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Abstract: Nuclear power continues to hold great promise in the green revolution, however public
opinion regarding its deployment is mixed. A submersible nuclear power station concept is presented
here that is expected to allay many concerns that are holding back the growth of nuclear power. This
submersible can move under its own power during emergencies and routine maintenance. Being
stationed at sea it is earthquake proof. In the case of a tsunami it could decouple from the coast
and sail to a location several miles to deeper waters in less than 30 min. Furthermore, it could
be built, commissioned, maintained, refueled and scrapped in a country like the UK. This makes
it proliferation-proof, a key concern with the wider deployment of nuclear power. In the present
evaluation the philosophy and the electric power generation capability of the submersible power
station are investigated. This includes a pre-feasibility visualization of the design. An evaluation is
carried out into fitting it in a submersible of a size similar to the largest existing nuclear submarines.
These designs may enable it to deliver 0.6 to 1 GW of electrical power.
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1. Introduction

Increased electrification is bringing heightened concern regarding emissions [1]. Nu-
clear power is seen as a source of electricity that does not result in direct carbon emissions.
The nuclear power life-cycle carbon footprint is comparable to the emission values expected
for many renewable sources [2]. The low carbon footprint and the high utilization of the
plant makes this type of energy an attractive alternative to partly replace fossil fuel power
plants based in combustion processes [3,4].

There are significant pressures that are expected to increase electricity demand; many
of these related to the legal requirement to reduce carbon dioxide emissions. Electric
vehicle consumption will expand rapidly as government combustion vehicle restriction
policies are applied [5]. Taking into account the average car sale numbers per year and
the increasing penetration of electric cars, 7.24 million new electric vehicles are expected
to be registered between 2030 to 2050. This would greatly increase electricity demand.
Furthermore hydrogen, seen as a central vehicle for decarbonization [6] will be produced
in vast quantities requiring electricity for the electrolysis of water.

On a more holistic basis, a quadrupling of electricity supply has been evaluated [7] for
the UK to decarbonize its economy. In the same evaluation, a more than quadrupling of the
generating capacity is predicted if based on renewables, while less than double the capacity
is needed if this electricity is supplied through plant that can offer continuous operation
like nuclear power. Other benefits of nuclear power include the delivery of a source of high
grade heat and the modest footprint of the equipment.

However, nuclear power generates a social concern, primarily, due to three large
nuclear accidents. These are the Three Mile Island PWR, the Chernobyl RBMK nuclear
reactor [8] and the Fukushima Daiichi PWR reactors disaster [9]. The Pacific Ocean is
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very prone to earthquakes and tsunamis. Tsunamis appear as an energy transmission
phenomena from tectonic plate’s movement. Tectonic plate’s movement generates strain to
the upper plate by friction compression. When this large amount of energy is released, it is
transferred to the surrounding water emitting waves able to travel up to 800 km/h [10]. In
deep waters, tsunamis are difficult to detect due to its low wave height.

The focus of this study is primarily on the power conversion unit and how to fit in the
envelope of a new hull based on the main dimensions of an existing large submarine, noting
that this will be a new submersible and not a retrofit. In the present study the authors, in
this first attempt, adhered to the primary envelope size of the existing submersible, where
the public information available was used as an input for the analysis. This may need to
be modified once a second step is carried out on a more detailed analysis of the reactor at
the core of the concept. Reactor shape and size constraints are recognised and not dealt
in detail here. This is allowed for by including a conning tower with a height that is not
specified. Extensive additional analysis will be needed on the assessment of the reactor
shape and size and the redesign of the submersible shape to accommodate operational and
safety requirements. There is some flexibility in slightly altering the shape of the envelope
of the submersible, considering that a maximum operating depth of 70-100 m will be
adequate. The original test depth of the Typhoon-class was a much deeper 400 m [11]. This
large reduction of operating submerged depth and pressure will significantly reduce the
constraints on hull design and permit alternative shapes in the vicinity of the reactors to
accommodate their requirements. The authors consider the results described here as a
useful contribution and as an encouragement to progress to the next stage, and refining the
details of the concept.

2. Philosophical Basis of the Concept Proposed

The original inspiration for the submersible nuclear power plant arose from observa-
tions associated with the Fukushima accident. Nearly one hour of warning was available
between the earthquake and the time it took for the tsunami to reach the coast. If in these
40-50 min a submersible power station could be decoupled quickly from the grid to travel
a few miles off-shore and submerge a few tens of meters in deeper water, it should be able
to survive the tsunami comfortably. Furthermore, such a power plant would be immune to
earthquakes. With the very high power available on board, it should be able to sail swiftly
from one location to another in the case of an emergency. In this context it could also be
designed with a high cruise speed to reduce transit times and enhance return on capital.

It could very quickly be realised that such a power plant would also offer another very
significant advantage. It would be much more protected from the concern of proliferation.
The hypothesis was extended to envisage a production base or shipyard in the UK. This
site would also be the location where all the refueling activities would take place. Any
maintenance and the final decommissioning would also take place in this base. So, the
submersible power station would be constructed and commissioned at this base, it would
then travel to, possibly, very distant locations to produce electricity. When refueling or any
maintenance is needed, the power station would return to the UK for these purposes and
a replacement would be sent to produce electricity in the location of the demand. When
the submersible power station reaches the end of its life it would return to this base to be
decommissioned and scrapped. Thus any handling, processing and storage would take
place in the UK protecting the power station from proliferation risks.

At this stage the costs have not been evaluated. There are factors that are expected to
put an upward pressure on costs, such as the submersible hull, navigation and propulsion
plant. However, there are expected to be many and significant factors that would bring
cost benefits. For example, there would be no purchases of land needed, and the frequent
planning obstacles, delays and costs associated with the identification of a suitable land site.
It would be more distant form the population at large if it was located, for generation pur-
poses, a handful of km offshore. Plant cooling would be readily available. Site preparation
would not be needed other than the electrical connections and switchgear and equipment
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to connect and disconnect from the grid. The construction teams and equipment (some of
it heavy) need not move from one location to another as all the power stations would be
constructed one after the other on the same location. The same would apply to refuelling
processes and fuel transport. This approach would enable many power plants of the same
design to be produced accruing economies of scale for both the design and the construction
processes. On balance it is likely that, for a large production batch of submersibles, the
costs may be similar to that of a shore based power station, with the added benefits of
earthquake and tsunami protection plus much lower anti proliferation risks.

3. Research Scope—ODbjectives

The present study focuses in the preliminary selection and calculation of the principal
thermodynamic and mechanical systems of the submergible power plant, as well as the
overall component integration in the submergible vessel in order to prove it’s feasibility.
Initially, the reactor type was selected based on previously implemented vessel reactors.
This implies a compact and modular design able to deliver a power output comparable to
a land-based power plant but with space restrictions. The reactor design details are not
explored here but a realistic allowance for its size is made in the submersible envelope.
Once a feasible reactor type, total plant power output and number of reactors was selected,
different thermodynamic cycle configurations were analysed. Plant thermal efficiency and
overall power output were calculated and compared between different configurations. Heat
and mass balance analysis were carried out, excluding turbomachinery, heat exchanger and
piping designs, as well as electrical installation and control systems. In order to determine
the size of the submersible vessel, reactor size and helium working turbomachinery sizes
were calculated. Vessel auxiliary systems such as reactor shutdown process, including RHR
system, and vessel propulsion system were designed.

Intercooled-regenerated Brayton cycles have been considered here as they can deliver
high efficiency. This study compared the performance, specific power output and thermal
efficiency of intercooled-recuperated Brayton cycles with a combined-cycle gas turbine
configuration. Based on the possible location of the power plant and helium cooled
reactor and turbomachinery limitations, design basis key cycle input parameters were
modified to maximize the performance and reduce the volume to power output ratio of the
selected cycle.

4. Helium Thermodynamic Cycle Analysis

Helium offers useful thermodynamic and chemical characteristics that make possible
the downsizing of future nuclear power plants. It offers higher heat transfer capabilities
enabling a more compact heat exchanger design for pre-coolers, intercoolers, regenerators
and HRSGs. Helium would be operated in a Brayton closed cycle, which reduces turbo-
machinery fouling compared to open cycle gas turbines. The closed cycle permits much
higher minimum pressures and resulting in smaller size turbomachinery. Regarding the
helium turbomachinery design considerations, the drop in polytropic efficiency due to the
Reynolds number effect is slightly reduced from 0.9% to 0.2% approximately compared to
air. Helium’s higher velocity of sound also appears as an advantage for the turbomachinery
design process as it allows higher peripheral speeds before the onset of Mach Number
effects. Helium’s low molecular weight would result in an increased number of turbo-
machinery stages, however, the higher peripheral speeds that could be achieved would
counteract the negative effect of low molecular weight [12].

4.1. Helium Thermodynamic Cycle General Methodology

The thermodynamic cycle general development methodology was based in a feasibility
and general optimisation iteration process. The flow chart defining the methodology
implemented is shown in Figure 1. Determining the performance of a thermodynamic
cycle implies assuming inputs according to a certain criteria. The objective of this analysis
is to obtain the thermal efficiency and specific power output of both analysed cycles for a
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further performance comparison and final selection. Moreover, these results were obtained
for a range of overall pressure ratios and therefore, a design point selection was carried out.

Input / Variable assumpticn:
hinery polytropic effici
- Compressor inlet T
- Compressor inlet P
-TET
- HX pressure drop
- OPR range

Heat Balance

Coherent thermal
efficiency and SWO
resuits?

Redefine input /
variable assumptions

Glabal Optimisation Iteration Loap

Mass balance and
turbomachinery
power calculations

Resulis analysis

Figure 1. Helium thermodynamic cycle methodology flow chart.

Defining the compressor inlet temperature T1 (290 K) relies on the pre-cooler cooling
water temperature selection. This temperature was selected taking into consideration
the ocean surface mean temperature (16 °C). This selection affects directly the thermal
efficiency of the cycle, obtaining higher efficiency values by lowering the compressor inlet
temperature. World “s ocean temperature distribution was considered as a guide for future
power plant location selection [13]. Being a close cycle, the compressor inlet pressure
P1 (1000 kPa) may be varied to reduce the required piping and turbomachinery size. By
increasing P1, the working fluid density also rises affecting significantly the required piping
and turbomachinery casing wall thickness and hence, the machinery weight will vary.

The turbine entry temperature (1100 K) is restricted by the maximum metal tempera-
ture of the reactor vessel. Nevertheless, higher TETs will result in a higher overall cycle
thermal efficiency, noting that the blades and the heat exchangers will not be cooled. In
the present study a polytropic efficiency (npoly) of 0.9 was adopted for helium turboma-
chinery. This is inspired from helium turbomachinery for a GT-MHR power plant that
reports polytropic efficiencies between 0.88-0.9 for the compressor and up to 0.93 for the
turbines [14].

Regarding pressure losses in heat exchangers, conservative criteria were applied by
selecting 2.5% of pressure loss, considering average pressure losses between 1% and 2%
for heat exchangers working with gases. The HRSG efficiency value (nHRSG) of 0.97 was
selected as the only heat losses happening in this closed heat exchanger have their origin in
convection and radiation. Steam turbine inlet Py, was 7000 kPa, Steam turbine discharge
P, was 3 kPa and Steam turbine isentropic efficiency (nsr) 0.85.

4.2. Cycle Comparison and Selection

Helium nuclear concepts have been traditionally considered with intercooled, re-
heated and recuperated Brayton cycles. In order to improve the performance of the power
generation cycle, two thermodynamic cycles were analysed and compared according to
thermal efficiency and specific work output. The optimised Brayton cycle (Figure 2) being
an Intercooled, Recuperated and Reheated Brayton cycle (working fluid: Helium) was
compared to a combined cycle (Figure 3) with Reheated Brayton (working fluids: Helium
and Steam), considering CCGTs are able to offer higher thermal efficiencies than most
optimised Rankine and Brayton cycles.
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Figure 2. Helium Intercooled, Recuperated and Reheated Brayton cycle flow diagram.

C - compressor R - Reactor RH - Reheat
IC - Intercooler ST-Steam Turbine F - Filter
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Figure 3. Combined cycle (Reheated Brayton) flow diagram.

A heat balance was carried out for both cycles in order to determine the thermal
efficiency and specific work output. Mass balance was also carried out for each cycle
with the objective of defining the mass flow required for 3 total electric power outputs
(150MW(E), 200MW(E) and 250MW(E) per reactor). For the intercooled, reheated and
recuperated Brayton cycle an overall pressure ratio range between 2.89 and 6.76 was
analysed. It was found that for the same overall PR, the best thermal efficiency was
obtained by applying the same PR for both high and low pressure compressors. For the
combined cycle an overall pressure ratio range between 4 and 14.44 was analysed. Pressure
and temperatures for the Combined Cycle are shown in Table 1 (for the highest thermal

efficiency pressure ratio design point).

Table 1. Combined Cycle Ts and Ps for each state.

OPR =5.76 Temperature [K] Pressure [kPa]
1—Compressor inlet 290 1000
2—Compressr outlet 428 5760

3—Turbine inlet 1100 5616
4—Turbine outlet 759 2000.84
5—PT inlet 1100 1950.82
6—PT outlet 881 1051.94
7—PC inlet 318 1025.64
1'—ST inlet 822 7000
2/—ST outlet (X = 0.8) 297 3
3/—Pump inlet 297 3
4/ —HRSG inlet 297 7000

4.3. Brayton Cycle and Combined Cycle Performance

Considering the Brayton cycle, thermal efficiency and specific work output were
obtained for an overall pressure ratio range from 2.89 to 6.76. Results are shown in Figure 4.
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Figure 4. Optimised cycle versus Combined cycle performance.

A maximum thermal efficiency of 0.471 was obtained for an OPR of 4, whilst the
specific work output continued to rise as the OPR was increasing. The specific work
output value for the maximum thermal efficiency point was 1187.3 KJ/KgHe. Considering
the combined cycle, thermal efficiency and specific work output were obtained for an
overall pressure ratio range from 4 to 14.44. Maximum thermal efficiency value (53.54%)
was obtained for an OPR of 5.76. Comparing Brayton cycle specific useful work to that
related to Rankine it was observed that after a pressure ratio value of 5.76 the Rankine
specific useful work increased quadratically while the Brayton cycle specific useful work
followed an almost inversely proportional quadratic drop. This illustrated the Rankine
cycle’s superiority in terms of useful work after an overall pressure ratio level.

4.4. Mass Balance for a Range of Power Plant Electrical Power Outputs

The mass flow results obtained for 3 different power plant outputs ranging from
600MW (E) to 1IGW(E) were investigated. Four reactors were considered in the design of
the submersible, therefore, the total electrical power output per reactor would range from
150MW(E) to 250MW(E), shown in Table 2.

Table 2. Required mass flow and turbomachinery powers (Brayton).

OPR =4 150 MW(E) 200 MW(E) 250 MW(E)
Mass flow kg, /s] 126.33 168.44 210.55
Turbo-comp power
[MW] 137.05 182.74 228.42
PT power [MW] 150 200 250

For the purpose of calculating the required steam and helium mass flows for the
combined cycle, a steam mass flow to helium mass flow ratio was defined (given value
corresponds to the maximum thermal efficiency point, Table 3):

M0  MHRSG CPhe (Ts — To)

= = 0.9271 1
Mye 2526.08 4 1.996-(T1, — 558.9) 09 @
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Table 3. Required mass flow and turbomachinery powers (Combined cycle).
OPR =5.76 150 MW (E) 200 MW(E) 250 MW(E)

Helium mass flow kg, /s] 65.5 87.33 109.16

Steam mass flow [kg0/s] 60.72 80.97 101.21

Turbo-comp power [MW] 115.94 154.58 193.22

Helium PT power [MW] 74.48 99.3 124.12

Steam PT power [MW] 75.52 100.7 125.88

4.5. Results Analysis 1

Higher thermal efficiencies for the CCGT cycle imply that for a certain reactor thermal
output, higher electrical power output will be obtained. Reactor outlet coolant temperature
(or TET) was selected considering a conservative approach. Even for this value of TET, the
current study achieved better thermal efficiency values than intercooled, recuperated and
reheated cycles analysed. However, applying state of the art TET values to the cycle could
result in a cycle thermal efficiency of up to 3% more than the results obtained (for a TET of
950 °C achieved in reactors such as the AVR reactor or the HTTR reactor [15]), reaching
values of up to 56.5%.

Although the Brayton intercooled, recuperated and reheated cycle could offer higher
specific work output, it would only reduce the turbomachinery size without increasing
the total electrical power output of the cycle, as the heat input is fixed by the maximum
reactor size that could be implemented. Therefore, CCGT was selected as the most suitable
thermodynamic cycle to be implemented coupled with a PBMR for a submersible nuclear
power plant.

In order to improve the economic and environmental feasibility of the submersible
power plant in long term, thermodynamic cycle analysis had been carried out improving
the thermal efficiency compared to conventional cycles implemented with nuclear reactors.
CCGT configuration was selected showing efficiencies above 53.5%. This increase would
reduce both fissile fuel and radioactive waste management costs.

Regarding the integration of the reactors and turbomachinery inside the submersible
vessel, a double internal pressure hull design was selected, providing space for a total of
4 reactor configuration with a total electrical power output of 1IGW(E).

5. Power Plant Integration in a Double Pressure Hull Submarine Vessel

This section aims to offer a visualization of what such a submersible power station
could look like. Many of the methods and evaluations include uncertainties and estimations,
in particular those related to reactor shape and size. Nonetheless a useful approximate view
of the concept is possible. This initial step or iteration is intended as a basis for subsequent
refinements and improvements of the design concept. In this section an approximate sizing
exercise is offered, noting that many uncertainties remain.

5.1. Typhoon-Class Submarine Generation, HTR Technology and State of the Art

The aim was to consider a new submersible utilizing the primary dimensions of the
Typhoon-class, the largest submarine to be used. The concept presented here is a new
arrangement able to fit the required machinery and propulsion systems under investigation
analysed in the present study. Some technical specifications of a Typhoon-class submarine
were obtained. This submarine featured a total length of 175 m, 23 m beam and 12 m
draught. This beam length was necessary to fit the double main pressure hull design. The
two main pressure hulls diameter was reduced towards the bow in order to fit 20 nuclear
missiles [16].

The vessel water displacement is 23,500 water tons surfaced and 48,000 tons sub-
merged. The submarine could also cruise through and under ice platforms, featuring
an ice-breaking sail and sail-guards as well as retractable nose horizontal hydroplanes.
This feature could improve the feasibility of a submersible power plant to reach remote
populated areas where the electrical power is transported through thousands of kilometers.
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The submarine featured a double Pressurized Water Reactor design installed inside
the two main internal hulls, providing a thermal power output of 190 MW and it was
paired to a steam turbine producing a shaft power of 37.5 MW per reactor. A total power of
75 MW was sent to two seven bladed propellers, providing a maximum cruise speed of
12 knots surfaced and 25 knots submerged. The propellers featured a ducted design [17]
and the whole external hull was covered by sound absorbing tiles for silent operation.

5.2. ASME VIII Div. I Design Code for Pressure Vessels

The ASME VIII Div. I design code is based in the design of pressure vessels for internal
and external pressure requirements. The vessels calculated according to this code are
considered thin wall vessels and the mechanical stress perpendicular to the shell or vessel
heads is considered zero. In this particular case, the calculated vessel was going to work
under external pressure only. Division I of the code offers a conservative approach, calcu-
lating the thickness requirement according to the maximum normal stress theory. Division
II of the code offers a more complex analysis of stresses, based on the maximum distortion
energy theory (Von Misses). According to the vessel design pressure and diameter, ASME
offers recommendations to select the Division [18] for better vessel design.

To design a vessel according to this code, all the minimum design safety factors and
methodology had to be followed and the design conditions had to be defined according to
the code criteria. Design temperature is defined as the temperature for which the selected
material has the worst performance. ASME VIII code defines a minimum safety factor of 1.1
for design pressure selection for operating pressures above 300 psi. If the vessel operating
pressure is below 300 psi, the design pressure value P4 would be defined as follows.

P4 = P, + 30psi (2)

Material selection was also carried out among a material list offered by the ASME VIII
code. According to the design temperature selected, material yield strength and allowable
stress was obtained. In order to calculate the thickness required for external pressure appli-
cations, the allowable pressure has to be calculated. Initially, shell length to vessel diameter
ratio and vessel diameter to defined thickness ratio are obtained. Determining these two
ratios, the value of “A” factor is obtained according to the ASME VIII code. According to
this value and the design temperature, the value of “B” factor is obtained [18]. Once these
two factors determined, the maximum allowable pressure P, is defined as follows.

4B
Pp=—— 3
If the allowable pressure value P, exceeds the design pressure Pg, the obtained thick-
ness for the vessel could be considered correct.

5.3. Radiation Shielding Sizing

Ionizing radiation emitted from radioactive reactions is the most important human
threat. Gamma radiation is the strongest type, requiring the highest attenuation ratios to
control the radiation levels for workers. In order to attenuate radiation levels outside the
nuclear reactor area, shielding materials are implemented. The attenuation level depends
mostly on the density of the material, showing higher attenuation levels for high density
materials. The required shielding thickness depends on the mass absorption coefficient ,
the linear attenuation coefficient u and the attenuation ratio X/X,. The mass absorption
coefficient quantifies how easily electromagnetic radiation penetrates a material [19]. The
linear attenuation coefficient is the product of mass absorption coefficient and the material
density. The attenuation ratio is the ratio between the exposure rate after the reactor
shielding has attenuated the radiation and the exposure rate in the proximities of the
reactor. The expression to obtain the required shielding thickness for certain attenuation
ratio is expressed by the reactor shielding equation as follows.
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Required reactor shield thickness calculation was carried out to determine the max-
imum reactor size that could be installed. The methodology was based on an iterative
process in order to determine the most feasible material to be installed as the radioactive
shield, taking into account space availability criteria in order to install the highest thermal
output reactor possible. Reactor sizing is the biggest uncertainty of this study, in particular
in the critical vertical dimension. To allow for this a conning tower of unspecified height is
introduced in the design.

Nuclear Reactor Shielding Methodology

Required reactor shield thickness calculation was carried out to determine the max-
imum reactor size that could be installed (considering the assumptions made for the
reactor sizing).

The methodology (Figure 5) was based on an iterative process in order to determine
the most feasible material to be installed as the radioactive shield, taking into account space
availability criteria so as to install the highest thermal output reactor possible and hence,
improve the submersible power plant feasibility.

Material research for reactor
radiation shielding

Y

Material selection
(according to spacae avilability criteria)

linear attenuation coefficient

Mass attenuation coefficient to
convarsion

Radiation exposure dose
limitation for power plant workers

Required shielding No
material thickness calculation.
Feasible?

Yes

Maximum reactor
size selection

Figure 5. General methodology for reactor shield calculation.

5.4. Internal Pressure Hull Design

External pressure calculations require more iteration loops to optimise the material
required thickness compared to internal pressure calculations for pressurized vessels. As
shown in the flow chart of Figure 6, A and B factors must be calculated before checking the
feasibility of a material thickness for certain input conditions. Once the allowable pressure
surpasses the required one, the thickness must be reduced in following iteration loops until
the SF of the ASME pressure requirement falls below 1.05.

The Typhoon-class internal hulls had a changing diameter design, with diameter
values up to 10 m for the reactor and turbomachinery housing and they were designed
for housing 2 reactors. The objective of the internal hull design of the current study
was to optimise the overall internal hull design, from dimensions to material selection
and required thickness. Design parameters were selected according to space availability
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of the submersible power plant, packing most land-based nuclear plant features in a
compact design and total power plant cost thus internal hull metal weight had to be kept
minimum. The ratio between the operation and design pressures (Pressure Safety Factor)
was selected to be 1.5, exceeding the minimum ASME VIII Div. I code safety factor of
1.1. So for 1500 kPa design pressure the operating pressure P had to be 1000 kPa which is
representative for 100 m operation depth. Design temperature was defined at 50 °C, nearly
the highest official temperature ever recorded at a value of 56.7 °C [20], verified by the
World Meteorological Organization.

-/lnputs / Variables assumplion:\w
- Hull dimentions
- External design T
- External design P (SF)
-Corrosion allowance
9 - Material selection S

i

{Weld joint efficiency calculation according to:

- Weld type
- Spot or full radiography weld check

l -

' A and B factor calculation <

v

’__,»-’ '“H-Lq_\____
., |
’-ff.____;_f_\ilowabe P> Required P?__= Input optimisation J
---""'“-..,_&__ /_J_, F Y

l Yes

e T

—

e T No
= _Allowable P / Required P <1.05? =>———

Yes

[ Final resuit w

Figure 6. Internal pressure hull design general methodology.

Internal and external annual corrosion rates were defined under conservative cri-
teria, considering the external corrosion rate (0.3 mm per year) has been selected for
carbon steel operating with high corrosive fluids (saltwater) and internal corrosion rate
(0.15 mm per year) has been set for medium corrosive fluids (high salinity concentration
in air). Total values for corrosion allowance thickness, 8 mm for internal and 15 mm for
external corrosion allowance have been defined for a 50 year nuclear plant operation life.
Optimising the space availability of the submersible power plant, by removing all the nu-
clear ballistic missiles and the torpedo silo of the Typhoon-class submarine, the following
dimensions could be reached as shown in Table 4.

Table 4. Internal hull dimensions.

Hull Dimensions Value
Internal diameter Di [mm] 10,000
External diameter D, [mm)] 10,416

Height of heads (h) [mm] 2604
TL to TL length (TL) [mm] 117,000
Total shell length (L) [mm] 118,743

The Typhoon-class internal hulls were constructed of titanium, keeping the mechanical
performance of steel at lower thicknesses but higher costs. In order to improve the cost
feasibility of this project and taking into account that the maximum operation depth of the
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submersible power plant in one quarter of the original vessel (400 m depth), the material
employed for constructing the internal hulls would be a carbon steel, specifically the SA-516
Gr. 60 [21], widely used in the pressure vessel industry, with a modulus of elasticity (at
design T) of 202,000 MPa, yield strength of 215 MPa and allowable stress of 118 MPa. The
SA-516 Gr. 60 carbon steel composition is shown in Table 5:

Table 5. SA-516 Gr. 60 carbon steel composition [21].

Composition Percentage Composition Percentage

C 0.18 Cu 0.3

Si 0.4 Ni 0.3

Mn 0.95/1.5 Mo 0.08
P 0.015 Nb 0.01
S 0.008 Ti 0.03

Al 0.02 (Min) \Y 0.02

Cr 0.3

Two internal pressure hull designs were considered at the present study. The original
two-pressure hull design with constant internal diameter of 10 m and a four-pressure hull
design should be required to withstand the same pressure value, as reducing the vessel
total length increases its moment of inertia and requires less material, although the head
thickness should remain the same, as it only depends on the internal and external head
diameter ratio and the head geometry.

The required vessel thickness was only calculated for the constant diameter section, as
reducing the hull diameter, while keeping the shell thickness constant, results in a higher
moment of inertia than the constant diameter section and therefore, an increase of the
safety factor. Also, the 4 pressure hull design reduces the TL to TL length to 56 m and
the total length to 57.74 m. Head thickness values for both configurations were the same
at 140 mm. The four pressure hull configuration showed a shell thickness of 200 mm
which was 20 mm less compared to the two pressure hull configuration. However, the
two hull design requires 4 heads whilst the four hull one requires 8. In order to find the
configuration requiring less metal weight, calculations were carried out by determining
the volume of both. The crown radius R, knuckle radius a and height h of a 2:1 Elliptical
ASME VIII head were defined by Mueller pressure vessel manufacturer [22] as the 90%
of the external diameter, 17% of the external diameter and one quarter of the external
diameter respectively. Torispherical head volume calculation parameters [23] were taken
into account and head volume calculations followed.

Quantifying the volume below the surface for the outer and internal diameter values,
head metal volume Vgap was found to be 15.92 m3. The total metal volume for the two
pressure hull configuration was defined by the following expression (TL= 117 m).

Vonutr = 4-VHEAD + 2- [(Ro2 - Rﬁ) -TL} — 1778 m® )

The total metal volume for the four pressure hull configuration was defined by the
expression as follows (TL = 56 m).

Vanuir = 8-VhEaD + 4- [(R(} - Riz) -TL] =1621.5m’ ©6)

The weight saving in favor of the four pressure hull design was defined with the
SA-516 Gr. 60 density.

k
WSAVING = (VZHULL - V4HULL) * 7800;% = 1220.4 tons (7)
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Considering a saltwater density of 1029 Kg/m?, the ballast tank volume saving was
calculated (as a function of the internal hull weight saving) to be 1186 m3,

VBALLAST TANK = WSAVING / PWATER (8)

5.5. Helium Turbomachinery Sizing Considerations

The sizing of helium turbomachinery attached to each PBMR was evaluated, conclud-
ing if the size required for the calculated plant power output is feasible considering the
space available inside each internal pressure hull. Compared to air gas turbines, helium-
working turbomachinery would result in a higher number of compression and expansion
stages (for a given pressure ratio) due to the helium low molecular weight. Considering
that helium specific heat is about five times that of air and that stage temperature rise is
inversely proportional to the specific heat and directly proportional to the stage pressure
rise, it can be concluded that helium would require more stages for the same pressure
ratio [14]. However, closed cycles require less pressure ratio to reach the thermal efficiencies
of open cycles, so less stages are required.

Closed cycle helium turbomachinery have small blade heights compared to air gas
turbines resulting in high hub to tip ratios and low aspect ratios [14] and this is due to the
fact that compressor inlet pressures are much higher than those adopted for open cycle gas
turbines. Small blade heights imply higher end wall loses however, the loss in polytropic
efficiency induced by this fact is compensated by low Mach numbers and oxide free blade
surfaces (helium has no oxidizing agents). Also, blade cooling is not required for the
specified TETs, as nickel-based alloys are able to work at 1100 K without melting or stress
limitations. In order to evaluate the feasibility of the helium turbomachinery selected for
the design point, turbo-compressor and power turbine power requirements were compared
with the turbomachinery sizing study for a 286 MW(E) GT-MHR power plant [14]. CCGT
turbomachinery power requirements are shown in Table 6.

Table 6. Power requirement for a range of CCGT electrical power outputs.

150 MW(E) 200 MW(E) 250 MW(E)
Turbo-comp power [MW] 115.94 154.58 193.22
Helium PT power [MW] 74.48 99.3 124.12
Steam PT power [MW] 75.52 100.7 125.88

Taking into account that the highest power requirement of this study does not reach
the 200 MW(E) and the maximum tip diameter for the 286 MW(E) turbo-compressor does
not exceed 2 m, it can be stated that any of the considered helium turbomachinery could
be installed in a 10 m diameter internal pressure hull, leaving the necessary space for
auxiliary equipment.

To obtain a steam turbine diameter value for the intended application, GE’s non-reheat
GE STF-A100 steam turbine [24] was used as reference, considering that provides the
turbine exhaust area value for a similar power output. An approximate exhaust area of
3.5 m? was given for SOMW(E) steam turbines, resulting in a steam turbine diameter around
2.2 m. Turbomachinery length was not a space restricting factor considering that each
internal hull containing one reactor attached to its CCGT will have a total length of 55 m.

5.6. Reactor Sizing—Electrical and Thermal Power Outputs

The submarine total electrical power output relies on the maximum thermal power
output that could be installed in a 10 m diameter internal hull. Considering that a four reac-
tor plant design was selected and a total electrical power output range between 600MW (E)
and 1GW(E) analysed, three reactor electrical power outputs were compared: 150MW(E),
200MW(E) and 250MW/(E). According to the “High Temperature Gas-cooled Reactor Tech-
nology Training Curriculum” from Idaho National Laboratory [25], HTR thermal output
per volume unit can vary in a range from 4MW(TH) to 6.5MW(TH). These values compared
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to water cooled reactors offer a higher thermal power density, considering the space occu-
pied by the reactor core and the coolant volume. A 4MW/(TH) per effective volume cubic
meter was selected. For the 600MW (E) power output nuclear power plant configuration
(150MW(E)/reactor), the effective pressure vessel volume requirement was calculated.

_Pg 150MW _

== 5% © 280 MW (TH) )

280 MW(TH)~¢ =70 m® (10)
AMW(TH)

For the 800 MW(E) power plant configuration (200 MW(E)/reactor), the effective
pressure vessel volume requirement was calculated to be 93.75 m? (375 MW(TH)) and
for the 1 GW(E) configuration (250 MW(E)/reactor), the effective volume requirement
was calculated to be 117.5 m? (470 MW(TH)). Also, sizing an HTR without a complete
reactor design implies extrapolating geometrical ratios of an already existing HTR into the
dimensions required for the PBMR of the present study. These geometrical ratios were
obtained from a Chinese HTR test reactor producing 10 MW(TH) [26]. Installing a high
power density nuclear plant in a submarine requires redesigning the traditional reactor
geometry in order to suit the internal hull cylinder shape. This was done by modifying the
effective volume diameter to height ratio, commonly reaching ratios of 2:1. This process
relies on iteration loops until the ratio maximises the space between reactor and internal
hull shell. Three effective volume diameter to height ratio (h/D) configurations were
tested in AutoCAD, 1/1, 0.8/1 and 0.6/1 so as to determine the optimum geometrical
ratio. Table 7 shows the effective volume diameter and height requirement for each thermal
power output and effective volume ratio.

Table 7. Effective volume height and diameter values vs thermal outputs.

h/D 280 MW(TH) 375 MW(TH) 470 MW(TH)

1/1 h=447m/D =447 m h=5m/D=5m h=53m/D=53m
0.8/1 h=38m/D=478m h=424m/D=53m h=458m/D =57m
0.6/1 h=316m/D =526m h=35m/D=584m h=377m/D=63m

Figure 7 represents the contour of the reactor for 3 different thermal output values
of 280 MW(TH), 375 MW(TH) and 470 MW(TH) for constant effective volume height to
diameter ratio values. This exercise yields very approximate dimensions that do not include
balance of plant components. These will increase the dimension of the reactor, in particular
the height of the reactor. Height is the critical dimension in the present design. This exercise
gave results that are compatible with current experience, but do not include the significant
balance-of-plant components required to operate and control the reactor. To the height
evaluated here, an arbitrary balance of plant factor was added to give a total operational
reactor height of 16-17 m.

Figure 7. 1/1,0.8/1 and 0.6/1 Effective volume height to diameter ratio.
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5.7. Nuclear Reactor Shielding and Reactor Power Output Selection

To determine the maximum reactor size and thermal output, reactor shielding material
thickness had to be calculated as a function of the material used and the required radioactive
attenuation depending on the radioactive levels in the reactor vessel proximities and the
allowed radiation level for a nuclear plant worker. Material shielding effectiveness is
reflected in a linear attenuation coefficient, offering higher levels of attenuation for higher
coefficient values. The mass absorption coefficient appears similar for most shielding
materials, showing a more noticeable stratification for high gamma energy values. Lead
offers the highest value for the whole gamma energy spectrum [19]. Higher density
materials such as tungsten offer higher linear attenuation coefficients, since it is the product
of mass attenuation coefficient and material density. Lead and Tungsten reactor shield
thickness values were obtained and compared. In a preliminary analysis, tungsten offers
top-of-line specifications and shows the lowest thickness value from this range of materials
(Table 8). However, lead offers a mass attenuation coefficient that could keep up with
tungsten at a much lower price and better machining properties. Material melting point
was taken into account, as the reactor would operate at 1100 K and lead melting point is
600 K. The 500 K temperature difference should be reduced by cooling. Lead appears as
the most economical option for reactor shielding and tungsten outstands in performance
but lacks in machining capabilities at a higher price.

Table 8. Shielding properties for different materials [19].

Material Density [g/cm®] (20 °C) Melting Point [K] HVL [em]
Aluminium 2.7 973 6.8
Iron 7.86 1808 22
Bismuth 9.8 544 14
Lead 11.34 600 1.2
Tungsten 193 3683 0.8

The required shielding material thickness depends on the radiation attenuation re-
quired and the shielding material linear attenuation coefficient. Linear attenuation coeffi-
cients are difficult to obtain from public data and so the reactor shielding equation can be
modified as follows.

X=X, e #rx (11)

Limitation of radiation dose for radiation workers is delimited to 20 mSv/year, accord-
ing to the International Commission on Radiological Protection [27] and shield thickness is

given as follows:
1 X
X=- a -In X_ (12)
0

No public data was found for radiation exposure rates emitted per UO2 mass unit in
the core. However, the reactor shielding thickness could not restrict the nuclear reactor
sizing as the layer of lead or tungsten could be implanted outside the vessel internal
hull, increasing the available space for reactor and auxiliary equipment. Based on the
current study considerations, 470MW(TH) thermal output per reactor was selected with a
0.6/1 effective volume height.

5.8. Overall Component Integration and Power Plant G.A.

Once reactor shielding thickness, internal hull mechanical design, reactor sizing and
optimum geometrical ratios are calculated, they were integrated into the submersible vessel
so as to fulfill it’s power plant design criteria. The overall design criteria relied on space
availability, installing the highest electrical power output, costs, complexity and safety
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features. Considering all these, the following reactor and turbomachinery arrangement
was proposed.

To achieve weight balance neutrality, the reactors were positioned in the vessel center
and isolated by radiation shield. The 4 independent internal hulls offer extra isolation in
case of radioactive leak. An extra pressure hull towards the vessel stern is required for
accommodating the waterjet propulsion system. This space would house the electrical
motors driving the axial-flow impellers and the propulsion auxiliary systems. Figure 8
shows an approximate arrangement. It is considered that there is sufficient length and
width to fit the reactors and generating equipment in this hull. However, given the large
uncertainty of the height of the reactor, a conning tower of a width similar to the width
of the hull and a height similar to the conning tower of the Typhoon-class will be needed
to accommodate balance of plant equipment. This is an area that will be explored. This
conning tower will provide space for reactor services such as pebble handling and short
term storage. The conning tower will also provide space for crew and navigation needs. It
is anticipated that the crew of this submersible will be very small given that most of the
time it will be stationary producing electricity onshore. Any emergency sailings will be
of a very short duration, less than a day. Longer journeys to the maintenance base in the
UK would be very infrequent and last very few days. It is also expected that extensive
automation will be implemented.

He PCU + ST Gen

RS
e PCU+ST Gen [ ]

< 175m >
Section
atA Section C&N - Crew & Navigation
atB

@ RS - ReactorServices

Figure 8. Submersible power plant general arrangement.

!

The compressor, turbines and generator were arranged in a single shaft towards
the bow and the stern of the vessel for weight balance neutrality. This also ensures a
safe reactor shutdown, by transferring the torque being delivered to the generator to the
shaft, increasing shaft speed and ensuring that the decay heat produced after shutdown is
removed. The generator would be situated between the helium and steam turbines [28], in
case the steam turbine needs to be disconnected for start-up or maintenance (Figure 9).

Figure 9. Single shafted turbomachinery and reactor arrangement.

The four internal pressure hull design had advantages over the two pressure hull
one, reducing the required internal pressure hull thickness in 20 mm and the system total
weight in 8.8%. This weight reduction implies saving 1186 m? of ballast tank. In case of
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radiation leak in any reactor, the 4 pressure hull design could provide isolation for the
rest of reactors. Regarding reactor sizing, the area of largest current uncertainty for this
concept, different effective volume height to diameter ratios were analysed so as to install
the maximum possible thermal output per unit. In a preliminary analysis, the reactor
shielding thickness could restrict the maximum power output per reactor. Integrating
the shielding material outside the internal hull would provide more space in the hull to
install a larger reactor. This is expected to require the provision of the aforementioned
conning tower. Turbomachinery space availability evaluation was also carried out to ensure
that total length and diameter of these machines is not a restricting factor. None of the
turbomachinery analysed showed total diameters above 2.5 m, leaving enough space for
auxiliary equipment and piping.

6. Conclusions

A preliminary view of a submersible nuclear power plant is proposed aimed at
delivering zero carbon electricity. This concept greatly reduces the perception of risk
associated with nuclear power. The concept is tsunami, earthquake and proliferation proof.

The focus of this study is primarily on the power conversion unit and how to fit in in
the envelope of an existing hull, noting that this will be a new submersible and not a retrofit.
In the present study the authors, in this first attempt, adhered rigidly to the envelope size
of the existing submersible, where the public information available was used as an input
for the analysis. This may need to be modified once a second step is carried out on a more
detailed analysis of the reactor at the core of the concept. Reactor shape and size constraints
are recognised and not dealt in detail here. Extensive additional analysis will be needed on
the assessment of the reactor shape and size and the redesign of the submersible shape to
accommodate operational and safety requirements. There is some flexibility in altering the
shape of the envelope of the submersible, considering that a maximum operating depth
of 70-100 m will be adequate. The original test depth of the Typhoon-class was a much
deeper 400 m [11]. This large reduction of operating depth and pressure will significantly
reduce the constraints on hull design and permit alternative shapes in the vicinity of the
reactors to accommodate their requirements. The authors consider the results described
here as an encouragement to progress to the next stage, as described in this paragraph. The
authors believe that there will be many rewards arising form a more detailed evaluation.

What is presented here is the first iteration in what could be a very long design process.
This first iteration has many estimations, uncertainties and methods are used that are
considered generic. Nonetheless the outcome is a favourable one and the main conclusion
is that the concept appears to be a promising one and further evaluations, refinements and
optimisations are recommended.

In a some additional topic of investigation are helium leakages, neutronic coupling
between cores and reactor control. Whole system control is going to be very important
during an emergency decoupling.
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Nomenclature

ASME American Society of Mechanical Engineers

Cp Specific Heat at constant pressure [J/(Kg-K)]
GT-MHR  Gas-Turbine Modular Helium Reactor
HRSG Heat Recovery Steam Generator
HVL Half Value Layer
Tpoly Polytropic efficiency [-]
m Mass flow rate (kg/s)
OPR Overall Pressure Ratio
P Pressure [Pa]
PBMR Pebble Bed Modular Reactor
PT Power Turbine
PWR Pressurized Water Reactor
PR Pressure Ratio
Q Thermal output (MW)
RBMK Reaktor Bolshoy Moshchnosti Kanalnyy
RHR Residual Heat Removal
SF Safety Factor
ST Steam Turbine
T Temperature [K]
TET Turbine Entry Temperature
TL Tangential Line
u Linear attenuation coefficient [cm~!]
X Thickness [cm]
X Radiation exposure rate (with the shield in place) [Sv/s]
Xo Exposure rate without the shield [Sv/s]
v Mass absorption coefficient
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