9] [36] [46] [53] [145] [149] [150].

6
d _
M PPy S ne

dt A : ®)
j:1
de ﬁj L . .
iyl Ajcj, withj=1.2, ... 6 (9)

In these equations n is the population of prompt neutrons, ¢ is the population of delayed neutron precursor
nuclides, p is the reactivity of the system, 3 is the effective delayed neutron fraction, X is the effective decay
constant of delayed neutron precursors and A is the prompt neutron generation time. The PKEs can also be
expressed in terms of the reactor's thermal power, which can be done by replacing the population of prompt
neutrons in Equations [8] and [0 with the thermal power of the reactor [143] [144] by applying equation [L0] [150].

P =FSpV = FSpnoV (10)
In Equation [10] F' is the conversion factor from fission rate to power, X is the macroscopic fission cross-section,

¢ is the neutron flux, v is the neutron velocity and V' is the reactor volume [150]. This equation shows that
the power created within the fuel rods is directly related to the amount of prompt neutrons.

For the U-battery, the neutronic analysis was performed with Serpent by Atkinson et al. [147]. Serpent is
capable to provide the required neutronic values for the point kinetics, which are presented in Table [II] These
values will be used in the PKEs to model the selected 10 MWth U-battery.

Table 11: Input values used in the Point Kinetic equations for the U-battery [|147]

y Group | 1 | 2 | 3 | 4 5 | 6
Delayed neutron fraction (3;) | 0.000205 | 0.001088 | 0.001039 | 0.002886 | 0.000851 | 0.000292
Decay constant (\;) 0.012493 | 0.031668 | 0.109361 | 0.317295 | 1.349730 | 8.659060
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4.5.2 Reactivity

To control the power output of the U-battery, the reac-

tivity of the reactor must be controlled. As explained in 400
Section there are many different ways of controlling
the reactivity of a nuclear reactor, but for the U-battery
it was decided to control the reactivity by lowering/raising
the control rods [122]. The reactivity of the reactor is re-
lated to the height of the control rods according to Figure
[126], which has been acquired by using the WebPlot-
Digitizer tool [151]. As the height of the rods is limited
to a minimum of 0 meters and a maximum of 1.6 me-
ters [126], this also means that the reactivity is limited to
certain values. After modelling the U-battery, it was de-
termined that it is not possible to provide the full 0-100%
power range control of the reactor by using a single con- o 02 04 06 08 1 12 14 18
trol rods. This complies with the results of Atkinson et Height [m]

al. [122], which propose to use 6 control rods for reactor Figure 49: Reactivity effect on the U-battery due
control. It was therefore decided to also use 6 control rods  to the height of a single control rod [126]

for reactivity control. All the controls rods will be raised

or lowered at the same time and will thus operate at the same height at all times. Although the designed model
will not account for reactivity differences within the reactor, the principle of raising and lowering the control
together ensures that a more symmetrical power profile is ensured across the core [122].
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As the reactivity is a function of the height of the control rod H,,4, controlling the height by changing the speed
of the control rods v;.,q can ensure reactivity control, and thus power control. This is presented in Equation [11]
In this equation the height of the rods at the start of the simulation Hy, is determined based on the required
power output of the reactor at the start of the simulation. For this research, the initial rod height was set to
1.3 m for full power, as this provides margin in the operating region of the reactor.

Hrod - Hto + Vpog t — p= fmap(Hrod) — P = f(p) (11)

Atkinson et al. [126] state that if a single control rod is fully withdrawn at a constant speed of 120 seconds,
a controlled and stable power increase is achieved. As the height of the rod itself is 1.6 m, this results in a
rod velocity of 0.0133 m/s. As the simulation applies 6 control rods, it was decided to limit the rod speed
during the simulation to a sixth of this value, thus v,o4 maz = £ 0.0022 m/s. This limitation in control speed
limits the dynamics of the reactor, but is of importance to ensure the reactor does not enter the prompt critical
region. Further research should focus on validating this limitation, or should focus on designing a reactor that
can operate with faster reactivity changes.

4.5.3 Reactivity feedback

In Section 2.2.3] an explanation has been given for the impact of several phenomena on the reactivity of the
reactor, which could impact the reactor dynamics. In general, multiple reactivity feedback types are applied in
models such as; the Doppler effect [47] [144] [146], changes in material temperatures [118] [143] [144], changes
in reactor power [47] [146], changes in pressure of the primary coolant [143|, and finally external reactivity
impacted by changing the control rod height [118] [143] [144] [146]. Although not present in models found
within literature, reactivity feedback due to poisoning could also be of interest for further studies [36].
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At the time of writing only data surrounding the temperature feedback of the fuel for the U-battery was
present in literature, and it is therefore decided that only fuel temperature reactivity feedback will be applied in
the model. Although this is only a single feedback effect, Kitcher et al. [47] state that the contribution of the
Doppler effect, and thus the change in fuel temperature, on the reactivity is the most dominant in short time
transient operations. Other feedback phenomena may have larger feedback coefficients than the Doppler effect,
but the almost instantaneous reaction of the fuel temperature on a power change makes the Doppler effect the
most dominant feedback contribution [47]. The addition of this reactivity feedback can be seen in Equation
[12] in which the total reactivity is changed by the external reactivity (proq) and an increase or decrease in fuel
temperature (pr;).

p(t) = prod + prf = Prod + arf(Ts — Tfo) (12)

In this equation the reactivity changes based on a temperature difference of the fuel (7f) compared to a
reference fuel temperature (T’ ). This temperature change is multiplied by the negative reactivity feedback
coefficient of the fuel (arf). As a result the reactivity will lower when the temperature increases of the reactor,
therefore ensuring a more inherent safe reactor. For the U-battery, the negative feedback coefficient is equal
to -4.26 pcm/K [147]. Unfortunately, the reference fuel temperature belonging to this value was not present
within literature. It was therefore decided to let the reactor model of the U-battery run at full power without
any reactivity feedback. As a result, the temperature of the fuel reached a steady state at 1131 K, which was
selected as reference fuel temperature in further simulations.

4.6 Reactor thermal-hydraulics
4.6.1 Thermal hydraulics scheme

When modelling the thermal hydraulics of a nuclear reactor it is

of importance to not only connect the generated thermal heat in ~ m |G -110 Graphite
the fuel elements to the power conversion system, but also to in- Barrel/RPV
vestigate the temperature behaviour of reactor components during Fuel layer
dynamic simulations. For this study it has been decided to imple- Thgrmal insulation
ment a 1D lumped thermal hydraulics approach for the modelling Helium
of the U-battery. The 1D lumped thermal hydraulics approach
has been used successfully in literature to simulate dynamic heat
transfer conditions within an HTGR/VHTR [126] [152] [153] and
is therefore deemed an appropriate modelling approach for this re- oo | i |
search case. The thermal hydraulics model is based on the equiv-

alent heat transfer model used for the U-battery by Atkinson et
al. [126], which can be seen in Figure [50| and the hexagonal fuel Figure 50: Heat transfer model used for
shape structure of a prismatic HTGR, which is presented in Figure  the U-battery [126]

D2l

EEN

Figure presents the structure of the 1D lumped heat transfer model. Each block contains its own heat
transfer equation in which the difference between the heat input and output will result in a temperature change.
The equations used for each block are described in Equations [1321] In these equations M is the mass of the
block, C), the specific heat capacity, 7" the temperature, U the overall heat transfer coefficient, A the overall
heat transfer area between two blocks, @ is the heat input from the point kinetics equation, 72 is the mass
flow and h is the enthalpy. In addition, the following subscripts are used; F': fuel, M: moderator, CR: central
reflector, SR: side reflector, I: insulation, B: barrel, RPV: reactor pressure vessel, Ri: coolant riser and Do:
coolant down comer. Here, material parameter values used within the U-battery are stated in Tables [I12}{14]
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Figure 51: Schematic diagram of the lumped thermal hydraulics of the U-battery

d1r
Fuel: MpCpp—— T =Q— UrnmArm(Tr — Tur) (13)
dT

Moderator: MMC 7]\/[7?4 = UF,MAF,M(TF - TM) - UM,RAM,R(TM — TR) - UM,DOAM,DO(TM - TDO)

(14)
dTcr
Central reflector: MCRC CR—,— it = UM,CRAM,CR(TM — TCR) (15)
dT
Side reflector: MsrC) sr diR = Unm,srAm,srR(Tv — Tsr) — Usr,1Asr,1(Tsr — Tr) (16)
dTy
Insulation: M]Cp I— dt = UR [AR ](TR — T[) UI,BAI,B(TI — TB) (17)
d1B
Barrel: MBC dt U] BA[ B(T[ — TB) UB,RiAB,Ri(TB - TRi) (18)
dT
RPV: MgpyvCy rPV gfv = Ugi,rpv Ari,rpv(Tri — TrPV) (19)
dTRr; . .

Riser: Mp;Cp Ri df = U, riAB,Ri(TB — Tri) — Uri,rPv ARi,rPV (TRi — TRPV) + Minhin — Mouthout

(20)
dTp, . .
Down comer: MDOCP’DOT = UM,DOAM,DO(TM - TDO) + Minhin — MoutNout (21)
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Temperature changes, or irradiation, within the materials of the reactor will affect the material property values.
Density, thermal conductivity and specific heat capacity are dependent on the material conditions, but for this
research it was assumed these properties do not change as detailed information was missing in literature. This
assumption complies with the approach stated by Atkinson et al. [147]. As thermal conductivity is constant
during the simulation, and the sizing of the reactor stays constant, the heat transfer coefficient for conduction
is also constant. However, in the case when convection plays a part within the heat transfer, the overall heat
transfer coefficient must be calculated as flow regimes could differ during power transients.

The thermal structure presented in Figure[51] applied on the U-battery must account for the cylindrical structure
of the reactor, as presented in Figure . Therefore, to calculate the overall heat transfer coefficients U, and
the heat transfer area A, of the different materials =, Equations 22| and [23| are applied [154].

1 ln(rout,z/rm,m> 1

= 22
U,A, 2wk, H + 277 out W H (22)

dy

Equation [22] accounts for the process of conduction and convection, of which the latter is only applicable if
the material is in contact with helium. The physical sizing of the cylinder is implemented by the outside and
inside radius r of the cylinder and its height H. The convective heat transfer coefficient h can be calculated
by the thermal conductivity k, hydraulic diameter dy and the Nusselt number Nu as described in Equation
[154]. The Nusselt number will be calculated by applying the Gnielinski relation presented in Equation
[118] [154], which is a relation between the Prandtl number Pr, according to Equation the Reynolds
number Re, according to Equation and the friction factor f, calculated by applying the Petukhov relation
presented in Equation [118]. These relations are applied as it is assumed that a smooth pipe approach is
applicable for the channels within the hexagonal fuel blocks and the flow between the cylindrical shape of the
barrel and RPV.

Cpp

Pr=—C 24
r=— (24)
d
Re = 24%H (25)
7]
f = (0.79log(Re) — 1.64) 2 (26)
(£)(Re — 1000) Pr 6
Nu = ,2300 < Re < 5-10°% 0.5 < Pr < 2000 (27)

1+12.7(Pr3 — 1)\/%

In these equations the specific heat capacity C), the viscosity y, the density p, the speed w and the hydraulic
diameter dy are used for calculating these dimensionless numbers. Here, the hydraulic diameter must be
calculated for the circular cooling channels within the fuel block, and the cylindrical channel between the barrel
and RPV. The hydraulic diameter is equal to the area of the channel A divided by its perimeter p. For the
circular channels this results in that the hydraulic diameter is equal to the diameter of the channel, while for
the cylindrical channel Equation [28]is used [155].

4A  A(mr2, —7rd)
dy = — = out ml o _ 9 . 28
" p (27r7nout + 27Trin) (TOUt TZn) ( )
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Table 12: Horizontal sizing of the U-battery [[126]

| Reactor part | Inside radius [cm] | Outside radius [cm] |
Central reflector 0 19
Matrix layer 19 50
Side reflector 50 94
Thermal insulation 94 97
Barrel 97 101
RPV 106 110

Table 13: Vertical sizing of the U-battery [[126]

| Reactor part | Height [cm] |
Active core 320
Top/bottom reflector 50

Table 14: Properties of the materials within the U-battery

| Reactor part | Specific heat capacity [J/kgK] | Thermal conductivity [W/mK] | Density [kg/m?] |

Fuel element 1473 [156] 65.4 [156 1650 [156
Central reflector 720 [136] 133 [136 1800 [136
Matrix layer 720* 133* 1750 [122
Side reflector 720 [136 133 [136 1800 [136
Thermal insulation 1200 [157 0.23 [135 3200 [122
Barrel 557 [158 19.8 [158 8000 [122

RPV 557 [158 19.8 [158 8000 [122

* assumed equal to the reflector as similar types of materials are used

4.6.2 Reactor matrix

Figure 52: Half of a fuel block, with the side reflector position highlighted by the blue lines [122]
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Looking at Figure[51] the matrix of the reactor is a material element that connects to multiple other components.
modelling this component is therefore of essence, but complexity arises due to the hexagonal shape of the fuel
block and the multiple fuel and coolant channels present within the block, visible in Figure [52] and Table [15] A
single coolant channel is surrounded by 6 fuel channels, resulting in each coolant channel carrying approximately
two times the heat generated in a single fuel element [156]. The graphite matrix surrounds each channel for
heat transfer and structure, as presented in Figure [53] Due to the different fuel channels spread over the
fuel, the temperature at a local channel level would differ, as the temperature would be higher around the fuel
channels, but also on a total component level will the matrix temperature be higher at the inside of the fuel
block compared to its outside. As it is not possible to accurately determine this temperature distribution with
a 1D model, it is assumed the heat transfer of the hexagonal block can be modelled as presented in Figure [53]
This assumption makes it possible to consider the hexagonal shape as a cylinder with multiple layers and the
matrix temperature can be determined at the place of the red ring. This temperature is then also assumed to
be equal to the matrix temperature for the heat transfer between the matrix and the reflectors. In Figure
three different radii are visible. After applying hexagonal geometry relations, it was determined that the shortest
distance between the coolant channel and the fuel channel is equal to 4.51 mm. As a result, the coolant radius
R, was determined equal to 7.94 mm, the matrix radius R,, equal to 12.45 mm and the fuel radius R; equal
to 18.8 mm. These values will be used for the 1D heat transfer model of the fuel, matrix and coolant channel.

~7ARISO-fuel | Te mp
Matrix

_—~7 compact 4
L i Graphite
moderator block

/ 1.5875

He flow channel

e 1.88 +f

All dimensions inecm

Figure 53: Schematic overview hexagonal fuel block (left) || and the modelled fuel block (right)

Table 15: Parameters per hexagonal fuel block

Parameter \ Value ‘
Block width 36 cm
Block height 80 cm
Amount of fuel channels 210
Amount of coolant channels 108
Diameter helium channel 1.588 cm Bl
Diameter fuel channel 1.27 cm

3Near the center of the fuel block smaller coolants channels are applied, which have a diameter of 1.27 cm . This is
however neglected within this research.
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4.6.3 Pressure losses and blower

As the helium is flowing through the reactor, a pressure drop will be the result due to friction losses in the
channels and the height difference within the reactor. The pressure losses occur at six blocks in the reactor
model through which the helium is flowing, visible in Figure 51} The grey blocks contain only a pressure drop,
while the blue blocks contain heat transfer and pressure losses. The pressure losses in these blocks have been
calculated according to the pressure loss due to the height and the friction, in which the latter uses the Petukhov
relation for calculating the friction factor, presented in Equation [26] The pressure drop Ap can be calculated

according to Equations [118].

Ap = Apheight + Apfriction (29)
Apheight = PQAH (30)
pfu’H
A riction — 31
Pfrict 2 (31)

These pressure losses occur in the primary circuit, and to ensure the required pressure level in maintained, a
blower is added to the primary circuit. The blower is designed as a steady state pump. The power input into
the blower is calculated according to Equation 32| [91].

P = 7hHe(hout - hzn) (32)
The isentropic efficiency of the blower can be calculated according to Equation

hout isen hzn
_ hout, 33
hout - hin ( )

For an isentropic process in the blower, the first law for a closed system undergoing a reversible process holds: [91]

hout,isen - hm = M- (34)
Pin
Assuming a blower efficiency equal to 82% [91], and stating that the outlet pressure of the blower should be
equal to the design pressure of the reactor, 40 bar, ensures that the outlet enthalpy and required pump power
can be calculated. It was assumed that this required pump power is electrical and will be provided by the power
conversion cycle itself. In reality another energy source, like a battery or emergency diesel generator, should be
used to ensure a system failure does not result in a loss of pressure within the reactor.

4.7 Heat Exchanger
4.7.1 Node and geometrical structure

As stated before, the heat exchanger is of the essence in the dynamic modelling of nuclear power plant.
As described in Section the wavy Printed Circuit Heat Exchanger (PCHE) was selected as suitable heat
exchanger type for the selected power conversion cycle. For dynamically modelling the PCHE, the LMTD
method is deemed not feasible due to the low accuracy during dynamic changes [113]. It is therefore common
to split the model of the heat exchanger into several nodes and apply a 1D finite volume method [91] [105]
[111] [113] [116] [117] [118] [133] [140]. Based on the dynamic PCHE model created by Ming et al. [118] and
Trinh [140] the heat transfer in the heat exchanger will be calculated. This model applies the approach in which
only two channels (one hot and one cold) are modelled. These channels will be separated by the wall of the
heat exchanger and will also be divided into several nodes n along the length of the channel, to ensure accurate
property calculations. The schematic structure is presented in Figure 4]
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Figure 54: Node division of the 1D heat exchanger model

First, the geometric structure parameters of the heat exchanger will be applied to calculate the hydraulic
diameter dy and the equivalent plate thickness ¢, [118]. This was done according to Equations and .

4rrd?
dy = ——0—— (35)
to=H,— %d (36)

In these equations the diameter d of the channel and the height H, between the channels are used. The dynamic
equations of the heat transfer element are formed according to the mass balance, energy balance, and simplified
momentum balance equations. It is stated in Equation that mass will not be created nor destroyed, so
the mass flow out of the channel will be the same as the mass flow entering the channel [118]. As stated in
Equation [38] the total mass flow through the heat exchanger will be equally divided by the amount of hot or
cold channels N which results in the mass flow through one channel of the heat exchanger.

mi,n = 7;no,n (37)
. _ mtot
Mchan = N (38)

For the energy balance within the channels, the following conservation equations are applied on each node for
the hot h and cold ¢ channel:

dhh o dhh . . "
M, =~ M,—— = hp i — —
[ e Mh,ihn, — M olho — Qhws (39)
dhe, - dh, | .
M. dt ~ M. dr mc,zhc,z mc,ohc,o + Que- (40)

MSc. Thesis T.H. Wien 67



Nuclear Propulsion for Naval Vessels

In these equations h; and h, are the enthalpy of the inlet and outlet fluids. Here, the assumption is made
that, due to the implementation of several nodes, the enthalpy within the node will not change significantly, as
otherwise it could not have been stated that dh/dt is equal to dh,/dt. Furthermore, M}, and M, are the mass
of the fluid in the hot and cold side of the heat exchanger, which can be calculated by Equations [41] and [42]
Here, the cross-sectional area of the channel is multiplied by the channel length of the node L,,, which is equal
to the total channel length divided by the amount of nodes, and the density of the fluid in the channel p,,. [118]

Min = 5dLopns (41)
Mc,n = %d2anc,n (42)

4.7.2 Heat transfer and pressure loss

The heat transfer () between these two channels occurs between the hot channel and the wall Qpyp, and
between the wall and the cold channel Q. according to the following equations: [118]

Qhw,n = Uh,nAh,n(Th,n - Tw,n)> (43)

ch,n - Uc,nAc,n(Tw,n - Tc,n)- (44)

In these equations the heat transfer area A is equal to the circumference of the semicircular channel multiplied
by the length of the node, as stated in Equation [45| [118].

Ah,n = Ac,n = Ln(g + 1)d (45)

In Equation [43| and [44| the temperature of the fluid in the heat transfer elements (7}, ,, or T ) is equal to the
average temperature between the inlet and outlet temperature of the node. To calculate the wall temperature
T n of the heat exchanger the energy conservation equation is applied on the wall as presented in Equations

and (47 [118].

dTywn . .
Mw,ncw,n dt7 = Qhw,n - ch,n (46)
Mw,n = (Hcd - gdz)anw (47)

To calculate the overall heat transfer coefficients Uy, ,, and U.,, the following Equations are applied [118] [154]:

1 1 te .
N nk: n N ancn
hy, = M) he = NUenFen (49)
dg dyg

The convective heat transfer coefficient h can be calculated with Equations [48] and [49] which relates the
thermal conductivity k,,, hydraulic diameters dy and the Nusselt number Nu. For these equations, the Nusselt
number must be known when convection occurs. Marchionni et al. [138] base there 1D channel PCHE model
on experimental data of a wavy channel heat exchanger. To account for the difference between a straight
and wavy channelled heat exchanger, correction factors are applied in the calculation of the friction factor and
Nusselt number. The friction factor is calculated according to Serghides solution, presented in Equation [50]
This solution is an approximation of the Colebrook—White equation and is valid for a turbulent regime (Rep
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> 2300) [138ff] Marchionni et al. [138] state that the pressure drop in a wavy channel is larger than in a
straight channel PCHE. To account for the use of a wavy channel PCHE the correction factor C; has been
introduced, which was determined equal to 1.1 based on experimental data [138]. As the heat transfer in a
wavy channel heat exchanger is also larger compared to a straight channel, an additional correction factor Cs
has been implemented for the Gnielinski equation, which was determined to be equal to 1.2 [138]. The used
Gnielinski equation by Marchionni et al. [138] is stated in Equation [53] These equations for the friction factor
and Nusselt number were implemented in the model to simulate a wavy channel PCHE. Other Nusselt relations,
especially for other types of PCHE, are also applied in literature of which an overview can be seen in Wang et
al. [113]. These relations could be considered in further research as there is not one definite relation for PCHE
channels.

1 (A—4781)2 \7°
f= ClZ (4.781 ~B_9A1 4.781) , with (50)
e/D 12
A= -2 et 1
0410 ( N ReD) ; (51)
¢/D 2514
B=-2 et . 2
eg10 ( 37 7 Rep ) (52)

(£)(Re — 1000) Pr
1+ 12.7(Prs — 1)\/2

Within these equations, the quantities A and B are dependent on the roughness of the channels ¢, the diameter
of the channel D and the Reynolds number. However, as stated in Table [9] the roughness of the channels is
neglected, reducing the impact of the factor ¢/D. Prandtl and Reynolds number are calculated for each node
according to Equations [24] and [25] respectively.

N'LL:CQ

The pressure drop Ap along the channels can be calculated according to Equations [118] [160].

ntin Ly,
Ap, = Pnyi — Pno = fp2dH (54)
Apn =3 Apn, (55)
Apc = Z Apc,n (56)

Fouling could impact the heat transfer coefficient during operation, which could be addressed with a fouling
resistance factor during the heat transfer calculation. However, in this case the fouling resistance was neglected.
As the purity of COs is high, fouling is less of an issue compared to other substances and can therefore be
neglected [117], but this could be improved in further studies.

*The equations stated by Marchionni are using the Fanning friction factor, instead of the previous used Darcy—Weisbach friction
factor. For fully clarity; the Darcy—Weisbach friction factor is 4 times larger than the Fanning friction factor. Before using these
equations in the model, the equations were corrected for this difference.
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4.8 Turbomachinery

Due to the fast response time of the turbomachinery, compared with the heat exchangers and reactor, it is
common to neglect the response time of turbomachinery in modelling approaches. It is therefore proposed to
apply steady-state models for the turbomachinery [85] [113] [116] [134]. There are multiple approaches for sim-
ulating steady state turbomachinery, which differ in complexity. A simple modelling approach applies constant
compression and expansion ratio, and efficiencies, for the turbomachinery during the simulation. Although this
approach has been used in literature [91] [119], it can be argued that this approach is not suitable for a transient
power simulation in which the operating conditions and performance of turbomachinery changes significantly.

Another approach is by using performance maps of the turbomachinery for a more realistic turbomachinery
performance [94] [116] [118] [133]. This method requires the compressor and turbine map of the belonging
turbomachinery. Furthermore, the use of performance maps within the modelling approach can also differ. If
the model uses the performance maps directly (without correction) than these are called Fixed Performance
Parameter (FPP) models [116]. However, during the power transient, the operating conditions (temperature
and pressure) can differ significantly from the design conditions of the performance map. This change in op-
erating conditions could result in different turbomachinery performance compared to values presented in the
performance map. Correction equations can be used to account for this difference in operating conditions, and
models using this correction approach, before using the performance maps, are called Corrected Performance
Parameter (CPP) models [116]. It is expected that the operating conditions will differ significantly during the
power transients of a naval vessel, and therefore it was decided to focus on implementing a CPP turbomachinery
model. At first, Section [4.8.1] will explain the realization of the performance maps for the turbomachinery and
Section will explain the used correction equations within the CPP model. In Section the general
modelling approach for the turbomachinery will be explained, which will use the obtained performance maps
and correction equations as data input for performance parameter calculations.

4.8.1 Performance maps

Performance maps are capable to determine the performance of turbomachinery, the pressure ratio and efficiency,
based on the corresponding shaft speed and mass flow. The Korean research institute KAIST has developed
an in-house code for simulating sCO, turbomachinery, which is capable to create the required performance
maps for centrifugal sCOy compressors and turbines. As the maps created by Oh et al. [108] are for a 12.5
MWe power conversion cycle, these maps are within range of the desired power range for the naval vessels. A
normalization method can therefore be applied to correct the small change between the desired power output
of the turbomachinery. The performance maps of the KAIST installation can be seen in Appendix [A6] which
have been obtained by using the WebPlotDigitizer tool [151].

For normalizing the performance maps, there are four parameters which must be converted. These are the
mass flow, shaft speed, pressure ratio and efficiency. Pressure ratio and efficiency are dimensionless numbers,
and are there for constant during the normalization approach [161]. The mass flow and shaft speed do however
change based on their respective dimensionless numbers [161], but for this normalization approach, shaft speed
was also assumed constant with the power conversion cycle of Oh et al. [108]. This is solely for the reason that
the compressor and turbine are not normalized at the same rate. As Oh et al. [108] only use one compressor,
while the designed cycle implements two compressors, a normalization in shaft speed would result in a mismatch
between the shaft speeds of compressors and the turbine. This issue can only be solved if a fundamental tur-
bomachinery design study is executed, and therefore the assumption is made that shaft speed is constant for
this preliminary design analysis.
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In reality there are limitations to these normalization relations as size effects of the turbomachinery impact
the optimal mass flow rate, power and efficiency of a turbine [162]. Small turbomachinery always have lower
efficiencies than larger geometrically similar machines [163]. However, as the reference power output and the
scaled power output are within the same range, the assumption is made that these size effects can be neglected.
An indication about the effect of scaling on efficiency has been made in Appendix [A8] which shows the effect
is negligible for the difference between the referenced and scaled power output.

Overall, the obtained performance maps of Oh et al. [108] and the normalization approach, result in the
performance maps for the designed turbomachinery. These maps are visible in Figures[55l/57] The performance
maps obtained from the KAIST research group are 3D data sets, containing mass flow rate, shaft speed and
either pressure ratio or efficiency. The turbomachinery model is created in such a way that mass flow rate and
shaft speed are input values for the Simulink model and the performance maps therefore produce the pressure
ratio and efficiency. The maps are however limited in their use case, as only specific speed lines are given and
the dataset obtained from the WebPlotDigitizer tool is limited to scattered data points. To ensure smooth
simulation times in Simulink, it was decided to produce the maps in such a way that 3D interpolation can
happen with the input of mass flow rate and shaft speed.

To ensure 3D interpolation can happen smoothly, the function scatteredInterpolant of Matlab was used for
interpolating within a certain meshgrid. Beside interpolation, extrapolation was also added to the model. The
obtained performance maps have operating areas that do not contain data points. For example. above the surge
line of a compressor there are no data points available as operating above the surge line is not recommended
for a compressor. Still, for modelling, it could be beneficial that the model is capable to acquire at least a
value in these unknown areas. Although it would not be realistic to operate for long times above the surge
line, the model would not crash immediately due to unknown values provided. As the specific values around
these operating points are not known, some estimates have been made on which interpolation and extrapolation
method is preferred.

In Appendix a comparison between the different inter-/extrapolation methods was made and natural in-
terpolation and boundary extrapolation were chosen as preferred methods for creation of the performance
maps. As a result the performance maps displayed in Figures were created and selected as input
for the created Simulink model. Within this Simulink model, interpolation must still occur between the three
input structures (mass flow, shaft speed and a choice between pressure ratio or efficiency). By applying the 2D
Lookup Table of Simulink interpolation occurs between the mass flow and shaft speed to achieve the desired

pressure ratio or efficiency. For this interpolation method, linear point-slope interpolation was selected, which
is further explained in Appendix
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Figure 55: Main compressor performance maps
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Figure 57: Turbine performance maps
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4.8.2 Correction equations

Using a performance map ensures a more realistic performance simulation of the turbomachinery. However, it
is also possible that inlet conditions like pressure and temperature change compared to the design values of the
performance map. To account for these changes in pressure and temperature, correction models are applied to
correct turbomachinery performance. These equations, or so-called similitude models, are able to correct the
actual inlet temperature and pressure with the reference pressure and temperature of the performance maps,
and therefore ensure that the maps are still applicable in off-design conditions.

There are 5 types of similitude models used for correcting the
inlet conditions with the reference conditions of the perfor-
mance maps. The relation between these different similitude
models can be seen in Figure [58| and the equations used for Crtcal conition Chtcal conditon
correcting the enthalpy rise, the shaft speed and the mass e e
flow can be seen in Table In these equations, the tem- Glassman W_{ BNI ]

perature T', pressure p, specific gas constant R, the specific #eonecton

heat ratio v and the compressibility factor Z are used. Allthe  rizyre 58: Relation correction equations [164]
correction equations are based on the Ideal Gas (IG) approach

and relate the reference ref conditions to the actual a conditions. Glassman reformulated the |G equations
with critical temperature and pressure as inputs for non-ideal gas situation. This was done as the critical con-
ditions account for specific heat ratio variations between the different temperatures and pressures, while the 1G
approach assumes a constant specific heat ratio [165]. The critical condition can be calculated according to
Equation [57] and [58| [165].

Z correction n, correction

‘ |G —>[ IGZ ]-’[ Pham: ’

1 -1
ZeyTow = ZT < ‘g”) (57)
14+~) 71
W,
Per =P < 2 7) (58)

From these two methods, a compressibility correction can also be added. For the ideal gas case this results in the
IGZ correction equations. The Barber-Nichols Inc. (BNI) correction equations applies the compressibility cor-
rection on the Glassman equations [165]. The compressibility correction is applied by adding the compressibility
factor to the correction equations, which can be calculated by Equation

p

= T (59)

Table 16: Overview for the correction equations used in turbomachinery performance [116] [165|F]

| Model | Aheorr \ Neorr \ Hcorr
IG <Ahﬂ§T> (YRT ) es (N—2)a(VART ) ey (D)o (2 ey
IGZ (Ah A,RZ 7)a(YRZT)rcf (N —77)a(VARZT ) e (2L (e
Glassman (Ah «,RT Ja(YRTer)ref (N\/wlginr)a( VRIer )ref (m%)‘I(\/z%}m)wf
BNI | (Ahspztg)a(VRZaTer)res | (N g )a (VAR Zer Tep)rey | (¥ 0erten) o (o gbe ) o
Pham (A )a(nsRZT) e (N —=)a(Vns RT )y ( W)a(ﬁﬁn)m

®Alsawy [116] neglects the critical compressibility factor at the Glassman and BNI equations, but Jeong et al. [164] and Pham
et al. [165] (atleast for BNI) both apply the compressibility factor for these type of correction equations.
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The fifth similitude method of Pham et al. [165] corrects

w
[,

. . . . ] 20/ 16:,/ 14 10 )
the specific heat ratio with the isentropic volume exponent Vo4 ye
ns compared the 1GZ method. This isentropic volume 30
exponent is defined in Equation [60] and for the ideal gas 45 ;

. . e ) /
case n is equal to  [165]. Here v is the specific volume < w0 e
of the fluid. The Pham method is the desired method for g b b
this use case. Not only do Jeong et al. [164] compare all g 35 A 7
these methods, and show that the Pham methods results §30 14,00 .
in low error margins, but also Nederstigt and Pecnik [166] b (vPa) C
favour the use of the isentropic exponent in sCO5 analysis, 25 becies

16 14 1.2 1.0

which is only used in the method of Pham. The importance
of the isentropic exponent for sCO5 can be seen in Figure
[BIl Here, the isentropic exponent differs drastically around

Entropy (kJ/kg)

Figure 59: Isentropic exponent around the critical

the critical point of CO2. Nederstigt and Pecnik [166] also point of CO [165]

present this change in isentropic exponent near the critical
point, but also indicate that further from the critical point the isentropic exponent changes less. This means
that for the main compressor (close to the critical point) the changes in isentropic exponent are expected to
differ significantly, while for the turbine (far from the critical point) the changes are negligible.

v dp

T

i (60)

The pressure ratio obtained from the performance maps, using the corrected mass flow and shaft speed, is
however still not the actual pressure ratio for off-design operating conditions. The actual pressure ratio can
be obtained by the pressure ratio correction Equations |61 and which should be used for the compressors
and turbine respectively [116] [165]. To indicate the impact of the correction equations, Appendix [A10| shows
a comparison between using or neglecting the correction equations. It was shown that applying the Pham
correction equations presented in Table [16| and the pressure ratio correction equations [61| and is beneficial
for accurately calculating turbomachinery performance.

n —1 ns,a—1 "s,‘:;flil
Teorr = | 1+ ;Teifl a0t —1 , for compressors. (61)
s,a
) 7ns,ref1
n -1 2e0 Msref .
Teorr = (1 - ;Jeifl <1 — g )) , for turbines. (62)
s,a

Alsawy et al. [116] also state that the efficiency obtained by the performance maps should be corrected by a
correction equation. This is however a novelty within literature and was therefore neglected. Further studies
could determine the usefulness of such a correction equation as Alsawy et al. [116] show promising results
regarding an error reduction in efficiency correction.

4.8.3 Power calculation

The combination of applicable performance maps, and correction factors for different inlet conditions, makes
it possible to calculate the performance parameters of the turbomachinery. The turbomachinery models are
created such that shaft speed, mass flow, pressure and enthalpy at the inlet side, will produce power, mass flow,
pressure and enthalpy at the outlet side. First of all, it is assumed mass flow is equal at the inlet and outlet
side according to Equation [63]

™My = My

(63)
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The actual inlet mass flow i, and actual shaft speed N, must first be corrected according to Equations
and [65[[116]. In these equations the mass correction factor M CF and shaft speed correction factor NC'F' are
used to determine the corrected mass flow 7i1...- and corrected shaft speed Ny

Teorr = MCF 1ing (64)
Negrr = NCF N, (65)

In combination with the performance maps fpqp() and these correction factors, the pressure ratio 7 and
efficiency 1 of the turbomachinery can be determined according to Equations [116].

n= fmap(mcorra Ncorr) (66)
Tcorr = fmap (mcorr s Ncorr) (67)
Ta = fcorr (7rco7"7‘) (68)

With the pressure ratio known, the outlet pressure can be determined according to Equation [69| for the com-
pressors and Equation [70| for the turbine. Here, the pressure at the outlet of the compression pc, is equal to
the inlet pressure pc; multiplied by the compression ratio m¢, while for the turbine the pressure at the outlet
PT,o is equal to the inlet pressure pr; divided by the expansion ratio 77 [91].

PC,o0 = DC,i TC (69)
Pr.i

Pro=—> (70)
T

To determine the outlet enthalpy of the turbomachinery Equations and can be used. Based on the
efficiency of the turbomachinery, the inlet enthalpy h; and the isentropic outlet enthalpy hj;sen, the realised
outlet enthalpy h, can be calculated [91] [116].

e (71)

hro = hri —nr(hri — hroisen) (72)

The isentropic enthalpy used in Equations[71]and[72)can be determined by realising the isentropic enthalpy states
that entropy remains constant due to reversibility of the process. Therefore, entropy s can be determined at the
inlet side of the turbomachinery and in a reversible process this would be equal to the entropy at the outlet. By
using the already calculated outlet pressure, the isentropic enthalpy can be calculated as two thermodynamic
properties are known. This has been presented in Equation

s = f(hlapl) — ho,isen = f(s’po) (73)

The power consumed by the compressor, or produced by the turbine, is equal to the enthalpy difference between
the inlet and outlet multiplied by the mass flow, which is presented in Equations[74]and[75] The power difference
between these components, and the power consumed by the pumps and blower, will result in an overall electricity
P,j.. produced by the power conversion system. Here, it is assumed the generator does not impact the dynamic
power behaviour of the power conversion and will only have an impact on the amount of power produced, which
is accounted for by an overall generator efficiency 14c,. The power produced can be calculated by Equation
in which ¢ is the amount of turbines, j is the amount of compressors and k is the amount of pumps or blowers
in the power conversion cycle.

Po =me (hqo — hqi) (74)

Pr =1y (hri — hryo) (75)
Pelec:(ZPT_ZPC)T’gen_ZPP/B (76)
i j %
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4.9 Rotating shaft model
4.9.1 Shaft inertia

The inertia I of the shaft limits the acceleration of the shaft and is therefore crucial in determining the change
of shaft speed. For preliminary research purposes it is common to determine the inertia by applying a scaling
analysis from a known power plant [108] [140]. Pope [167] determined the shaft inertia belonging to a 2400
MW?th nuclear power plant connected to an sCOs power conversion cycle of which the values are given in
Table[17] To determine the inertia values for the selected power conversion cycle the inertia values have been
calculated according to Equation [77|[108]. Here, the cycle power Py is equal to the reactor power output of
20 MWth and the reference power P, is equal to the reactor power output of 2400 MWth used by Pope [167].
The results of this scaling are visible in Table [17]

Py
Iscated = ;ycfelrEf (77)
re

The total shaft inertia is equal to the summation of the inertia of the individual machines and the shaft itself.
The overall inertia can therefore be calculated according to Equation , which results in an overall shaft inertia
for the selected cycle equal to 20.46 kgm?.

Itot = IT + IMC + IRC + Igen + Ishaft (78)

Table 17: Moment of inertia (kg m?) determined by Pope [167] and the scaled values for the selected power
conversion cycle

] Cycle power \ Turbine \ Main Compressor \ Recompressor \ Generator \ Shaft \ Total ‘

2400 MWth 850 305.6 1131 1000 186 | 2454.7
20 MWth 7.08 2.55 0.94 8.33 155 | 20.46

4.9.2 Shaft speed dynamics

The shaft speed dynamics of the power conversion cycle can be calculated according to the inertia I, the shaft
speed NV and the power of the different components connected to the shaft P. For a recompression cycle
applying a TAC configuration, the rotating speeds of the turbine, compressor and external load are the same.
As a result, the shaft speed will only change by a change in positive torque generated by the turbine or a negative
torque generated by the compressors or external load [118]. Therefore, the dynamics of the shaft speed can be
determined according to Equation |79 [101] [108] [134].

dN P
LN~ = Pr = Parc — Pro — load

— B 79
d Ngen loss ( )

Friction losses are accounted for by P, but for simplicity it was assumed these losses are negligible. As the
power load demand is an electrical power demand, the load must be divided by the efficiency of the generator,
which was set to 98.7% [91]. The other power loads are determined by the enthalpy difference over, and the
mass flow through, the turbomachinery.
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4.10 Control valves

The pressure difference over a throttle and bypass valve is significantly different. Throttle valves are placed
between pipes that contain similar pressure levels, resulting in low pressure differences over the valve. Bypass
valves are connected between the high and low pressure side of the power conversion cycle, resulting in large
pressure differences. For a throttle valve it is common that the pressure drop is equal to 0.3-0.6 of the total
pressure drop over the piping in which it is located [133]. As explained in Section [3.5] the overall cycle pressure
drop is 1.92 bar, which is the result of 6 heat exchanger passings. Assuming an equal pressure drop over each
heat exchanger results in a 0.32 bar pressure drop, indicating that the pressure drop over the throttle valve
should be related to this pressure drop. It was therefore decided that the valves are constructed in such a way,
that a pressure drop of 0.1 bar occurs over the throttle valve in design conditions, as this is within the pressure
drop range stated by Bian et al. [133]. For a bypass valve, the inlet and outlet pressure are equal to the high
pressure side and low pressure side of the power conversion cycle, which are designed at 90 and 225 bar. Due
to this large pressure difference, choke could occur within the valve and Bian et al. [133] therefore state that
different equations should be used for describing the valves.

For a small pressure difference, the case of a throttle valve, Equation can be used. For a bypass valve,
the mathematical model of an orifice plate flow with a large pressure difference can be used, which is presented
in Equation In these equations the mass flow 11 is related to a discharge coefficient Cy, the relative opening
area of the valve fype,, the geometrical flow area A, the flow density p, the pressure difference between the
inlet p; and outlet p, of the valve and the specific heat ratio  [133]. The specific heat ratio, in comparison
with the isentropic exponent, can be used in the case of a bypass valve as the inlet of the valve is close to the
turbine. At this point the operating conditions of CO4 are far above its critical point, which results in a small
difference between the specific heat ratio and isentropic exponent [166].

m = CdfopenA V 2p(pi - po) (80)

2 y+1 ol
. 2y po) kL <po> v ( 2 ) vt Do
m = C, Ay ——pipi — — | = , for | —— <=x«1 81
dfopen Y= 1P ((pz Di v+1 i (81)
2 2(7+11) 2 71
. 2o Po V=
= CufopenA [ —— Japii s for Lo < [ 2
m dfopen ('Y+ 1) YPiPi or i < (74_ 1)

These equations, and the boundary conditions stated for the throttle and bypass valves, make it possible to
calculate the constant valve construction coefficient C),, which is equal to the discharge coefficient multiplied by
the geometrical flow area [133]. The results of this are presented in Table[L8and are used within the simulation
as constants.

Table 18: Valve coefficients for the throttle and bypass valves

] Valve number \ V1 \ V2 \ V3 \ V4 \ V5 V6

Valve type Throttle | Throttle | Throttle | Throttle | Bypass | Bypass
Valve coefficient C,, | 0.0442 | 0.0662 | 0.0348 | 0.0464 | 0.0028 | 0.0024
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5 Model validation

5.1 Point kinetics

Although the values for the point kinetic equation for the U-battery are displayed in Atkinson et al. [147], a
validation possibility is not presented. Therefore, for the validation the values presented in Anglart have
been used, which are presented in Table[I9] These values are presented as a Six-Group Point Kinetic Equation,
but Anglart rewrites these values first to the One-Group Point Kinetic Equation before calculating the power
change. In addition to the values presented in Table [19] the reactivity change set on the model is equal to
p = 0.0022 at time t = 0, and the neutron generation time was set to A = 1073 s .

In Figure [60| a comparison is made between the relative power change calculated by the created model and
presented by Anglart [149]. The two graphs are similar, but slightly differ at the end. However, this small
difference is probably the result of rounding the numbers produced by Anglart [149]. For example, Anglart
states that the total value for 3;/\; is equal to 0.084, while the model calculates a value of 0.0846. This small
inaccuracy could explain the difference in Figure 60| and therefore the PKEs are deemed validated.

191
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Figure 60: Comparison between the relative power change between the created model and Anglart ||

Table 19: Input values used in the One-Group Point Kinetic equations ||

y Group |1 2 3 4 5 | 6 | Total |
Delayed neutron fraction (;) | 0.000215 | 0.00142 | 0.00127 | 0.00257 | 0.00075 | 0.00027 | 0.0065
Decay constant (\;) 0.0124 | 0.0305 | 0.111 0.301 1.1 3.0 -

Bi/ Ai 0.0173 0.0466 | 0.0114 | 0.0085 | 0.0007 | 0.0001 | 0.084
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5.2 Thermal-hydraulics

The thermal hydraulic (TH) model, created based on the design of the U-battery, applies a 1D heat transfer
balance as model approach. Although this modelling approach has been used in literature, a detailed thermal
hydraulic model and detailed information about the TH dynamics of a VHTR are lacking in literature. Therefore
a validation approach based on dynamic values is not possible in the current research phase. To at least give
an indication about the validity of the TH-model, it was decided to compare steady state temperatures of the
U-battery during full power and to apply a sanity check about the dynamic results. Further research should
focus on obtaining a detailed reactor design, including dynamic thermal hydraulic behaviour of an HTGR/VHTR.

The temperature distribution within the reactor of a 10 MWth U-battery design has been presented by Atkinson
et al. [136] [122] and is presented in Table 20[ However, some small temperature inconsistencies are present
between the different sources. Atkinson et al. present a temperature for the insulation of 973.5 K [136] and
673 K [122], while for the RPV a temperature of 673.5 K [136] and 300 K [122] is given. An explanation for
this could be the lack of stating which exact temperature point is used. A large temperature gradient, which is
especially expected within the insulation, could result in large temperature deviations if wall or average temper-
atures are taken. Atkinson et al. [136] neglect stating for each material at which exact point the temperatures
are calculated, which could therefore explain this difference.

Another inconsistency occurs between the different temperatures of several materials. Atkinson et al. [122]
state that the outlet temperature of the coolant is equal to 1023.15 K, which is the exact temperature pre-
sented for the fuel and the matrix, as can be seen in Table 20l This therefore suggests that heat is transferred
without a temperature gradient, which is not expected according to Fourier's law of thermal conduction. Travis
and El-Genk [156] analysed the thermal hydraulics of a VHTR core and showed that a temperature gradient
occurs within the matrix, as shown in Figure [A5] An explanation could be that Atkinson et al. [136] chose to
state general temperature values for the fuel and matrix, as the stated values are exactly 750°C. As the created
model calculates average material temperatures, this could explain the large validation error up to 14.24%.

Table 20: Steady state temperature comparison of the U-battery

’ Material ‘ Fuel ‘ Matrix ‘ Reflector ‘ Insulation ‘ Barrel ‘ RPV ‘
Atkinson et al. [136] | 1023.15 K | 1023.15 K | 973.15 K 0735 K 673.5 K | 673.5 K
Model 1131.4 K 11275 K | 1111.7 K 896.2 K 688.3 K | 674.2 K
Error 10.58 % 10.20 % 14.24 % -7.94 % 220 % 0.10 %

As detailed information about an HTGR/VHTR is lacking in literature, it is not possible to dynamically validate
the TH-model. Still, a sanity check can be performed which has been done by performing a power transient and
comparing the ramp rates with general values stated in literature. The results of a power increase and decrease
between the power levels of 50% and 100% are presented in Figures[61]and [62] Here, a PID controller changes
the height of the control rods to control the reactor power. The output of this PID controller is presented as
rate-limited and unrestricted signal, of which the difference occurs due to the restricted control rod speed, as
explained in Section[4.5.2] This clearly indicates that it is not possible to achieve faster reactor power transients.

During the decreasing power transient, the power level is reached after 290 seconds, resulting in a ramp rate
of 10.34%/min. For the increasing power transient, the power level is reached after 250 seconds, resulting in a
ramp rate of 12.00%/min. In Section it was determined that for different types of HTGR/VHTR the ramp
rate is between 5-10%/min, so the model produces dynamic results slightly above this range. As this range is
based on a few selected reactors, the produced ramp rates are still within reason. In addition, if ramp rates
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within literature are based on the time when the power stabilizes at the new power level, and not the first time
the new power level is reached, than ramp rates of the model would fall within the range of 5—10%/minE|
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Figure 61: Power and control output during a power transient from 10 to 5 MWth
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Figure 62: Power and control output during a power transient from 5 to 10 MWth

Further validation is required to determine if the created model is an accurate representation of an HTGR/VHTR.
This however requires proper validation data that can be interpreted with full clarity, as current inconsistencies
cannot explain if the temperature error of 14.24% is a model error or an interpretation error. Temperature is an
important parameter for monitoring a safe environment within the reactor, but as the calculated temperatures of
the model are higher than values of Atkinson et al. it can be assumed that the model is capable to indicate
a safe temperature environment. Furthermore, the sanity check of the dynamic power transient is within reason
of ramp rates stated within literature of an HTGR/VHTR. The thermal-hydraulics model is therefore deemed
acceptable for the preliminary dynamic analysis purpose of this study.

5The ramp rates of the model are based on the moment the reactor power reaches the desired power level for the first time
and not the moment the reactor power stabilizes at the new power level. As this moment is 100-200 seconds later, this could
reduce the overall ramp rate. Unfortunately, it is not clear at which exact moment the ramp rate of the reactor is calculated within
literature.
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5.3 Heat exchanger

The heat exchangers used in the created model are all wavy channeled printed circuit heat exchangers (PCHE)
and are all modelled by the method discussed in Section 4.7] To dynamically validate this PCHE mode, a
validation has been performed compared to the 630 kW sCOs recuperator of Marchionni et al. [138]. Here,
Marchionni et al. [138] apply a dynamic heat exchanger model on experimental data of an sCO, PCHE.

For the transient simulation of the PCHE, the inlet conditions are presented in Figure [63 Appendix
provides the additional input values used by Marchionni et al. [138] for the sizing of the heat exchanger. Values
not stated by Marchionni et al. [138] were assumed to be equal to general values of stainless steel 316L according
to Table [0] Marchionni et al. [138] also state the inlet conditions of this simulation as text, but the values
within the figure and in the text do not matcHZ]. As the output values of the transient simulation are displayed
in a similar figure as the inlet conditions, it was decided to digitize the figure of the inlet conditions and use
these as input values, neglecting any inlet values stated in the text.

The temperature and pressure results are presented in Figures[64] and [65] respectively, while Table[21] presents the
error percentages at the end of the simulation. Here, multiple heat exchanger models are applied, which differ in
the amount of nodes, to determine the impact on the accuracy of the model. The error for the pressure ranges
between 0.12-0.22%, while the temperature error ranges between 0.63-1.5%. Although Marchionni et al. [138]
also apply a 1D heat exchanger modelling approach, the exact modelling strategy and used equations are not
clear, which could have an impact on the validation error. In addition, the uncertainty in inlet conditions due to
the fact that values in figures and text do not match could also impact this error. With all these uncertainties,
the error was deemed small enough to validate the heat exchanger model for the purpose of this study.
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Figure 63: Inlet conditions during the transient simulation of Marchionni et al. [138]

Table [21] shows the impact of the amount of nodes used in the model on the accuracy and run time of the
simulation. The run time is the time needed to simulate the 150 seconds duration of the simulation. Although
a small number of nodes is still capable to produce accurate results (error of 1.5% for 5 nodes), it was decided
to use a 20 node heat exchanger model. This number of nodes shows the most value regarding error reduction,
while not resulting in significant increases in run time. For example, a 60 node structure increases the run time

"Marchionni et al. |138] state that the mass flow rate starts at 1.51 kg/s, while in the figure the line starts below 1.5 kg/s. The
digitized value of the mass flow rate was equal to 1.48 kg/s, showing a clear inaccuracy between stated and visualized values.

MSc. Thesis T.H. Wien 81



Nuclear Propulsion for Naval Vessels

by over 13 times compared to a 20 node structure, while only decreasing the error by 0.03%. The 20 node
structure produces temperature and pressure errors smaller than 1.1%, which was deemed small enough for
validation. The selected amount of nodes is higher compared to a more common 10 node structure [111].

Table 21: Run time, pressure and temperature errors of models with different amount of nodes, compared to
results presented in Marchionni et al. [138].

| Number of nodes | Run time | Pressure cold/hot side error | Temperature cold/hot side error |

5 5.00s -0.21/-0.14% 1.50/-1.07%
10 12.15 s -0.22/-0.13% 1.17/-0.74%
20 35.97 s -0.22/-0.13% 1.09/-0.66%
40 180.38 s -0.22/-0.12% 1.07/-0.64%
60 480.45 s -0.22/-0.12% 1.07/-0.63%
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Figure 64: Temperature comparison between the model with different amount of nodes and values presented
in Marchionni et al. [138]]. Left side displays the hot HX side temperature and right side the cold HX side.
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Figure 65: Pressure comparison between the model with different amount of nodes and values presented in
Marchionni et al. [138]]. Left side displays the hot HX side temperature and right side the cold HX side.
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5.4 Turbomachinery
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Figure 66: Designed cycle by Oh et al. || Values used as input for turbomachinery validation

To validate the created turbomachinery model, the original performance maps presented by Oh et al. will
be used. Here, the input values stated by Oh et al. [108], as presented in Figure , have been used as input
for the created compressor and turbine model. In Table[22]a comparison has been made between the different
output values of the compressor and turbine. The errors of the outlet pressures and temperatures are all below
0.18%. The largest error occurs at the consumed/produced power as for the compressor this is 0.32%, while
for the turbine -0.73%. The power errors are even smaller (compressor 0.09% and turbine -0.47%) if the power
outputs from KAIST are determined by applying Equation instead of the stated power values by Oh et
al. [108], and inserting the input and output temperature and pressure presented by KAIST. This could indicate
that values stated by KAIST are rounded, which impacts the exact error calculation. Still, all the errors are
deemed small enough to validate the created turbomachinery model.

P =1mAh, with h = f.,(T,p). (82)

Table 22: Turbomachinery comparison between the created model and KAIST [108|

Compressor Turbine
Output parameter KAIST \ Model \ Error KAIST \ Model \ Error
Pressure 20.000 MPa | 20.005 MPa | 0.03% | 8.161 MPa | 8.176 MPa | 0.18%
Temperature 142.196 °C | 142.236°C | 0.03% | 440.752°C | 441.257°C | 0.11%
Power 9.340 MW | 9.372 MW | 0.34% | 21.750 MW | 21.592 MW | -0.73%
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6 Control
6.1 PID controller

For safe and optimal performance of the power conversion cycle, multiple control options should be included
within the cycle. One of the most common and easily implemented ways of control is the Proportional-Integral-
Derivative (PID) controller. As the aim for this research is not to provide a full control setup for a power
conversion cycle, the PID controller will be selected to provide preliminary control results. The PID controller
works based on the control function presented in Equation 83| [L34]. Here the output value u(t) of the PID is
dependent on the error value e(t), which is the difference between a desired setpoint and a measured variable
during the simulation. The Kp, K; and Kp denote the constants for the proportional, integral and derivative
terms of the controller.

de(t)

dt

There is a distinction between the different control purposes and control configurations can be classified under
two control groups: disturbance rejection and setpoint tracking. Control based on disturbance rejection tries to
maintain a certain desired output despite variable changes during the simulation. This control option therefore
tries to minimize the impact of unexpected external inputs on the system. Setpoint tracking is based on the
principle that during the simulation a certain value or trajectory should be reached (and maintained). This
control option therefore tries to control changes in the desired output of the system.

u(t) = Kpe(t) + K /0 Ce(r)dr + Ky (83)

6.2 Disturbance rejection

Disturbance rejection control systems are implemented to limit the impact of unwanted variable changes. These
control systems are therefore always active within the power conversion cycle. For this research five disturbance
rejection control systems were chosen, as these were deemed capable to maintain the stability of the power
conversion cycle. The five types of parameters that are controlled are the main compressor inlet temperature,
the in-/outlet pressure of the compressors and the in-/outlet temperature of the helium within the reactor.

6.2.1 Main compressor inlet temperature

PID Cooler >

A Main compressor
water inlet temperature

Desired temperature

AT

Figure 67: Control system for the main compressor inlet temperature

The sCO5 conditions at the inlet of the main compressor are the closest to the critical point of COs. To ensure
the fluid conditions do not drop below the critical point of CO5, and enter a two phase region, it is important to
monitor and control the temperature at the inlet of the main compressor [133] [134]. The main compressor inlet
temperature is regulated according to the control system presented in Figure[67] The PID controller acts based
on a temperature difference for the inlet of the main compressor. By changing the seawater mass flow through
the cooler, this error is adjusted [133]. In reality this change in mass flow can be realised with a seawater
pump. It must be noted that other control mechanisms like a cooler bypass valve could also be used for main
compressor inlet temperature control [85] [113], but these have been neglected for this study.
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6.2.2 Compressor inlet pressure
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Figure 68: Valve control system for the compressor inlet pressure

The applied power conversion cycle is designed in such a way that the pressure losses over the heat exchangers
are less than the difference in pressure ratio over the compressors and turbines (see Section [3). The pressure
increase by the compressors is slightly higher than actually needed. The result of this is that the inlet pressure
at the compressors is slightly higher than at the previous timestep, meaning that the pressure increases slightly
over time. Throttle valves are used to maintain a certain compressor inlet pressure and prevent this pressure
increase. However, it was decided to not implement PID controllers for these valves due to simplicity. As the
response time of the valves is negligible compared to other components [133] it was decided to control the
outlet pressure based on a limiter as displayed in Figure [68] This ensures that valve control acts instantly and
therefore does not create simulation noise for other components. By using the pressure at the inlet as upper
limit, the limiter will ensure that the desired pressure can never realise a pressure increase over the valve. The
desired main compressor inlet pressures was set to 90 bar as this is the lower design pressure of the cycle. For
the recompressor the design pressure is set slightly higher at 90.5 bar. This was done to ensure that the outlet
pressure of the recompressor is slightly higher than the pressure after the LTR, which makes the outlet pressure
of the recompressor controllable.

6.2.3 Compressor outlet pressure

Outlet pressure = Inlet pressure

Inlet pressure

\4

Yes

Desired pressure

No

\4

Outlet pressure = Desired pressure

Figure 69: Valve control system for the compressor outlet pressure

As previously mentioned, the outlet pressure of the compressors should be controlled not only to prevent pressure
increasing above the maximum pressure, but also to ensure that the two fluid streams entering the mixer after
the recompressor contain the same pressure. To control the outlet pressure of the compressors, a throttle valve is
implemented which applies the control system presented in Figure[69] This control system acts the same as for
the inlet pressure of the compressor, but the only difference is the dependency of the desired compressor outlet
pressure for the recompressor. For the main compressor the desired compressor outlet pressure is set to the
maximum cycle pressure of 250 bar, but for the recompressor the desired pressure depends on the pressure after
the LTR. As this changes during the simulation, the desired output pressure also changes for the recompressor.
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6.2.4 Reactor outlet temperature

PID Control rods >

Desired outlet AVyoqg Outlet temperature
temperature helium

Figure 70: Control system for the reactor outlet temperature

Figure presents the control configuration for the reactor outlet temperature. To ensure the temperatures
in the reactor are maintained within a safe limit, the inlet and outlet temperature of the helium were selected
as control parameters. However, in reality other temperatures, like fuel temperature, could be selected. The
outlet temperature of the helium is of importance to ensure enough power is produced for the secondary cycle,
as otherwise power demand cannot be achieved. A PID controller will act on a temperature difference by raising
or lowering the control rods, which will account for the limitations in control rod speed as explained in Section
As the control rods produce a reactivity change within the reactor, this will result in a change in reactor
outlet temperature, if inlet temperature is controlled.

6.2.5 Reactor inlet temperature

Dum
PID I >
Desired inlet AT Arh Cooler Inlet temperature
temperature water helium

Figure 71: Control system for the reactor inlet temperature

As the outlet temperature is controlled by the control rods, and one control mechanism cannot control two output
parameters, an additional control option has been implemented for controlling the reactor inlet temperature.
This has been realised by implementing an additional cooler, the dump cooler, to the primary circuit of the
system. This cooler operates similar to the cooler present within the secondary cycle, and controls the inlet
temperature of the reactor according to Figure[71] Controlling the inlet temperature is of importance as a high
inlet temperature results in material damage to the reactor, which must be prevented. For example, the barrel
and RPV are made of steel which cannot reach a temperature above 425°C [136]. As these two materials are
in direct contact with the inlet stream of the reactor, the inlet temperature of the helium must be maintained
within safe limits.

6.3 Setpoint tracking

Setpoint tracking control systems aim to achieve and maintain a certain output value during the simulation.
For this research the power load on the system changes and must therefore be controlled. This can be done in
several ways of which reactor power control and bypass control are implemented for this research. In reality, a
change in power cannot be monitored directly. However, according to Equation [79 will the shaft speed change
due to a change in power load, and as the shaft speed can be monitored, this parameter will be used in setpoint
tracking control.
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6.3.1 Reactor power

PID —— > Control rods >
Desired shaft AN AVioq Shaft speed

speed

Figure 72: Control system for the reactor power

For controlling the power output of the reactor, the control system presented in Figure is applied. Here,
a PID controller monitors the difference in shaft speed compared to the desired shaft speed. Based on the
error margin, the position of the control rods (and thus reactivity) is controlled by changing the speed of the
control rods. For reactor control it is important that the reactor changes its power steady, to ensure a change in
reactivity will not produce prompt critical conditions, as explained in Section [4.5.2] It must be noted that using
this control method for setpoint tracking, reduces the possibility of controlling the reactor outlet temperature
for disturbance rejection, as one control mechanism cannot control multiple parameters.

6.3.2 Bypass valve

A

PID Bypass

L
Desired shaft AN Afopen valve Shaft speed
speed

Figure 73: Control system for the bypass valve

Another power control method is by applying a bypass valve within the system. This bypass valve is applied
according to control system presented in Figure[73] The PID controller will adjust the error in shaft speed by
opening or closing the bypass valve. Flow entering the bypass valve will not enter the turbine, decreasing the
power output of the turbine and this way stabilizing the shaft speed if the power load decreases. Vice versa
occurs when the power load increases, until the valve is fully closed.

6.4 PID tuning

For this research it was decided to tune the PID controller manu-
ally by adjusting the PID constants until an acceptable controller Table 23: PI controller tuning values
response was realised. Due to a lack of time, additional complex-

ities of PID tuning, like table based tuning, were neglected as ’ Controller ‘ Ky ‘ Ki ‘
perfect control conditions are not required for this research. The Main comp. inlet temp. | -20 -5
tuning results for the different PID controllers are presented in Reactor inlet temp. -3 -0.2
Table[23] For the reactor controller options, a normalization ap- Reactor outlet temp. 1 0.02
proach has been used on the parameter values, as this improved Reactor power 1 0.02
manually tuning the controller. The derivative terms were set Bypass valve 0.485 | 0.041

to 0 for all PI(D) controllers as these were deemed unnecessary
for stable reactor/cycle control.
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7 Results

7.1 Scenario overview

To determine the dynamic capabilities of a nuclear power plant, multiple different scenarios will be investigated.
These scenarios will differ based on the specific control configuration and load transient, of which an overview
is presented in Table [24] The results will present the following five different (steady state or dynamic) scenarios:

Scenario 0; presenting steady state results at full power,

Scenario 1; reactor dynamics, transient going as fast a possible,

Scenario 2; bypass control and constant reactor power output, power ramp rates comparable to a diesel engine,
Scenario 3; bypass control and additional dump cooler, power ramp rates comparable to a diesel engine,

Scenario 4; bypass control and additional dump cooler, power ramp rates comparable to a gas turbine.

Table 24: Control and power transient overview for the different scenarios

] Category \ Scenario 0 \ Scenario 1 \ Scenario 2 \ Scenario 3 \ Scenario 4 ‘

] Control Overview \ ‘

Main compressor inlet temp. Yes Yes Yes Yes Yes
Throttle valves Yes Yes Yes Yes Yes
Reactor inlet temp. No No No Yes Yes
Reactor outlet temp. No No Yes Yes Yes
Reactor power Yes Yes No No No
Bypass valve Yes Yes Yes Yes Yes
Power Transients \ ‘

Lower power level 100% FP 10% FP 10% FP 10% FP 10% FP

Upper power level 100% FP 100% FP 100% FP 100% FP 100% FP

Transient speed 0% /min 13%/min 30%/min 30%/min 90% /min

The scenarios that will be investigated are based on ship manoeuvres. It was decided to only look at a full linear
power demand going from the lowest power setting (10% FP) to the highest power setting (100% FP), back
to the lowest power setting (10% FP), as this presents the most challenging power transient of a naval vessel.
A 10% power level corresponds to the hotel load (base load) of a vessel, which includes the power of auxiliary
systems such as the blower of the reactor. The increase of 90% corresponds to accelerating from zero propulsion
power to full propulsion power. To determine if a nuclear power plant can achieve naval power dynamics, a
comparison will be made with respect to conventional prime movers of a naval vessel. Section [2.1.3| determined
that the diesel engine and gas turbine are the two most common prime movers of a naval vessel, being able
to achieve a 10-100% load change in 180 and 60 seconds respectively (resulting in ramp rate of 30%/min and
90%/min). By applying these power transients, within different scenarios, it can be determined if a nuclear
power plant can fulfill the power dynamics of a naval vessel.

Starting with scenario 0, the steady state results for operating at full power will be presented as reference
condition. The dynamics of the nuclear power plant will then be investigated, starting with the limitation of
reactor dynamics in scenario 1. The ramp rate of this scenario will go as fast as possible, resulting in a ramp
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rate of 13%/min, based on a limitation for a change in shaft speed. The shaft speed is related to the frequency
of the electrical grid, and this grid requires a relative stable frequency for all the electrical systems connected to
the grid. Based on regulations of the International Electrotechnical Commission (IEC), it is assumed a frequency
tolerance of 5% is acceptable [168]. As it is common for naval vessels to have a 60 Hz electrical grid, this
results that a 3 Hz frequency drip is acceptable. As shaft speed and frequency are directly related to each other,
this results that a shaft speed correction of 5% is acceptable.

The results of scenario 1 lead to the reactor being operated as a constant thermal power source in subse-
quent scenarios. Scenario 2, will further investigate if the reactor can be operated under constant thermal load,
while changing the load with a ramp rate comparable to a diesel engine. Based on the results of this scenario,
scenario 3 will activate the dump cooler, which can aid in maintaining a stable and safe reactor operation. Here,
again the ramp rate of a diesel engine will be applied, to indicate the benefits of adding the dump cooler to
the system. Finally, scenario 4 will apply the same operating conditions as scenario 3, but now the ramp rate
is increased up to gas turbine level.

It must be noted that the implementation of the dump cooler was a later addition to improve cycle per-
formance based on what was observed in the first few scenarios. The dump cooler is therefore, in contrary to
the other heat exchangers present within the cycle, not modelled with a 1D node heat exchanger structure.
The dump cooler is modelled as a simplified heat balance removing heat from the helium based on the energy
conservation equation. In reality, the cooler cannot instantly remove the desired heat from the cycle, and there-
fore a Pl controller and an additional filter have been added to introduce some simplified (first order) dynamics.
The time constant of this filter was set to 5 seconds, simulating a slightly slower response rate compared to the
time constant identified in the other modelled heat exchangers.

7.2 Scenario 0; steady state at full power

At first, the results belonging to a steady state scenario will be presented as reference conditions for the dynamic
power scenarios. Here, the reactor and cycle are operating at full load, equal to a power demand of 20 MWth
and 7.9 MWe. For these conditions, the turbomachinery is operating at its design point, as mass flow is equal
to the design cycle mass flow, while shaft speed is equal to 100% of its rated speed. Figure [74] shows a power
overview of the different components present within the power conversion cycle, of which the exact values are
presented within Table [AB] The temperature of the material sections present within the reactor are displayed
in Figure [75] The colours used in this figure refer to the equivalent heat transfer scheme of the U-battery, as
presented in Figure B0} Although the model only calculates the average temperature of the materials present
within the reactor, an estimation can be made between the different average temperatures as overall heat
transfer coefficients and heat transfer areas are known for each material. Finally, the performance of the IHX
and HTR is presented in Figures[76 and [77] Here, the hot and cold fluid stream temperature and heat transfer
coefficients are presented, while also presenting the temperature of the wall splitting the two fluid stream. For
the LTR and CL similar figures are presented in appendix[A12] The in-/outlet temperatures presented in these
figures differ slightly from the design values presented in Table [L0] which is expected as the design process does
not account for pressure losses occurring within the cycle.
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7.3 Scenario 1; reactor dynamics

For scenario 1, the influence of the reactor dynamics on the maximum achievable power transient will be inves-
tigated. The power balance and cycle efficiency belonging to this scenario are visible in Figure [78] presenting
the influence of different components onto the overall cycle power. As shown by the solid black line in Figure
, the scenario starts at a low cycle load of 10% FP, increases up to 100% FP, before ending again at 10%
FP. The power increase starts at 500 seconds and reaches full power at 900 seconds, resulting in a ramp rate of
13%/min. The same power transient, but than decreasing, occurs between 2500 and 2900 seconds. Further-
more, Figure [79| presents the temperature of the helium at the in-/outlet of the reactor while also presenting
the change in rod height during the simulation. Finally, Figure [80| presents the shaft speed and bypass control
during the power transient.

In theory it could be possible to fully neglect the bypass in this scenario and to only act on the reactor
power during the power transient. However, this requires a load demand which accounts for the non-linear
power behaviour of the reactor, as otherwise a power imbalance would affect the shaft speed. As the reactor
control is not fast enough to stabilize the shaft speed for small power changes, it was not deemed feasible to
create a power profile that ensures shaft speed is maintained within reasonable operating conditions. Bypass
control is therefore added to the system to aid in a stable power control. The influence of the bypass is limited,
visible in Figure 80} to ensure that mainly the impact of the reactor dynamics is presented. For this scenario, a
5% bypass valve opening at the start was deemed acceptable and overall bypass valve opening was limited to
15%, meaning that at least 85% of the mass flow enters the turbine.

Before the power transient occurs, the reactor is scaled down in power to still provide the 10% FP to the
cycle, this way limiting the amount of waste heat and thus improving cycle efficiency. However, Figure
shows the bypass valve is still 5% open at the start of the simulation, indicating there is still waste heat present
within the cycle. The bypass valve can still increase the mass flow through the turbine before being fully closed,
meaning that the power transient is not reactor-dependent until the bypass fully closes, which occurs at 800
seconds. At this point, the shaft speed begins to decrease until the load demand reaches steady state at 900
seconds. Meanwhile, the reactor continues to increase in power until the control rods reach steady state at
1020 seconds, visible by the constant black line in Figure[79] This ensures shaft speed stabilizes again, resulting
in an overall shaft speed dip of 2.5%. At this point, the reactor provides enough heat to the secondary cycle to
meet the desired power demand. However, as shown by the blue and red lines in Figure [79] the temperature at
the reactor inlet and outlet does not remain constant, even when the control rod position stays fixed. This is
because the specific reactor temperatures are not directly controlled; instead, only the reactor's power output
is regulated. As described by Equation [11] a specific rod height corresponds to a specific power output. If the
rod height is not adjusted by a controller responding to for example the outlet temperature, a constant power
output will be maintained by the reactor. A change in fuel temperature will also change the reactivity slightly
as explained in Section [4.5.3] but this effect is small compared to the influence of a constant rod height.

At 2500 seconds, the power demand begins to decrease; however, as shown in Figure the shaft speed
remains relatively constant until the bypass reaches its 15% opening limit. At this moment, the bypass cannot
open any further, limiting the reduction of turbine power. As the load is still decreasing, and the reactor is
not capable to decrease faster in power, the shaft speed increases until the power demand stabilizes at 2900
seconds. At this moment, the decreasing reactor power output can start correcting the shaft speed, but this
does result in an overall shaft speed increase of 5%.
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Figure 80: Shaft speed and opening of the bypass valve

The results of this scenario clearly indicate that, even with additional bypass support, the reactor is not capable
to achieve faster power dynamics. If the power demand is set to 13%/min, a power increase still results in a
shaft speed correction of 2.5%. During a power decrease, the limitation for opening the bypass, also results
that the reactor produces more power than the power demand requires, resulting in a shaft speed correction of
5%. This scenario does however contain some specific arbitrarily chosen values. If the minimum reactor power
output is increased during this scenario, the achievable power transient increases, but this requires additional
bypass support in maintaining a stable shaft speed at part load. If the bypass is not limited in its maximum
opening, the power decrease could also be achieved without significant shaft speed correction. However, these
alternatives reduce the influence of the reactor on the power dynamics of the cycle. Even with small changes
within this scenario, it is not deemed possible to increase the ramp rate of 13%/min to come close to the ramp
rates of diesel engines (30%/min) or gas turbines (90%/min). Overall, it can therefore only be concluded that
power transients with solely reactor control cannot provide the required power dynamics of a naval vessel. To
ensure the reactor dynamics do not limit the cycle dynamics, further scenarios will aim to operate the reactor
constantly at full power, applying solely bypass control for achieving desired power transients.
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7.4 Scenario 2; bypass valve with a diesel engine ramp rate

For scenario 2, the influence of the reactor dynamics on the power load demand is minimized. This was realised
by changing the control configuration from reactor power output control to reactor outlet temperature control.
Here, the control rods aim to stabilize the reactor outlet temperature to 750°C. The ramp rate of this scenario
is equal to the 30%/min ramp rate of a diesel engine, and the same load demand of 10-100-10% FP is applied.
The bypass valve is used to maintain a stable shaft speed during the power increase or decrease.

The power balance and cycle efficiency of this scenario, presented in Figure [81 and the stable shaft speed,
presented in Figure [83] indicate that the applied ramp rate can be realized if bypass control is used for power
control. Figure [82 presents the temperature of the helium at the in-/outlet of the reactor. Here, the control
rods are used for stabilizing the reactor outlet temperature and ensure a relative stable outlet temperature.
However, as there is no control mechanism applied for controlling the reactor inlet temperature, the inlet tem-
perature of the helium rises up to 550°C during low part load of the cycle. The steel used for the barrel and
RPV is not capable to withstand temperatures above 425°C [136], and as these materials are in direct contact
with the inlet helium stream, as visible in Figure [44] this violates the safety limits of the reactor. This scenario
therefore indicates, that although the power dynamics could be achieved with bypass control, the current control
configuration is not capable to achieve a safe working environment for the reactor.
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7.5 Scenario 3; implementation of the dump cooler

In the previous scenario it was determined that without reactor inlet control the safety limits for the reactor
are violated. To ensure the inlet and outlet temperature of the reactor are maintained, an additional control
method is added, namely the primary circuit dump cooler. The control rods will still be used for controlling the
outlet temperature, but the dump cooler will act as inlet temperature control for the reactor. The load demand
within this scenario was set equal to the previous scenario, resulting in a ramp rate equal to the 30%/min and
a load demand of 10-100-10% FP. The bypass valve is also still applied to maintain a stable shaft speed dur-
ing the power increase or decrease, this way realizing only a difference in the implementation of the dump cooler.

The power balance and efficiency of this scenario, presented in Figure and the stable shaft speed, pre-
sented in Figure [86] still indicate that the applied ramp rate is feasible. Figure [85] presents the temperature
of the helium, combined with the control output of the rods and dump cooler. Here, the control of the dump
cooler is expressed as a percentage, where 100% is equal to a cooling capacity of 10 MW. Although a slight
change in inlet and outlet temperature is still present, the implementation of the dump cooler prevents that the
inlet temperature exceeds 425°C. It was therefore deemed that the reactor can operate within a safe operating
region during this scenario. Figure [84] shows that the cooling capacity is increased significantly at part load,
resulting in a cycle efficiency of 4%. This is not beneficial, as a lot of heat is wasted, but it is deemed necessary
to achieve fast power dynamics under the current cycle configuration. To determine if other components present
within the cycle are operating within a safe environment an additional analysis regarding the turbomachinery
and heat exchanger performance will be performed.
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At first, Figures [88] and [89] present the performance maps of the recompressor and turbine, with the operating
range during the simulation. Here, the corrected pressure ratio is presented based on the corrected mass flow
and corrected shaft speed. Therefore, even if the shaft speed is constant during the power transient, a change in
inlet temperature and pressure could result in a change in shaft speed as shown by the performance maps. It was
decided to neglect the performance map of the main compressor as here only a black dot is present in the design
point. This is the result of a controlled inlet pressure due to the throttle valve, and a controlled inlet temperature
due to the cooler, of which the performance is presented in Figure Figures 88| and |89 indicate that during
the power transient, the recompressor stays relative constant at its design point. However, the performance of
the turbine changes significantly, which is the result of the bypass changing the mass flow through the turbine.
At part load, when less mass flow is entering the turbine, the pressure ratio of the turbine decreases, resulting in
a higher temperature and pressure at its outlet side. Still, there is a sufficient margin between the choke, stall
and surge areas of the turbomachinery, resulting in no safety violation regarding turbomachinery performance.
Figures 90| and [91| present the change in temperature and pressure surrounding the turbomachinery. The results
of operating at part load are a higher pressure at the outlet of the turbine, which is the result of the lower
expansion ratio, as visualized in Figure[89 In addition, the temperature at the inlet of the turbine increases up
to 615°C. This shows that for the design of the turbine the inlet temperature at full design power is not the
limiting factor in design, but the inlet temperature at part load.
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As the turbomachinery, mainly the turbine, changes the outlet pressure and temperature during part load, the
operating conditions of the heat exchangers also differ. For the IHX and the HTR the temperature and pressure
development is presented in Figures as these present the most challenging operating conditions for the
heat exchangers used within the cycle. Appendix [A13] provides the change in temperature and pressure for the
LTR and CL. As the pressure drop over the heat exchangers is negligible regarding the size of the figure, it was
decided to only plot outlet pressures. The highest temperature present within the heat exchangers is related
to the IHX, as here the outlet stream of the reactor enters the heat exchanger at 750°C. This temperature
stays relative constant due to the control rods stabilizing the outlet temperature of the reactor. The maximum
pressure within the cycle is 225 bar, which does not change significantly due to the relative stable compressor
control and throttle valves used within the cycle. However, beside maximum temperatures and pressures, the
change in temperature and pressure is also of importance. Fast changes in operating conditions could result in
thermal shock, resulting in stress or fatigue within the materials of the heat exchangers. The fastest temperature
and pressure gradients in this scenario occur within the HTR, reaching a temperature gradient up to + 0.74°C/s
and a pressure gradient up to &+ 0.17 bar/s. These values were determined as the gradient occurring between
500 and 680 seconds, which belongs to the time interval of the increasing power load.
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7.6 Scenario 4; gas turbine ramp rate

In the previous scenario it was determined that the ramp speed of a diesel engine can be achieved with stable
reactor control and cycle bypass control. In this scenario the influence of increasing the ramp rate to gas turbine
level will be investigated. Therefore, a ramp rate equal to the 90%/min and a load demand of 10-100-10% FP
is applied on the cycle. Here the bypass valve is still applied to maintain a stable shaft speed during the power
increase or decrease, and the control rods and dump cooler are used for stable reactor control. This scenario
therefore only increases the ramp rate from diesel engine to gas turbine level.

The power balance and cycle efficiency of this scenario, presented in Figure [06] and the stable shaft speed, pre-
sented in Figure[98} still indicate that the applied ramp rate can be realized. Figure [97] presents a small change
in inlet and outlet temperature of the helium, but due to the control rods and dump cooler, the reactor is still
operating within a safe working environment. To determine if the faster power transient changes the operating
conditions of the cycle, the performance of the turbomachinery and heat exchanger will be investigated.

30 1100 800 100
——Reactor =—=Recomp. =—Blower
==Turbine Generator ==Load
25) =—Main comp. Cooling === Efficiency 180 700 ¢ 80
20 — — _ 5600 S
z 160 X Py 160 3
= > = o
= %) 2 5
5 S © 500 o
8 P — 8 g 5
£ | e - 40 £ aE> o 140 g
1= 400 \— 1 3
=—=Temp. reac. out
300 =——=Temp. reac.in || 20
== Ctrl. rod height
Ctrl. dump cooler
0 200 ; ' 0
1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time [s] Time [s]
Figure 96: Cycle efficiency and power production/- Figure 97: Temperature of the inlet and outlet flow
consumption of different cycle components of the reactor and control rod height
105 100 T 455
= Shaft speed o> 120
s —Bypass valve £ o w
B g2 g
o o
2100 5 o £ 100 3
B N @ 1=
o [ o »
g > £ 190 %
Q. 1] . . (]
n @ 2 =—Main comp. in temp. =
2 = Seawater cooler 180
95 : 0 @ 44.5 ‘ : ‘
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time [s] Time [s]

Figure 98: Shaft speed and opening of the bypass Figure 99: Main compressor inlet temperature and
valve amount of seawater through the cooler

At first, Figures[100] and present the performance maps of the recompressor and turbine, with the operating
range during the simulation. It was again decided to neglect the performance map of the main compressor as
the inlet conditions are still maintained and stable, as can be seen for the temperature in Figure[99] Figures[100
and indicate that the recompressor stays relative constant at its design point, but that the performance of
the turbine changes significantly. Compared to the previous scenario, the turbine covers a larger performance
area within the map. Still, there is sufficient margin between the choke and surge areas of the turbomachinery,
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resulting in no safety violation in turbomachinery performance. Figures and present the change in
temperature and pressure surrounding the turbomachinery. Although relative similar temperature and pressure
levels are reached, compared to the previous scenario, the rate of change differs. The increased ramp rate of
the load opens the bypass faster to remove mass flow entering the turbine, ensuring a larger rate of change in
pressure and temperature within the cycle.
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The pressure and temperature development within the heat exchanger differ significantly between full and part
load. For the IHX and the HTR the temperature and pressure development is presented in Figures [104H107] as
these present the most challenging operating conditions for the heat exchangers used within the cycle. Appendix
A14] provides the change in temperature and pressure for the LTR and CL. As the pressure drop over the heat
exchangers is negligible regarding the size of the figure, it was decided to only plot outlet pressures. Regarding
absolute values of temperatures and pressures, this scenario is not significantly different compared to the previous
scenario, as at 10% or 100% FP the same steady state is reached. However, a difference occurs between the
rate of change of the different operating conditions. The fastest temperature and pressure gradients occur again
within the HTR, but this time reaching a temperature gradient up to &+ 1.48°C/s and a pressure gradient up
to 4 0.38 bar/s. These values were determined as the gradient occurring between 500 and 560 seconds, which
belong to the time interval of the increasing power load.
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7.7 Summary simulation results

The results of the different scenarios present multiple insights about the power dynamics of a nuclear-powered
sCO5 recompression cycle. At first, the power dynamics of naval vessels cannot be achieved with solely reactor
control due to the limitations in control rod speed. However, using the reactor as a stable power source, and
achieving the power dynamics with bypass control, presents a promising solution for achieving ramp rates up to
gas turbine level. Here, it is of importance to control the in-/outlet fluid stream of the reactor to maintain a safe
working environment within the reactor. Regarding component performance is the turbomachinery operating
with sufficient margin between the choke and surge areas throughout the full power transient. However, at part
load the inlet temperature of the turbine increases up to 615°C, which indicates that the turbomachinery should
be capable to operate under these temperatures. Furthermore, the IHX experiences pressures up to 225 bar and
temperatures up to 750°C, of which the latter is the result of the outlet temperature of the reactor. Finally,
a faster rate of change in power increases the temperature and pressure gradients occurring within the heat
exchangers. With a 30%/min ramp rate this results in temperature and pressure gradients up to + 0.74°C/s
and £ 0.17 bar/s. This increases even further with faster ramp rates, reaching gradients up to + 1.48°C/s
and + 0.38 bar/s under power ramp rates of 90%/min. The current state of research does not provide insights
regarding the limitations of temperature and pressure gradients for PCHEs and further research should therefore
determine these limitations to decide if these pressure and temperature gradients are acceptable.
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8 Discussion

Within this research the implementation of a nuclear power plant on a naval vessel has been investigated,
specifically focusing on the dynamic possibilities of such a power plant. To provide an answer for this, a
dynamic model simulation was performed based on a selected nuclear reactor and power conversion cycle.
Results indicate that the power dynamics of common prime movers could be achieved with a nuclear power
plant. However, these results are dependent on choices made during this research process. To determine the
feasibility of these results a discussion will be performed based on the selected nuclear power plant and the
developed model.

8.1 Selection nuclear power plant
8.1.1 Vessel selection

For this research, the Future Air Defender (FuAD) and the Amphibious Transport Ship (ATS) were selected as
projects of interest for the integration of a nuclear power plant. An energy analysis of similar vessel types was
conducted to determine key power levels, which were subsequently used to estimate the required power output
for the nuclear power plant. However, the actual power demands of these vessels could vary significantly due
to the potential addition of weapon or radar systems, which might influence overall power requirements. These
variations could lead to different power demands on a single nuclear power plant. Nevertheless, if the power
output of a single nuclear power plant is similar to the 7.9 MWe system analysed in this research, the overall
dynamic power performance would likely remain consistent.

For the FUAD, the current power plant design requires the use of four nuclear power plants. Each installation
applies two nuclear reactors, resulting in a total of eight reactors on board of the vessel. Such a configuration
has been used before, by for example the aircraft carrier the USS Enterprise, but it raises questions about overall
feasibility. Future research should focus on developing a cycle configuration that reduces the number of reactors
required on board. A reduced-reactor configuration could enhance feasibility, simplify operations, and improve
overall cycle efficiency.

8.1.2 Reactor selection

Based on a literature study towards multiple different reactor types, it was decided that the HTGR/VHTR is of
interest for maritime implementation. However, other reactor types could be considered for implementation on
a (naval) vessel. Historically, the PWR has been used wildly for maritime implementation, and an argument can
be made that technological readiness should be favoured more if there is a desire to implement nuclear propul-
sion within a short time span. While selecting a different reactor type might affect overall reactor dynamics, it
is unlikely that any alternative reactor type could bridge the significant gap between reactor dynamics and the
operational requirements of a naval vessel.

The U-battery was selected for implementation as HTGR due to its relative mature design and public available
design data. Compared to other HTGRs is the design of the U-battery not different enough to conclude it is not
a representative technology for this reactor type. However, it can also not be concluded that the design of the
U-battery is optimized for dynamic power performance. Based on the difference in reactor dynamics between
different PWR designs, it seems possible that an HTGR could be designed with improved power dynamics. Still,
the results show that the current HTGR design is not capable to come close to the power dynamics of a diesel
engine, let alone a gas turbine. It is not expected that the large amount of thermal inertia present within an
HTGR can be improved in such a way that an HTGR can provide the required cycle dynamics on its own.
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8.1.3 Cycle selection

In combination with the HTGR, it was decided to implement an sCO5 recompression cycle for power conversion.
However, historically the Rankine steam cycle has been mainly used as nuclear power conversion cycle. This
cycle is larger in size and less efficient than an sCO4 cycle. Still, the technological feasibility and maturity could
be favoured for cycle selection. The results of the cycle dynamics could differ if a Rankine cycle is applied.
Not only is the cycle structure different, as a recompression cycle is a specific sCO9 cycle configuration, but
also operating conditions like temperature and pressure could differ significantly for steam or any other substance.

The recompression cycle was selected as cycle configuration for the sCOs power conversion cycle. This cy-
cle configuration is deemed the most efficient sCOy cycle configuration, while staying relatively simplistic.
However, it could be feasible to design a cycle which is favoured with a viewpoint towards cycle dynamics.
Such a cycle could improve overall cycle dynamics, but also the operating conditions and gradients during these
transients, this way ensuring a more thermal stable power cycle. Further research should focus on designing a
cycle with beneficial power transient capabilities.

Within the cycle, printed circuit heat exchangers were selected as these provide large heat transfer capabil-
ities for their size, and are capable to operate under high pressures and temperatures. Other type of heat
exchangers can also be selected within nuclear power conversion cycles, as explained in Section 2.7} Another
heat exchanger design, or a different design approach, could not only impact the required heat exchanger size,
but also the limitations in operating conditions within the cycle. As a result, different temperature and pressure
gradients could occur during the power transient, which could impact the materials of the heat exchanger.

8.1.4 Control configuration

The final design condition that impacts the power dynamics is the specific implemented control configuration.
Several disturbance rejection control methods were selected and implemented to ensure a stable cycle output
could be achieved. For example, in the case of the inlet temperature control of the main compressor, an
adjustable cooler mass flow was selected as control method. It is however also possible to control the com-
pressor inlet temperature with a bypass valve over the cooler, ensuring a relative stable cooler mass flow can
be achieved. Other disturbance rejection control configurations could be implemented or designed, which could
alter the specific power dynamics of the designed cycle. Still, as the disturbance rejection method is specifically
implemented to limit the impact of system components on the overall cycle dynamics, it is expected that the
selection of disturbance rejection control methods has a negligible impact on the power dynamics.

In addition, bypass control was implemented as main set point tracking control method. Bypass control is
favored regarding power dynamics and this was deemed the most important for this research. However, as
presented in the scenarios, the efficiency at part load decreases significantly due to the use of the bypass. It
is therefore recommended within literature to also implement inventory control, as this provides a more stable
efficient cycle control. Inventory control is dynamically unfavourable and could therefore result in slower power
transients. Still, a combination between bypass and inventory control could apply benefits of both control
configurations, but this can only be stated for certain by performing further research.
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8.2 Model design
8.2.1 Neutronics

The point kinetics model is used dominantly for preliminary research goals, small reactor size and relative small
power changes (not accident simulations) and was therefore deemed sufficient for this research. This model
approach neglects any inconsistency of neutron/power production within the reactor. Not only is it expected
that a sinusoidal power distribution is present within the reactor, as displayed in Figure 39, but also local power
production could be higher due to the use of heterogeneous materials. Determining the maximum tempera-
ture according to the point kinetics model, without additional safety factors, is therefore insufficient, as local
temperature spots could turn higher. As maximum temperatures impact the safe operation of the reactor, this
could change the dynamics of the power cycle. Still, the results of this research indicate that a stable reactor
control is the preferred control option, as then cycle dynamics are not influenced by reactor dynamics. It is
therefore expected that the temperature changes within the reactor core are minimal. A more accurate reactor
model would therefore probably not produce any insights into the limitation of the cycle dynamics. It could
however change the perspective on the limitations in reactor dynamics.

The applied neutronic model only applies reactivity feedback from a temperature increase within the fuel.
Changes in material temperature or long-term reactivity feedback phenomena, such as poisoning or burnup,
could also influence reactor dynamics, but these effects were excluded from this research due to a lack of
sufficient data. Although the final result of this research incorporates a constant power output from the reac-
tor, and thus reactivity effects are negligible, further research should indicate the effect of long term feedback
phenomena, even if this is only to verify that this does not impact the cycle dynamics significantly.

8.2.2 Thermal hydraulics

For the modelling of the thermal hydraulics (TH) of the nuclear reactor, a 1D thermal node structure was ap-
plied. This TH-model structure neglects any heat transfer at the top and bottom side of the reactor. Although
the effects should be limited, as heat transfer must be dominant in the region between the fuel rods, matrix
and coolant, the total effect of the top and bottom material could be an influence on the material temperatures
within the reactor. Further research should therefore aim to model a 3D thermal hydraulic scheme as this could
give insights in the heat transfer flows occurring within the HTGR.

In addition, constant property values for different material temperatures and irradiation values were assumed,
which is unrealistic for actual reactor operation and could drastically impact the overall performance of the
reactor. However, it was deemed not possible to accurately implement changing property values based on
temperature and radiation as the appropriate correlations are not present within literature. Further research
should therefore aim to find thermodynamic correlations of material properties like density, thermal conductivity
and specific heat capacity for the materials present within an HTGR. A more accurate property database could
present other insights towards the limitations in reactor dynamics, especially for long term reactor operations.

Finally, as discussed in Section [, it was deemed difficult to perfectly validate the TH-model as sufficient
data was lacking in literature about a dynamic HTGR. Additional research is required to obtain a dynamically
validated TH-model as only then could the errors within the current model be explained. For now, the large
errors were deemed acceptable as the model corresponds to steady state values if the inconsistencies within
the validation source are accounted for, and the model produces dynamic power transients as expected when
compared with literature. Therefore, although exact temperatures within the reactor could differ from actual
values, it is still expected that the current model represents the dynamic capabilities of the reactor within reason.
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8.2.3 Turbomachinery

The model method used for the turbomachinery is based on using performance maps to predict the performance
of the turbomachinery. To obtain these maps a normalization approach is applied based on performance maps
of the research group KAIST. However, to obtain a proper performance map a scaling approach seems more
accurate. An attempt was made to implement a scaling method, but due to a lack of time, this scaling method
was not implemented successfully. Still Appendix presents the created scaling method based on the work
of Jeong et al. [161] and Visser [162], which can be perfected and implemented in further studies. As the
performance maps used in this research are related to performance maps of turbomachinery of similar type
(centrifugal) and power size, the inaccuracy between scaling or normalization should be limited. Still, only a
full sCO4 turbomachinery design could produce accurate performance maps. Further research should opt for
providing a tool to construct the performance map of turbomachinery for different power sizes, as this would
indicate if scaling/normalization approaches are appropriate.

The performance maps used in the model are applied as a steady state modelling approach of the turbo-
machinery. Although it is expected that the dynamic effects of turbomachinery are negligible compared to the
dynamics of a reactor or a heat exchanger, it is still important to confirm this assumption with a full dynamic
turbomachinery design. Although the effect on cycle dynamics should be limited, it could still result in additional
safety concerns regarding for example a temperature gradient at the inlet of the turbine.

8.2.4 Heat exchanger

The printed circuit heat exchangers used within the cycle are modelled by a 1D node model approach. This
is a preliminary modelling approach suitable for dynamic power simulations, and it is therefore expected that
results are within reason of actual heat exchanger performance. Still, small errors within the heat exchanger
model could still drastically influence the operating conditions of the heat exchangers. The temperature and
pressure levels and gradients occurring during the power transient influence the safety of the cycle and could
result in limitations in the dynamics of the cycle. It is therefore recommended to design a 3D heat exchanger
model which includes for example the in-/outlet channel effects on the flow regime, as then the exact material
conditions of the heat exchangers can be determined.
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9 Conclusion

Nuclear energy is a promising option for lowering the impact of the maritime/naval sector on climate change,
as it provides a low carbon, high energy dense power source. However, naval vessels contain a dynamic power
profile, which differs from the constant power load of land-based nuclear power plants. To make sure nuclear
energy can be applied on naval vessels, this research investigates the following research question:

How can a nuclear power plant be implemented in a naval vessel to supply the required dynamic power
behaviour?

To give an answer to this research question, the Future Air Defender (FuAD) and the Amphibious Transport
Ship (ATS) were selected as projects of interest. Based on the important power levels of these vessels, it was
decided that a single nuclear power plant should produce around 7-8 MWe. Dynamic power requirements were
set to 30%/min and 90%/min respectively, corresponding to diesel engine and gas turbine ramp rates.

The high-temperature gas-cooled reactor (HTGR) was selected as reactor type of interest for (naval) nuclear
propulsion. The design of the U-battery was chosen, and combining two of these helium cooled reactors for
a single power conversion cycle results in 20 MWth of heat production. To convert this heat to electricity,
a supercritical carbon dioxide (sCO3) recompression power conversion cycle was implemented, which applies
radial type turbomachinery and a coaxial turbine and compressor construction. So-called printed circuit heat
exchangers (PCHE) were added to the cycle for heat transfer between the different fluids. To realize the required
cycle dynamics, a turbine bypass valve was implemented.

It is of importance to apply two control methods for the inlet and outlet temperature of the reactor, as
otherwise reactor material temperatures start to increase above safe operating limits. The implementation of
control rods for regulating reactor outlet temperature and a dump cooler for inlet temperature control ensures
that material temperatures remain within safe limits. A side effect is that at part load the amount of waste
heat is drastically increased, resulting in a low cycle efficiency of 4% (compared to the 39.5% at full power).

Based on a created model of the selected nuclear power plant, dynamic power simulations were performed
to analyse the dynamic possibilities of a nuclear power plant. The results indicate that ramping the reactor up
and down when the power demand changes, is not a sufficient method of control, as a ramp rate of 13%/min
already results in a shaft speed correction of 5%. When the reactor is ramped down in power, but a (sudden)
increase in power demand follows, then the cycle dynamics are strictly limited by the dynamics of the nuclear
reactor. As the reactor dynamics are not sufficient when compared to ramp rates observed in diesel engines or
gas turbines, common ramp rates of naval vessels cannot be achieved by solely reactor control.

The results show that the nuclear power plant is capable to provide power dynamics up to diesel engine and gas
turbine level if a bypass control configuration is implemented. Shaft speed is maintained stable and reactor and
turbomachinery operate within their safe operating regions. However, large pressure and temperature gradients
occur within the heat exchanger. In the case of a diesel engine ramp rate, a temperature gradient of + 0.74°C/s
and a pressure gradient of + 0.17 bar/s are present. If the ramp rate is increased to gas turbine level, this gradi-
ent increases even more, reaching a temperature gradient of = 1.48°C/s and a pressure gradient of £ 0.38 bar/s.

Current research does not provide limitations about temperature or pressure gradients within PCHE, and further
research should therefore be performed on assessing these gradients. Even if these gradients are then deemed
excessive, there is still possible room for cycle structure improvement due to the relative simplicity of the sCO4
recompression cycle. Although the current research cannot state for certain the ramp rate of gas turbines can
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be reached, the results clearly show that reaching gas turbine level power ramps are feasible. This research
therefore concludes that an HTGR in combination with an sCO5 recompression cycle, with implementation of
bypass control, provides a promising option for providing dynamic power requirements of naval vessels. Further
research about the implementation of nuclear propulsion should therefore not be limited by the assumption that
nuclear energy can only be used for stable baseload operation.

10 Recommendations

Based on the obtained results, there are multiple topics which are of interest for further research. At first, due to
limited data available about reactor design and dynamics, insights towards the true limitations of reactor dynam-
ics could not be realized. Further research should aim to indicate what limits the dynamics of the reactor, but
more specifically, what improvements could be made to increase the dynamics of a nuclear reactor. In addition,
the long term effects of continuously cycling the power of the reactor regarding fatigue and stress should be de-
termined, as this indicates if scaling the reactor down in power during sustained part load operation is beneficial.

Secondly, the current designed cycle configuration was implemented based on recommendations from litera-
ture. Besides the implementation of the dump cooler, no additional components were added to improve the
performance of the cycle. As the current cycle is still simplistic in design, additional complexities could be
added to improve cycle dynamics, (part load) efficiency and thermal stability. Points of improvement could be
found in changing the shaft configuration, as now a simplistic TAC configuration was applied, adding additional
turbomachinery stages for improved part load operation, implementing redundancy within the cycle to increase
operational readiness and consider other bypass valve locations to reduce thermal stresses occurring on the
system. Further research should therefore be focused on deciding which specific cycle configuration is beneficial
for a nuclear sCO, power conversion cycle implemented on a naval vessel or other highly dynamic maritime
applications.

Finally, it is important to perform research towards the material limitations of heat exchangers and turbo-
machinery during power transients. The results of this research indicate that not only high pressures and
temperatures are reached during part load, but also that increased power dynamics result in increased pressure
and temperature gradients. Within the current research phase it is not clear what the impact of these gradients
are on the material integrity. Indicating the impact of these gradients on material fatigue and stress is of im-
portance as only then could the feasibility of achieving power transients up to gas turbine level be confirmed. In
addition, insights towards the limitations in material performance could also influence the considerations made
within the design of the cycle, as additional options like coolers or (bypass) valves could be implemented to
prevent large changes within temperature or pressure, if these were deemed too excessive.
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Merchant ships sailing on nuclear energy

Sovetskiy 50 Let
Ship Lenin NS Savannah Otto Hahn Mutsu Arktika Sibir Rossiya Sevmorput Taimyr Vaygach Yamal Arktika Sibir
Soyuz Pobedy
Commission year- 1992- 2007-
1959-1989 1962-1972 1968-1979 1974-1992 1975-2008 1977-1992 1985-2013 1988-present 1989-2014  1989-present 1990-present 2020-present 2021-present
Decommission year present present
Flag state Soviet Union United States Germany Japan Russia Russia Russia Russia Russia Russia Russia Russia Russia Russia Russia
Cargo and passenger  Cargo and
Type Icebreaker R B Cargo ship Icebreaker Icebreaker Icebreaker Cargo ship Icebreaker Icebreaker Icebreaker Icebreaker Icebreaker Icebreaker Icebreaker
demonstration ship  research ship
Length over all (m) 134 1816 172 130 150 150 150 260.3 150 152 152 150 151 173 173
Beam (m) 276 23.8 234 19 30 30 30 322 30 29 29 30 30 34 34
Gross Tonnage 11,620 15,858 16,870 8240 20,646 20,646 20,646 38,226 20,646 20,791 20,791 20,646 23,440 33,540 33,540
Deadweight tonnage 3073 9570 14,079 2400 2750 2750 2750 26,480 2750 3550 3550 2750 3505 9000 2000
Displacement
16,000 22,000 25,790 10,400 23,500 23,500 23,500 61,800 20,650 21,100 21,100 23,455 25,840 33,540 33,540
tonnage (t)
Speed (kn) 18 21 17 17.2 20.6 20.6 20.6 21 21 20 20 22 21 22 22
OK-150-0K-900/A “Babcock & Wilcox” pressurised pressurised 0K-900A 0K-900A 0K-900A KLT-40 0K-900A KLT-40M KLT-40M 0K-900A OK-900A RITM-200 RITM-200
N pressurised water ‘water nuclear  water nuclear nuclear nuclear nuclear nuclear nuclear nuclear nuclear nuclear nuclear nuclear nuclear
Engine (power) nuclear reactors (270
MW-342 MW) nuclear reactor (74 reactor (38 reactor (36 reactors (342 reactors (342 reactors (342  reactor (135 reactors (342 reactor (135 reactor (135 reactors (342 reactors (342 reactors (350 reactors (350
s
MW) MW) MW) MW) MW) MW) MW) MW) MW) MW) MW) MW) MW) MW)
Propulsion power
34 16.4 8 7.5 52.8 528 52.8 29.4 52.8 74.8 74.8 528 52.8 110 110
MwW)
Fuel (LEU = low-
. . LEU, 5% LEU, HEU, either HEU, either HEU, either
enriched uranium; LEU, 3.5-6.6% HEU, 90% HEU, 90% HEU, 90% HEU, 90% HEU, 90% HEU, 90% HEU, 20% HEU, 20%
| enriched—HEU, U02, 4% enriched : 3.24-4.449 X X X 30-40% or _ 30-40%o0r  30-40% or ’ ; . !
HEU = highly enriched enriched enriched enriched enriched enriched enriched enriched enriched
20-90% enriched enriched 90% enriched 90% enriched 90% enriched

enriched uranium)

Figure Al: Table containing merchant ships that applied nuclear energy
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A2 Concept designs of the HTGR/VHTR
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Figure A3: Concept of the prismatic VHTR [[172)]
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A3 Relative weight and sizing calculations

[ R type K4 wmwih B mwe B Efficiency R Diameterm K  Height m Kl weight tonne B Volumemn3 K ma3/mwe Rl ton/Mwe Bd  source |4
ACP100 PWR 385 125 32,47% | 3,35 " 10 300 352,56606 2,82052843 24 SMR book
ACPR50S PWR (mar) 200 s0 25,00% 2,2 7.2 109,4784768 2,189569536 SMR book
ACP1005 PWR (mar) 385 125 32,47% 3,35 10 300 352,56606 2,82052848 24 SMR book
AP 1000 PWR 3400 1100 32,35% 4,0386 12,056 617,754346 0,56159486 ARIS
AP-600 PWR 1940 500 30,93% 3,988 11,708 584,9838835 0,974973139 ARIS

APR+ PWR 4290 1505 35,08% 5.4 231 795 2972,506522 1,97508739 0,528239203 ARIS

APR1000 PWR 2815 1000 35,52% 212 14,642 780,8106401 0,78081064 ARIS
APR1400 PWR 3983 1400 35,15% 5.4 23 781 2959,638528 2,11402752 0,557857143 ARIS
APWR PWR 4466 1500 33,50% 5,2 136 115530455 0,770203034 ARIS
ATMEAL PWR 3150 1150 36,51% 4,25 ARIS
Bandi-60 PWR (mar) 200 ) 3000% | 2,8 T 110 275,8576128 459762688 1833333333 SMR book
CAP200 PWR 560 200 3030% 3,28 " 8aas 200 298,9485236 1,494742618 1 SMR book
Carem PWR 100 30 30,00% 3,2 " 11 267 353,869824 11,7956608 89 SMR book
EPR PWR 4590 1650 35,95% 4,87 13,083 520 974,8014176 0,500788738 _ 0,315151515 ARIS
HAPPY200 PWR 200 0,00% 24 45 26 81,430272 ARIS
IMR PWR 1000 350 3500% 5 " 17 1922,6592 5,493312 SMR book
SMR PWR 540 170 31,48% 5 " 23 650 1806,42 10,626 3,823529412 __ SMR book
KLT-40S PWR (mar] 300 ) 20,00% 1,92 3,892 70,5 45,07400798 0,751233466 1,175 ARIS
NUWARD PWR 540 170 31,48% a 13 310 653,4528 3,84384 1,823529412 ARIS
OPEN20 PWR 73 22 30,14% 2.3 " 9,1 89,3 151,2334824 6,8742492 4,055090905 _ SMR book
OPR1000 PWR 2815 1000 35,52% 414 14,642 - 788,4097257 0,788409726 ARIS
RITM-200 PWR 150 55 2895% 3,4 " 75 164 272,37672 4,952304 2,981818182 _ SMR book
RITM-200M PWR (mar) 175 s0 2857% 3,45 " 8,6 265 321,5788884 6,431577768 53 SMR book
Rolls-Royce PWR 1358 470 3461% 42 " 7.9 150 4378008095 0,931491084 05319148936 SMR book
SHELF-M PWR (mar) 35,2 10 2841% 26 " a4 75 84,948864 8,4948864 75 SMR book
SMART (KAERI) PWR 365 107 2932% 6.5 " 185 1070 2455,5531 22,94909439 10 SMR book
SMR-160 PWR 525 160 3048% 3 " 15 295 424,116 2,650725 1,84375 SMR book
STAR PWR 30 10 3333% | 2,3 " 76 20 126,3048864 12,63048864 2 SMR book
UK-SMR PWR 1276 443 34,72% 45 113 220 718,87662 1,622746321 __ 0,496613995 ARIS
VBER-300 PWR (mar) 917 300 32,72% 3.4 8,265 306,6 300,1591454 1,000530485 1,022 ARIS
VOYGR PWR 250 77 3080% 2.7 T 405,3700728 5,2645464 SMR book
VVER-1000 (V-
e { PWR 3000 1011 33,70% 4,195 11,235 322 621,1377082 0,614379533  0,318496538 ARIS
VVER-1200 (V-
— { PWR 3200 1082 33,81% 4232 3,855 230 216,9035144 0,200465355  0,304990758 ARIS
VVER-1200 (V-
j— ( PWR 3200 1082 33,81% 4,232 3,855 230 216,9035144 0,200465355  0,304990758 ARIS
VVER-1500 (V-

— ( PWR 4250 1560 36,71% 496 125 430 966,104832 0,619297969  0,275641026 ARIS
VVER-300 (V-478) PWR 850 300 35,29% 3,145 ARIS
VVER-600 (V-498) PWR 1600 500 37,50% 4232 3,855 330 216,9035144 0,361505857 055 ARIS
VVER-640 (V-407) PWR 1800 503 33,50% 4132 10,655 288 571,5114925 0,947780253 0,47761194 ARIS

Westingh 4 T

s ;:fﬁouse PWR 800 225 28,13% 3,7 28 1204,238112 5,352169387 SMR book
Unitherm PWR 20 66 2200% 29 " 9.8 32 258,9243888 39,230068 4848484848 SMR book

PWR total ¥ 4,765367803 ' 2,405688497

PWR SMR <300 <300 " 7,838563497 ' 3,70061977

PWR SMR <50 <50 " 12,52105719 ' 5,43459596

PWR maritime ¥ 3755136145 ' 3,205055556

PWR maritime <50 <50 ¥ 5705344568 6,4
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Height m Weight tonne Volume m~"3 Source i
AMR VHTR 10 3 30,00% " 2,78 4 5,86 115 144,700067 48,23535566 38,33333333 SMR book
GTHTR300C VHTR 600 274 45,67% T 8 T 23 1000 4624,4352 16,87750073 3,649635036 ARIS/SMR book
GT-MHR VHTR 600 288 48,00% T 8,2 " 29 950 6125,994336 21,27081367 3,298611111 SMR book
HTMR100 VHTR 100 35 35,00% v 5,6 T 15,7 155 1546,773043 4419351552 4,428571429 SMR book
HTR-PM VHTR 500 210 42,00% i 5,7 T 25 800 2551,7646 12,15126 3,80952381 SMR book
MHR-T VHTR 600 205,5 34,25% i 6,9 T 32,8 950 4905,047693 23,87322478 4,622871046 SMR book
PBMR VHTR 400 165 41,25% T 6,2 T 30 1250 3622,89312 21,956928 7,575757576 SMR book
HOLOSQUAD VHTR 22 10 45,45% 60 6 SMR book
Prismatic HTR VHTR 350 150 42,86% 6,8 22 3195,886848 21,30591232 ARIS
SC-HTGR VHTR 625 272 43,52% 8,5 24 880 5447,5344 20,0277 3,235294118 ARIS
U-Battery VHTR 10 4 40,00% T 2,2 T 5,5 83,629392 20,907348 SMR book
XE-100 VHTR 200 82,5 41,25% 4,88 " 16,4 274 1226,971232 14,87237857 3,321212121 SMR book
VHTR total 24,1519943 7,827480958
VHTR SMR <300 <300 24,1519943 7,827480958
VHTR SMR <50 <50 37,77873973 16,25396825

Efficiency Diameter m Weight tonne Volume mn3 Source i
ALFRED LFR 300 125 41,67% ARIS
BREST-OD-300 LFR 700 300 42,86% Aris
CLEAR-I LFR 10 ARIS
ELECTRA LFR 0.5 ARIS
ELFR LFR 1500 630 42,00% ARIS
G4M LFR 70 25 35,71% ARIS
LFR-AS-200 LFR 480 200 41,67% 6 6,2 42 701,20512 3,5060256 0,21 ARIS
LFR-TL-30 LFR 90 30 33,33% T 3,7 i 5 35 215,04252 7,168084 1,166666667 SMR book
MYRRHA LFR 100 ARIS
MicroUranus LFR 60 20 33,33% " 24 " 11 200 199,051776 9,9525888 10 SMR book
PEACER LFR 850 300 35,29% ARIS
SEALER LFR 140 55 39,29% 4,8 6 50 434,294784 7,8962688 0,909090909 ARIS
SVBR-100 LFR 280 100 35,71% T 4,53 i 8,2 528,6413674 5,286413674 ARIS
W-LFR LFR 950 460 48,42% 3,9 7,5 35 358,37802 0,779082652 0,076086957 ARIS
LFR total 5,764743921 2,472368906
LFR SMR <300 <300 6,761876175 3,071439394
LFR SMR <50 <50 8,5603364 5,583333333

Diameter m Weight tonne Volume m?3 Source
45 SFR 30 10 33,33% 34 86 926,080848 92,6080848 8,6 ARIS
ARC-100 SFR 286 100 34,97% 78 " 600 3274,323175 32,74323175 6 SMR book
SFR total 62,67565828 7,3
SFR SMR <300 <300 62,67565828 7,3
SFR SMR <50 <50 92,6080848 8,6
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A4 Impact main compressor inlet temperature

The inlet temperature of the main compressor and turbine have a significant effect on the total cycle efficiency.
Brun et al. [85] presents the impact of the compressor inlet temperature as a function of different turbine inlet
temperatures. It can be seen in Figure that the lowest compressor inlet temperature, and the highest
turbine inlet temperature, results in the highest overall cycle efficiency. For this research, the compressor inlet
temperature was selected higher than Figure[A10]even indicates, meaning that the cycle efficiency is not optimal
regarding the main compressor inlet temperature. It was however decided for this research that efficiency is
not the most important factor, and therefore no additional time was spent on improving this compressor inlet
temperature. It must however be stated that if naval vessels want to operate globally, and an improved cycle

efficiency is required, a solution must be found to operate the main compressor closer to a seawater temperature
of 35 °C.

Recuperated cycle efficiency at fixed
turbine inlet temperatures

48 Turbine
¥ xox oy, inlet
46, , TERE x| temperature
g A 4 4 A A A a . i & a 2 X x p
5_,44"’0,.."‘ . * x x | x750°C
e Cteees Tra |sT00C
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Compressor inlet temperature (°C)

Figure A10: Impact of compressor and turbine inlet temperature on cycle efficiency
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A5 Lookup Tables

As explained in Section directly calling CoolProp for each thermodynamic property during the simulation,
slows down the simulation drastically. This is expected as Simulink must first call Matlab, which must then call
Python which applies CoolProp to find the correct value. The found value must than be directed in reverse back
to Simulink before the simulation can continue. To improve this, the values for each thermodynamic property
have been calculated before running the simulation and are saved in datasets which can be used by Simulink
to determine the value for the required property. This dataset is however limited by its data points, which
decreases the accuracy of the requested property. To indicate the lack of accuracy, the sizing of the datasets
will be presented. As there are three different fluids operating in the system, different datasets are created. The
dataset for helium is presented in Table [A1] for water in Table [A2] and for sCO2 in Table [A3]

The range sizes of the dataset are based on the expected pressures during the simulation, including a mar-
gin below and above the maximum values. In addition, a range of temperatures for each working medium can
be created, based on the designed cycle point. However, as the pressure and enthalpy are used in the model,
the temperature must first be converted to a enthalpy range. For helium and water the minimum and maximum
enthalpy are at a minimum temperature and pressure and maximum temperature and pressure. For sCO5 this
is not the case, due to operating above the critical point. The minimum enthalpy sCO5 occurs at maximum
pressure and minimum temperature, while the maximum enthalpy occurs at minimum pressure and maximum
pressure. This approach therefore determines the range of the datasets and based on the values used during
the simulation it was determined that the values do not exceed the ranges of the datasets. The accuracy is
therefore only determined by the step size of the datasets. This step size has been based on the data size of
the datasets, as smaller step sizes result in datasets that are too large to use within the Simulink environment
(with the used computer capabilities).

Table Al: Created datasets for helium used by Simulink with Lookup Tables

] Thermo. property \ Property 1 \ Range \ Step size \ Property 2 \ Range \ Step size ‘
Density Pressure 38 —42 bar | 0.1 bar Enthalpy 1955.4 — 6628.6% 0.1%
Dynamic viscosity Pressure 38 — 42 bar | 0.1 bar Enthalpy 1955.4 — 6628.6’,2—; 0.1’,‘;—;
Enthalpy Pressure 38 — 42 bar | 0.1 bar | Temperature | 100.0 — 1000.0 °C 0.1°C
Specific heat capacity Pressure 38 —42 bar | 0.1 bar Enthalpy 1955.4 — 6628.6% 0.1%
Temperature Pressure 38 — 42 bar | 0.1 bar Enthalpy 1955.4 — 6628.6%9 0.1%‘]
Thermal conductivity Pressure 38 — 42 bar | 0.1 bar Enthalpy 1955.4 — 6628.6% 0.1%

Table A2: Created datasets for water used by Simulink with Lookup Tables

] Thermo. property | Property 1 Range \ Step size \ Property 2 \ Range \ Step size \
Density Pressure 0.9 — 2.0 bar | 0.05 bar Enthalpy 84.0 — 251.3% 0.05%
Dynamic viscosity Pressure 0.9 — 2.0 bar | 0.05 bar Enthalpy 84.0 — 251.3%9 0.05%
Enthalpy Pressure | 0.9 — 2.0 bar | 0.05 bar | Temperature | 20.0 — 60.0 °C 0.05°C
Specific heat capacity Pressure 0.9 — 2.0 bar | 0.05 bar Enthalpy 84.0 — 251.3% 0.05%
Temperature Pressure | 0.9 — 2.0 bar | 0.05 bar Enthalpy | 84.0 — 251.3% 0.05’%
Thermal conductivity Pressure 0.9 — 2.0 bar | 0.05 bar Enthalpy 84.0 — 251.3% 0.05%
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Table A3: Created datasets for sCO, used by Simulink with Lookup Tables

Thermo. property Property 1 Range \ Step size \ Property 2 Range Step size
Density Pressure 80 — 250 bar | 0.5 bar Enthalpy 272.6 — 1228.4% 0.5%
Density Pressure 80 — 250 bar | 0.5 bar | Temperature | 40.0 — 700.0 °C 0.5°C
Dynamic viscosity Pressure | 80 — 250 bar | 0.5 bar Enthalpy 272.6 — 1228.4’,2—; 0.5’2—‘91
Enthalpy Pressure 80 — 250 bar | 0.5 bar | Temperature | 40.0 — 700.0 °C 0.5°C
Enthalpy Pressure 80 — 250 bar | 0.5 bar Entropy 1.5 — 2.9’“—1‘(] 0.01%
Entropy Pressure 80 — 250 bar | 0.5 bar Enthalpy 272.6 — 1228.4%’ 0.5%
Specific heat capacity Pressure 80 — 250 bar | 0.5 bar Enthalpy 272.6 — 1228.4% 0.5%
Temperature Pressure 80 — 250 bar | 0.5 bar Enthalpy 272.6 — 1228.4%] 0.5%‘]
Thermal conductivity Pressure 80 — 250 bar | 0.5 bar Enthalpy 272.6 — 1228.4% 0.5%
Volumetric heat capacity Pressure 80 — 250 bar | 0.5 bar Enthalpy 272.6 — 1228.4’,2—; 0.5%

MSc. Thesis T.H. Wien 113




Nuclear Propulsion for Naval Vessels

A6 Performance maps KAIST
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Figure All: Pressure ratio compressor map [108]
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Figure A13: Pressure ratio turbine map [108]
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A7 Scaling method performance maps

The selected performance map of the KAIST research group is not applicable to the selected turbomachinery
as their turbomachinery has a higher than preferred power output. Therefore a scaling analysis must be done
to convert the performance map to small power size turbomachinery. Due to a lack of time, it was not achieved
to implement this scaling method successfully, and therefore a normalization approach was selected. Still, this
scaling method gives insights for further studies regarding a scaling approach and will therefore still be presetend.

For the scaling analysis it is of importance to investigate the non-dimensional groups applicable for describing the
performance of turbomachinery. Dixon and Hall [163] describe 7 non-dimensional groups II for turbomachinery,
which are described in Equations [84H90] [163] [161].

my/ YR T,

H1 = W, FlOW parameter (84)
ND
I, = ez Speed parameter (85)
I3 = Ak Head parameter (86)
3 — ’}’RT‘zn’ P
I = ]% = PR, Pressure ratio (87)
Tout - .
II; = 7 Efficiency (88)
D
Ilg = VD _ Re, Reynolds number (89)
,u
Cp . .
II; = c =7 Specific heat ratio (90)

These non-dimensional groups include the mass flow 71, the specific heat ratio ~, the specific gas constant R,
the temperature T', the turbomachinery diameter D, the pressure p, the shaft speed N, the enthalpy change
Ah, efficiency n, the density p, the volume V', the viscosity 1, the specific heat C), and specific volume C,,.

For turbomachinery handling only one single gas, the specific heat ratio can be dropped as an independent
non-dimensional group [163] [162]. In addition, the effect of the Reynolds number can also be neglected, as
the effects of Reynolds on turbomachinery performance is small when Re > 2 - 10° [163] due to the small
effect of viscosity at high Reynolds numbers [161] [162]. As a result, only five dimensionless number groups are
applicable for the case of sCOs, which are II1-II5. It is furthermore common to drop the diameter from these
groups if the diameter is fixed [163] [161] [162] , but this will be neglected as during scaling the diameter could
change significantly.

When applying a scaling method between different sizes of turbomachinery, it is important to account for
the above mentioned dimensionless groups. As can be seen by looking at the dimensionless groups, the pressure
ratio II4 and efficiency II5 are already dimensionless and are therefore constant during the scaling method.
Furthermore, neglecting the Reynolds number Ilg and the specific heat ratio II7 results in that only three di-
mensionless numbers are of importance, which are the so called flow, speed and head parameter.

Besides the non-dimensional groups, it is important to ensure that the flow mechanism of the turbomachinery is
still the same after scaling as this ensures that performance characteristic are maintained [163| [162]. To ensure
the performance maps after scaling are still applicable, it is beneficial to ensure similar type of performance
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between the turbomachinery. The flow mechanism can be assumed the same if the specific speed and diameter
of the turbomachinery are equal. The specific speed N, and specific diameter D, are defined as follows:
¢0'5
SRTINE (91)
025
P05

, with the flow coefficient ¢ and the stage loading v defined as:

_Q
ND3
gH
V= Nopr
N; can also be defined by Equation [95 when the flow is compressible [163]. In this equation the specific speed
is related to the shaft speed N, the mass flow 7, the exit density p. and the isentropic enthalpy rise Ahgs. It
is stated by Dixon and Hall that the exit density can be guessed as the extra uncertainty introduced by this is
small on the selected turbomachinery [163].

D, =

¢ (93)

(94)

.\ 0.5
m

Ny,=N <) ARy O™ (95)
Pe

By realizing the important dimensionless number, a scaling analysis can be performed. According to Equation

power P, mass flow 7 and diameter D are related for turbomachinery.
P x 1 o< D? (96)

Due to this relation, the scale factor between the referenced and scaled turbomachinery can be determined
according to Equation [97] [162].

. 2
_ Pes Mdes Ddes

SF (97)

Pref mref Dzef

This equation makes it possible to determine the design mass flow and diameter of the turbine if a reference
turbine and a design power output is provided. For scaling the performance maps, there are four parameters
which must be converted. These are the mass flow, shaft speed, pressure ratio and efficiency (see Section .
As determined from the non-dimensional groups, the pressure ratio and efficiency are already dimensionless and
are therefore constant during scaling. The mass flow and shaft speed do however change. Applying the Pham
similitude method on the non-dimensional groups II; and IIy, the flow and speed parameter, results in the
two scaling equations for the performance maps presented in Equations [08 and [09] By multiplying mass flow
and shaft speed of the KAIST performance map according to these equation, while keeping pressure ratio and
efficiency constant, the scaled performance maps can be obtained.

e = Hngesns,desPdes with II; = m”ef \/nsvrefZTGfRTref (98)
es — ) -
\/ns,dedeesRTdes Dzefns,refpref
Iy /n RT, NyerD
Ndes _ 2 s,des des’ with I, = refref (99)

Dges \/ ns,refRTref

In reality there are limitations to these relations as size effects of the turbomachinery impact the optimal mass
flow rate, power and efficiency of a turbine [162]. Small turbomachinery always have lower efficiencies than
larger geometrically similar machines [163]. However, as the reference power output and the scaled power
output are within the same range, the assumption is made that these size effects can be neglected.
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A8 Scaling impact on efficiency

The size of the turbomachinery impacts the optimal mass flow rate, power and efficiency of a turbomachinery
[162]. Small turbomachinery always have lower efficiencies than larger geometrically similar machines [163]. To
determine if large efficiency differences would occur between the designed power conversion cycle of 7.9 MWe,
and the reference power conversion cycle of 12.5 MWe, a scaling impact analysis has been performed. An
indication about the effect of scaling on efficiency has been made with Equation [162] [163]. The exponent
n used in this equation depends on the type of turbomachinery. Visser [162] states the range of n is between
0.12 to 0.5, but that n = 0.2 is the favored option. Dixon and Hall [163] also favor n = 0.2, but state the
range is between 0.2 to 0.25. Therefore, n = 0.2 was selected as value for the exponent.

1- Tldes _ Drefn (100)
1- Nref Ddes

The effect of scaling on the efficiency has been investigated for specific cases of which a comparison can be
seen in Table This has been performed by applying the relation that holds between power, mass flow and
diameter. As expected, the efficiency lowers with a smaller diameter and increases due to a larger diameter.
However, the impact on scaling is small on the overall efficiency as the efficiency differs 0.2% and 1.1% for
a power increase of 5 MW with the turbine and compressor respectively. As suggested by Visser [162], if a
turbomachinery model with improvements in efficiency is required, than a fundamental turbomachinery design
must be undertaken, but this is impractical for preliminary design analysis like this study. It was therefore
decided to neglect this small change in efficiency.

Table A4: Efficiency comparison between the desired scaling power output and the realised power output

| Compressor power | Mass flow | Diameter | Efficiency |

0.34 MW (KAIST) | 180 kg/s | 02722 m | 84.9%
5 MW 96.34 kg/s | 0.1991 m 83.9%
7.5 MW 144,51 kg/s | 0.2439 m 84.6%
10 MW 192.68 kg/s | 0.2816 m 85.0%
] Turbine power \ Mass flow \ Diameter \ Efficiency ‘
21.75 MW (KAIST) | 180 kg/s | 0.3254 m | 91.9%
15 MW 124.14 kg/s | 0.2702 m 91.6%
20 MW 165.52 kg/s | 0.3120 m 91.8%
25 MW 206.90 kg/s | 0.3489 m 92.0%
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A9 Comparison interpolation and extrapolation method

To decide which inter-/extrapolation method should be used, a visual comparison has been performed towards
the impact of each inter-/extrapolation method. In Figures a comparison between the different
interpolation methods can be seen (without using any extrapolation method). The results differ slightly as it can
be seen that the linear and natural interpolation methods result in smoother transitions between different data
points compared to the nearest interpolation method. Between natural and linear interpolation no significant
differences could be observed so natural interpolation was chosen as the preferred interpolation method as this
method uses polynomial functions to create a smooth curve that passes through each data point ensuring a
theoretically more smoother performance map.
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Figure A15: Comparison interpolation methods: effect of linear on the efficiency
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Figure A16: Comparison interpolation methods: effect of nearest on the efficiency
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Figure A17: Comparison interpolation methods: effect of natural on the efficiency

There are also three options for extrapolation, which are linear, nearest and boundary. Although it is not preferred
for the turbomachinery to enter these areas (as this results in surge or choke), it is model wise better to ensure
this is possible, as this way the model will not immediately crash if these areas are entered. In Figures|A18{A20
a comparison between the different extrapolation methods can be seen. It is clear that the linear extrapolation
method results in inaccurate extrapolation data points and is therefore excluded. Between the nearest and
boundary extrapolation method a small difference can be observed. It seems that the boundary method, which
applies the values off the interpolation boundary as extrapolation values, produces a smoother performance
map. As shown in Figure the nearest extrapolation method results in inconsistent efficiency areas, while
the boundary extrapolation method produces an efficiency area which increases/decreases consistently. The
boundary extrapolation method is therefore the preferred extrapolation method for the performance maps.
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Figure A18: Comparison extrapolation methods: effect of linear on the efficiency
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Efficiency with nearest extrapolation
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Figure A19: Comparison interpolation methods: effect of nearest on the efficiency
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Figure A20: Comparison interpolation methods: effect of boundary on the efficiency

Finally, using these created performance maps with 2D Lookup Tables still requires some kind of interpolation
method, as the created mesh is still a grid of data points. By changing the different methods of the 2D Lookup
Table blocks an investigation has been done towards the effect of these interpolation methods. However, the
output difference between these methods is negligible, which is probably the result of the already small mesh
used in creating the performance maps. It was therefore decided to use the Linear point-slope interpolation, as
this method is more accurate than methods that round values during operation (flat or nearest), but is still a
less complex and faster interpolation method than methods using polynomial functions or other domains (Cubic
spline, Linear Lagrange or Akima spline).
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A10 Impact correction equations

To indicate the impact of the correction equations, Figure shows the obtained compression ratio for the
main compressor for three different cases in which mass flow and shaft speed are kept constant, but pressure
changes. At first the pressure ratio is obtained without using the correction equations, which shows an as
expected constant obtained pressure ratio. In the second case, the pressure ratio is obtained by using the Pham
correction equations for mass flow and shaft speed, but not applying the pressure correction equations. The third
case applies the Pham correction equations while using the pressure ratio corrections. Although the impact of
the pressure correction equation is small, the figure shows the correction equations do have a significant impact
on the pressure within the system. Looking at for example a pressure inlet of 95 bar, a pressure ratio of 2.5 and
2.52 results in a pressure increase up to 237.5 and 239.4 bar, resulting in a 2 bar pressure difference. Figure
also shows that neglecting the pressure ratio correction equations is not applicable, as then the pressure
ratio changes according to the "partial corr’ line, which shows clear deviations from design pressure ratio.
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Figure A21: Impact of a pressure change and the correction equations on the obtained pressure ratio
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All Heat exchangers values for validation

In addition to the heat exchanger design values presented in Figure by Marchionni et al. [138], it is also
stated that the plate thickness of the PCHE is equal to 1.63 mm. Figure [63] present the inlet conditions of the
heat exchanger during the transient simulation.

Table 5
PCHE channel geometry.
Wetted perimeter [mm] 5.14
Hydraulic diameter [mm] 1.22
Cross-sectional area [mmz] 1.57
Length [mm] 1012.00
Type Zig-zag
Table 6
Additional PCHE features,
Material 88 316L
Channel surface roughness Not available
Channel discretization length [mm] 25.30
Number of channels per row 54
Number of rows 42

Figure A22: Design parameters for the heat exchanger used by Marchionni et al. ||
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Figure A24: Temperature and heat transfer coefficient along the length of the CL

Table A5: Steady state power values

] Component \ Value ‘
Reactor 20.00 MW
Turbine 13.15 MW

Main comp. | 2.96 MW
Recomp. 2.13 MW
Generator 8.06 MW

Load 7.90 MW
Cooling 11.94 MW
Blower 0.36 MW
Efficiency 39.50%
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A13 Scenario 3; LTR and CL results
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Al14 Scenario 4; LTR and CL results
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A15 3D turbomachinery performance map for simulation
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