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Synopsis
There is a renewed interest in nuclear power generation within the maritime sector as a low-emission power
source. As other renewable sources or alternative fuels contain a lower energy density than conventional fossil
fuels, and the energy demand of naval vessels will rise due to implementation of unmanned assets and direct
energy weapons (DEW), a problem occurs for the limited volume onboard of a naval vessel. Nuclear power gen-
eration could play a supplementary role due to its high energy density, while improving the duration of the vessel
and thus enhancing operational flexibility and strategic autonomy.

The generation IV very high temperature reactor (VHTR) was selected for implementation due to its enhanced
efficiency, safety and relative high TRL compared to other generation IV reactors. In combination with the high
efficiency and compact sizing of a supercritical carbon dioxide (sCO;) Brayton power conversion cycle, could
this reactor produce an economically, social and technical feasible option for nuclear power generation.

Nuclear energy is however commonly used as a stable power source, and therefore the question arises if nu-
clear power generation can provide the dynamic power transients common to a naval vessel. By proposing a
novel dynamic model of the nuclear reactor, its power conversion cycle and the vessel itself, this paper inves-
tigates the dynamics of a nuclear vessel and determines if implementation of nuclear energy is technologically
feasible.

With the proposed model, the transient speed of the nuclear power plant will be compared to conventional prime
movers of naval vessels, specifically the diesel engine and gas turbine. Three different control scenarios were
analysed; (1) transient reactor control, (2) constant reactor power with dynamic bypass control, and (3) constant
reactor power with bypass and additional cooling for reactor temperature management. Results indicate that op-
erating the reactor in transient mode will limit the system dynamics to the dynamics of the reactor, which were
deemed not sufficient for power transients in naval vessels. Keeping the reactor at constant power output therefore
limits the system dynamics to the bypass in the secondary cycle, but this control method is capable of achieving
power transients up and equal to gas turbine level. However, it requires additional cooling of the reactor to prevent
a temperature increase within the reactor. Dynamic limitations with this control method do not occur due to the
nuclear power plant installation, but by the limitation in the operating envelope of the electric motor. Final results
also indicate that fixing the reactor power output to its maximum and thus providing maximum thermal input to
the secondary cycle, while operating the secondary cycle itself at part load, significantly lowers the overall plant
efficiency. The overall plant efficiency can be improved by modulating the reactor output to match the demand of
the secondary cycle, but this again limits the system dynamics to the dynamics of the reactor.

The paper therefore concludes that a VHTR with a sCO, Brayton cycle is a promising option for nuclear power
generation in naval vessels. With appropriate control strategies and safety measures, nuclear systems can match
the dynamic performance of conventional propulsion and power generation systems. Further research should
however be committed to improving cycle efficiency at part load and enhancing safety evaluations before nuclear
power generation could be deemed a feasible option for naval nuclear power generation.

Keywords: Nuclear power generation; nuclear propulsion; high temperature reactor; supercritical carbon dioxide
power conversion cycles; dynamic modelling; power simulations.
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1 Introduction

Nuclear power generation 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!” 2023, nuclear
energy can help reduce dependency on fossil fuels and provides a potential high-energy density source for ships
without emitting carbon dioxide (CO;). One of the project goals is to develop a standardized, modular nuclear
reactor for ship integration within 10 years [Dutch maritime sector]| (2023)). The resurgence of interest in nuclear
power generation for maritime applications comes at a crucial time when the global shipping industry is aiming to
reduce its environmental impact.

Due to the implementation of unmanned assets and direct energy weapons, it is expected that energy usage on
naval vessels will not decrease in the coming years|Royal Dutch Navy|(2023)). However, renewable energy sources,
like wind and solar, and alternative fuels, like methanol, have a lower energy density compared to conventional
fossil fuels|van Zalk and Behrens|(2018) [U.S. Department of Energy|(2024). An increasing energy demand while
energy density is decreasing results in an energy mismatch problem, presenting an issue for the volume limited
environment of a vessel. Nuclear energy could play a major role in solving this issue, as it offers one of the highest
available energy densities.

In addition, operational advantages of nuclear power generation arise for naval vessels, as sufficient power for
long operation times can be guaranteed. As a result, nuclear vessels can ensure high vessel speeds without losing
operational endurance. Operational flexibility is improved compared to conventional vessels, as nuclear ships can
respond to crises quicker and can operate longer with fewer logistic support, improving the strategic autonomy of
the operator [U.S. Department of the Navy and Department of Energy| (2015).

Nuclear power generation has been implemented in military ships, such as aircraft carriers, submarines and cruisers
by several countries, and has already been applied on merchant vessels like icebreakers and cargo ships, although
successes differ significantly |[Freire and de Andrade|(2015). Despite previous usage of nuclear power generation,
implementation of the technology in future vessels will present challenges, especially for countries not possessing
this classified technology. As nuclear reactors typically operate as stable constant power sources, which contrasts
with the fluctuating power demands of (naval) vessels, issues could arise in providing the dynamic power profile of
the vessel. To determine the possibility of nuclear power generation as a replacement of conventional fossil fuels,
the power dynamics of a nuclear power plant installation must be assessed.

This paper investigates a) the dynamic possibilities of a nuclear power plant installation on a naval vessel, and
compares it to dynamics of conventional prime movers of a naval vessel, and, b) indicates potential safety issues
during power dynamics of such a power plant and provides preliminary solutions to ensure safe operation. The pa-
per proposes a novel power plant model for dynamic power simulations of a nuclear reactor, its power conversion
cycle and the vessel’s propulsion system.

In the investigated scenarios, the modelling results demonstrate the power transients that can be achieved with
different control methods and which considerations should be made to realize optimal power transients for the nu-
clear power plant installation. With the proposed modelling strategy, the dynamic possibilities of a nuclear power
plant are determined, and additional insights at system level are obtained for further cycle designs.

Lastly, the power transients are projected on a notional frigate design, based on the work of |Geertsma| (2019),
analysing the impact on ship performance. Noting that the requirements for power transients on board of naval
vessels are increasingly demanding due to new (direct energy) weapon and sensor technology, this paper also aims
to demonstrate the competitiveness of nuclear technology with respect to the conventional prime movers.

2 System description

Nuclear power plants function by using the heat released during nuclear fission inside a nuclear reactor. This
heat is converted into mechanical power by means of a thermodynamic power cycle such as a Rankine or a Brayton
cycle. Depending on the application, this mechanical power is used directly (e.g. direct mechanical propulsion)
or converting the mechanical power first into electrical power using a generator. There are different types of
reactors and possible cycle configurations for nuclear power generation, but the most common type of reactor is
the pressurised water reactor (PWR). PWR technology is used in over 70% of all operable land based reactors, as
it is used in 307 out of the 437 worldwide reactors in 2022 World nuclear association| (2023). The typical cycle
efficiency of such a power plant (from thermal power to electrical power) is around 33% IAEA (2023)), but this
depends strongly on the specific type of reactor.
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Figure 1: Schematic overview of the electric propulsion plant fed by multiple nuclear power generators

2.1 Ship overview

To determine the dynamic potential of a nuclear power generation system, integration within a naval vessel
should occur. For this research, the vessel proposed by |Geertsmal was implemented as a preliminary design
choice, representing a notional frigate. The design values of this vessel are presented in Table[T] A full-electric
propulsion system is proposed, with two large propulsion electric motors driving fixed pitched propellers. The
nuclear power generation is split in three individual generator modules (3 x 8 MWe), which together provide power
to both the propulsion (2 x 10 MW) and to the vessel’s hotel and service loads. The resulting electric propulsion
plant is presented in Figure[T] of which the nuclear reactor and its power conversion cycle will be further explained
in the sections 2.2]and [2.3] With the current sizing, the installed power is sufficient to fully utilize the propulsion
motors and approx. 2+ MWe of hotel and service loads. The notional frigate can reach a speed of 26+ knots.

Table 1: Design values of the notional frigate

Parameter | Value
Ship length [m] | 135.0
Displacement [tonnes] | 5400
Type of propulsion | Full electric
Max. speed [knots] | 26+
Propeller type | 2 x FPP (Wageningen C5-75)

Propeller diameter [m]

Propeller pitch (P/D) [-]

Nuclear power generators [MWe]
Propulsion motors [MW]
Propulsion motor speed [RPM]

4.90 m

1.450

3x8

2x10

120 (nom.) / 135 (max.)

2.2 Propulsion choice

As reactor, the generation IV very high temperature reactor (VHTR) (2020) was selected for implemen-
tation. The VHTR is a graphite-moderated reactor operating on the thermal neutron spectrum. Its design focus
in on maximizing safety and thermal efficiency, the latter by having a high outlet temperature between 700°C and
850°C (2020). The reactor applies the TRISO layered particles with UO, kernels [Olander| (2009) TAEA|
(2023), which has been specifically made for the high temperature environment of the VHTR. The selection of a
VHTR is contradicting with the fact that historically almost all the nuclear propelled reactors on board of vessels
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apply pressurized water reactors (PWR) as energy source. However, the potential of the VHTR regarding a more
efficient|Olander| (2009)Zohuril (2020)), passive safe Zohuri| (2020), economically feasible |Steigerwald et al.| (2023))
and relative high technology readiness level (TRL) compared to other gen. IV reactors|Gen IV International forum
(2014), provides the question if PWRs will be used solely on nuclear vessels in the future.

Naval vessels are permitted to use highly enriched uranium (HEU) in contrary to merchant vessels which can
only use low enriched uranium (LEU) fuel, containing an enrichment up to 20% of U-235 [World nuclear associa-
tion| (2023)). Still, it was decided to implement a LEU fuelled reactor for naval applications as nuclear proliferation
risks are reduced and the potential for naval and merchant collaboration towards nuclear vessels remains possible.

Supercritical carbon dioxide (sCO;) is an attractive fluid for a nuclear power conversion cycle implemented on
a naval vessel due to its attractive properties in supercritical state. Above the critical point (73.9 bar and 31.1°C),
CO; has a liquid-like density, while still having a gas-like viscosity, which ensures power production is more ef-
ficient and compact Marchionni et al.| (2019). The volume on a (naval) vessel is limited compared to land based
applications. The amount of volume needed for sCO, turbomachinery is less than other types of turbomachinery.
Ming et al.[(2023) state that at the same power level, the sCO, Brayton cycle is only one-tenth in size compared
to the steam Rankine cycle. Further on, at higher turbine inlet temperatures, corresponding to the temperature
range of a VHTR, the cycle efficiency of sCO; is higher than any other working fluid Wu et al.|(2020). Experience
with nuclear vessels shows that economics are crucial for successful nuclear ship design |[Freire and de Andrade
(2015)), which are improved with a higher cycle efficiency. A higher cycle efficiency also results in needing less
fuel for the same amount of energy production, ensuring that the amount of nuclear waste decreases, improving
public trust in this technology. Finally, the lower shaft and turbomachinery inertia of the sCO; cycle, compared to
turbomachinery of other fluids Michael A. Pope|(2006)) (Carstens| (2007)), could turn beneficial for dynamic power
behaviour.

2.3 Cycle design

Implementation of a VHTR within the simulation requires a sufficient developed reactor design. The 10 MWth
U-battery was therefore selected, as Atkinson et al. provide the required design parameters within their research
Atkinson| (2018]) |Atkinson et al.|(2019al)) |Atkinson et al.|(2019b)) |Atkinson et al.|(2021) |Atkinson and Aoki| (2024).
A single 10 MWth reactor will not provide the required power output for typical naval applications, so for that
reason it was 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. An overview of the generic U-battery
is presented in Table[2] Additionally, a cross-section of the reactor is presented in Figure 2} showing the various
layers of the reactors, the flow path through the reactor, and a general indication of the outer dimensions.

Table 2: Design values of the U-battery |Atkinson| (2018)

Parameter | Value
Reactor type | VHTR
Neutron spectrum | Thermal
Core layout | Prismatic
Moderator | Graphite
Coolant | Helium
Fuel type | UO, (TRISO)
Capacity [MWth] | 10
Inlet temperature [°C] | 400
Outlet temperature [°C] | 750
Pressure [bar] | 40

Although developments are still ongoing towards the optimal sCO, power conversion cycle, the indirect recompres-
sion cycle is deemed the most efficient cycle configuration while being relative simplistic [Dostall (2004) (Carstens
(2007) Brun et al.| (2017), and was therefore selected as the first tested cycle design configuration. The indirect
nuclear sCO, recompression cycle designed for naval power generation is presented in Figure 3]
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Figure 3: Schematic overview of the designed recompression cycle with a nuclear reactor

The recompression cycle applies a nuclear reactor (R) as heat source, using helium as working medium. This
heat will be transferred by the intermediate heat exchanger (IHX) to the sCO, cycle. The sCO; cycle applies
a single stage turbine (T), but adds another separate compression stage, resulting in a main compressor (MC)
and a re-compressor (RC). This turbomachinery is all connected to a single shaft, applying a Turbine-Alternator-
Compressor (TAC) configuration, which also drives the generator (G). For optimal cycle efficiency, two recuper-
ators will be implemented after each compressor, resulting in a low and high temperature recuperator (LTR and
HTR). A cooler (CL), and an optional dump cooler (DCL), must be implemented to transfer waste heat from the
cycle to the seawater. While cooling using an intermediate fresh water circuit would also be a valid option, es-
pecially given the high pressures and integrity requirements of the sCO, cycle, the choice for a seawater cooling
loop has been made for the sake of simplicity and reducing the overall number of (intermediate) heat exchangers.
The primary loop (reactor loop) and the cooling loops also need an additional pump (P) or blower (B) to ensure
sufficient mass flow and pressure within the system. Further on, for dynamic power control multiple valves are
present within the system. Throttle valves are placed before and after the compressors (V1-V4) to maintain pres-
sure within desired limits, a three-way valve (V5) is implemented to control mass flow going through the DCL and
a bypass valve (V6) is placed around the turbine for load control.
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All the heat exchangers within the power conversion cycle are wavy channelled printed circuit heat exchangers
(PCHE). This is a widely chosen heat exchanger type for (nuclear) sCO, power conversion cycles due to its high
efficiency [Olumayegun et al.| (2017)Jiang et al.| (2018), capability to withstand high pressures and temperatures
Carstens| (2007)Wang et al.| (2021) and being relatively small compared to other heat exchangers (compared to
a shell and tube heat exchanger it needs only 20% of the volume for the same heat load capabilities [Ming et al.
(2022)). PCHE:s also have faster thermal dynamic responses, due to their lower mass and higher heat transfer
coefficients compared to shell-and-tube heat exchangers/Deng et al.|(2019), which makes them beneficial for naval
implementation.

Before testing the dynamic behaviour of the recompression cycle, specific design conditions must be selected.
The results of this cycle design are presented in Table 3] and Figure f|Wien| (2024). This cycle design is based on
the following approach. Firstly, the lower cycle pressure is fixed at 90 bar, as this ensures a sufficient margin is
realised from the critical point of CO,. The characteristics of the selected turbomachinery result in a pressure ratio
of 2.5, resulting in a high cycle pressure of 225 bar, which is within pressure limits of a sSCO, power conversion cy-
cle/Olumayegun and Wang|(2019)). To ensure that the notional frigate design can operate globally, a seawater inlet
temperature of 35°C was selected as the worst case scenario [Seatemperature.org| (2024). Furthermore, a terminal
temperature difference (TTD) for the heat exchanger must be selected, which was assumed to be equal to 10°C for
all heat exchangers |Olumayegun and Wang| (2019). Although a smaller TTD could be beneficial for cycle design,
this would increase heat exchanger sizing. Only a full cycle design for implementation on a vessel could determine
if additional heat exchanger sizing is permissible, and therefore identification of the optimal TTD balance is not
considered in this work.

Table 3: Design values of the power conversion cycle Wien|(2024)

Parameter | Value
Working fluid | Supercritical carbon dioxide (sCO;)
Cycle type | Indirect recompression
Turbomachinery type | Radial/centrifugal
Thermal power [MWth] | 20.0
Electrical power [MWe] | 8.0
Efficiency [%] | 40.0
Shaft speed [RPM] | 20,000
Cycle pressure [bar] | 90-225
Cycle mass flow [kg/s] | 114.78
Splitratio [-] | 0.71
Seawater inlet temperature [°C] | 35
Heat exchanger terminal temperature difference [°C] | 10

The eight design points, as presented in Figure ] are determined based on the following reasoning. Thermo-
physical property databases only require two of the thermodynamic states to be known to determine any other
thermophysical property. As pressure is known for each design point, it is only required to determine one other
thermophysical property. The sea inlet temperature, and the TTD, provide the temperature in point 1, which is set
to 45°C, ensuring fluid conditions above the critical point of CO;. Design point 2 can then be determined based
on the enthalpy difference that results from the performance characteristic of the compressor. The temperatures
between point 2 and 8 require a minimal difference equal to the TTD. Repeating this process once again results
in the design points 3 and 7. As the U-battery has an inlet temperature equal to 400°C, design point 4 should
have a temperature equal to 390°C to account for the TTD. To determine the design points 5 and 6, an iterative
process regarding optimal cycle efficiency and energy balance must be applied. For optimal cycle efficiency, the
mass flow should be as high as possible, as this increases the power output of the turbomachinery. However, three
energy balances related to three heat exchangers should be considered as constraints for identifying the optimal
cycle efficiency. Firstly, the IHX must balance the 20 MW heat input from the reactors with the energy difference
between point 4 and 5. Secondly, the energy balance over the HTR, design points 6 and 7 in comparison with de-
sign points 3 and 4, should be equal. Lastly, the energy balance over the LTR, design points 7 and 8 in comparison
with design points 2 and 3, should be equal. Using these constraints, while focusing on optimal cycle efficiency
and implementing the turbine characteristic, results in design points 5 and 6, followed by the cycle mass flow and
design split ratio.
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Figure 4: Cycle design points for the power conversion cycle

3 Simulation model

Within this section, the dynamic model of the components for the sCO2 closed Brayton cycle for nuclear naval
power generation is presented. In order to study the transient performance of the sCO2 plant, and its dynamic
possibilities, a dynamic model of the whole system needs to be developed. This includes the nuclear reactor, heat
exchangers, turbomachinery, control valves, shaft dynamics and the vessel’s propulsion system. It is assumed that
the impact of piping is negligible on the dynamic possibilities of the power conversion cycle.

In this work, the individual models are created and connected within the Matlab® and Simulink® working en-
vironment, of which an overview is presented in Figure 5| Since Matlab® does not have any thermodynamic and
transport property functions, CoolProp® was implemented to calculate the thermophysical properties of the fluids.
CoolProp® can be used if two thermodynamic properties are known, so for example the temperature 7' can be
determined if the thermodynamic properties pressure p and enthalpy / are known, which is stated in equation|[I}
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Figure 5: Model overview of the created nuclear naval power generation system
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3.1 Reactor model

For dynamic power simulations of a nuclear reactor, it is important to simulate the neutronics and the thermal
hydraulics of a reactor. Neutronics accounts for the fission process occurring within the fuel, while the thermal
hydraulic process explains the process of heat being transferred from the fuel to the helium coolant. To control the
fission reactions within the reactor, the control rods can be raised or lowered based on the required power output
of the reactor.

3.1.1 Neutronics

The process of fission occurring within the reactor is explained by the neutronics of a reactor. A common
preliminary modelling method is applying the so called point-kinetics equations (PKEs). The PKEs assume that
the spatial dependence of the reactor can be described by a single shape, removing the spatial dependence of
the more general neutron diffusion equation |Duderstadt and Hamilton| (1976). As a result, the neutron density
at each point of the nuclear reactor core therefore only varies with time, ensuring dynamic power changes can be
simulated by raising or lowering the control rods of the reactor. The PKEs are presented in equation[2]and [3]in their
six-group form [Duderstadt and Hamilton| (1976) |Atkinson et al.| (2021)), and were validated according to [Henryk
Anglart| (201 1)).

dn _p-B

== Tn+j;/1jc,- 2)
de;  Bj oy
d—t] = X]n—ljcj, withj=1,2,...6 3)

Here n is the neutron population, which is related to the thermal power of the reactor, p is the change in reactivity, 8
is the total effective delayed neutron fraction, A is the prompt neutron generation lifetime, A is the effective decay
constant and c; is the concentration of a delayed neutron group |Atkinson et al.[(2021)). Based on a reactor analysis
within Serpent, |Atkinson et al.|(2021)) provide the required point kinetic parameters for the U-battery. Furthermore,
in addition to the PKEs, the model applies a thermal reactivity feedback system based on a temperature change of
the fuel rods. This passive safety feature ensures that reactivity will drop as fuel temperature increases, ensuring
power output will lower and fuel temperature will stabilize.

3.1.2 Thermal Hydraulics
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Figure 6: Schematic diagram of the lumped thermal hydraulics of the U-battery
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The heat generated within the fuel must be transferred to the reactor coolant, which occurs through heat transfer
between the different reactor components. To simulate this behaviour, a 1D lumped thermal hydraulics scheme was
implemented and validated based on the component structure of the U-battery |Atkinson et al.| (2019b)) |Atkinson
et al](2021)). The structure of the thermal hydraulics model is presented in Figure[6] which is based on the structure
of the reactor as shown in Figure 2] Each component (reactor segment) is modelled by applying mass and energy
conservation equations, of which an example for the fuel elements is presented in equation [4]

dTy

MFCF? = Qreac - UA(TF - TM) (4)
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Here, MF is the mass of the fuel elements, Cr is the specific heat capacity, Tr the fuel temperature, Q,.,. the heat
produced within the fuel elements (determined by the PKEs), U the overall heat transfer coefficient, A the heat
transfer area and Tj, the temperature of the moderator, which surrounds the fuel elements. Within the reactor, con-
duction is the main method of heat transfer between the reactor components. Only by interaction with the flowing
coolant will convection be part of the overall heat transfer coefficient.

To calculate the overall heat transfer coefficients between the different reactor components, equation [3is applied
Ming et al.| (2022). Here, the impact of convection depends on the region in which the fluid operates, which is
accounted for by a changing heat transfer coefficient & according to equation [6|Ming et al|(2022). This equation
depends on the thermal conductivity k and the thickness 7, of the material, the hydraulic diameter of the channel
dy and the Nusselt Nu number, which is determined by the Gnielinski correlation.

1 1 t, 1

B 5

U hh+kw+hc )
Nuk

h= 6

dn (6)

Furthermore, the helium within the reactor flows through channels made within the reflector and hexagonal fuel
blocks. As a result, a pressure drop will be realised, which can be calculated according to equation [/| Here,
the pressure drop Ap is related to the pressure drop due to a height difference Ak and a friction component. For
the friction component holds that the pressure drop depends on the friction factor f, which is calculated by the
Petukhov relation, the density of the fluid p, the flow speed u, the length of the channel L and the hydraulic
diameter dy of the channel.

fpi’L

2dy

Ap= Apheight +Apfriction = pgAH + @)

3.2 Heat exchanger model

To ensure the thermal inertia of the heat exchangers are accurately implemented within the system, it is of
importance to construct a dynamic heat exchanger model. It is common to split the model of the heat exchanger
into several nodes and apply a 1D finite volume method on only two channels (one hot and one cold) of the
heat exchanger. 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 calculations of the thermal properties. The
heat exchangers are modelled as a 20 node structure as this results in the best optimum regarding accuracy and
simulation speed |Wien|(2024), and were validated based on the PCHE of |Marchionni et al.| (2019).

dh

Mh?;l = mh,ihh,i - mh,ohh,o - Qhw,n 3
dh

M. dtc = mc,ihc,i - mc,ohc,a + ch,n &)

For the energy balance within the channels, the energy conservation equations 8| and [0 are applied to each node for
the hot (k) and cold (c) channel. In these equations #; and h,, are the enthalpy of the inlet and outlet fluid of each
node. Furthermore, M}, and M, are the mass of the fluid in the hot and cold side of the heat exchanger. The heat
transfer between these two channels occurs between the hot channel and the wall Oy, , and between the wall and
the cold channel Q,,. , according to equations|10jand Ming et al.|{(2022)

Qhw,n = Uh,nAh,n(T}I,n - Tw,n) (10)

ch,n = Uc,nAc,n(Tw,n - Tcn) (11)

In equation andthe temperature of the fluid in the heat transfer elements (7}, , or 1. ;) is equal to the average
temperature between the inlet and outlet temperature of the node. To calculate the wall temperature 7., of the heat
exchanger, the energy conservation equation is applied to the wall, which is presented in equation [[2Ming et al.
2022).

dr, ,
Mw,nCw,an = Qhw,n - ch,n (12)

The overall heat transfer coefficient is calculated based on equations[5|and[6] but this time applying the Gnielinski
correlation corrected for a wavy channel for the Nusselt number, as described by Marchionni et al.| (2019). The
pressure drop along the channels of the heat exchanger can be calculated according to equation [/| Ming et al.
(2022)) |[Furlong et al.| (2024). Here, the friction factor is calculated according to the Serghides’s solution, which is
an approximation of the Colebrook—White equation Marchionni et al.| (2019).
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3.3 Turbomachinery model
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Figure 7: Performance maps of the sCO, turbomachinery Oh et al.|(2016)

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 dynamic simulations [Brun et al.| (2017)Wang et al.
(2021). Therefore, the compressors and turbine are modelled by employing performance characteristic maps for
the prediction of the efficiency and pressure ratio, of which the implementation was validated according to/Oh et al.
(2016). Based on the performance maps of sCO; turbomachinery created by |Oh et al.|(2016)), presented in Figures
[7(a-d), a normalization approach results in the needed performance maps for the designed power conversion cycle.
However, as the performance maps are created by specific inlet conditions (pressure and temperature) and dynamic
simulations could result in different operating conditions, and thus different turbomachinery performance, a cor-
rection equation must be applied to justify the use of the performance maps. Due to the real gas properties of CO»,
and the significant changes in thermophysical properties especially near the critical point, the correction equations
created by [Pham et al.| (2016) were implemented. As a result, the performance maps can be used according to
equations[T3|and[T4]

T= fmap(mcorraNcorr) (13)

n= fmap (mcorthorr) (14)
Here, the corrected mass flow rit., and the corrected shaft speed N, are used to obtain the pressure ratio 7
and efficiency 1 of the turbomachinery. The pressure ratio ensures pressure at the outlet of the compressors and
turbine can be determined. Furthermore, enthalpy # at the outlet of the turbomachinery can be calculated according
to equations [T3] and [T6][Alsawy et al] (2024). Here, the isentropic enthalpy ;s can be determined according to
equation [I7} which uses the fact that for a reversible process entropy s is constant.

hC,o,isen - hC,i

hco =hci+
Nc

15)
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hro = hri— N7 (hri — 7 0isen) (16)
§= f(hiapi) — ho,isen = f(s7p0) a7

Finally, the total power produced/consumed by the turbomachinery can be determined according to an energy
balance over the system, which results in equations |18 and [19] for the compressor and turbine respectively. Here,
the power P of the system is calculated according to the mass flow r1 going through the system and the enthalpy
difference between the inlet and outlet.

Pc =i (heo — he i) (18)
Pr =iy (hri—hr,o) (19)

3.4 Shaft and generator model

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 Ming et al.| (2022). Therefore,
the transient behaviour of the shaft can be determined according to equation [20[Oh et al.| (2016) [Olumayegun and

Wang|(2019) Ming et al.| (2023)).

do
lo—" = Pr—Pyc — Pre —Fc (20)

The shaft speed dynamics of the power conversion cycle can be calculated according to the inertia /, the shaft speed
o and the power P of the different components connected to the shaft. Although load demand is an electrical power
demand, the generator power Py refers to the mechanical power required by the generator. It is further assumed
that the dynamics of the generator can be neglected. Michael A. Pope (2006)) determined the shaft inertia belonging
to a 2400 MWth nuclear power plant connected to a sCO, power conversion cycle. To determine the inertia values
for the selected power conversion cycle, the inertia values of Pope can be scaled based on the thermal power of the
nuclear reactors |Oh et al.|(2016)).

3.5 Control valves

The pressure difference over a throttle and bypass valve is significantly different. Throttle valves are located
between pipes that contain similar pressure levels, resulting in low pressure differences, while bypass valves are
connected between the high and low pressure side of the power conversion cycle, resulting in large pressure dif-
ferences. 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 Bian et al.| (2022)). For a small pressure difference, the case of a throttle
valve, equation [2T] 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 22} In these equations the mass flow is related to
a constant valve construction coefficient C,, the relative opening area of the valve f;,,, the flow density p, the
pressure difference between the inlet p; and outlet p, of the valve and the specific heat ratio y|Bian et al.|(2022).

m= Cvfopen V 2p (pi - P()) (21)

. 2y Do 2 Do rtl 2 v po

=C L pipi((Z2)7 = (Z2) 7 ), fi <= <] 22
m vfopen\/y_lptpl((pi) (pi) ) Or(,}/+1) = i< (22)
) 2 jan Do 2 v
m :Cvfopen(m)z(yil) vV YPiPi » for ;2 < (’}/—l—l)%l

3.6 Propulsion plant

In order to investigate what the power dynamics of the indirect sCO, Brayton cycle would provide in terms
of ship performance, a simplified presentation of the full-electric ship propulsion plant and 1 Degree Of Freedom
(1-DOF) ship model is included. The electric power generated by the three nuclear generator units is distributed,
transformed and partially converted into mechanical power for propulsion. Variable Frequency Drives (VFDs)
regulate the mechanical power output of the propulsion motors.
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3.6.1 Electric grid and motors
It is assumed that the dynamics of the AC-grid can be neglected, reducing the model to a power balance with

fixed efficiencies assumed for each of the components, as presented by equation[23] The electrical power provided
by the generators Pg;ng is equal to the power Py, consumed by hotel and ship service, considering transformer
efficiency 145, added to the power consumed by the electric motors Py, considering VFD efficiency Ny rp and
motor efficiency Ngp.

Protel 2

3
Fgine = +
J-; m Ntrans ,; NEMTNVFD

Peyj

(23)

The VFDs, as shown in Figure [5] also ensure that the power target setting Py, is reached while also being con-
strained by a certain power ramp rate. Based on the rotational speed of the motor N, the VFDs also enforce that
the torque and power limits Pgyy j;, Of the motors and converters are not exceeded, after which the electric motor
torque Mgy, is directly calculated based on the current shaft speed and (mechanical) motor power Pryy, as presented

by equations [24]and [23]

Pert = min(Pyer, Pent im(N)) @4
Pey

Mgy = (23)
N3G

3.6.2  Propeller and hull
To simulate ship performance, the mechanical power provided by the electric motors is converted into propeller

thrust, providing the driving force for the hull of the ship. The model is considering both the rotation mechanics
(i.e. the shaft lines), and the translation mechanics (i.e. hull and ship mass). The torque balance in the rotational
domain is presented by equation[26] where inertia / dictates how quickly shaft speed @ can change, depending on
the difference between propeller torque M., and electric motor torque Mgys.

do
IE =Mgy — Mprop (26)

Similarly, the force balance in the (1-DOF) translation domain is presented by equation Here, the ship’s speed
Vship depends on its mass M, the propeller thrust 7}, the number of propellers &, and the speed dependent ship
resistance Rp;,. A thrust deduction factor ¢ is included to compensate for propeller-hull interactions.

P2y Tyrop(1 1) ~ Rt vt @7
Propeller thrust 7y,,, and torque Mp,,, are calculated using the four quadrant representation of propeller perfor-
mance data, presented in equations [28and [29} where thrust coefficient Cr and torque coefficient Cg are obtained
from the propeller performance diagrams. The density of the surrounding (sea)water p and propeller diameter D
are constants. Wake fraction w relates the ship speed to the advance speed v,, the velocity of the inflowing water
as observed by the propeller, as presented by equation30] Shaft speed N is equal to shaft speed @ after accounting
for unit conversion (i.e. from [rpm] to [rad/s]).

M

N T
Tpmp =Cr (Va2 + (0775@D)2)p §D2 (28)
N T
Mprop = CQ(Va2 + (().771:@D)2)p gDS (29)
Va = (1—=w)veip (30)

All parameters related to propeller and hull models, including ship resistance and hull interaction parameters, are
directly based on the work of |Geertsma (2019) without any further modifications. Propeller performance data is
based on the well-known Wageningen (C5-75) C-series stock propeller Dang et al.| (2013)).

3.7 Controls

To realise the power transients for the nuclear power plant, controllers must be added. Not only should con-
trollers change the power output of the system, but controls should also ensure operating conditions within the
cycle do not impact the dynamic load changes of the cycle, and keep the cycle within safe limits. Therefore,
controls are categorised in safety control, which includes main compressor inlet temperature control, compressor
in- and outlet pressure control and reactor temperature control, and load controls includes bypass control, reactor
control, and power control of the propulsion electric motors. If controllers are implemented in the model, a version
of a PID controller has been selected, which has been tuned manually.
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3.7.1 Safety control

Near the critical point of CO; do slight operating conditions result in drastic thermophysical property changes.
As the operating region of the main compressors is the closest to the critical point, it is of importance to control
the inlet conditions to ensure a stable working regime. To control the inlet temperature of the main compressor, a
PID controller adjusts the mass flow through the cooler Bian et al.| (2022]).

Furthermore, throttle valves are placed around the compressor to ensure a stable and safe operating regime. Before
the compressors, the valves ensure that the flow entering the compressors has a pressure of 90 bar, equal to the
lower cycle pressure. Throttle valves placed after the compressors ensure that the cycle pressure does not exceed
the maximum cycle pressure of 250 bar (Olumayegun and Wang| (2019). In addition, the throttle valve after the
recompressor ensures the flow entering the mixer has the same pressure as after the LTR, preventing flow reversal
that could damage the machinery |Carstens| (2007)).

To control the reactor temperature, two control systems are present. At first, the addition of a dump cooler be-
fore the reactor controls the reactor inlet temperature, acting the same as the main compressor inlet temperature
controller. Second, the control rods of the reactor can be used to control the reactor output temperature, limiting
the power output of the reactor if the temperature increases.

3.7.2  Load control

Firstly, reactor control is performed by raising or lowering the control rods, based on the required power output
of the reactor. As one controller cannot control two different things, using this option will reduce the option for
reactor temperature outlet control. Furthermore, the speed of the control rods is tightly regulated to provide a stable
power transient of the reactor |Atkinson et al.|(2021). If the controls rods were raised too fast, the reactor could turn
prompt critical. As this results in an uncontrolled and rapid increase of fission reactions, and thus power increase,
the consequence could be severe overheating that can lead to a meltdown or explosion, which should be prevented
in all cases |Duderstadt and Hamilton| (1976).

Secondly, bypass control is used by implementing a bypass valve parallel to the turbine. This is a common by-
pass location for steam cycles. Although other bypass locations could be beneficial [Carstens| (2007)Wang et al.
(2021)Wien| (2024), for simplicity this common bypass location was selected. The bypass valve controls the shaft
speed of the power conversion cycle. As a change in load power will result in a change in shaft speed according to
equation this results in that bypass control indirectly controls the power output of the cycle Bian et al.| (2022).
Opening the bypass will result in a reduction of mass flow entering the turbine, this way lowering the power output
of the turbine. If the cycle operates at maximum power, the bypass should be fully closed to ensure maximum
mass flow enters the turbine for maximum power production.

Lastly, the electric load demand is regulated using power electronics which are capable of following a fixed and
prescribed power ramp. The overall electric load demand consists of two components, 1) the power required by
the two electric propulsion motors, and 2) the power required by hotel and ship service loads. For the hotel and
services loads, the required electrical power is assumed to be constant and is therefore not actively controlled.
Variable frequency drives feeding the electric motors ensure that the propulsion load is controlled, reaching the
desired power target while not exceeding the desired ramp rates.

4 Scenario description
4.1 Scenario introduction

To determine the dynamic behaviour of the nuclear power plant installation, it is of importance to investigate
different scenarios. A distinction will be made between three different scenarios, of which an overview is presented
in Table ] Scenario 1 investigates the possibility of dynamic power control based on the transient of the reactor.
Here, the reactor operates at low power and will increase its power based on the demanded power increase of the
vessel. Scenario 2 investigates the possibility in which the reactor operates at constant power level and the dynamic
power demand is realised by the secondary cycle. Bypass control will here solely control the load demand, but in
this case the dump cooler placed in the primary circuit will not be present. Finally, scenario 3 will also operate
with constant reactor power and a dynamic power change in the secondary cycle, but in this case a preliminary
dump cooler will be added to the system ensuring reactor temperature control.
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Table 4: Scenario conditions

Scenario #1 #2 #3
Control
Main compressor inlet temperature Yes Yes Yes
Throttle valves (V1-V4) Yes Yes Yes
Bypass valve (V6) Yes Yes Yes
Reactor temperature inlet/outlet No No Yes

Power transient
Load speed Fast as possible Slow (0.75%/s) Fast (3.00%/s)
Nuclear reactor output Controlled Fixed Fixed
Dump cooler active (V5) No No Yes

4.2 Ship manoeuvres

The three different scenarios will be investigated based on specific ship manoeuvres. It was decided to only
look at a full linear power demand going low-high-low (10%-100%-10%), as this presents the most challenging
power transient of a naval vessel. For the vessel, the 10% only corresponds to the load of hotel and ship services
(base load) and the increase of 90% corresponds to accelerating from zero propulsion power to full propulsion
power. To determine if a nuclear power plant installation can achieve similar power dynamics to conventional
prime movers, two different transient speeds will be investigated. As the diesel engine and the gas turbine are the
most common types of prime movers of a naval vessel, these will act as comparison for the transient speed of the
system. It is common for a diesel engine to achieve 10-100% load changes in 120 seconds, while the transient of
a gas turbine is even faster, being capable to achieve a load transient of 10-100% in 30 seconds. Therefore, this
paper will apply two power transients to test the dynamic possibilities of the different scenarios; a slow transient of
0.75%/s and a fast transient of 3.00%/s. Note that these values are generic and aim to represent what is considered
typical engine performance for naval applications, and do not include the impact of specific control strategies or
any type-specific modifications made to the engines.

5 Results
5.1 Reactor limitations

Within this scenario, the power dynamics of the reactor will be presented in combination with a bypass. The
reactor is limited in its dynamics, by the previous mentioned control rod speed, and therefore the bypass is imple-
mented to control the shaft speed. The simulation applies the maximum allowed control rod speed if the power
demand on the cycle changes. If this change in power of the reactor is not sufficient, then bypass control will aid
the power dynamics as much as possible. It was decided to limit the speed of the load in such a way that the shaft
speed does not change more than 3%, as this indicates the limits of the bypass within the created scenario.

As a result, the power transient presented in Figure [§] can be achieved. Here, the power transient correspond-
ing to the diesel engine and gas turbine are plotted for reference. The power transient presented in Figure [8a| starts
at 300 seconds and ends at 650 seconds. Within this time frame, a power change of 90% is realised compared to the
rated power, resulting in a power transient of 15.4%/min. This is however the result of bypass and reactor control
operating at the same time. Solely looking at the reactor power output of the simulation, presented in Figure
the simulated ramp rate of the reactor is approximately 4.6%/min. This corresponds to ramp rate values presented
in literature of VHTRs, which are between 3-10% min IAEA| (2022) TAEA| (2023) INRG| (2023). Although the
implementation of the bypass increases the ramp rate of the reactor slightly, it is not able to come close to the
required power dynamics of a naval vessel.

It must be noted, that during the simulation, the power dynamics of this scenario are limited by the first stage
of the power transient, which goes from 10-100% cycle power. At the start of the scenario, the reactor is scaled
down in power output as the cycle is operating in part load. Although this is beneficial for cycle efficiency, as less
heat will be produced that will just be wasted, it also results that during the load increase the reactor must increase
its thermal power output. Increasing reactor power output is strictly limited by the reactor dynamics and as a result
faster power dynamics cannot be achieved by the bypass. To limit the impact of the reactor dynamics, the next
scenario will discuss power transients during stable reactor power.
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Figure 8: Simulation results scenario 1, reactor limitations

5.2 Secondary cycle performance

As scenario 1 indicates that the dynamics of the reactor are the limiting factor for the power transient, scenario
2 tries to achieve the power transient with a constant reactor control. To realise constant reactor control, the height
of the control rods will be constant at the level belonging to a reactor output of 20 MWth. This limits the influence
of the reactor dynamics on the system, but the secondary cycle is now responsible for achieving the required power
dynamics, which is realised by the bypass valve controlling the mass flow through the turbine.

The results of the power transient are presented in Figure [0] Here, the slower ramp rate of the diesel engine is
tested on the power conversion cycle, and the model is capable to run the simulation before large shaft speed
changes start to occur. At full cycle power, the reactor produces its expected power of 20 MWth, as the secondary
cycle is now absorbing all the required heat of the reactor. As a result, the inlet and outlet temperature of the
reactor are within the expected region of 400°C and 750°C respectively. However, although the control rods are
maintained at the same height, the power of the reactor does not stay constant if the cycle enters part load. This is
the result as temperature control on the reactor is not guaranteed. During low part load, not all the heat produced in
the reactor is used by the power conversion cycle. Although cooling power starts to increase slightly, most of the
heat is returned to the reactor through the recuperators, resulting in an increased inlet and outlet temperature at the
reactor side. This pushes the reactor into a temperature region for which it is not designed, as the temperature at
the inlet of the reactor increases up to 590°C. As shown in Figure[2] the helium flows between the outer wall of the
reactor barrel and the inside of the reactor pressure vessel before entering the reactor core, effectively cooling the
reactor barrel and preheating the helium. [Atkinson et al.| (2019a)) states that the temperature of the reactor barrel
should not exceed 425°C, as material regulations imposed by the ASME state that graphitization of steel occurs
at these temperatures. Therefore, the inlet temperature of helium is limited to around 400°C at steady state, but
according to Figure [Ob]these safety limits are (excessively) breached during power transients.
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Compared to scenario 1, is scenario 2 able to provide the power dynamics corresponding to the transient of a
diesel engine, due to operating the reactor at constant level. However, the temperature limits of the reactors are
exceeded as reactor temperatures are not controlled. Because of this, scenario 3 will continue by operating the
reactor at constant power, but will add additional temperature control for the reactor.
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Figure 9: Simulation results scenario 2, bypass control with fixed reactor output

5.3 Dynamics of a nuclear vessel

5.3.1 Impact of the dump cooler

Scenario 2 shows that the power transient of the diesel engine cannot be achieved without exceeding safe tem-
perature values within the reactor. Still, it seems possible to achieve the desired power transients and therefore a
preliminary design solution has been implemented to limit the temperature increase within the reactor. A dump
cooler has been added to the system to control the inlet temperature of the reactor. Furthermore, the control rods
will be used to control the temperature outlet of the reactor, ensuring that the temperatures, and thus power output,
of the reactor stays stable. To test the dynamic limits of this system, the simulation results belonging to a fast
power transient ramp are presented in Figure [T0]

This scenario gives promising results as not only the ramp rate of a diesel engine, but also the fast power tran-
sient of a gas turbine can be achieved with the nuclear power plant installation. The bypass control, in combination
with the turbine, achieves the required power dynamics while the dump cooler prevents large temperature swings
and ensures a stable reactor temperature at the inlet. Due to this relative stable inlet temperature at 400°C, the con-
trol rods of the reactor are capable to maintain the outlet temperature of the reactor stable around 750°C, resulting
in no violation of the temperature limits. However, as can be seen in Figure[T0a] the dump cooler must waste a lot
of heat, resulting is low cycle efficiencies during part load, which is the result of constant reactor operation.
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Within Figure[I0a]a small decrease in power dynamics can be observed near operating at full cycle power. This is
however not a limitation of the nuclear power plant, but the result of dynamic limitations due to the performance
of the vessel. To give insight into these limitations, scenario 3 has been performed an additional time, but now
comparing ship performance between a slow and fast transient.
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Figure 10: Simulation results scenario 3, bypass control with dump cooler

5.3.2 Impact of ship performance

To explain the small decrease in dynamics near full cycle power, the power rate of the diesel engine and the
gas turbine will be implemented on the cycle as designed in scenario 3. The results of this comparison on ship
performance level are presented in Figure[TT] Here, the speed of the ship reaches 95% of its maximum speed in 85
and 125 seconds for the fast and slow power transient respectively. The acceleration also differs, as the acceleration
reaches 0.24 Sﬂz at 20 seconds during the fast transient, while the slow transient reaches a maximum acceleration
of 0.14 % after 50 seconds.

Looking at Figure [TId] the performance of the electric motor is also presented. During the slower transient,
the shaft speed increases gradually and therefore does not reach the limits of the motor before it reaches full me-
chanical power. The fast transient however, accelerates the shaft faster and therefore the transient limits of the
electric motor are reached. This translates itself in Figure to a motor torque that flattens for a certain time
period, limiting the power dynamics of the whole vessel. After operating for around 30 seconds with at a flatten
torque level, the motor passes its nominal point and enters constant power operation.
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Figure 11: Ship performance simulation results, comparing slow and fast power ramps

6 Conclusions and further research

This paper investigates a very high temperature reactor (VHTR) in combination with a supercritical carbon
dioxide (sCO,) power conversion cycle for implementation on a naval vessel. By presenting a novel dynamic
power plant model of a nuclear reactor, its power conversion cycle and the ship propulsion systems, different ship
manoeuvres could be investigated. Power transients of conventional prime movers, the diesel engine and gas tur-
bine, were compared with the designed nuclear power plant to indicate the dynamic possibilities of nuclear power
generation.

Using reactor control, even in combination with bypass control, to achieve the power transient of a naval ves-
sel was deemed unsuccessful. If the reactor operates at part load, and the power demand increases, the system
is limited by the dynamics of the reactor, and can not provide the required power transient. However, by using
the reactor as a constant power load, and achieving the power dynamics with solely bypass control, realises that
fast power transient up to gas turbine level can be achieved. This requires however implementation of additional
systems on a design level, like the proposed dump cooler, to ensure reactor temperatures are maintained within a
safe region. Furthermore, the dynamic performance of the nuclear power plant was not deemed the limiting factor
during ship transients, but the limitation occurs in the operating envelope of the electric motor.

The proposed bypass power control results in significantly low cycle efficiencies during part load. If the cap-
tain of the vessel is certain a fast power increase is not necessary, then the power production of the reactors could
be minimized, lowering the amount of waste heat and thus improving cycle efficiency. However, this is currently
not deemed an acceptable choice if there is uncertainty about a possible power transient, as then the transient of
the reactor will limit the power transient of the whole vessel. As a result, there is a trade-off between a (relative)
high efficiency at part load and the possibility of high power dynamics from the system.

The results of this paper indicate that there are still improvement possibilities regarding the design of a naval
nuclear power plant. The balance between efficiency and dynamics will be critical to achieve economically viable
and publicly supported nuclear vessels, which can still operate in high combat environments that require fast power
dynamics. A nuclear power plant, generally viewed as a more slow and constant power source, is however capa-
ble to achieve the power transients of current naval vessels, and is therefore still deemed a feasible and attractive
solution for the decarbonization of the maritime sector.
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7 Recommendations

This paper focuses on the dynamic possibilities of a nuclear reactor, specifically the VHTR, in combination
with an indirect sCO, recompression cycle, for naval applications. The authors believe this reactor and power
conversion cycle combination is a promising concept option for nuclear power generation, but other philosophies
could change the type of reactor or power conversion cycle. This could impact the dynamic behaviour of the nu-
clear power plant. The main points of this paper should however be valid, as the authors do not see the possibility
of improving the dynamics of the components in such a way that results would differ significantly. Still, further
research should indicate the maximum dynamic performance of different systems within the cycle, which are es-
pecially unknown for a nuclear reactor designed with a focus on dynamic performance.

Furthermore, the models created are focused on implementing existing design technologies for accuracy. Al-
though a preliminary design study, based on scaling assumptions, has been performed on the nuclear reactor, its
power conversion cycle and the vessel, a full design study was not performed due to a lack of time. A thorough
design study could give additional insights towards the dynamic behaviour of the power plant and is therefore
recommended. This is however only beneficial if certain aspects like the type of vessel and the type of reactor are
selected, as otherwise the differences between different cycle configurations is too significant.

The paper presents a dump cooler as a solution for the increase in reactor temperature during part load. This
is however a preliminary design solution and results in an increase in the amount of heat wasted to the seawater.
Further studies could therefore produce other design solutions or control strategies to increase the overall cycle
performance, especially during part load, while maintaining the possibility of high power dynamics. The imple-
mentation of inventory control is a very promising option in this regard, as this presents a solution for dynamic
power control with higher cycle efficiencies. A variable split ratio could also improve part load efficiency. In ad-
dition, thermal and electrical energy storage should be carefully investigated to ensure waste energy is minimized.
Thermal energy storage could be realized by inserting a molten salt loop between the reactor and the secondary
cycle, creating a buffer against large load transients in the secondary cycle and allowing the reactor more time to
respond to load changes. Electrical energy storage will introduce the possibility of peak shaving, ensuring that
large load transients caused by propulsion, DEW, pulse loads, or otherwise, are not directly transferred to the nu-
clear power generator units.

Finally, the authors tried to the best of their knowledge to indicate, and propose solutions, for safety issues during
power transients of the system. They are however not specialised within material compositions or safety evalua-
tions of nuclear systems, and a full safety evaluation of the different cycle components during the power transients
should be performed by experts. This could indicate if other safety issues are present during the dynamic power
transient and if changes to system design are required.
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Nomenclature

Symbols A Prompt neutron generation lifetime [s]

B Delayed neutron fraction [—1 A Effective decay constant [sfl]

AH Height difference [m] 0] Shaft speed [%]

m Mass flow [Ii—ig] T Pressure ratio [—1
Efficiency [—] p Density [%]
Specific heat ratio [—] p Reactivity [$/pem]
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A The heat transfer area [m?]
C Specific heat capacity [kgi,(]
c Concentration of a delayed neutron group [—]
Cy Valve coefficient [—]
Co Propeller torque coefficient [—1
Cr Propeller thrust coefficient [—]
D Propeller diameter [m]
dy Hydraulic diameter [m]
f Friction factor -]
Smap Performance map function [—]
Jopen Valve opening [—]
g Acceleration due to gravity [sz]
h Enthalpy (£
h Heat transfer coefficient [%]
1 Inertia [kgmz]
k Thermal conductivity [ mﬂk ]
kp Number of propellers [—1
L Length [m]
M Mass [kg]
M Torque [Nm]
N Shaft speed [RPM]
n Neutron population [—]
P Power (W]
p Pressure [Pa] or [bar]
[0) Heat [V]
R Resistance V]
s Entropy [k%(]
T Temperature [°C]
T Thrust [N]
t Thrust deduction factor [—]
t Time [s]
te Equivalent thickness [m]
U Overall heat transfer coefficient [mv;/—K]
u Speed 5]
v Ship speed [knots]
Va Advance speed [m/s]
w Wake factor [—]
Nu Nusselt number [—]
Abbreviations

B Blower

CL Cooler

DCL  Dump cooler
DEW  Direct energy weapons

17th International Naval Engineering Conference & Exhibition

DOF  Degrees of freedom

EM Electric motor

FPP Fixed pitch propeller

G Generator

HEU  High enriched uranium

HTR High temperature recuperator
IHX Intermediate heat exchanger
LEU Low enriched uranium

LTR Low temperature recuperator

MC Main compressor
P Pump
P/D Pitch over diameter ratio

PWR  Pressurised water reactor

R Reactor

RC Recompressor

RPV Reactor pressure vessel

sCO,  Supercritical carbon dioxide

T Turbine

TAC Turbine-Alternator-Compressor
TRISO Tri-structural isotropic

TRL Technology readiness level
TTD Terminal temperature difference
U-235 Uranium 235

U0, Uraniumdioxide

A% Valve

VFD  Variable frequency drive
VHTR Very high temperature reactor

Subscripts

c cold side

corr corrected

h hot side

hotel hotel and ship service (loads)
i inlet

isen isentropic

j index counter
lim limit(ed) value
n node

o outlet

prop propeller

set setpoint

ship ship-related property
trans transformer

w wall
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