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Abstract

Underwater pipelines, tanker ships, and liquefied gas carriers have

traditionally been employed to transport hydrocarbons between off-

shore oil and gas facilities and onshore locations. However, both

methods come with limitations. Underwater pipelines are costly to

install and maintain, while the operation of tanker ships and lique-

fied gas carriers is heavily dependent onweather conditions, rendering

them impractical in severe sea states. As an alternative, a pioneering

subsea shuttle tanker (SST) system was proposed as an alternative for

offshore transportation. The SST was designed to function at a con-

stant speed and depth beneath the ocean surface, specifically designed

for transporting liquid carbon dioxide from existing onshore/offshore

siteswhere carbon dioxide is captured or temporarily stored, to subsea

wells for reservoir injection. Nonetheless, the potential applications of

the SST extend to being a versatile freight carrier, capable of transport-

ing diverse cargoes such as subsea tools, hydrocarbons, chemicals, and

even electricity.

This PhD project unfolds in two phases: design and dynamic anal-

ysis. In the design phase, a baseline design for the SSTwas formulated

based on existing literature. This comprehensive design encompasses

critical aspects of SST design and operation, including structural de-

sign, hydrostatic stability computations, resistance and propulsion es-

timations, operational scenarios, and offloadingmethodologies. Chal-

lenges inherent to CO2 SST transportation were scrutinised, involving

thermodynamic properties, purity considerations, and hydrate forma-

tion of CO2 during various vessel-transportation states. These aspects
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were explored in relation to cargo sizing, material selection, and en-

ergy consumption.

The second phase revolves around dynamic analysis, centred on

the derived baseline SST. A manoeuvring model for the SST was con-

structed as a foundation. Hydrodynamic derivatives were calculated

using semi-empirical formulas. Subsequently, the SST’s capability to

maintain position during the offloading process was evaluated. A lin-

ear quadratic regulator was employed to address the SST’s station-

keeping challenge in stochastic currents, ensuring the vessel remains

stationary during offloading. The model was further extended to ex-

plore the station-keeping under extreme current conditions, utilising

probabilistic methods to predict maximum and minimum depth ex-

cursions. These predictions offer valuable insights for cost-effective

SST design and operational decision-making.

The study then delved into the SST’s recoverability under unde-

sired malfunctions through the establishment of a safety operating

envelope (SOE). This envelope considered potential submersible mal-

functions, such as partial flooding, jam-to-rise, and jam-to-dive inci-

dents. By identifying feasible speed and depth ranges from an oper-

ational safety perspective, the SOE contributes to a reduction in the

designed collapse depth, leading to cost savings in materials and en-

hanced payload capacity.

Furthermore, computational fluid dynamics (CFD) analysis was

conducted to predict pressure, skin friction, drag, and lift forces af-

fecting the SST. This included scenarios of the SST’s near-wall voyage

and hovering.

Collectively, the original contributions of this thesis encompass the

conceptual design, application of control systems and dynamic analy-

sis of the SST. These contributions pave the way for future exploration

in the development of commercial submarine concepts and diverse

ocean space utilisation strategies.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 An Alternative for Future Sustainable Mar-

itime Transportation and Decarbonisation

Most offshore oil and gas production is transported from floating pro-

duction units (FPUs) to onshore facilities through subsea pipelines

[1]. Over the years, subsea pipeline laying techniques have signifi-

cantly advanced, becoming a mature technology [2]. However, this

transportation method is restricted by some technical and economic

factors. One major constraint is the high cost of deployment, espe-

cially for remote oil and gas fields with long transmission lengths. As

pipeline lengths increase, the costs escalate significantly.

Furthermore, the task of inspecting deep-sea pipelines can be a

complex and costly endeavour. Moreover, maintaining and repair-

ing pipelines at such depths frequently require partial or complete

shutdowns, which can be economically disadvantageous. As a result,

subsea pipelines are better suited for expansive fields with substantial

profit margins and shorter transportation distances [3]. For single re-

motemarginal fields, this solutionmay not be economically attractive,

leading to the frequent use of shuttle tankers [4].

Shuttle tankers provide a highly flexible solution that can be de-
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ployed to different fields as needed. In vessel downtime, a replace-

ment tanker can be readily deployed. However, tanker ships are float-

ing structures exposed to significant dynamic load effects from wind

andwaves. Therefore, their operations depend highly onweather con-

ditions and cannot be conducted in severe sea states to mitigate the

risk of collision and damage to the hawser and flowlines.

The Subsea Shuttle Tanker (SST) concept is proposed as an inno-

vative alternative to address these limitations. As displayed in Fig-

ure 1.1, the SST is an extra-large autonomous submarine for com-

mercial transport. This concept combines the adaptability and cost-

effectiveness of a shuttle tanker with the capability to function under-

surface in all types of weather conditions.

Figure 1.1: SST illustration.

The principal aim of the SST is the autonomous transport of CO2

from offshore or land facilities to subsea wells for direct injection.

Its role in the operations of the offshore carbon capture and storage

(CCS) supply chain is depicted in Figure 1.2. The baseline SST is ex-
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plicitly tailored for deployment in the Norwegian sector. According

to the Norwegian Petroleum Directorate, three ongoing CCS projects

are currently underway - Sleipner, Utgard, and Snøhvit [5]. These

projects involve capturing CO2 generated from hydrocarbon produc-

tion and re-injecting it into the reservoir. In addition to these three

projects, the Northern Lights project [6] is set to commence opera-

tions in 2024. Its objective is to transport CO2 from land-based, non-

petroleum-related industrial activities to the Troll field for injection

into the Utsira formation. The locations of these CCS projects are

outlined in Figure 1.3. The selected Norwegian fields align with the

mission requirements as they are currently being used for CCS stor-

age. However, the SST can be designed to function in diverse locations

worldwide, each with its specific demands. While its primary cargo is

CO2, the SST can also transport other types of cargo, including hydro-

carbons, electrical power (utilising batteries), and subsea tools.

Capture and 
compression

Onshore
Pipeline Storage at 

port
SST

transportation Subsea well
Pump

110 bar
40 °C

45 bar
10 °C

Offload

80 bar
10 °C

45 bar
10 °C

Injection

Booster pump

Figure 1.2: Offshore CCS process with SST transportation.

The SST offers several contributions to mitigating global warm-

ing. Firstly, it operates on fully electric power, resulting in zero emis-

sions and contributing to sustainable shipping. Maritime transport

currently contributes to roughly 3.3% of CO2 emissions linked to fos-

sil fuels [7]. Furthermore, the SST facilitates the transformation of

marginal subsea fields into offshore CO2 storage locations, thereby

supporting the growing worldwide requirement for CCS. The Confer-

ence of the Parties 2021 (COP 21) agreement is a crucial international

treaty on climate change, aiming to control the global mean temper-

ature increase within 2 °C above pre-industrial levels and limiting it

to 1.5 °C before mid-century [8].To achieve this ambitious target, sub-

stantial efforts from all countries are required. The Intergovernmen-
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tal Panel on Climate Change (IPCC) has recommended a reduction

of global CO2 emissions by 50-85% from the 28.2 Gt/yr level in the

2000s [9]. However, recent reports indicate that the world is still

falling short of these goals, with annual emissions reaching 35.9 Gt/yr

in 2019 and slightly reduced to 33.6 Gt/yr in 2020 due to the COVID-

19 pandemic’s impact on economic activity [10]. In Europe, there is a

growing consensus that CCS is a necessary solution to decarbonise var-

ious industries and achieve net-zero goals. CCS projects have shown

significant potential, particularly in addressing emissions from hard-

to-abate sectors such as waste incineration and cement production.

Without CCS, decarbonising these industries would pose considerable

challenges. These sectors currently emit approximately 319 million

tonnes of CO2 annually, accounting for around 9% of Europe’s to-

tal CO2 emissions. Considering the ongoing CCS projects, it is pro-

jected that by 2030, around 110 million tonnes of CO2 per year will be

captured [11]. Therefore, any economical solution that enhances the

global CCS storage supply is crucial for mitigating the rising trend in

global mean temperature, which is getting worse due to the increasing

global energy demand, potentially doubling atmospheric CO2 concen-

trations by 2100 compared to 1960 levels [12].

1.1.2 Design Challenges for the SST

In the ship design process, it is essential for naval architects to re-

ceive clear and comprehensive requirements from the client. These

requirements should be systematically managed and continuously re-

fined throughout the entire design spiral, starting from the conceptual

design phase.

The SST is a unique type of submersible that primarily operates

underwater, resurfacing only for occasional maintenance and repair.

While smaller civilian submarines have been developed for ocean re-

search and leisure purposes, submarines of comparable size to the SST
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Snøhvit (2008)
140 km
250-345 m
700,000 tonnes

Field name (CCS starting date)
Distance to coast
Depth
Annual storage capacity

Troll (2024)
65 km
300-330 m
1.5 million tonnes

Sleipner (1996) &Utgard (2019)
250 km
80-120 m
1 million tonnes (Sleipner)

Figure 1.3: Map of ongoing and planned carbon dioxide storage sites
in the Norwegian sector [5, 6].

(100 to 200 metres in length) have mainly been constructed for mil-

itary applications. These large military submarines are typically de-

signed to carry and launch ballistic missiles and torpedoes. As a re-

sult, the design of the subsea shuttle tanker will draw upon existing

submarine experiences to a significant extent. Although detailed in-

formation about the exact design specifics of military submarines is

limited due to the need to maintain operational and research secrecy,

various studies have documented relevant design methods and prin-

ciples [13–18].

Designing an SST with a high cargo capacity presents a significant

challenge. Unlike military submarines, which prioritise heavy struc-

tures and have limited payload capacities, the SST must maximise its

available space for payload. Xing et al. (2021) [19] have established

a design target where the dry weight of the SST accounts for 52% of

the total payload, ensuring its economic viability. To provide context,
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it is worth noting that the payload capacity of an aircraft like the Boe-

ing 747-400F is approximately 28% of its weight [20], while a ship

tanker can have a payload capacity of up to 80% of its weight [21].

However, this payload capacity significantly surpasses that of military

submarines, which typically carry a payload of less than 10% of their

dry weight. Figure 1.4 provides a visual comparison of the dry weight

distribution target between the SST and Albacore submarines.

Nuclear-powered and diesel-electric submarines typically have

payload capacities of approximately 8% and 9%, respectively. In the

case of the aforementioned military submarines, nearly half of the dry

weight comprises structural components. This emphasis on struc-

ture arises from the need for submarines to withstand collapse depths

significantly greater than their maximum operating depth. Conse-

quently, the structural design of military submarines often incorpo-

rates expensive high-strength steels, thick plates, and closely arranged

stiffeners.

Payload

Stru
ctures

Machinery

Accommodatio
n and outfit

Stores

Perm
anent b

alla
st

0%

10%

20%

30%

40%

50%

60%

USS Albacore nuclear

USS Albacore diesel-electric

SST design target

Figure 1.4: Dry weight distribution of USS Albacore submarines [15]
and the SST design target [19].
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Conversely, the SST’s primary objective is to transport cargo in the

most cost-efficient manner, necessitating an efficient structural de-

sign. The challenge lies in finding a balance between payload capacity

and structural integrity tomeet the economic requirements of the SST.

Achieving low drag resistance is another significant design chal-

lenge for the SST. A tear-drop-shaped hull form offers approximately

half the relative drag compared to a cylindrical hull. However, the

tear-drop shape entails curvature in both horizontal and vertical di-

rections, making it more complex to fabricate at shipyards. The con-

struction of plates with such intricate geometries necessitatesmultiple

line heating forming processes, which can result in reduced geometric

accuracy. Moreover, submarines’ collapse pressure capacity is suscep-

tible to imperfections. Even a tiny imperfection of just 1% in geometry

can lead to a more than 50% reduction in collapse capacity [22]. This

highlights the difficulty ofmanufacturing a hydrodynamically efficient

hull with a high collapse pressure capacity.

This thesis aims to provide a new starting point for optimising and

analysing the SST for CO2 transport or general subsea operation. A

baseline design of the SST for liquid carbon dioxide transport is pre-

sented. Main design parameters such as the following are covered to

answer the key design questions:

• Design requirements.

• CO2 treatment.

• General arrangement.

• Hydrostatic properties.

• External hull configuration.

• Cargo and ballast tank configuration.

• Hydrodynamic, propulsion, and powering estimation.
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• Key features include the pressure compensation system (PCS)

and offloading method.

1.1.3 Dynamic Analysis Serves for an Efficient

SST Design

A thorough understanding of the dynamic response of the SST is es-

sential to answer some of the most critical design questions. It can

help naval architects figure out the depth ranges during voyages, hov-

ering, and emergencies.

Hovering Analysis

Performing offloading dynamic analysis is crucial for the SST design.

The SST is connected to the subsea well with a flowline. The SST is

subjected to various environmental loads during the offloading pro-

cess. Figure 1.5 depicts the key environmental loads comprising hy-

drostatic pressure, waves (if it offloads in shallow waters), buoyancy,

and currents. Among these, current disturbances exert the most sub-

stantial impact on the SST, given that these load effects are non-

uniform, time-dependent, and predominantly drag-induced.

Subsea well

Flowline

SST Current &
Tide

Wave

Hydrostatic 
pressure

Gravity

Buoyancy
Actuators Desired position

Actual position

Figure 1.5: Environmental loads acting on the SST.
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During this procedure, the SST’s surge motion influences the nec-

essary hose length to mitigate the potential hazards of overstretching

or sudden loads on the connection junction. The hover system’s design

significantly influences the SST’s efficiency, as it could potentially con-

sume excessive energy if not thoughtfully configured to handle the pre-

vailing environmental conditions. Furthermore, safe operation, colli-

sion avoidance, and maintaining position in the presence of currents

should all be considered when sizing the thrusters.

Moreover, the efficiency of the SST is directly influenced by its

hovering system, which can lead to unnecessary energy consumption

if not thoughtfully designed to handle varying environmental condi-

tions during operation. Moreover, the controller design must also ad-

dress safety aspects, such as collision avoidance and effective station-

keeping in the presence of currents. These factors ensure the SST’s

optimal performance and safe operation during offloading.

In addition to the regular hovering responses, an additional in-

vestigation is carried out regarding the SST’s extreme positional re-

sponses, specifically in terms of extreme surge and heave motions.

This study aims to assess the maximum depth excursion and identify

the extreme hydrostatic loads that the SST may encounter during its

operations. Obtaining a thorough grasp of the behaviour in extreme

currents is crucial for the design of the SST.Given the slender nature of

such structures, it’s important to note that side-way current drag can

reach up to 80 times the force exerted by the heading current [23].

Consequently, the SST is required to face the current head-on while

offloading continuously.

Near-seabed Operation

Furthermore, it depends on the SST’s mission requirement. It is un-

avoidable that the SST may be required to hover or voyage near the

seabed. A thorough understanding of seabed boundary effects is cru-

cial to successfully conduct near-seabed operations, as they can am-
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plify drag-dominated loads in the vertical direction. Depending on

the operational scenario, these load effects may significantly affect the

pressure drag in the horizontal direction [24] and result in vertical

forces pointing at the seabed [25]. The first scenario occurs when the

subsea shuttle operates near the seabed in still water. As the shuttle

approaches the seabed, the flow velocity increases between the bottom

of the subsea shuttle and the seabed, creating a downward-pointing

vertical force and a pitch moment around the transverse axis.

As a result, the subsea shuttle is expected to descend more rapidly

and experience significant trim motion. Effective thruster responses

or hydroplane deflections are necessary to maintain clearance from

the seabed and avoid collisions with subsea structures. This phe-

nomenon is akin to the well-known squatting effect experienced by

ships when sailing through canal banks or interacting with other ships

[25, 26].

Evaluating near-bottom loads enables more efficient sizing of aux-

iliary actuators and control surfaces. Combining environmental loads

and actuation forces provides the contact force during subsea shuttle

docking,making accurate predictions of this force is crucial for reliable

structural design.

Accidents

Accidents involving SSTs have the potential to result in the loss of the

vessel, CO2 or hydrocarbon leaks, and damage to offshore facilities or

third parties. These outcomes could lead to property damage, environ-

mental contamination, or even casualties. Hence, prioritising safety

during operations is paramount in the SST’s design.
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1.2 RelatedWork

1.2.1 Early Commercial Submarine Concept

The blueprint for utilising large underwater vehicles for freight, espe-

cially hydrocarbon transportation, is not new and was initially pro-

posed in the 1970s. Jacobsen (1971) and Taylor et al. (1977) suggested

the use of nuclear-propelled submarines of various sizes ranging from

20,000 to 420,000deadweight tonnage (DWT) for transportingArctic

crude oil [27, 28]. In 1974, the US National Maritime Research Cen-

tre studied the concepts and problems regarding the use of nuclear-

powered submarine tankers for the transportation of oil from the Arc-

tic regions. The problems and advantages are compared with surface

tankers, tug-barges and pipelines. The report focused on the deck de-

partment and highlighted the challenge of required skill sets and tech-

niques for the onboard officers and crew members [29]. In the 1980s,

Jacobsen et al. (1983) proposed two massive submarine Arctic liq-

uefied natural gas (LNG) tanker concepts: a 660,800 DWT nuclear-

powered version and a 727,400 DWT non-nuclear-powered version

[30]. The 660,800 DWT nuclear submarine LNG tanker is illustrated

in Figure 1.6. More recently, Brandt et al. (2015) presented a 3,500

DWT multi-purpose submarine designed for various subsea opera-

tions, including installation, inspection, maintenance, and repair in

water depths of up to 1,500 m in the Arctic region [31]. Ahmad et al.

(2022) further proposed a 1,500 DWT subsea cargo glider with an av-

erage power consumption of less than 10 kW [32].

1.2.2 Equinor Subsea Shuttle System

Equinor ASA unveiled a subsea “cargo-train” concept, or the Subsea

Shuttle System, in a defensive research disclosure in 2019 [33]. One

possible design is shown in Figure 1.7. The research disclosure pro-
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Figure 1.6: Ageneral arrangement plan for a nuclear submarineLNG
tanker designed in Jacobsen et al. (1983) [30].

posed a series of extra-large autonomous submersibles powered using

non-fossil energy sources with a length between 100 and 200 metres

and a beam from 10 to 20metres. This systemwas primarily designed

for voyaging at a constant depth following a fixed route in the water.

The system was designed to serve as a general transportation tool

in the offshore oil and gas sector. It aimed to carry a wide range of

cargo, including but not limited to oil, gas, power banks, monoethy-

lene glycol, chemicals, separation units, and carbon dioxide (CO2).

Moreover, it was believed that this system could be configured to carry

tools, structures andmodules required for subsea construction and in-

vention. Additionally, the system has the capability to transport elec-

tricity to subsea equipment by storing it in battery banks and trans-

ferring it during docking. As a subsea vehicle, the SST is not subject

to weather conditions, allowing it to operate in even severe weather

without relying on surface vessels.

Additionally, it can take advantage of the external hydrostatic pres-

sure and temperature as part of its design. The ability to operate re-
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motely or autonomously enhances safety compared to conventional

manned marine operations. This innovative system has the potential

to significantly reduce field development costs by eliminating or min-

imising the need for subsea pipelines, umbilicals, storage tanks, off-

shore loading systems, tankers, and related marine operations. The

reduction of these components also contributes to a decreased car-

bon footprint and environmental impact associated with field devel-

opment.

Figure 1.7: A possible design of the Equinor “cargo train” [33].

Its main propulsion system consists of an aft main propeller, com-

plemented by a directional thruster at the bow for direction control.

The machinery and ballast tanks are strategically located at the shut-

tle’s bow and aft sections, while heavy components, including a large

battery pack and a docking interface, are situated at the bottom to in-

crease hydrostatic stability. These structures can be potentially inte-

grated inside the hull to minimise drag. The docking interface facili-

tates the transfer of fluids and electrical power through hydraulic and

electrical connectors when the shuttle docks onto subsea equipment

or a riser base. The shuttle generally operates at low velocities to min-

imise drag forces and reduce energy consumption.

A follow-up disclosure published by Ellingsen et al. (2020) pro-

vided more entailed considerations on the design, type, and applica-

tion of the subsea shuttle system [34]. Some of the different tank ar-
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rangements are exemplified in Figure 1.8. In the disclosure, an inno-

vative maritime freight option—a subsea composed of interconnected

subsea train-like tanks with independent propulsion units located at

the vessel bow or aft. An ultra-efficient large subsea transport glider

was also proposed.

Figure 1.8: Different Equinor subsea shuttle system tank arrange-
ments [34].

1.3 Aim and Scope

This thesis aims to address the existing knowledge gap by providing

a detailed global design specification for the baseline SST and con-

ducting dynamic analyses of its operation. The document is structured

into two main parts. In the first part, a conceptual SST is proposed,

addressing crucial design considerations outlined in [19], including

pressure hull design, pressure compensation system, and power es-

timation; the second part of the thesis adapts the baseline SST and

conducts dynamic analysis based on different operation scenarios.

This thesis consists of nine chapters. Chapter 1 overviews this

work’s motivation, aim and scope. It also presents the past merchant

submarine design and the history of the Equinor subsea shuttle, which

significantly influenced the scope of this thesis and served as back-

ground information. The detailed delineation of the theories used in

this study follows in Chapter 2.

Chapter 3 concludes the work from Paper 1 [23], providing an in-
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depth exposition of the baseline design of a 34,000-tonne SST. The

baseline SST is fully electric-powered and has a length and beam of

164m and 17m, respectively. It possesses a cargo-carrying capacity of

16,362m3, enabling it to meet the annual storage demands of ongoing

CCS projects in Norway. This chapter covers critical design parame-

ters, including general arrangement, structural design, cargo proper-

ties, hydrostatic properties, and power estimation. Key features, such

as the pressure compensation system (PCS) and offloading methods,

are also presented.

Chapter 4 evaluates the key challenges of using such a vessel for

CO2 transportation based on the baseline SST configurations. It dis-

cusses essential properties, such as thermodynamic properties, purity,

and hydrate formation of CO2 at different vessel-transportation states

and their relation to cargo sizing, material selection, and energy con-

sumption. The results are peer-reviewed and published in Paper 2

[35].

In Chapter 5, the work is published in Paper 3 [36]. A linear

quadratic regulator is employed to address the SST’s hovering chal-

lenge in the presence of stochastic currents. The chapter includes case

studies where the SST’s trajectory envelopes are analysed under aver-

age current velocities of 0.5 m/s, 1.0 m/s, and 1.5 m/s. The numerical

findings demonstrate that the provided hovering control system effec-

tively maintains the SST’s stability during offloading.

Chapter 6 examines the SST’s behaviour during hovering in ex-

treme ocean currents. The results are documented in Paper 4 [37].

This analysis focuses on surge, heave, and pitch motions. The aver-

aged conditional exceedance rate (ACER) method is applied to fore-

cast the potentialmaximumandminimumdepth excursions. The out-

comes of this extreme value prediction are crucial in realising a cost-

effective design for the SST and offering valuable guidance to decision-

makers regarding its operational considerations.

Chapter 7 documents the work from Paper 5 [38] - the Safe Op-

erating Envelope (SOE) identification for the SST, encompassing the
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safety operation zones. Standard operating procedures for recov-

ery actions are established to address potential malfunctions. Free-

running simulations are conducted to explore three failure scenarios

of SST recovery responses. Eventually, the established SOE defines

feasible speed and depth excursion ranges for the SST from an opera-

tional safety perspective.

In Chapter 8, the hydrodynamic performance of the SST during

near-seabed operations is studied. The results are presented in Pa-

per 6 [39]. A three-dimensional (3D) Reynolds-Averaged Navier-

Stokes (RANS) method, combined with the k − ω shear stress trans-

port (k − ω SST) model, is employed to predict pressure, skin fric-

tion, drag, and lift forces acting on the SST. The numerical model is

verified and validated against experimental and numerical data from

the SUBOFF-1 project, a standard submarine model developed by the

Defence Advanced Research Projects Agency. The study considers

two operational scenarios: (1) the subsea shuttle travelling near the

seabed with forward speed; and (2) the subsea shuttle hovering close

to the seabed and experiencing incoming current flow. The analyses

consider a representative seabed boundary layer profile generated us-

ing one-dimensional (1D) simulations and implemented as the inlet

boundary condition in the 3D simulations.

Finally, the results are summarised in Chapter 9, which also pro-

vides some suggestions for future work in this field.
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Methodology

2.1 Design Methodology

The design methodology used for the Subsea Shuttle Tanker (SST) is

presented in Figure 2.1 as a design flowchart and briefly discussed in

this section. The design process starts with identifying the mission

requirements, including the depth, range, cargo capacity, and envi-

ronmental data in Section 3.2. Based on these mission requirements,

the properties of the CO2 cargo, expected load-effects, required speed,

and range are determined (see Section 3.3).

The expected load-effects are used to define the structural proper-

ties of the SST (see Section 3.6). These load-effects result from vari-

ous factors, including water depth, offloading operations (see Section

3.9), and the CO2 cargo. The structural properties encompass the def-

inition of the external hull, the inner tank, and thematerials used. Ad-

ditionally, a pressure compensation system (PCS) (see Section 3.8) is

proposed to handle large collapse pressure loads. The PCS is a design

innovation specific to the SST and integrated into all mission require-

ments.

The required speed and range of the SST influence the hydrody-

namics and propulsion design. These aspects are also affected by the

vessel’s manoeuvrability and the resulting external hull geometry de-

fined by the structural properties. Section 3.7 addresses drag and
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power considerations, propeller design, energy consumption, and bat-

tery selection.

The hydrostatic properties of the SST (see Section 3.5) are calcu-

lated based on the general arrangement and component weights (see

Section 3.4), determined as described above. The hydrostatic prop-

erties are then checked against stability criteria, including transverse

and longitudinal hydrostatic stabilities. If the stability criterion ismet,

the baseline design is obtained. Otherwise, adjustments are made to

the structural properties, and the design is iterated until stability re-

quirements are fulfilled.

Chapter 3 will delve into individual aspects of the baseline design

in greater detail.
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2.2 Manoeuvring Model Derivation

The SST manoeuvring model is implemented in the MATLAB

Simulink environment [40]. The model is designed to be versatile

and can be adapted to solve various problems, such as depth control

[41, 42] and hovering [43, 44]. Instead of using a fully coupled 6 de-

grees of freedom (DoF)model, a decoupled 3DoF planarmodel is pro-

posed for the emergency recovery action, sufficient to represent the

required manoeuvres. This approach aligns with Ross’s findings [45],

where a submersible can be decoupled into a longitudinal and a lat-

eral subsystem. This subdivision applies to port-starboard symmetric

slender bodies, including underwater robotics and submarines [46].

The coordinate systemutilised for themanoeuvring analysis in this

thesis follows a North-East-Down (NED) framework. This NED sys-

temoriginates from theEarth’s reference point, while a body-fixed ref-

erence frame is positioned at the SST’s centre of buoyancy (CoB). The

coordinate system is presented in Figure 2.2.

O

Body Frame

Global Frame

O

Surge
u, 

Pitch
q,

Heave
w, 

x, N

z, D

17 m164 m

Figure 2.2: SST coordinate system demonstration.

2.2.1 Plant Model

Longitudinal subsystem equations of motion considering surge,

heave, and pitch expressed as kinematic equations Eq. (2.1) and dy-

namic equations Eq. (2.2) in a vectorial format using Fossen notation
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are presented as [47]:

η̇ = JΘ(η)ν (2.1)

Mν̇ +Cc(ν)ν +Dd(ν)ν + g(η) = τ (2.2)

where η is a vector consisting of NED position and Euler angles, ν is

the linear and angular velocity in the body-fixed system, JΘ(η) is the

Euler transformationmatrix,M is systemmassmatrix consists of SST

mass and addedmass,Cc(ν) is the Coriolis-centripetal matrix,Dd(ν)

is the damping matrix, g(η) is the force vector considering gravita-

tional and buoyancy forces, τ is the control force vector.

Expand Eq. (2.1) into the component form using the Euler angle

representation:



Ṅ

Ḋ

θ̇




︸ ︷︷ ︸
η̇

=



cos θ sin θ 0

− sin θ cos θ 0

0 0 1




︸ ︷︷ ︸
JΘ(η)



u

w

q




︸︷︷ ︸
ν

(2.3)

InEq. (2.2), themassmatrixM , Coriolis-centripetalmatrixCc(ν),

and damping matrixDd(ν) are expressed as:

M =



m−Xu̇ 0 mzg

0 m− Zẇ −Zq̇

mzg Mẇ Iyy −Mq̇


 (2.4)

Cc (ν) =



0 0 0

0 m− Zẇ − (m−Xu̇)u

0 (Zẇ −Xu̇) 0


 (2.5)

Dd (ν) =



X|u|u|u| Xwqq Xqqq

Zuqq Z|w|w + Zuwu Zq|q|

Muww M|w|w Muqu+M |q|q


 (2.6)
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wherem is the SST mass and zg is the location of the centre of gravity

vertical (CoG) position.

2.2.2 Hydrodynamic derivatives

The applied hydrodynamic coefficients were estimated following Pres-

tero’s study on REMUS AUV [48].

Blevins (1979) [49] provided an empirical formula to estimate the

addedmass of an ellipsoid object. It is used to calculate the axial added

massXu̇:

Xu̇ = −4απρ

3

(
L

2

)(
D

2

)2

(2.7)

where α = 0.021 is an empirical parameter, L is SST (object) length,

D is SST diameter.

The added mass of a circular slice submerged in water can be cal-

culated as [50]:

ma(x) = πρR(x)2 (2.8)

where R(x) is the cross-section radius.

The cross-flow added mass hydrodynamic coefficients are ob-

tained from integrating the addedmass of circular slices along the SST:

Zẇ = −
∫ xbow

xtail

ma(x)dx (2.9)

Mẇ =

∫ xbow

xtail

xma(x)dx (2.10)

Zq̇ = Mẇ (2.11)

Mq̇ =

∫ xbow

xtail

x2ma(x)dx (2.12)

where xtail=-75.3 m and xbow = 88.7 m. They are the positions of the

tail end and bow, respectively.
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X|u|u = −0.5ρcdAf (2.13)

cd = 0.145 is the axial drag coefficient. The SST frontal projected area

Af=227.0 m2.

The cross-flow damping terms are calculated by:

Z|w|w = −0.5ρcdc

∫ xbow

xtail

2R (x) dx (2.14)

M|w|w = 0.5ρcdc

∫ xbow

xtail

2xR (x) dx (2.15)

Z|q|q = 0.5ρcdc

∫ xbow

xtail

2x|x|R (x) dx (2.16)

M|q|q = −0.5ρcdc

∫ xbow

xtail

2x3R (x) dx (2.17)

where cdc=1.1 is the a cylinder’s cross-flow drag coefficient [51].

The rest cross-terms are calculated as:

Xwq = Zẇ (2.18)

Xqq = Zq̇ (2.19)

Zuq = −Xu̇ (2.20)

Muq = −Zq̇ (2.21)

Muwa
= − (Zẇ −Xu̇) (2.22)

SST body lift Zuw and lift-induced pitch moment Muwl
hydrody-

namic derivatives are obtained as:

Zuw = −0.5ρd2cydβ (2.23)

Muwl
= −0.5ρd2cydβxcp (2.24)

where cydβ=0.003 is the lift slope coefficient [48] and xcp=-31.6 m is

the viscous force centre [51].

Finally, the total cross-term pitch moment hydrodynamic deriva-
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tive is expressed as a summation of addedmass contribution and body

lift contribution:

Muw = Muwa
+Muwl

(2.25)

2.3 Control System Design

2.3.1 Proportional–Integral–Derivative (PID)

Controller

The proportional-integral-derivative (PID) control is computed by

taking into account that the error e(t) = xd − x is changing over time.

The control input of a PID controller is computed as follows:

u(t) = uff(t) +K

(
e(t) +

1

Ti

∫ t

0
e(τ)dτ + Tdė(t)

)
(2.26)

where u is the control input. K is the controller gain matrix. Ti; Td

> 0 are positive constants that give a different weight to the different

parts.

2.3.2 Linear Quadratic Regulator (LQR)

TheSSThovering control is addressedusing theLinearQuadraticReg-

ulator (LQR) [52]. LQR is an optimal full-state feedback controller

that determines feedback gains to achieve specific optimality criteria

for a given system. It optimises a cost function L(x(t),u(t)) which in-

cludes a weighted combination of performance and controller effort.

LQR has been successfully applied in various marine crafts, such as

heading autopilots, rudder-roll damping systems, and dynamic posi-

tioning systems [47]. Mendes et al. [53] evaluated the waypoint track-

ing problem using both a Proportional-PID controller and an LQR.

They found that LQR exhibited superior responsiveness compared to
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PID. Tiwari and Sharma [54] also analysed the hovering control of an

AUVwith LQR, observing that it enabled the AUV tomaintain desired

depth with minimal undesired oscillations and low power consump-

tion.

Optimal control is concerned with finding a control law for a given

system to achieve a specific optimality criterion, typically represented

by a cost function that depends on state and control variables. The op-

timal control law consists of differential equations that minimize the

cost function and can be obtained through either Pontryagin’s max-

imum principle (a necessary condition) or by solving the Hamilton–

Jacobi–Bellman equation (a sufficient condition). For our discussion,

we will focus on linear systems with quadratic cost functions, which

fall under the category of linear quadratic (LQ) optimal control theory

[55].

One fundamental design problem in this category is the regula-

tor problem, which aims to regulate the system’s outputs y to zero or

a constant value while meeting specific time-response specifications.

An LQR can be employed to address this. The LQR approach involves

considering the state-space model and designing the control law ac-

cordingly.

ẋ = Ax + Bu

y = Cx
(2.27)

where x ∈ ℜn, u ∈ ℜr and y ∈ ℜm. To design an LQR, the system (A,

B and C) must be controllable and observable.

As an optimal control strategy, the state feedback control law for

the system is found by optimising a quadratic cost function J [56]:
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B C

A

G

xd xu y

Full state feedback

Figure 2.3: Block Diagram of the LQR.

J = min
u

{1
2

∫ T

0
(y⊺Qy+ u⊺Ru)dt

=
1

2

∫ T

0
(x⊺C⊺QCx + u⊺Ru)dt}

(2.28)

whereQ andR are state and effort weightmatrices, respectively. They

are both positively defined.

The steady-state solution of the system is [55]:

u = −R−1BP∞x

= Gx
(2.29)

where G is the gain matrix. P∞ = lim
t→∞

P(t) is a positively defined

symmetric matrix obtained by solving the algebraic Riccati equation:

P∞A+ A⊺P∞ − P∞BR
−1B⊺P∞ + C⊺QC = 0 (2.30)

From Figure 2.3, the time derivative of the state can be calculated

as:

ẋ = (A+ BG)x (2.31)
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In this work, the LQR design can be achieved by the embedded

Matlab function lqr [57].

2.3.3 Controllability

To design an LQR, it is essential for the system to possess controlla-

bility. This implies that both the linear state matrix A and the linear

input matrix B must meet the controllability criteria, which signifies

that the controllability matrixCon should have full row rank, in other

words, it should possess a right inverse [58]. The controllability ma-

trix is determined as Eq.(2.32):

Con =
[
B|AB| · · · |An−1B

]
(2.32)

2.3.4 Luenberger Observer

Creating an LQR entails the application of a state variable feedback

law, wherein an optimal control technique leverages the observation

of all components of state variables to compute the control input [59].

One way to achieve such measurement is by implementing a Luen-

berger observer [60] to represent sensors and provide state measure-

ments to the system. The Luenberger observer functions as a simple

fixed-gain observer, reconstructing the estimated state x̂ from the con-

trol inputu and systemoutputu. The estimated state vector x̂, instead

of the actual state vector x, is then employed as the state feedback to

compute the control input for the next time step. The following dif-

ferential equation can describe the continuous-time Luenberger ob-

server:

˙̂x = Ax̂ + Bu+KL + (y− ŷ) (2.33)

where KL is the observer gain, ŷ is the estimated output vector. The

observer gain is obtained by placing the close loop poles on the nega-

tive side of the real axis.
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2.3.5 Observability

Themodelmust be observable to implement the Luenberger observer.

The observability refers to the ability to estimate the real-time state x

from the actuator inputu and system output y. Similar to the control-

lability matrix, the observability matrix Obs is a matrix that consists

of the transpose of the state matrix A and the output matrix C.

Obs =
[
C⊺|A⊺C⊺| · · · |(A⊺)n−1C⊺] (2.34)

2.4 Extreme Value Predictions

2.4.1 Average Conditional Exceedance Rate

Method

The Average Conditional Exceedance Rate (ACER) method is utilised

in predicting and analysing extreme values and distributions. Intro-

duced by Næss and Gaidai [61], this method involves constructing a

series of non-parametric functions diverging from traditional asymp-

totic sample theory. ACER has been successfully applied to station-

ary and non-stationary stochastic processes, encompassing all global

maximumpeaks. Notably, ACER avoids the need for data declustering

to ensure independence [62].

Traditionally, the Gumbel distribution is often appropriate in the

context of marine structures’ response processes [63]. However, the

Gumbel distribution lacks an upper limit in its prediction, which can

lead to over-conservatism and overprediction of extreme values in en-

gineering problems. Xing et al. (2022) [64] conducted a compara-

tive study between the ACER method and Gumbel when investigat-

ing the SST hovering problem under low current speed conditions

with aft thruster failure. This study demonstrated the robustness of

the ACER method in novel scenarios and highlighted its capability to

estimate extreme values without relying on asymptotic assumptions.
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Compared to other techniques for estimating extreme values, such

as the Generalised Extreme Value distribution and the Peaks-Over-

Threshold method, ACER stands out by not mandating that observa-

tions be independently and identically distributed. This means that

each random variable doesn’t affect others (independence), and all

samples originate from the same distribution (identical). The ACER

method employs non-parametric functions of various orders to ap-

proximate the actual extreme value distribution. The ACERmethod is

concerned with determining the distribution function of the extreme

value, denoted asMN = max{Xj; j = 1, · · · , N}. Precise estimation
of Pη = Prob (MN ≤ η) is sought for large values of η. This probabil-

ity, denoted as Pη, represents the likelihood of the extreme value η

occurring, and it follows:

Pη = Prob (MN ≤ η) = Prob (X1 ≤ η, · · · , XN ≤ η) (2.35)

A succession of conditional approximation Pk(η) is used to solve

Eq. (2.35). where Pk(η) tends to be close to Pη as k increases. For

N ≫ 1 and k = 1, 2, · · · , Pk(η) is represented as [61]:

Pk (η) ≈ exp(−
N∑
j=k

αkj(η)) (2.36)

where αkj (η) = Prob (X1 > η|Xj−1 ≪ η, · · · , Xj−k+1 ≤ η) and it

represents the exceedance probability (only counted if proceeded by

non-exceedances). The notion described in Eq. 2.36 and will be cal-

culated by ACER as follows:

εk (η) =
1

N − k + 1

N∑
j=k

αkj (η), k = 1, 2, · · · (2.37)

where N represents the number of sample points for a specific mo-

mentXn. For k ≥ 2, ε̃k(η) is used instead of εk(η), as it is easier to use
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for non-stationary or long-term statistics [63], and it is calculated as:

ε̃k(η) = lim
N→∞

∑N
j=k akj(η)

N − k + 1
(2.38)

where

lim
N→∞

ε̃k(η)

εk(η)
= 1 (2.39)

The ACER (for both stationary and non-stationary time series)

sample is estimated as:

ε̂k(η) =
1

R

R∑
r=1

ε̂
(r)
k (η) (2.40)

where R is the number of samples or realisations.

ε̂
(r)
k (η) =

∑N
j=k akj

(r)(η)

N − k + 1
(2.41)

where r denotes the specific realisation number.

When sufficient and independent numbers of realisations are

achieved, the 95% confidence interval (CI) for the εk (η) can be esti-

mated as:

CI(η) = ε̂k(η)±
1.96ŝk(η)√

R
(2.42)

where ŝk(η) refers to the standard deviation of samples and can be

estimated by:

ŝk(η)
2 =

1

R− 1

R∑
r=1

(ε̂
(r)
k (η)− ε̂k(η))

2
(2.43)

The above equations for estimating the average exceedance rate are

based on direct numerical simulations. In contrast, an extrapolation

technique can reduce the computational time. Assuming themean ex-

ceedance rate in the tail behaves similarly to exp {−a(η − b)c} (η ≥
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η0 ≥ b) where a, b and c are suitable constants. The ACER will there-

fore be assumed by:

εk(η) ≈ qk (η) exp {−ak(η − bk)
ck} (2.44)

where η ≥ η1 ≥ bk and the function qk(η) varies slowly compared to the

exponential function exp {−ak(η − bk)
ck} in the tail region. Continu-

ously, this can be replaced by a constant for a fitting choice of the tail

marker η0. In the end, the Levenberg-Marquardt least-squares opti-

misation method can be used to determine the constants ak, bk, ck and

qk. Næss and Gaidai (2009) [61] expressed their experience that this

damped least-squares method is well suited for this assignment. Chai

et al. (2018) [65] concluded that the extrapolation scheme applied to

capture the tail behaviour of the ACER functions was satisfactory for

the extreme value predictions.

2.5 RANS k − ω SSTModelling

The governing equation of the 3D steady RANS equations are ex-

pressed as:

∂ui
∂xi

= 0 (2.45)

uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xj∂xj

− ∂ui′uj′
∂xj

(2.46)

where i, j=1,2,3 and denote the directions. Overline (̄ ) represents the

Reynolds average of the physical variables; xi and xj are the spatial

directions, while ui and uj are the corresponding Reynolds averaged

velocity components; ui′uj′ represents theReynolds stresswhich is the
Reynolds averaged value of the product of velocity fluctuations ui′ and
uj′; ν is the kinematic viscosity; ρ is the fluid density.

The k− ω shear stress transport (k− ω SST) model [66] is used in
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Chapter 8 to resolve the unknown Reynolds stress tensor. The k − ω

SST model combines the k − ε [67] and k − ω [68] models by using

two blending functions F1 and F2. It applies the k − ω model as a low

Re model close to the wall in the viscous sub-layer due to its better

performance in predicting flow separation. The standard k− εmodel,

which is less sensitive to the freestream inlet turbulence, is used in

the outer free stream region. The dissipation rate equation and turbu-

lence kinetic energy equation, according to Menter’s updated model

formulation [69], are expressed as:

D

Dt
(ρω) =αρ S2 − βρω2 +

∂

∂xj

[
(µ+ σωµt)

∂ω

∂xj

]

+ 2 (1− F1) ρσω2
1

ω

∂k

∂xj

∂ω

∂xj

(2.47)

D

Dt
(ρk) = P̃k − β∗ρ kω +

∂

∂xj

[
(µ+ σkµt)

∂k

∂xj

]
(2.48)

where the first blending function F1 is:

F1 = tanh

{{
min

[
max

( √
k

β∗ωyw
,
500ν

y2wω

)
,
4ρσω2k

CDkωy2w

]}}
(2.49)

CDkω = max

(
2ρσω2

1

ω

∂k

∂xj

∂ω

∂xj
, 10−10

)
(2.50)

where yw is the distance to the wall andCDkω is the positive part of the

cross-diffusion term. F1 = 0 to activate the k − ε model in the wake

region and F1 = 1 inside the boundary layer to switch to the k − ω

model.

Moreover, the production limiter term avoids turbulence build-up

in the stagnation region.
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P̃k = min

[
µt
∂Ui

∂xj

(
∂Ui

∂xj
+

∂Uj

∂xi

)
, 10β∗ρkω

]
(2.51)

The turbulent eddy viscosity νt is expressed as:

νt =
a1k

max (a1ω, SF2)
(2.52)

where S is the invariant of the strain rate. F2 is the second blending

function and is expressed as:

F2 = tanh



[
max

(
2
√
k

β∗ωyw
,
500ν

y2wω

)]2

 (2.53)

where in the equations above, constants α, β, σω and σk are computed

from the corresponding constants in the k − ε and k − ω models fol-

lowing Eq. 2.54. In Eq. 2.54, α is an example, but the same principle

applies to β, σω and σk.

α = α1F1 + α2 (1− F1) (2.54)

The constants in the model are: β∗ = 0.09, α1 = 5/9, α2 = 0.44,

β1 = 3/40, β2 = 0.828, σω1 = 0.5, σω2 = 0.856, σk1 = 0.85 and σk2 = 1.





Chapter 3

SST Baseline Design

3.1 Baseline SST Main Parameters

The key parameters of the baseline design have been detailed in [23]

and are summarised in Table 3.1. These parameters, established fol-

lowing the design procedure clarified in Section 3.1, characterise the

SST as a 33,619-ton submarine featuring dimensions of 164 meters in

length and 17 metres in beam. Its cargo capacity extends to 16,362 m3

of CO2, with an operational range of up to 400 km while cruising at 6

knots.

3.2 SST Mission Requirements

Defining mission requirements is essential for establishing the design

premises and is discussed in this section.

3.2.1 Operating Depth Range:

The SST is defined with the following depth specifications:

• Safety Depth: 40 m. The safety depth is the minimum diving

depth that prevents collisions with surface ships or floating in-

stallations.
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Table 3.1: Summary of the main design parameters of the baseline
design of the SST [23]. Detailed design configurations are presented
later in this chapter.

Parameter Value Unit
Length 164 [m]
Beam 17 [m]
Displacement 33,619 [tonnes]
Collapse depth 190 [m]
Operating depth 70 [m]
Operating speed 6 [knots]
Maximum range 400 [km]
Cargo volume 16,362 [m3]
Current speed 1 [m/s]
Cargo pressure 35 - 55 [bar]
Cargo temperature 0-20 [◦C]

• Nominal Diving Depth: 70 m. The SST is designed to operate

at a constant 70mdepth. Appendix A provides the determination

process for the nominal diving depth.

• Test Diving Depth: 105 m. The SST’s test diving depth is 105

m, 1.5 times the nominal diving depth, following DNVGL-RU-

NAVAL-Pt4Ch1, Table 1 [70].

• Collapse Depth: 190 m. The SST is designed not to collapse at

depths up to 190m, 2.7 times the nominal diving depth, following

DNVGL-RU-NAVAL-Pt4Ch1, Table 1 [70].

In accordancewith these explanations, the operational depth range

of the SST spans from 40 metres (considered as the safety depth) to

70metres (defined as the nominal diving depth). In the event that the

hydrostatic pressure surpasses the tank pressure, necessitating mea-

sures to avert cargo tank failure, emergency procedures employing the

pressure compensation system (PCS) will be initiated (as detailed in

Section 3.8). Figure 3.1 provides a visual representation of these depth

definitions in relation to the depths of the CCS storage sites under con-
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sideration in this investigation.

Safety depth 40 m

Nominal diving depth 70 m

Collapse depth 190 m

Operating 
depth

Sleipner

Utgard

Troll
Snøhvit

80 m
110 m

300 m
250 m

Test diving depth 105 m

Figure 3.1: Important depth ranges for SST operation. Existing off-
shore carbon storage sites shown in Figure 1.3 are also included.

3.2.2 Voyage Range

The SST is engineered to encompass a 400 km operational range, af-

fording it the capability to undertake a round-trip voyage to Snøhvit

and Troll, or, alternatively, a unidirectional journey to Sleipner and

Utgard. In the latter scenario, the SST has the potential to be charged

using the pre-existing offshore infrastructure situated at the Utsira

High, which is powered from the mainland.

3.2.3 Cargo Capacity

The SST’s cargo capacity is established at 15,000 tonnes, matching the

maximum annual carbon storage capacity of the CCS projects under

examination in this research, which amounts to 1.5 million tonnes (as

indicated in Figure 1.3) [5, 6]. Achieving this capacity is attainable

through a bi-weekly scheduling of SST voyages.



38 SST Baseline Design

3.2.4 Environmental Data:

The following environmental conditions are defined:

• Designminimum andmaximum environmental temperatures: 0

°C and 20 °C, respectively.

– The SST will operate in the Norwegian Sea (0 °E - 10 °E, 60

°N - 70 °N), where seawater temperatures range from 2 °C

to 12 °C (NCEI 2020). The minimum temperature of 0 °C

accounts for a slight temperature margin during winters, as

seawater temperatures typically do not fall below 0 °C. The

maximum temperature of 20 °C allows for surface operations

during summers.

• Design seawater density: 1,025 kg/m3.

– This corresponds to theminimum seawater density based on

the specified seawater temperatures. A conservative mini-

mum density value ensures sufficient buoyancy force during

neutral-buoyancy design calculations. An insufficient buoy-

ancy force during the later stages of the design or construc-

tion process could result in costly vessel lengthening.

• Design current speed: 1 m/s.

– In the Norwegian Sea, the observed seasonal average current

speed is around 0.2 m/s, while the highest seasonal average

speed is approximately 1 m/s for the North Atlantic Current

and Norwegian coastal current [71–73].

3.3 CO2 Transportation Consideration

The preliminary consideration of CO2 transportation is discussed in

this section. A more detailed evaluation is presented in Chapter 4.
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3.3.1 State of Transportation

CO2 transportation typically involves either the supercritical or satu-

rated liquid states, using pipelines and ships, respectively. The SST

employs the saturated liquid state for CO2 transport, maintaining a

pressure and temperature range of 35 - 55 bar and 0 - 20 °C, respec-

tively. In this state, the environment passively regulates temperature

and pressure, eliminating the need for external energy to maintain set

points. Consequently, the pressure of the liquid CO2 varies along the

boiling line during transportation, making it an energy-efficient and

cost-effective solution.

This approach differs from existing gas carriers, where semi-

refrigerated and refrigerated types require re-liquefaction systems,

which are both cost- and energy-intensive to operate. These carriers

mustmaintain low temperatures of -50 °C and -15 °C, respectively (will

be discussed later in Chapter 4). To achieve this, re-liquefaction sys-

tems with compressors capture the boil-off gas [35]. By transporting

saturated liquid CO2 at environmental temperatures, the SST avoids

using these energy-intensive systems.

Additionally, at 45 bar, the liquid CO2 can be directly injected into

the reservoir using a single-stage booster pump (wellhead pressures

are approximately 80 bar in Sleipner & Utgard). This approach is no-

tably more efficient than gas carriers, which necessitate multi-stage

booster pumps and inter-heaters to elevate the pressure from 8 bar to

80 bar and raise the temperature from -15 °C to 25 °C.

3.3.2 Purity

CO2 purity is a critical consideration for the SST’s structural design,

as impurities can lead to corrosion and hydrate formation risks. The

most undesirable impurity for the SST is free water (H2O). Free wa-

ter dissolves CO2 and H2S, forming highly corrosive carbonic and sul-

phuric acids, with the latter formed together with oxygen [74, 75].
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These acids can cause severe corrosion issues in the SST. Addition-

ally, hydrate formation in the cargo tanks may result in blockages and

sealing problems, particularly affecting the seals in the pistons of the

PCS (Ref. Section 3.8).

Table 3.2: CO2 impurity limits for storage. Limits from the Northern
Lights project are used [23].

Component
SST allowable
(Northern Lights)

Water, H2O 30 ppm
Sulphur oxides, SOx 10 ppm
Nitrogen oxides, NOx 10 ppm
Hydrogen sulphide, HxS 9 ppm
Carbon monoxide, CO 100 ppm
Oxygen, O2 10 ppm
Amines 10 ppm
Ammonia, NH3 10 ppm
Hydrogen, H2 50 ppm
Formaldehyde, HCHO 20 ppm
Acetaldehyde, CH3CHO 20 ppm

To avoid free water in the SST, measures are taken to ensure that

the water concentration remains lower than its solubility, meaning

that all water dissolves in CO2, leaving no free water. The baseline de-

sign adheres to impurity limits from the Northern Lights project [76],

as the baseline SST is intended to operate in the Norwegian sector.

These impurity limits, presented in Table 3.2, set the free water limit

at 30 ppm, significantly lower than the lowest solubilities of H2O pre-

sented in Xing et al. (2021) [19], i.e., 200 ppm and 1200 ppm consid-

ering CO2 gas and liquid at -10 °C, respectively. This ensures that no

free water will be present in the CO2 cargo. Note that certain limits are

placed on nitrogen oxides (NOx), sulphur oxides (SOx), and hydrogen

sulphide (H2S) in the Northern Lights project due to safety and health

considerations, which may not be mandatory for the uncrewed SST.
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3.4 General Arrangement

3.4.1 Compartments

The general arrangement of the SST, depicted in Figure 3.2, consists

of three compartments separated by two watertight bulkheads:

• Free flooding aft compartment: This compartment houses

moisture-sensitive equipment, including the motor, gearbox,

rudder controls, battery, aft trim tank, and aft compensation

tank.

• Free flooding bow compartment: Sensors, sonar, radio,

control station, offloading pumps, fwd trim tank, and fwd com-

pensation tank are located in this compartment.

• Flooded mid-body: The largest compartment, containing

buoyancy tanks, cargo tanks, and piping.

3.4.2 Distribution of Weights and Spaces

Table 3.3 provides details of the weights, volumes, and centres of grav-

ity (CoG) for the major components of the SST. The coordinate sys-

tem’s origin is set at the centroid of the cylindrical mid-body. To check

the disposition of volumes, the Flounder diagram (Figure 3.3) is em-

ployed, representing the spatial distribution of the SST along its length

without considering the exact layout. Each area in the diagram signi-

fies the space requirement of the corresponding volume component.

The following components are defined:

• Compensation Tanks: Two 800.0m3 compensation tanks are

equipped on the SST, providing trimmingmoment andweight for
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Aft Bulkhead Fwd Bulkhead

Flooded mid-body

Free flooding
bow compartment

Free flooding
aft compartment

Main cargo tank
Auxiliary cargo tank
Buoyancy tube

A

A

A

Z

X

Y

Buoyancy tanks are directly
connected through the bulkheads

B

BC

C

D
D

Aft compensation tank

Compensation tank
Trim tank

Figure 3.2: SST general arrangement. A: mid-vessel cross-section.
B: front bulkhead. C: aft bulkhead. D: Buoyancy tank-bulkhead con-
nections.

neutral buoyancy under different hydrostatic load cases. Their

capacity is determined in accordance with Burcher and Rydill

(1994) [15] and ensures neutral buoyancy under all design hy-

drostatic load cases.

• Trim Tanks: Two 200.0 m3 trim tanks in the bow hemisphere

and aft cone bring the CoG vertically beneath the centre of buoy-

ancy (CoB) for neutral trim. They achieve this by pumping water

between each other and need to be in communication with the

open sea.

• Permanent Ballast: Used to assist in achieving neutral buoy-
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Main cargo tank

Auxiliary cargo tank
Flooded area

Buoyancy tube

Comp.
 tank

Trim
tank

Trim
tank

Comp.
tank

Mach.
(battery)

Mach.
(motor)

Mach.
(piping)

Machinery (piping)
Mach.

 (sensor)Mach.
(control

unit)

0 20 40 60-20-40-60-80

[m2]

[m]

0

40

80

120

160

200

Figure 3.3: Flounder diagram of the SST. The lateral axis presents
the longitudinal position on the SST; the vertical axis is the cross-
section area.

ancy, equalise the longitudinal position of the centre of gravity

and centre of buoyancy for neutral trim and increase hydrostatic

stability. The estimated weight is 4% of the SST’s dry weight, ap-

proximately 997 tonnes.

• Machinery: Estimated to be 1,000 tonnes, the machinery in-

cludes moisture-sensitive equipment and piping. The USS Alba-

core, with similar power levels to the SST (below 2MW), has ma-

chinery weighing 638 tonnes [15].
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3.5 Hydrostatics

3.5.1 Hydrostatic Load Cases

The SST’s hydrostatic stability is assessed according to DNVGL-RU-

NAVAL-Pt4Ch1, Section 3.5.2.3 [70], which requires a minimum dis-

tance between the centres of buoyancy and gravity (BG) and a mini-

mummetacentric height (GM) for vessels exceeding 2,000 DWT. The

BGmust be greater than 0.35 m during submerged, and the GMmust

be greater than 0.22m in the surfaced condition. The hydrostatic load

cases are detailed in Figure 3.4 and described as follows:

• Submerged (CO2 filled): The SST is fully submerged with all

13 tanks filled with liquid CO2, and the mid-body flooding area is

filled with seawater. Compensation tanks ensure neutral buoy-

ancy under this fully loaded condition.

• Submerged (SW filled): The SST is submerged with all 13

tanks filled with seawater, and seawater ballast fills themid-body

flooding area. Compensation tanks remain empty. This occurs

after offloading at a subsea well.

• Surfaced (CO2 filled): The SST floats on the surface with all

13 tanks filled with liquid CO2, and the mid-body flooding area

is not filled with seawater. Compensation tanks are empty. This

situation arises during loading at the port.

• Surfaced (SW filled): The SST floats on the surface with five

main tanks and three auxiliary tanks filled with seawater ballast

at the bottom while the remaining tanks are empty. The mid-

body flooding area is not filled with seawater. Compensation

tanks are empty. This occurs when the SST returns to the port

after its operation.
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Submerged (CO2filled)

External 
hull

Auxiliary 
cargo tank

Main cargo
tank

Submerged (SW filled)

Surfaced (CO2 filled) Surfaced (SW filled)

Air

CO2

Seawater

Figure 3.4: Illustration of the cargo tank cross-sectional views of liq-
uid distributions for given hydrostatic load cases.
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Table 3.4: Hydrostatic stability check of the baseline SST.

Submerged
(CO2 filled)

Submerged
(SW filled)

Surfaced
(CO2 filled)

Surfaced
(SW filled)

CoB
(x, y, z)
[m]

(-1.43, 0.00,
0.00)

(-1.43, 0.00,
0.00)

(-
1.75,0.00,1.36)

(-1.78, 0.00,
2.18)

CoG
(x, y, z)
[m]

(-1.43, 0.00,
0.78)

(-1.43, 0.00,
0.57)

(-1.75, 0.00,
0.50)

(-1.78, 0.00,
1.35)

M
(x, y, z)
[m]

(0.00, 0.00,
0.00)

(0.00, 0.00,
0.00)

(0.00, 0.00,
0.00)

(0.00, 0.00,
0.00)

GM
[m]

0.78 0.57 0.50 1.35

BG
[m]

0.78 0.57 -0.86 -0.83

Result BG > 0.35 m,
OK

BG > 0.35 m,
OK

GM > 0.22 m,
OK

GM > 0.22 m,
OK

3.5.2 Metacentres and centres of buoyancy and

gravity

Themetacentre (M), CoB, and CoG for the SST under different hydro-

static load cases are tabulated in Table 3.4. These values affect the

hydrostatic stability, as represented by BG and GM when the SST is

submerged and floating, respectively. The lowest BG and GM values

are 0.57 m and 0.50 m, respectively, and satisfy the criteria of 0.35 m

and 0.22 m from DNVGL-RU-NAVAL-Pt4Ch1, Section 3.5.2.3 [70].

3.5.3 Weight and Space Composition

Table 3.5 presents the weight and space composition with respect to

the designed hydrostatic load cases. The SST’s dry weight composi-

tion is provided in Table 3.6. The double hull design and pure electric

propulsion system contribute to a structural weight of 35% and ma-

chinery weight of 3% of the dry weight, respectively, enabling a high

payload capacity of 46% of its displacement and 50% of its volume.



48 SST Baseline Design

Table 3.5: Weight and space components of the baseline SST. Sub:
submerged; Surf: surfaced; SW: cargo tank filled with seawater; CO2:
cargo tank filled with liquid CO2

Component
Weight (tonnes) Space

[m3]Sub
(CO2)

Sub
(SW)

Surf
(CO2)

Surf
(SW)

Cargo tank
15,381
(46 %)

16,772
(49 %)

15,381
(57 %)

11,354
(50 %)

16,362
(50%)

Structure
9,413
(28%)

9,413
(28%)

9,413
(35%)

9,413
(41%)

1,169
(4%)

Machinery
1,000
(3%)

1,000
(3%)

1,000
(3%)

1,000
(3%)

8,288
(26%)

Mid-body
seawater

5,152
(15%)

5,152
(15%)

0
(0%)

0
(0%)

5,027
(15%)

Compensation
ballast

1,469
(4%)

1,469
(4%)

0
(0%)

0
(0%)

1,600
(4%)

Trim
ballast

205
(1%)

205
(1%)

205
(1%)

205
(1%)

400
(1%)

Permanent
ballast

997
(3%)

997
(4%)

997
(4%)

997
(4%)

-

Sum
33,619
(100%)

33,619
(100%)

26,996
(100%)

22,969
(100%)

32,799
(100%)

3.5.4 Equilibrium Polygon

During CO2 offloading, seawater is pumped into one side of the cargo

tank to displace CO2 from the other end, causing changes in the longi-

tudinal CoGpositions and individual cargo tankweights due to the dif-

ferent densities of CO2 (940 kg/m3) and seawater (1,025 kg/m3). This

affects the global SST’s longitudinal stability and weight. Eight cargo

tank loading conditions are studied and listed in Table 3.7, with their

corresponding equilibrium polygon plot in Figure 3.5. The equilib-

rium polygon shows the maximum compensating ballast weight and

trimming moment achievable through compensation and trim tanks.

All load cases lie within the polygon, indicating that the SST remains

longitudinally stable, with sufficient trimming moments for stability

in all conditions. Additionally, the x and y values of each point repre-
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Table 3.6: SST dry weight composition.

Component SST [tonnes] SST [% dry weight]
Payload 15,381 57
Structure 9,413 35
Machinery 1,000 4
Permanent ballast 997 4
Total dry weight 26,791 100

Table 3.7: Cargo tank loading conditions considered in hydrostatic
longitudinal stability check. In percentage of cargo tank volume.

Cargo tank load-
ing condition

Liquid in the for-
ward side of the
tank

Liquid in the aft
side of the tank

C0W100 100% SW -
C30W70 30% CO2 70% SW
C50W50 50% CO2 50% SW
C70W30 70% CO2 30% SW
C100W0 100% CO2 -
W70C30 70% SW 30% CO2

W50C50 50% SW 50% CO2

W30C70 30% SW 70% CO2

sent the required trimming moment for neutral trim and the required

ballast for neutral buoyancy, respectively. The largest trimming mo-

ment occurs when the SST is 50% offloaded, and the most significant

weight change occurs when the SST is 100% offloaded.

3.6 Structural Properties

3.6.1 External Hull Structural Design

Slenderness Ratio

The geometric properties of the external hull of the SST are sum-

marised in Table 3.8 and briefly discussed in this section. The SST

employs a torpedo-shaped hull design featuring a hemispherical bow,

a 130.5 m long cylindrical mid-body section, and a 25 m long conical
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Figure 3.5: The Equilibrium polygon of the baseline SST. Cases are
specified in Table 3.7. Abbreviations in the figure are: EP - equilib-
rium polygon, LC - loading condition, FTT - fwd trim tank, FCT - fwd
compensation tank, ATT - aft trim tank, ACT - aft compensation tank.

aft. The hull has a diameter of 17 m. The choice of a torpedo shape

is based on its simple geometry and low drag resistance, which en-

hances the vessel’s hydrodynamic efficiency. The design’s simplicity is

advantageous because the cylindrical mid-body section requires steel

plates bent in a single direction, making fabrication relatively straight-

forward. In contrast, plates bent in two directions are more complex

to fabricate accurately. Although the bow and aft portions of the hull

have curvatures in two directions and necessitate doubly bent plates,

they contribute only 23% of the total steel external hull weight. How-

ever, they are crucial in achieving low drag resistance. The cylindri-

cal mid-body section’s design also facilitates the efficient arrangement

of cargo tanks inside the hull, maximising the vessel’s cargo capacity.

Moreover, the slenderness ratio of the vessel, chosen to be 9.7, results

in a drag resistance value that is very close to the theoreticalminimum,

with just about 5% more resistance than the minimum value associ-
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atedwith a slenderness value of 5.7. The plot of total resistance against

the slenderness ratio, shown in Figure 3.6, illustrates this behaviour.

Detailed calculations supporting the plot are provided in Appendix B.
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Figure 3.6: Total resistance of the streamlined body as a function of
its slenderness ratio with a fixed displacement.

Hull Structural Properties

Designing large submarines to withstand collapse in deep waters

presents significant challenges and costs. Large-diameter, thin-walled

structures used in submarines are susceptible to geometric imper-

fections, which are difficult to control in large structures where steel

plates and beams are welded together. As mentioned in Section 1.1.3,

even a tiny imperfection of 1% in the diameter can lead to a 50% re-

duction in the collapse pressure capacity [22]. To achieve the required

collapse capacities in deep waters, large military submarines often re-

sort to heavy and closely spaced ring-stiffened structures and high-

strength steels in their external hulls [77]. However, such designs re-

sult in limited payload capacity, which is undesirable for a cargo trans-
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port vehicle like the SST.

To address these challenges and optimise the design, the baseline

SST adopts a double hull design for the cylindricalmid-body, as shown

in Figure 3.7. This approach eliminates the need for collapse pressure

design for the mid-body, as it is flooded and experiences no hydro-

static pressure differential loading. The mid-body external hull be-

comes non-pressure loading, while the smaller internal pressure hulls,

such as cargo tanks and buoyancy tubes, are designed to handle both

burst and collapse pressures. This approach can achieve significant

weight savings, as the mid-body constitutes a major part of the exter-

nal hull’s structural weight. Using high-strength VL D47 steel mate-

rial, with a yield strength of 460 MPa and a tensile strength of 550

MPa, enhances the hull’s structural capacity and buckling resistance

[78]. This material is widely used in large container ship hull struc-

tures and provides a cost-efficient yet high-quality construction [79].

Free flooding compartments
Atmospheric pressure
1 bar

Flooded mid-body
Hydrostatic pressure:
7 bar at 70 m normal diving depth
10.5 bar at 105 m test diving depth
19 bar at 190 m collapse depth

Cargo tanks
Tank pressure:

seawater pressure

Movable piston in pressure
compensation system

Figure 3.7: SST double hull design with the pressures in all tanks
and compartments.

The hemispherical bow and conical aft are free flooding compart-

ments, and they are checked for different conditions such as nomi-

nal diving pressure, test diving pressure, and collapse diving depth.

These compartments also house the machinery and auxiliary equip-

ment. Stiffeners with specific dimensions are applied to all compart-
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ments to increase their structural and buckling capacities. The final

external hull properties are summarised in Table 3.8, and detailed de-

sign calculations are presented in Appendix C.

Table 3.8: Baseline SST external hull structural properties.

Parameter
Free flooding
bow compartment

Flooded
mid-body

Free flooding
aft compartment

Length [m] 23.75 100.0 40.25
Thickness [m] 0.041 0.025 0.041
Frame spacing [m] 1.0 1.5 1.0
Steel weight [ton] 521 1374 771
Material type VL D47 VL D47 VL D47
Yield strength
[MPa]

460 460 460

Tensile strength
[MPa]

550 550 550

Design collapse
pressure [bar]

20 7 20

Bulkhead Properties

The SST has four bulkheads that separate the flooded mid-body from

the free flooding compartments and support internal cargo tanks and

buoyancy tubes. Two watertight bulkheads at the forward and aft ves-

sel divide the SST into three compartments, as shown in Figure 3.7.

These bulkheads are subjected to internal hydrostatic pressure and are

designed against burst pressure, as they act as pressure vessel heads.

The geometry and steel plates used for these bulkheads are presented

in Figure 3.8. The thickness of the steel plates for the watertight bulk-

heads is 53mm, and they are checked against nominal diving pressure,

test diving pressure, and collapse pressure, as detailed in Appendix C.

On the other hand, the two non-watertight bulkheads, located in the

flooded mid-body, are not subjected to hydrostatic pressures. Their

primary function is to support the internal cargo tanks and buoyancy

tubes. For these bulkheads, 25 mm thick steel plates with penetra-

tions to accommodate the cargo tanks and buoyancy tubes are used.



54 SST Baseline Design

Similar to the watertight bulkheads, the non-watertight bulkheads are

made from VL D47 steel. The locations and weights of all bulkheads

are provided in Table 3.3.

Watertight 
bulkhead

Flooded
mid-body

θ1R1

θ2
R2

R1 = 2 m
1 = 64 deg

R2 = 14 m
2  = 53 deg

Figure 3.8: SST forward (aft) ellipsoidal watertight bulkhead geom-
etry definition.

3.6.2 Internal Tank Structural Design

The design of all internal tanks in the SST follows the guidelines of

ASME BVPC Sec.VIII-2, Chapter 4.3 for shells under internal pres-

sure and Chapter 4.4 for shells under external pressure, considering

allowable compressive stresses [80]. It is required that the pressure

vessel material listed in ASME BPVC Sec. II is used, so SA-738 Grade

B is chosen for the pressure vessel material [81]. SA-738 Grade B is a

high-strength carbon steel commonly used in welded pressure vessels

operating at moderate or lower temperatures and is readily available

from manufacturers like JFE Steel [79]. Detailed design calculations

are provided in Appendix D.

There are five types of internal pressure tanks in the SST, as shown

in the general arrangement drawing in Figure 3.2. These include

main cargo tanks, auxiliary cargo tanks, buoyancy tubes, compensa-
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tion tanks, and trim tanks. The properties of these internal tanks are

presented in Table 3.9 and discussed as follows:

Cargo Tanks

Tankproperties: The SST contains 13 cylindrical cargo tanks (seven

main and six auxiliary tanks) with hemispherical ends, symmetrically

distributed in the flooded mid-body. The main cargo tanks have a di-

ameter of 5m, while the auxiliary cargo tanks have a diameter of 2.5m.

This variation in diameter allows for a more efficient arrangement of

the tanks, maximising space utilisation and payload capacity. These

cargo tanks are used for CO2 storage and are designed with a burst

pressure of 55 bar, the worst-case scenario when the SST is floating

on the sea surface. The cylindrical shells of the main cargo and auxil-

iary cargo tanks have 57 mm and 29 mm thicknesses, respectively.
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Burst pressure design: To avoid collapse pressure design for the

cargo tanks, a pressure compensation system (PCS) is utilised Sec-

tion 3.8. As shown in Figure 3.7, the cargo tanks experience both ex-

ternal hydrostatic and internal tank pressure. Table 3.10 quantifies

these pressures during normal operating, emergency, and accidental

scenarios. The PCS ensures that the cargo tank pressure always re-

mains greater than the hydrostatic pressure, preventing negative pres-

sure differences. More details about the PCS system are presented in

Section 3.8.

Buoyancy Tank Design

Eight empty buoyancy tanks, each with a diameter of 1.25 m, are posi-

tioned at the upper part of the SST to achieve neutral buoyancy. These

buoyancy tanks, with a length of 100 m, are directly connected to the

forward and aft bulkheads (Figure 3.2 Subview B, C, and D). As they

are free flooding and not exposed to water, allowing for the arrange-

ment of moisture-sensitive equipment inside. The buoyancy tubes are

supported along their length, with an unsupported length of 4 m, cor-

responding to twice the flooded mid-body frame spacing. These tanks

are designed to handle 7 bar hydrostatic pressure, corresponding to

the SST’s 70 m nominal diving depth. The resulting thickness of the

buoyancy tubes is 15 mm.

3.7 Hydrodynamics and Propulsion

3.7.1 Resistance and Propulsive Power

The SST is designed to operate at slow speeds to ensure maximum en-

ergy efficiency and minimise resistance. At the operating speed of 6

knots, the resistance is calculated to be 82 kN, requiring a propulsive

power of 253 kW. These values are graphically depicted against dif-

ferent operating speeds in Figure 3.9. The resistance and propulsive
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power calculations are based on the ITTC-57 correlation line for skin

friction [82] and empirical drag pressure data [51]. It should be noted

that resistance and propulsive power increase exponentially with op-

erating speed, making higher speeds economically less favourable for

the SST. Further details of these calculations can be found inAppendix

B.
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Figure 3.9: Baseline SST energy consumption at different speeds
with a range of 400 km.

3.7.2 Propeller Design

The SST has a three-bladed Wageningen B-series propeller [83]. This

propeller boasts a large diameter of 7 metres, a small blade area ratio

of 0.3, and a slow rotational speed of 38 rpm, contributing to its high

quasi-propulsive coefficient (QPC) of 0.97. Submarine propellers with

large diameters, slow rotations, and single-screw configurations gen-

erally exhibit high efficiencies [19], with QPC values ranging from 0.8

to 1.0 [84]. The propeller’s thrust and torque coefficients are 0.17 and

0.010, respectively. The design parameters are listed in Table 3.11.
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The detailed calculations are presented in Appendix E.

Table 3.11: Propeller characteristics.

Parameter Symbol Value Unit
Prop. diameter Dp 7 [m]
Number of blades NB 3 [-]
Prop/hull ratio 0.4118 [-]
Propeller pitch/diameter 0.8 [-]
Tailcone angle αC 37.56 [◦]
Propeller speed n 38 [RPM]
Advance velocity VA 2.66 [m/s]
Wake fraction wT 0.4722 [-]
Thrust deduction tD 0.1518 [-]
Advance number J 0.37 [-]
Thrust coefficient KT 0.17 [-]
Torque coefficient KQ 0.010 [-]
Open water efficiency ηO 0.60 [-]
Hull efficiency ηH 1.61 [-]
Relative rotative efficiency ηR 1.05 [-]
Quasi-propulsive coefficient QPC 0.97 [-]

3.7.3 Propulsion Efficiency

The propulsive efficiency of the propeller is calculated to be 88% fol-

lowing Eq. (3.1).

ηp = QPC · ηM · ηG (3.1)

where ηM and ηG represent themotor and gearbox efficiencies, respec-

tively. In this case, ηM is set to 94 % and ηG to 96 %. These values

are typically used for most electrical drives and gearboxes, such as the

ABB IE2motor and corresponding gearbox, employed as ship azimuth

thrusters [85, 86]. With these efficiency values, the calculations indi-

cate that the SST’s propulsion system provides a propulsive power of

289 kW at a speed of 6 knots.
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3.7.4 Hotel Load

The SST’s hotel load refers to the power consumption of all systems

on board, excluding propulsion and pumps. This includes control

units, sensors, and the navigation system, among others. To esti-

mate the hotel load, weuse the typical hotel-load-to-propulsion-power

ratio observed in modern ships. Specifically, we consider the Wart-

sila LR2 product tanker and the MUNIN reference container ship,

which have hotel-load-to-propulsion-power ratios of approximately

20% [87–89].

Additionally, the reduction in power consumption due to the SST

being an autonomous vessel is considered,meaning it does not require

crew support systems. This results in a 40% reduction in power con-

sumption compared to conventional crewed vessels [89].

With a propulsive power of 289 kW at the operating speed of 6

knots (Ref. Section 3.7.3), the estimated hotel load for the SST is 35

kW.

(propulsive power)× (hotel load)

(propulsive power)
× (auto. reduction)

= 289 kw × 0.2× 0.6 = 35 kw (3.2)

3.7.5 Pump Energy Consumption

The SST’s pump energy consumption is significant during the load-

ing and offloading. The calculation of pump energy consumption is as

follows:

The SST allows for two load cycles in each trip - one for loading at

the port and the other for offloading at the well. Each cycle takes four

hours to complete. A conservative value of 75% is used to estimate

the pump efficiency based on the efficiency range of large centrifu-

gal pumps and centrifugal compressors, as reported in Elsey (2020)

[90] and Chapter 8 of Hall (2017) [91], respectively. For cargo pumps,
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they can provide a pressure of 3 bar at a flow rate of 4000 m3/h. The

compensation tank ballast pumps, on the other hand, provide 3 bar

pressure at a flow rate of 400 m3/h to compensate for weight changes

during loading and offloading. With this information, the estimated

total loading & offloading energy consumption for the SST is calcu-

lated by Eq. 3.3 to be 3,911 kWh.

(time)× (load cycle)×
(flow pressure)cargo + (flow pressure)ballast

3.6× 106 × (pump efficiency)

= 4 h× 2×
(
4000m3/h× 3× 105 Pa

)
+

(
400m3/h× 3× 105 Pa

)

3.6× 106 × 75%
= 3.91× 103 kWh

(3.3)

3.7.6 Total Energy Consumption

At the operating speed of 6 knots, the total energy consumption is the

sum of the hotel load (35 kW) and propulsion power (289 kW), result-

ing in 324 kW. Additionally, the pump energy consumption is fixed at

3,911 kWh. For a range of 400 km (as shown in the power consump-

tion plot in Figure 3.9), the total energy consumption is calculated to

be 15,527 kWh. This is significantly lower than conventional ships,

such as the WSD50 30K LNG carrier, which would consume 160,827

kWh for the same voyage [92]. The SST’s low energy consumption

enables it to be fully electrically propelled and emission-free.

3.7.7 Battery

The SST uses a Li-ion battery due to its high energy density, high spe-

cific energy, steady power output, and long service time. Li-ion batter-

ies have been successfully utilised in submarines, and their technologi-

cal advancements are expected to increase energy density significantly
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in the next decade [93, 94]. Based on the Sion Power 2022 forecast,

which predicts a specific energy of 500 Wh/kg (2.5 times the current

typical specific energy of 250 Wh/kg) with a 20% margin, the total

battery capacity is estimated to be 20,000 kWh [95]. Consequently,

the SST’s battery weight is estimated to be 40 tonnes, mounted at the

aft of the vessel. Charging can occur at the port and subsea well dur-

ing loading and offloading. The charging time using a 2,000-kW class

charger would be around 10 hours, and the battery has a life of 1,000

discharge cycles or approximately 8.3 years if two 400 km trips are

performed weekly. The battery properties of the SST are presented in

Table 3.12.

Table 3.12: Battery properties.

Parameter Value
Specific energy [Wh/kg] 500
Energy density [Wh/l] 1,000
Capacity [kWh] 20,000
Weight [ton] 40
Volume [m3] 20

Life cycle
1,000 discharge cycles
8.3 years

3.8 Pressure Compensation System

The Pressure Compensation System (PCS) is an essential feature of

the SST and ensures the integrity of the cargo tanks by equalising in-

ternal and external pressures under various operating conditions (as

demonstrated in Table 3.10). The PCS consists of a movable piston

with seals inside the cargo tank, which separates the CO2 and seawa-

ter. These piston seals can be made frommaterials like polyurethane,

similar to those used for batching pigs in pipelines. Additionally, intel-

ligent pigging sensors can be incorporated into the pistons to monitor

critical data, such as tank pressure, cargo temperature, and corrosion
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status. As illustrated in Figure 3.10, the PCS functions in the following

manners to maintain pressure balance within the cargo tanks:

3.8.1 Normal Operating Case

In the normal operating case (70 m, summer, liquid CO2 in Table 3.10

and Figure 3.10, a), the SST is typically submerged at a depth of 70me-

tres, transporting liquid CO2 at a pressure of 35 to 55 bar, depending

on the seawater temperature. The piston seals ensure that the pres-

sure of seawater on one side of the piston is equal to the pressure of

the CO2 on the other. This pressure compensation equalises the inter-

nal and external pressures within the cargo tanks, ensuring stability

during normal operations.

3.8.2 Uncontrolled Descent Case

In an accidental uncontrolled descent scenario, where the SST de-

scends to a depth exceeding 358metres, the external hydrostatic pres-

sure can increase significantly (e.g., 50 bar at a depth of 500 metres).

This corresponds to Figure 3.10 (b). The PCS addresses this situa-

tion by allowing seawater to flow into one end of the cargo tank, push-

ing against the piston and ultimately equalising the internal pressure

with the increased external pressure. This feature prevents excessive

pressure differentials and ensures the cargo tanks’ integrity in non-

recoverable accidents.

3.8.3 Uncontrolled Ascent Case

As shown in Figure 3.10 (c), during an uncontrolled ascent case, where

the SST rises to a shallower depth (e.g., 40 metres), the external hy-

drostatic pressure decreases (e.g., 4 bar). In response, the CO2 pres-

sure increases inside the cargo tanks due to the temperature rise. The

PCSmaintains pressure balance by allowing the CO2 pressure to push
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against the piston towards the seawater, increasing the seawater pres-

sure until it is equal to the internal CO2 pressure. This process pre-

vents excessive pressure differentials and ensures the structural in-

tegrity of the cargo tanks.

3.8.4 Seawater Filled Cases

In situations where the cargo tanks are entirely filled with seawater

(Figure 3.10, d), such as after the SST is offloaded at a subsea well,

the PCS allows the valves to open, allowing seawater to flow in and

increase the internal pressure until it is equalised with the external

hydrostatic pressure. This feature ensures that the cargo tanks do not

need to be designed towithstand the full external hydrostatic pressure,

reducing structural costs.

3.9 Offloading

The offloading process for the SST involves transferring CO2 through

a flexible flowline connected to the subsea well while the vessel hovers

at its operating depth in the vicinity. The procedure is described in the

following steps and depicted in Figure 3.11:

• Step 1: The SST approaches the subsea well and hovers nearby

at its designated operating depth.

• Step 2: An ROV is deployed to carry the flexible flowline from

the subsea well and connect it to the SST.

• Step 3: Liquid CO2 is pumped out from one end of each cargo

tank through the mated connection to the subsea well. Seawater

is simultaneously pumped into the other end of each cargo tank

tomaintain tank pressure and fill the void left by the CO2. During

this process, the compensation and trim tanks are also utilised to

maintain the SST’s trim and neutral buoyancy.
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Normal Operating
Water depth: 70 m
Temperature: 10 °C

Valves 
are 
closed 
during 
operation

Valve

Piston with 
poly disc seals

CO2 45 bar Seawater 45 bar

CO2 45 bar Seawater 45 bar 

Seawater 7 bar

(a)

Uncontrolled descent
Water depth: 500 m
Temperature: 1 °C

Piston moves toward CO2 side

CO2 50 bar Seawater 50 bar

CO2 50 bar Seawater 50 bar Valves are 
opened to 
let seawater 
flow in from 
ballast side

Seawater 50 bar

(b)

Uncontrolled ascent
Water depth: 40 m
Temperature: 15 °C

Valves 
are 
closed 
during 
ascentCO2 50.9 bar Seawater 50.9 bar

CO2 50.9 bar Seawater 50.9 bar 

Seawater 4 bar

Piston moves toward seawater side

(c)

Seawater filled
Water depth: 40-70 m
Temperature: 0-20 °C

Seawater 4-7 bar

Seawater 4-7 bar
Valves will 
open to let 
seawater 
flow in if 
the external 
pressure is 
higher 

Seawater 4-7 bar

(d)

Figure 3.10: Illustration of the functionality of the pressure compen-
sation system.

• Step 4: Once the offloading is completed, the ROV disconnects

the flowline from the SST.

This offloading method offers several advantages. First, it allows

the SST to offload at subsea wells at greater depths while maintaining
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a constant operational depth (up to a maximum of 70 metres). As a

result, the SST only needs to be designed to withstand pressures at a

depth of 70 metres rather than the subsea wellhead’s full water depth.

Additionally, this method minimises the risk of collision between the

SST and subsea facilities, as the vessel does not need to approach the

wellhead closely during offloading. Using an ROV ensures precise and

safe mating of the flowline to the SST, even in environmental loads.

However, the SST requires a dynamic positioning system to maintain

its position during offloading. A preliminary CFD analysis revealed

that the drag force of a sideways current is significantly higher than

when the SST is facing the current [96]. Therefore, it is essential for

the SST to constantly face the current during offloading. The dynamic

positioning systemmust be capable of limiting themaximumdisplace-

ment to within 5 metres in a 1 m/s designed current. Based on previ-

ous studies on vessel station-keeping capabilities, the SST is expected

to deliver similar performance, ensuring safe and efficient offloading

operations.

SST

ROV

Nominal diving 
depth 70 m

Surface

Seabed

Step 1

SST approaches 
hovering 
position

Step 2

ROV approaches 
SST

Step 3

CO2 offloaded and
seawater flow in

Step 4

ROV disconnects
the flowline

Flowline

Subsea well

Figure 3.11: SST offloading sequence.
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3.10 Concluding remarks

In this chapter, we introduce a baseline design for an SST, which has

been developed to support research efforts in the field of large under-

water cargo vehicles. The primary objective of this SST is the trans-

portation of liquid CO2 for direct injection into subsea wells. This SST

is proposed as a potential alternative to conventional marine trans-

portation methods like shuttle tankers, pipelines, and umbilicals. It

offers the possibility of exploring remote marginal fields as offshore

carbon storage sites. We provide a detailed overview of the key spec-

ifications and features of this SST, encompassing CO2 properties, hy-

drostatic properties, structural properties, hydrodynamic properties,

the pressure compensation system, and the offloading method.

One of the standout features of this SST is its double hull design,

complemented by a pressure compensation system. This unique con-

figuration allows the SST to circumvent the need for a collapse pres-

sure design in the external hull’s flooded mid-body section. Conse-

quently, this design approach serves to reduce the SST’s structural

weight significantly while enhancing its payload capacity, accounting

for approximately 46% of its total displacement. Notably, this sub-

stantial payload capacity, coupled with a deliberate emphasis on slow

service speed, enables the SST to optimize its transportation efficiency

while minimizing energy consumption.



Chapter 4

Critical Challenges of CO2

SST Transportation

This Chapter continues the discussions in Section 3.3 on SST design

challenges related to CO2 transportation, including CO2 thermody-

namic properties, purity, cargo tank sizing, material selection, energy

consumption, and hydrate formation. This Chapter aims to provide

valuable insights intomanaging and reducing uncertainties associated

with the CO2 transportation aspect of the SST concept.

4.1 CO2 Properties

4.1.1 Thermodynamic Properties

The thermodynamic properties of CO2 have a critical impact on the

design of the SST’s cargo tanks, as impurities can lead to erosion and

increase the risk of hydrate formation. These properties can be repre-

sented on a phase diagram, as shown in Figure 4.1. Depending on the

pressure and temperature, CO2 can exist in four phases: solid, liquid,

vapour, and supercritical.

The triple point (5.1 bar, 56 °C) is where CO2 exists simultaneously

in vapour, liquid, and solid phases. Beyond the critical point (74 bar,

32 °C), CO2 turns into a supercritical phase.
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Figure 4.1: Carbon dioxide phase diagram with transportation and
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Different transportation methods involve different states of CO2.

Pipelines transport CO2 in a high-pressure, high-temperature super-

critical phase. On the other hand, ships carryCO2 as a saturated liquid,

where CO2 is constantly boiling, and the pressure and temperature are

naturallymaintained at a setpoint. CO2 can be carried under one of the

three states along the saturation line: refrigerated state (7 bar, -55 °C),

semi-refrigerated state (15 bar, -30 °C), or pressurised state (45 bar,

10 °C) [97, 98].

For larger vessels like Very Large Gas Carriers (VLGC), refrigera-

tion is used to transport CO2 as a refrigerated liquid at very low tem-

peratures, as constructing large pressure vessels with high pressure

capacities would be uneconomical [99]. Smaller ships with capaci-

ties of around 10,000 m3 prefer semi-refrigeration, e.g., the North-

ern Light CO2 carrier [76]. Pressurised liquid CO2 transportation is

a more attractive option for offshore CCS or enhanced oil recovery

(EOR) projects with moderate capacities. The SST transports CO2 as



4.1. CO2 Properties 71

a pressurised liquid, eliminating the need for refrigeration. The cargo

tanks are designed to handle higher pressures of 40 to 60 bar.

Figure 4.1 also presents the CO2 wellhead injection states. For ex-

ample, at Snøhvit, In Salah, and Sleipner fields, CO2 is injected at an

intermediate temperature and high pressure (10 - 30 °C, > 80 bar)

[76, 100].

Figure 4.2 illustrates themain processes in CO2 transportation, in-

dicating that refrigerated, semi-refrigerated, and pressurised states

present different challenges for SST. Transporting CO2 as a pres-

surised liquid (Baseline SST) is more cost- and energy-efficient. No

liquefaction andheating systems are required at the port, andno costly

re-liquefaction system is needed during offloading at the wellhead. A

single-stage booster pump can directly inject the liquid CO2 into the

reservoir [23].
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Figure 4.2: CCS/EOR life cycles when using baseline SST (also
shown in Figure 1.2) and liquefied gas carrier transportation.

4.1.2 Impurities in CO2

Fossil fuel combustion is the primary source of human-activity-related

CO2, contributing to 92.4% of the total CO2 emissions in the US in

2008 [101]. Electricity generation and transportation are the ma-

jor contributors, accounting for 34.5% and 32.6% of the total emis-

sions, respectively. Besides CO2, other common components in emit-

ted gases include N2, H2O, and O2 [102]. Additionally, carbon sources
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like coal-fired power plants contain contaminants such as sulphur ox-

ides (SOx), hydrogen sulphide (H2S), and nitrogen oxides (NOx) [103].

The purity of captured CO2 can vary significantly based on the car-

bon source and the capture and separation technology used. Figure

4.3 illustrates the purities of captured CO2 from three different com-

bustion methods. Table 4.1 provides CO2 impurity limits in several

CCS projects. The design limits for the SST adapt the levels from the

Northern Light project. Common purity levels are above 95%, with

some projects achieving CO2 concentrations higher than 99.9%. How-

ever, extremely high purity levelsmay not be necessary formost trans-

portation, storage, or EOR purposes. Optimising the purity level can

help reduce energy consumption and purification costs [104].

While high purity levels may not be required for transportation

purposes, it’s essential to consider the impact of impurities on the

SST’s design. Higher impurity levels in liquid CO2 can lead to in-

creased pressure requirements on the cargo tanks to avoid the risk of

hydrate formation and corrosion. Impurities can also affect the vol-

ume and compressibility of CO2, potentially reducing the carrying ca-

pacities of the cargo tanks [19]. Therefore, finding the optimal purity

level for SST is crucial to balance efficiency and safety.
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FreeWater

The presence of free water is the most undesirable impurity in liquid

CO2 due to its potential to cause hydrate formation and corrosion. Wa-

ter easily reacts with many acid gas components, posing risks to the

transportation and storage processes. Figure 4.4, based on the study

by Visser et al. [75], illustrates the solubility of water in CO2 at differ-

ent pressures and temperatures.

Water solubility in CO2 is low at low pressures and tempera-

tures. This indicates that transporting CO2 in refrigerated or semi-

refrigerated conditions would require higher purity levels, as less wa-

ter can dissolve in CO2, producing more free water. In contrast, the

SST transports CO2 in pressurised conditions where CO2 solubilities

exceed 2,000 ppm. This value of 2,000 ppm is higher than the re-

quirements defined in many CCS projects, including those presented

in Table 4.1. Therefore, if the SST is utilised in these projects, no free

water would appear in the CO2 transported, reducing the risk of hy-

drate formation and corrosion. This advantage further supports the

suitability of the SST as an effective alternative for offshore CO2 trans-

portation.

SOx and NOx

In Dynamis project [75], limits on SOx and NOx are set because they

are toxic to humans. For the SST, being an unmanned vessel, it may

be postulated that no limits on these gases are required. Ahmad and

Gersen [106] performed a study at pressures of 90-120 bar and tem-

perature of 10 - 45 °C. Preliminary results demonstrated that these

gases can affect water solubility and increase the risk of hydrate for-

mation. However, further detailed investigations are necessary to fully

understand the potential impact of SO2 and NO2 on water solubility

and the risk of hydrate formation at the pressure and temperature

ranges of SST transportation.
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Figure 4.4: Water solubility in liquid CO2 at different pressures and
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Other impurities

The SST limits other impurities like CH4, N2, and amines to mitigate

hydrate formation. These impurities can reduce water solubility and

increase the risk of hydrate formation [107]. Managing these impu-

rities is crucial to ensure the safe transportation of CO2 without com-

promising the integrity of the cargo tanks and the overall operation of

the SST.

4.2 Challenges on Cargo Tank Design

4.2.1 Sizing

Most liquid CO2 are transported by ships in the semi-refrigerated state

[76, 97, 99, 108–110]. This allows the use of large cargo tanks of up to

volumes of 4000 m3 because of the low cargo pressure (about 6 to 22

bar at -50 to -15 °C). For instinct, the Northern Lights project [13] uses
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a 7500 m3 gas carrier with two 3750 m3 type-C storage tanks. This is

similar to liquefied petroleum gas (LPG) carriers that transport semi-

refrigerated LPG. For example, the typical size range for a type-C LPG

tank is between 4000m3 to 22,000m3 [111]. No VLGC are yet used for

refrigerated CO2 transportation for profit reasons. But they have been

widely utilised for LNG. LNG carriers carry refrigerated LNG at 1 to 2

bars at -165 °C and utilise cargo tanks of up to 20,000 m3. The SST

transports liquid CO2 at environmental temperature, leading to higher

pressures of 40 to 60 bars and therefore requires a more demand-

ing burst pressure design. For thin-walled cylinder-shaped pressure

vessels, the burst failure is dominated by the yielding of the material.

Following Barlow’s formula, the internal pressure pinternal that a thin-

walled cylinder-shaped pressure vessel can withstand is calculated as:

pinternal =
2 · SF · σy · ttank

Dout
(4.1)

where σy is the yield stress, ttank is the wall thickness,Dout is the exter-

nal diameter of the cylinder, andSF is the safety factor. Xing et al. [19]

used this method to estimate the internal pressure capacity of the SST

cargo tanks when stainless steel 304 (yield strength σy = 207 MPa) is

applied. 1/SF=0.72 is used. The results, i.e., internal pressure capac-

ities, are presented in Table 4.2 for different vessel diameters and wall

thicknesses. As observed in Table 4.2, the Wtank/Vtank ratios are the

same for all cases. This is becauseWtank/Ltank and Vtank/Ltank are di-

rectly proportional to (diameter)2. This means designing larger cargo

tanks does not save structural weight or increase cargo capacity. How-

ever, the bending and welding of thicker plates can be more complex.

For this reason, the SST uses several smaller tanks instead of a single

large tank. Seven 5 m diameter main cargo tanks and six 2.5 m diam-

eter auxiliary cargo tanks are used [23]. The volumes are 1931 m3 and

483 m3, respectively, much smaller than the semi-refrigerated cargo

tanks discussed above. However, the cargo weight still constitutes a

large portion (53%) of the SST’s total weight.
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Table 4.2: Internal pressure capacities for the SST cargo tanks.

Diam-
eter
[m]

Wall
thick-
ness
[mm]

Internal
pressure
capacity
[bar]

Weight/length,
Wtank/Ltank

[kg/m]

Cargo vol-
ume/length,
Vtank/Ltank

[m3/m]

Ratio
Wtank/Vtank

0.5 7.5 45 92 0.20 471.02
1 15.1 45 370 0.79 471.02
1.5 22.6 45 832 1.77 471.02
2.5 37.7 45 2,312 4.91 471.02
5 75.5 45 9,248 49.64 471.02
10 151.0 45 36,993 78.54 471.02
15 226.4 45 83,235 176.71 471.02

4.2.2 Material Selection

The SST cargo tanks operate at environmental temperatures. This al-

lows the use of highly weldable carbon steels, such as SA-738 Grade

B, commonly applied to welded pressure vessels subjected to mod-

erate or low temperatures. This material choice suits the SST’s op-

erating conditions and ensures good weldability. However, for LNG

and LPG carriers, which experiencemuch lower service temperatures,

DNVGL-RU-SHIP-Pt2Ch2 recommends using fine-grained carbon-

manganese structural steels and nickel alloy steels [78]. They have

higher manganese and nickel content to achieve lower design tem-

peratures [112]. The DNV grade VL 4-4 suits semi-refrigerated CO2

tanks. It has a manganese content between 0.7-1.6% and a high ten-

sile strength between 490 and 610MPa [78]. In addition, VL 2.25Ni is

a potential choice for fully refrigerated cargo tanks due to its excellent

strength and toughness at low temperatures (-65 °C design tempera-

ture). However, these materials are more expensive and complex to

weld than the carbon steel used on the SST.
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4.3 Challenges on SST Operation

4.3.1 Energy Consumption

In typical CO2 transportation by vessels, energy consumption can be

categorised into three main areas: cargo processing, propulsion, and

pumping. Cargo processing includes liquefaction and cargo condition-

ing, which requires significant energy due to the multi-stage cooling

and compression required for boil-off gas liquefaction. However, the

SST transports CO2 at environmental conditions. Therefore, it does

not require cargo processing, resulting in substantial energy savings.

Table 4.3 compares the energy consumption per tonne of CO2 by

SST and ship for a 1,500 km trip. A fully refrigerated 20,000m3 vessel

transporting CO2 over a 1,500 km round trip has a specific energy con-

sumption of 25 kWh/tonne CO2 [108]. On the other hand, the SST’s

propulsion energy consumption at 6 knots speed is 289 kW as calcu-

lated in Section 3.7, resulting in 40,139 kWh for the 1,500 km trip. The

pumping energy consumption for loading and offloading is calculated

to be 3,900 kWh per trip. This means that the SST’s transportation

energy consumption is nearly 90% lower than that of the reference

surface ship, making it a highly energy-efficient and environmentally

friendly option for CO2 transportation.

Table 4.3: SSTCO2 transportation energy consumption and compar-
ison with ships.

Transportation method
SST environmental
temperature [23]

Ship with
refrigeration
at -52 °C [108]

Propulsion 40,139 kWh -
Pumping 3,900 kWh -
Other hotel loads 4,861 kWh -
Total energy consumption 48,900 kWh -
Specific energy 3.19 kWh/tonne 25 kWh/tonne
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4.3.2 Hydrate Formation

Hydrate formation in cargo tanks is a critical concern that must be

carefully avoided. Operating the SST within the hydrate formation

zone can lead to blockage and sealing issues in critical systems like

piping and seals.

Figure 4.5 illustrates the hydrate phase equilibrium points of pure

CO2. It shows that hydrate formation ismore likely to occur at very low

temperatures ranging from -40 to 0 °C. Therefore, when transporting

CO2 with refrigeration, it is essential to ensure that the CO2 liquid is

properly dried to prevent hydrate formation.
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Figure 4.5: Hydrate formation zone of CO2 and transportation
states.

However, the risk of hydrate formation is unlikely when CO2 is

transported at environmental temperatures (>8 °C). This is a signifi-

cant advantage of transporting CO2 under a pressurised state at room

temperature, as it reduces the need for extensive drying and refriger-

ation systems. Transporting CO2 in this manner can also mitigate the

risk of free water and corrosion due to the increased water solubility
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in CO2 at higher temperatures.

4.4 Concluding remarks

This chapter evaluates the most important challenges of CO2 trans-

portation with the SST. In theory, CO2 may be transported by the SST

as a saturated liquid under one of the 3 states: Refrigerated state (6

bar, -50 °C), semi-refrigerated state (22 bar, -10 °C), or pressurised

state (45 bar, 10 °C). Thermodynamic properties, purity captured from

the source facility, and hydrate formation are discussed. In conclu-

sion, transporting CO2 under a pressurised state at environmental

temperatures offers several advantages. It significantly reduces en-

ergy consumption by eliminating the need for liquefaction require-

ments. Additionally, using carbon steel for cargo tank construction

simplifies welding and reduces manufacturing costs. Moreover, the

risk of hydrate formation is significantly lower at room temperature,

reducing the likelihood of blockages in the piping and pumps. How-

ever, knowledge gaps still need to be addressed through further re-

search, such as the actual effects of saturated CO2 liquid with different

purity levels under various pressure and temperature conditions spe-

cific to the SST’s operation. Addressing these gaps will help ensure the

safe and efficient transportation of CO2 using the SST and gas carriers

in general.





Chapter 5

Hovering Control and

Analysis

This chapter introduces a comprehensive manoeuvring model and an

LQR control system for stabilising the SST in stochastic current con-

ditions. The flowchart of the model is depicted in Figure 5.1.

Initially, an SSTmanoeuvring planarmodel is presented in Section

5.1 based on the existing baseline design, wherein the SST utilises its

main propeller and two vertical tunnel thrusters to manage external

loads. Subsequently, a simplified state-space model is linearised from

the planar model. This linear state-space model is utilised to deter-

mine the LQR controller gain and Luenberger observer gain. The sen-

sitivity analyses of the linearisation point and observer gain are pre-

sented in Section 5.2.2 and 5.3, respectively.

The LQR controller calculates the hovering control inputu(t). The

incoming current ismodelled as a first-orderGauss-Markov process in

both current velocity and inflow angle. The SST states are measured

using a Luenberger observer. The model developed in this thesis con-

tributes valuable insights into manoeuvring and hovering analyses for

future extra-large AUVs currently under development, aiming to re-

duce carbon footprint and optimise ocean exploration. Additionally,

this model can address critical questions and enhance the conceptual

design process for such vehicles.
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Figure 5.1: Hovering analysis flowchart.

5.1 Model Description

5.1.1 Coordinate System

The vehicle body-fixed coordinate system is positioned at the vehicle’s

CoG. This body-fixed frame of reference moves relative to an earth-

fixed global reference frame, with its axes oriented as North, East, and

Down. The CoB is located directly above the CoG at the geometric

centre of the SST. The coordinate system is illustrated in Figure 5.2.

In Figure 5.2, N andD are translational motion in the earth-fixed

coordinate system; is the pitch rotationalmotion; u,w, and q are surge

velocity, heave velocity, and pitch velocity, respectively; u̇, ẇ, and q̇ are

the corresponding accelerations.
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Figure 5.2: SST coordinate system setup used in Chapter 5.

5.1.2 Plant Model

The baseline SST presented in Chapter 3 is used to develop the SST

manoeuvring model. The design configurations used in this study are

presented in Table 5.1. The manoeuvring system setup is presented in

Section 2.2 and the derived hydrodynamic derivatives are presented

in Table 5.2.

Table 5.1: SST design parameters used in Chapter 5.

Parameter Value Unit
Length 164 m
Beam 17 m
Total mass 3.36×107 kg
Pitch moment of inertia Iyy 3.63× 109 kg∙m2

CoB [xb, yb, zb] [0, 0, -0.41] m
Forward tunnel thruster position xtf 60 m
Aft tunnel thruster position xta -60 m
Tunnel thruster diameter Dt 2 m
Tunnel thruster thrust coefficient KTt 0.4 -
Main propeller diameter Dp 7 m
Main propeller thrust coefficient KTp 0.19 -
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Table 5.2: SST hydrodynamic derivatives calculated following Sec-
tion 2.2.

Parameter Value Unit Parameter Value Unit
Xu̇ -5.14×105 kg Z|q|q 4.79×109 kg∙m
Zẇ -3.29×107 kg M|q|q -4.34×1012 kg∙m2

Mẇ -4.40×108 kg∙m Xwq -3.28×107 kg
Zq̇ -4.40×108 kg∙m Xqq -4.40×108 kg∙m
Mq̇ -6.39×1010 kg∙m2 Zuq 5.14×105 kg
X|u|u -1.64×104 kg/m Muq -4.40×108 kg∙m
Z|w|w -1.42×106 kg/m Zuw -2.42×105 kg/m
M|w|w 1.67×107 kg Muw -3.99×107 kg

5.1.3 Thruster

As illustrated in Figure 5.2, the SST is equippedwith two identical tun-

nel thrusters: a forward thruster and an aft thruster. The specific loca-

tions of these thrusters are detailed in Table 5.1. The thrust exerted by

each thruster, denoted as τt, is determined by Eq. (5.1). This equation

is then applied to compute the thrust of the forward thruster (τtf ) and

the aft thruster (τta).

τt = KTt · ρ · n2
t · d4t (5.1)

In the given equation, KTt=0.4 represents the thrust coefficient,

nt denotes the rotational speed of the thruster and dt stands for the

thruster diameter. The estimated diameter of the SST tunnel thruster

is approximately 2 meters, closely resembling current Kongsberg ma-

rine tunnel thrusters [113]. Remarkably, a single designated propeller

can generate a maximum thrust of 164 kN at a speed of 300 RPM,

equivalent to the lateral drags experienced during heaving at a speed

of 1 knot. The subsequent simulation results presented in Section

5.4 provide evidence that this design is proficient in delivering ample

thrust for the intended current speed during hovering operations.



5.1. Model Description 87

5.1.4 Main Propeller

A preliminary SST propeller design is documented together with the

baseline SST [23]. A 3-bladed Wageningen B-series propeller is em-

ployed for the SST in this configuration. The propeller’s diameter, de-

noted as dp, is set at 7 meters, while its thrust coefficient KTp is de-

termined to be 0.19. Similar to thrusters, the propeller thrust can be

derived as:

τp = KTp · ρ · n2
p · d4p (5.2)

where np is the propeller’s rotational speed (rotation per second).

5.1.5 Stochastic Ocean Current

Research studies and guidelines have previously addressed modelling

stationary ocean currents [114–116]. However, these models are inad-

equate for investigating the SST’s positioning challenges under time-

varying currents. The stochastic ocean current model adopted in

this study is based on the formulation introduced by Fossen [47] and

Sørensen [117]. This model characterises the current velocity and di-

rection as a first-order Gauss-Markov process. The representation of

the current profile is provided as:

V̇c + µ1Vc = ω1 (5.3)

θ̇c + µ2θc = ω2 (5.4)

Here, Vc represents the current speed, and θc denotes the inflow

angle. The constants µ1 and µ2 are associated with the time constant

of theGauss-Markov process, whileω1 andω2 areGaussianwhite noise

terms.

The non-negative constants µ1 and µ2 significantly determine the

rise time before a steady state is attained. This thesis selects a value of
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1 for both constants to expedite the rise time and establish a steady-

state current profile. Three mean current speeds are examined: 0.5

m/s, 1 m/s, and 1.5 m/s. The baseline SST design’s designated cur-

rent speed is set at 1 m/s. This value closely aligns with the highest

seasonal current velocities of approximately 0.96 m/s, as observed in

the northern North Sea [118]. Additionally, the Norwegian Petroleum

Directorate [72] has indicated that theNorwegian Coastal Current, ex-

tending from northern Scotland to the eastern North Sea at depths up

to 100 m, frequently exceeds speeds of 1 m/s. It is important to note

that the current speed is initially defined within the global NED frame

and is subsequently transformed into the SST’s body-fixed frame. This

converted value is then incorporated into the SST’s velocity to calcu-

late the hydrodynamic forces.

During the setup of the model in Simulink, the current speed is

expressed in the global NED frame. It is then converted into the body-

fixed frame and added to SST velocity to calculate the hydrodynamic

forces.

5.1.6 Model Implementation

The mathematical concepts outlined above are translated into a

Simulink model, visually represented in Figure 5.3. This model is

compartmentalised into three distinct blocks, each contributing to the

overall simulation:

• Plant Model: This block encapsulates the equations governing

the SST’s motion. It considers the SST’s hydrodynamic charac-

teristics, encompassing factors like added mass, damping, and

the influence of body lift forces.

• Actuators: All actuator-related effects are consolidated within

this block. This includes contributions from components such

as the propeller, skeg (hydroplane), ballast tanks, and thrusters.
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Figure 5.3: Simulink model implementation.

For this chapter, the ballast tank is simplified as a constant mass,

ensuring the SST remains neutrally buoyant.

• Current: Ocean current is generated within this block. The cur-

rent velocity is then integrated with the SST’s velocity, providing

the relative velocity between the SST and the surrounding flow.

5.1.7 Control System

The methodology regarding the controller and observer design is pre-

sented in Section 2.3. A block diagram that illustrates the control loop

for the SST hovering problem is depicted in Figure 5.4. The configu-

ration of this control diagram resembles that of a full-state feedback

control system with an observation mechanism.

As indicated in the diagram, the initial step involves calculating the

actuator control inputu based on state feedback and a trajectory refer-

ence. This calculated input is then fed into the SST manoeuvring sys-

tem, which interacts with current disturbances to generate the output

y. To measure the SST states, an observer is employed, which takes

both the system control input u and the system output y as inputs

and produces the estimated state x̂ as output. Subsequently, the esti-

mated states are multiplied by the controller gain to derive the feed-
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back, which is eventually employed to compute the final actuator con-

trol input u.

Subsea Shuttle
Tanker

Observer

K

Trajectory
reference

Control input
u

Current 
disturbances

Output
y

Estimated
state

+

C

Figure 5.4: Simulink model implementation.

5.2 Model Linearisation

5.2.1 Linearisation Process

The SSTmanoeuvring model is complex due to its nonlinear, coupled,

and time-dependent nature. However, to establish a controller gain,

getting linearised time-invariant matrices A and B becomes neces-

sary. This entails deriving a linear state-space representation through

model linearisation, a process facilitated by the MATLAB model lin-

eariser [119].

In this context, the input to the linearised model is defined as

u = [ntf ;np;nta], representing the revolution speeds of the front tun-

nel thruster,main propeller, and aft tunnel thruster. Correspondingly,

the model outputs are denoted as y = [N ;D; θ], signifying longitudi-

nal, vertical, and pitch motions. This configuration leads to the deter-

mination of the state vector x = [N ;D; θ; Ṅ ; Ḋ; θ̇].
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The linearisation process is carried out at a specific operating point

with a current velocity of 1 m/s (design current speed) and a heading

angle of 1°. A subsequent sensitivity analysis is performed to validate

the model’s responsiveness. Consequently, the matrix dimensions are

structured as follows: A is a 6 by 6 matrix, B is a 6 by 3 matrix, and

C is a 3 by 6 matrix, as outlined below:

A =




0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

0 0 2.65× 10−5 −1.00× 10−3 −1.21× 10−4 −1.45× 10−2

0 0 2.87× 10−6 −1.32× 10−4 −8.91× 10−3 5.18× 10−2

0 0 −2.37× 10−2 6.21× 10−5 3.87× 10−3 −5.96× 10−2




(5.5)

B =




0 0 0

0 0 0

0 0 0

2.54× 10−10 −8.80× 10−5 4.24× 10−10

3.84× 10−6 −5.25× 10−9 6.40× 10−6

7.13× 10−7 0 −1.19× 10−6




(5.6)

C =



1 0 0 0 0 0

0 1 0 0 0 0

0 0 1 0 0 0


 (5.7)

5.2.2 State-Space Model Linearisation Point

Sensitivity Analysis

To create the linear state-space model, the selected current velocity

and inflow angle influence the state and input matrices. To better un-

derstand these effects, a steady-state sensitivity analysis is conducted.

This analysis allows a deeper understanding of how current velocity
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and inflow angle variations influence the system’s behaviour.

The SST manoeuvring model is linearised at four distinct steady

points. Each controller gain is associated with an identity matrix for

the Q matrix, while the R matrix is diagonal and the diagonal values

are set to
[
1× 10−2; 1× 10−4; 1× 10−4

]
for the main propeller, front

tunnel thruster, and aft tunnel thruster, respectively.

All linear state-space models are obtained with a constant current

speed of 1 m/s. Additionally, four different current inflow angles (1°,

5°, 10°, and 15°) are selected to investigate the effects of different flow

conditions on the system’s linear behaviour.

The designed controllers are then put onto the nonlinear SST

model for sensitivity study. Figure 5.5 exemplifies a current profile

used in the study. A 500-second realisation of the incoming ocean cur-

rent speed and inflow angle is presented. To test the LQRs designed

by the linear models, the mean inflow velocity is defined as 1 m/s and

the mean inflow angle is set to 0 rad.
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0.5
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Time [s]

-0.5
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Figure 5.5: Inflow stochastic ocean current 500 s realisation.

Figure 5.6 illustrates the hovering performances of the SST using
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the controller gains obtained from the linear state-space model based

on the mentioned linearisation points. The same current profile is ap-

plied in all cases. Notably, despite the different controller gains, all

systems remain stable, demonstrating that the SST effectively main-

tains its position while hovering. The stability of this closed-loop

system does not show sensitivity to the selected linearisation points.

However, the linearisation point does impact the heave and surgemo-

tions. In the surge motion results presented in Figure 5.6 (up), a tran-

sient time of approximately 200 s is observed, during which the cur-

rent pushes the SST backwards. This steady offset is approximately

1.2 m and remains consistent across all four cases. The amplitude of

fluctuation decreaseswith the linearisation inflow angle, and themini-

mum fluctuation is observed for c=1°. Notably, linearising at 15° yields

significantly worse results in surge motion compared to other cases.
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Figure 5.6: SST hovering control performance for LQR designed
from state-space models obtained at different linearisation points.

Regarding the surge motion (shown in Figure 5.6), the variation

in maximum offset is relatively moderate. Nonetheless, the 15° case
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still exhibits the highest maximum response. Among the cases con-

sidered, linearising the model at a smaller inflow angle (1°) can result

in a controller gain with superior performance in the heave direction.

The SST hovering problem exhibits negligible pitch motion due to

the significant hydrostatic restoring force. However, in the 15° case,

negative maxima can be observed at 500 s. It is essential to highlight

that the SST linear model cannot be obtained when the linearisation

point is at 0°. This is because a 0° angle of attack does not capture

the contribution from tunnel thrusters. Hence, for this study, the lin-

earised state-space model obtained from linearisation at a steady cur-

rent speed of 1 m/s and an angle of attack of 1° is used.

5.3 Observer Pole Position Sensitivity

Analysis

The SST linear state-space model’s observability matrix (Obs) is non-

singular, with a total column rank of 6. As a result, the poles of the

error dynamics can be positioned in the negative half-plane to guar-

antee stability [47]. However, the desired closed-loop pole positions

for the SST observer are not explicitly specified. Therefore, a sensitiv-

ity analysis is conducted to determine the observer pole position with

minimal error. This section chooses four sets of pole positions, as out-

lined in Table 3. All closed-loop poles are located in the left half-plane

but at varying distances from the origin.

Table 5.3: Observer pole position.

N D θ Ṅ Ḋ θ̇

Pole position 1 (P1) -0.5 -0.5 -0.5 -0.2 -0.2 -0.2

Pole position 2 (P2) -2 -2 -2 -1 -1 -1

Pole position 3 (P3) -4 -4 -4 -2 -2 -2

Pole position 4 (P4) -8 -8 -8 -4 -4 -4

The results of the four cases, including measurements and actual
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motion, are displayed in Figure 5.7. For this simulation, themean cur-

rent speed is set to 1 m/s. The state-space model linearised at a 1° in-

flow angle is selected to provide the best performance. The Q matrix

is set to the identity matrix, and the diagonal values in the R matrix

are set to
[
1×10−2; 1×10−4; 1×10−4

]
for calculating the controller gain.

The Luenberger observer successfully provides measurements for all

cases, as the simulation results indicate. However, smaller errors are

observed for the observer whose poles are close to zero (Observer P1).

On the other hand, the errors in cases P2, P3, and P4 are negligible.

Moreover, even when the same pole position is used, a smaller mea-

surement error is found in heave than surge or pitch, as shown in Ta-

ble 5.3.
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Figure 5.7: Observer performance of cases in Table 5.3.

The observer’s closed-loop pole positions influence the perfor-

mance of the controller. Placing the poles further to the left results

in less offset induced in the system. As shown in Figure 5.7, cases P3

and P4 deliver slightly better surge performance compared to P2, with

significantly smaller steady offsets than P1. All observer gains exhibit

similar results for heave displacement in the same order. However,

P2, P3, and P4 outcomes are consistently advantageous over P1. Re-

garding pitchmotion, the differences between the four cases are negli-

gible, as the SST’s trim angle is balanced by hydrostatic restoring force
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rather than tunnel thrusters.

Figure 5.7 also demonstrates that the performance gap between P3

and P4 is insignificant, indicating that placing pole positions further

to the left does not substantially enhance the performance anymore.

Consequently, the pole positions in case P3 are chosen to obtain the

observer gain as they offer favourable outcomes.

5.4 SST Trajectory Envelope

The SST’s designed current speed is set to 1 m/s [23], representing the

highest seasonal average current speed observed in the North Atlantic

and Norwegian Coastal currents [71–73].

The adapted linearisation is conducted at the operating point with

a steady current velocity of 1 m/s design current speed and a fixed 1 °

small-angle heading.

In this study, the trajectory envelope of the SST is investigated un-

der three different current conditions: 0.5 m/s, 1 m/s, and 1.5 m/s.

These current speeds correspond to low, designed, and extreme cur-

rent conditions, respectively. Each simulation is conducted for four

hours, corresponding to the typical time span of a loading or offload-

ing operation.

The performance weight matrixQ is set to identity, and the diago-

nal values in the Rmatrix are
[
1×10−2; 1×10−4; 1×10−4

]
. The time se-

ries of surge, heave, and pitchmotions of the SSTunder current speeds

of 0.5m/s, 1 m/s, and 1.5m/s are presented in Figure 5.8. It is evident

from the figure that the closed-loop system is stable. The amplitudes

of all motions increase with the mean inflow velocity. Specifically, the

largest surge displacements for the three cases are -0.79 m, -1.38 m,

and -2.04 m for 0.5 m/s, 1.0 m/s, and 1.5 m/s, respectively.

In terms of heave motion, the maximum observed value is 1.18 m

for Vc=0.5 m/s, which increases to 1.70 m for Vc=1.0 m/s and 2.63 m

for Vc=1.0m/s. The pitchmotions are not negligible for all three cases,
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with maximum values of 0.016 rad, 0.032 rad, and 0.044 rad for 0.5

m/s, 1.0 m/s, and 1.5 m/s current speeds, respectively.
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Figure 5.8: Time series of SST motion under three different current
speeds.

Figure 5.9 illustrates the required propeller and thruster thrusts

during the offloading operation. Due to the SST’s slender body with a

slenderness ratio of 9.65, its sideways drag is significantly higher than

the drag in the heading direction. Consequently, the required thrusts

for the tunnel thrusters are also higher than the thrust required for the

main propeller.

Figure 5.10 provides a summary of the propeller thrust time series.

In the case of a 0.5m/s current speed, themean thrust is 4.7 kN, while

the maximum required thrust reaches 9.1 kN. When facing a mean in-

flow speed of 1 m/s, the mean thrust increases to 17.9 kN, with the

maximum thrust reaching 37.9 kN. In the extreme current scenario of
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1.5 m/s, the average thrust is 40.6 kN, while the maximum required

thrust reaches 68.2 kN. These results highlight the substantial thrust

demands experienced by the SST during offloading operations in vary-

ing current conditions.
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Figure 5.9: Time series of SST motion under three different current
speeds.

The required thrusts for the front and aft tunnel thrusters are

closely related, showing a high correlation. However, the aft thruster

generally providesmore thrust than the front thruster. In the four sim-

ulations conducted, the highest thrust values are 35.6 kN, 126.3 kN,

and 320.1 kN for current speeds of 0.5 m/s, 1.0 m/s, and 1.5 m/s, re-

spectively. The required thrust increases proportionally to the square

of the inflow velocity. The existing tunnel thrusters used in other ships

[113] are sufficient to meet the thrust requirements of the SST under

its designed current speed conditions.
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Figure 5.10: SST propeller and thruster mean thrust.

Finally, the trajectory envelope of the SST is presented in Figure

5.11, representing the footprint of the SST during the four-hour simu-

lations. The area of the envelope expands as the mean current speed

increases. The heave offset is 1 m, 2 m, and 2.5 m for current speeds

of 0.5 m/s, 1 m/s, and 1.5 m/s, respectively. In comparison, the surge

motions are relatively insignificant, with the maximum surge offset

being -0.25 m for the 1.5 m/s current speed case. The observed mo-

tions in the presented cases are relatively negligible, given that the SST

has a length of 164m and a beam of 17 m. As a result, the SST remains

stable throughout the entire offloading process.

5.5 Concluding remarks

This chapter applies the proposed SST manoeuvring model and de-

signs an LQR controller for stable hovering. The planar model is de-

veloped based on the baseline design geometry to study the SST’s ver-

tical position keeping in a current using its propeller and two indepen-
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Figure 5.11: Observed trajectory envelope of the SST for four hours.

dent tunnel thrusters. The ocean current profile follows a first-order

Gauss-Markov process. The SST motions are measured using a Luen-

berger observer and then used as input to an LQR controller to calcu-

late the control input. The SST linear state-space model is obtained

from four linearisation points, and it is confirmed that the selection

of linearisation points does not affect the stability of the closed-loop

system. However, choosing a smaller inflow angle of 1° leads to better

controller gain performance, but it cannot be reduced to 0° as it does

not capture thruster contributions.

The model’s controllability and observability are confirmed, with

a good measurement provided by the Luenberger observer on heave

motion compared to surge and pitch motions. Placing the observer

poles further to the negative real axis can reduce the error and improve

hovering performance.

The model serves as a basis to address critical questions related

to the design and operation of the SST and its associated facilities.

Three four-hour time-domain simulations demonstrate that the SST



5.5. Concluding remarks 101

canmaintain its position using its actuators. The tunnel thrusters pro-

vide sufficient thrust to cope with the designed current speed of 1 m/s.

An envelope of the SST’s trajectory during offloading under three dif-

ferent mean current velocities is outlined, with maximum surge and

heave motions increasing with current speed.

The developed model opens up avenues for further research stud-

ies, including exploring system failure [64] or extreme current speed

scenarios [37] and their impact on structural integrity. Extreme load-

ing conditions can be predicted using probabilistic methods to ensure

safety in SST design and operation. Additionally, the model can be

coupled with dynamic tools like SIMA or OrcaFlex for offloading sub-

sea flowline design [120]. This work enhances our understanding of

manoeuvring and contributes to developing extra-large autonomous

subsea vessels.





Chapter 6

Extreme Current Hovering

Analyses

6.1 Extreme Current

The baseline SST design, intended for deployment in the Norwegian

sector of the North Sea, utilises current data from the region. Insights

from Pugh’s study (1982) [121] are employed to determine extreme

current velocities. Pugh’s work applied joint tide-surge probability

techniques to observational data from InnerDowsing in theNorth Sea,

resulting in estimates of extreme current distributions and velocities.

The summary of the extreme current prediction outcomes is presented

in Figure 6.1. The figure illustrates that the highest current velocity oc-

curs in the South-West direction at 165°, corresponding to an extreme

current speed of 1.6 m/s with a 50-year return period. This value is

subsequently employed as the mean current velocity for generating

stochastic current time-domain realisations.

The ocean current realisation is presented in Section 5.1. As de-

picted in Figure 6.2, a 500-second snapshot of the stochastic current

realisation is showcased. Themean current velocity ismeticulously set

at 1.6 m/s, while the corresponding mean inflow angle remains fixed

at 0 °.
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Figure 6.1: Extreme current velocity distribution at Inner Dowsing
[116].

0 100 200 300 400 500
0.5

1

1.5

2

2.5

0 100 200 300 400 500

Time [s]

-0.5

0

0.5

Figure 6.2: Exemplified extreme current realisation.
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Figure 6.3: SST response in 500 s realisation.

6.2 Time-Domain Response

An 80-hour realisation is conducted, encompassing 20 independent

4-hour simulations meticulously executed within the Simulink envi-

ronment (model explained in Section 5.1). The response of the SST is

described by the state vector x =
[
N ;D;θ; Ṅ ; Ḋ; θ̇

]
, is displayed in

the global coordinate system, aimed at depicting the performance of

both the controller and the observer. Figure 6.3 compares measured

and actual states.

Observing Figure 6.3a, it becomes evident that the observer

adeptly furnishes accurate measurements for the SST’s surge, heave,

and pitch displacements. Furthermore, Figure 6.3b illustrates the

close correspondence between the observed and actual surge, heave,

and pitch velocities. In the illustrated temporal sequence, the SST

maintains a consistent surge offset of approximately 1.2 metres and

a fluctuation amplitude of roughly 0.2 metres. In contrast, the heave

motion of the SST showcases an amplitude of around 2metres, signif-

icantly greater than the surge displacement. This substantial heave

motion arises due to the formidable lateral drag force experienced.

Meanwhile, the pitch motion of the SST in the presented scenario re-

mains subdued, registering a value lower than 0.04 radians. Notably,

this seemingly modest pitch motion can still translate to an over 2-
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metre deviation both forward and backward along the vessel’s length,

given the substantial size of the SST (164 meters). Turning attention

to Figures 6.4a and 6.4b, the power spectral density (PSD) of the heave

and pitch motions are depicted, respectively. Notably, the heave mo-

tion exhibits its peak at a frequency of approximately 5×10−4 Hz, cor-
responding to an eigenperiod of roughly 30 minutes. Likewise, the

pitch motion’s peak frequency is around 0.017 Hz, equivalently coin-

ciding with an eigenperiod of about 10 minutes. These spectral char-

acteristics provide valuable insights into the dominant frequency com-

ponents of the SST’s heave and pitch motions.
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Figure 6.4: Power spectral density for the (a) heave and (b) pitch of
the SST.

Analysing the SST’s time series data reveals the responses observed

at the five designated measurement points, as indicated in Figure 6.5.

The resulting extremities of maximum and minimum depth excur-

sions across 20 realisations are visually represented in Figures 6.6a

and 6.6b, respectively. These parameters inherently provide crucial

insights into the SST’s depth excursion characteristics. Furthermore,

they serve as foundational components for predicting the long-term

extreme depth variations experienced by the SST. This predictive ca-

pability plays a pivotal role in optimising the vessel’s design by identi-

fying values contributing to a cost-effective and efficient solution.

The regions experiencing extreme depth excursions are primarily
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Figure 6.5: SST extreme depth excursion measurement points.

situated at the bow and aft sections of the vessel. This tendency is at-

tributed to the substantial influence of pitch motion at these specific

positions. As a result, it is anticipated that the minimum depth excur-

sions will occur at the bow and aft of the upper boundary of the SST,

namely Point 3 and Point 2, as delineated in Figure 6.6b. Conversely,

themaximal depth excursionsmanifest at the bow and aft of the lower

boundary, denoted by Point 4 and Point 5, as depicted in Figure 6.6a.

Measurement Point 1 is strategically located at the centroid of the SST

to provide a benchmark for comparison and analysis.

This comprehensive assessment of depth excursions across differ-

ent vessel regions is invaluable in enhancing our understanding of the

SST’s behaviour. Furthermore, it guides the formulation of a robust

and cost-efficient design strategy, ensuring the vessel’s stability and

performance throughout its operational lifespan.

6.3 k Value Selection

As discussed in Section 2.4.1 and in accordance with the principles

outlined in Naess and Gaidai (2009) [61], the series of iterative condi-
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Figure 6.6: Maximum and minimum depth off-site for the points of
interest in each realisation. Points 1 to 5 are illustrated in Figure 6.5.

tioning approximations, denoted as Pk(η), progressively converge to-

wards the ultimate distribution P (η) as the value of k increases. This

iterative process is explored across varying k values ranging from 1 to

6, yielding insights into the behaviour of the extreme depth excursion

for Point 4. The outcomes of this analysis are succinctly presented in

Figure 6.7.

Notably, the response parameter η remains consistent across the

range of k values from 1 to 6. However, with the sameACERk(η), η is

more conservative (larger) for k=1 while the values for k ≥2 are very
close. Therefore, it is concluded that applying k=2 returns an accu-

rate prediction of the SST extreme depth excursion for the measured

points.

6.4 Extreme Depth Excursion Predicted

by ACERMethod

Within this section, the SST measurement points’ extreme depth ex-

cursions are studied using the ACERmethod within the context of the

80-hour simulations. The outcomes of this analysis are briefly show-

cased in Figure 6.8 and Figure 6.9, with the extrapolation results with
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Figure 6.7: ACER functions for maximum depth excursion of Point
4 with different k values.

an exceedance rate of 1×10-6, corresponding closely to a 50-year re-
turn period. In both figures, the 95% confidence interval (CI) is illus-

trated using dashed lines, while the fitted 95% CI is deftly depicted

using dotted lines. An alignment with the simulation results is read-

ily apparent when observing the ACER method’s performance. This

alignment confirms the method’s robustness and efficacy.

The minimum extreme response of the SST is observed at Point

2, as shown in Figure 6.8b). The value with a 1×10-6 exceedance rate
is -16.35 m from the reference offloading position, 2.75 m above the

value for the SST bow. As a reference, this extreme value for the SST

centroid (Point 1, Figure 6.8a) is -3.74 m. The results indicate that if

the SST offloads at 40 m safety depth, the minimum extreme depth

excursion is 23.65 m (upper bound).

Figure 6.9 presents the maximum depth excursion extrapolation

results. Themaximum positive off-site (lower bound) is also observed
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Figure 6.8: ACER extrapolation for minimum depth excursion. (a)
Point 1. (b) Point 2. (c) Point 3.
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Figure 6.9: ACER extrapolation for maximum depth excursion. (a)
Point 1. (b) Point 4. (c) Point 5.

at the aft (Point 4, Figure 6.9b). Its value is 15.98 m, slightly lower

than the absoluteminimumdepth excursion (16.35m). Themaximum

extreme depth at the SST bow (Point 5, Figure 6.9c) is 2.32 m smaller.

Themaximumextremeoff-site for Point 1 is 3.74m, as shown inFigure

6.9a, the same as the absoluteminimumextreme. Therefore, when the

SST is offloading at a 70mwater depth, themaximumdepth excursion

of the SST with a 1×10-6 exceedance rate is 86 m.
Finally, the summation of ACER prediction outcomes is listed in

Table 6.1. Meanwhile, Table 6.2 imparts the outcome of extrapolation

for 1-year and 5-year motions at designated points 1 and 4.

The key findings outlined in this paper are graphically summarised

in Figure 6.10. Within this context, the approved range for offload-
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ing depths for the SST comfortably spans from the secure 40 m safety

depth to the stipulated 70 m nominal diving depth. To elaborate, the

SST’s permissible region for offloading depths is situated within 40 m

(safety depth) and 70m (nominal diving depth). However, in extreme

current conditions, particularly at 1.6m/s, themaximumdepth excur-

sion can extend to 86 m, while the minimum extreme depth reaches

23.65 m. From a design perspective, it’s noteworthy that the maxi-

mum depth excursion falls significantly short of the 190 m collapse

diving depth, implying that the existing guidelines tend to be overly

conservative in delineating the SST’s collapse pressure. With a more

nuanced understanding of the SST, there is ample room to reduce this

value substantially.

From an operational standpoint, several considerations arise.

Firstly, when the SST is engaged in offloading operations, it should

maintain a minimum distance of 16 m above the upper boundary of

any subsea installations to mitigate collision risks. Additionally, the

maximum draught of any surface or floating installations must not

exceed 23 m, corresponding to the minimum depth excursion when

the SST offloads at the lowest allowable operational depth within the

SST’s operational region. Similarly, in scenarios where the SST is con-

ducting offloading operations in areas with substantial draught from

floating structures, a minimum safety distance of 16 m should always

be upheld.

Table 6.1: Extreme value responses using ACER method for an ex-
ceedance rate of 1×10-6.

Extreme
depth

Measurement
point

Extrapolation
value

95% CI- 95% CI+

Minimum
depth

Point 1 -3.74431 -3.28976 -4.04082
Point 2 -16.3476 -15.1519 -16.9326
Point 3 -13.5987 -12.9733 -13.8570

Maximum
depth

Point 1 3.75786 3.50877 3.91145
Point 4 15.9833 15.3909 16.5901
Point 5 13.6554 13.3068 13.8259
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Table 6.2: SST depth excursion response predictions with 1-year and
5-year return period.

Point number Exceedance rate Equivalent return period Extrapolation value

Point 2
3.7×10-5 1-year -15.1
7.6×10-6 5-year -15.7

Point 4
3.7×10-5 1-year 15.0
7.6×10-6 5-year 15.5

Safety depth 40 m

Nominal diving depth 70 m

Collapse depth 190 m

Minimum extreme 23.65 m

Maximum extreme 86 m

Nominal operation depth 
region
Extreme depth excursion 
region (Predicted by ACER)

SST collapse region

Figure 6.10: Depth region of SST offloading.

6.5 Concluding remarks

Current engineering codes often tend to be conservative, mandating

substantial safety factors that lead to overly heavy structural designs.

Consequently, obtaining knowledge about the SST’s maximum re-

sponse holds dual advantages in the study of such commercial subsea

vehicles. Firstly, understanding the extreme depth excursion reveals

the utmost potential deviation from the SST’s designated offloading

position. This insight reduces uncertainties and facilitates a more ro-

bust design approach, thereby decreasing the safety factor embedded

in the structural design.

Moreover, the extreme depth excursion furnishes essential infor-

mation for decision-makers involved in SST operations. This chapter

delineates the SST’s maximum and minimum deviations from its in-

tended offloading reference point. In the context of offloading activ-

ities, it establishes the minimum safety distance for subsea installa-
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tions and floating structures.

This chapter studies the extreme response of the SST hovering dur-

ing offloading. The 2D planar model presented in Chapter 5 is used in

this chapter. The mean current velocity is set to be 1.6 m/s, corre-

sponding to observation data in the North Sea with a return period

of 50 years. Twenty 4-hour simulations are performed to get the SST

response. Then, the extreme responses with the exceedance rate of

1×10-6 from 5measurement points located at the SST centroid, upper-

aft, upper-bow, lower-aft, and lower-bow are studied using the ACER

method. The main findings are summarised as follows:

• Effect of k value from 1 to 6 is studied, and the result shows that

k can provide a very accurate prediction of the SST extreme re-

sponse during hovering.

• The collapse design of the SST proposed by DNVGL-RU-NAVAL-

Pt4Ch1 [70] is very conservative for the SST. The extreme depth

excursion happens at the SST aft during hovering, and the max-

imum depth excursion is 86 m. This means the 19 bar (corre-

sponds to 190 m water depth) collapse pressure can be signifi-

cantly reduced.

• From an operational perspective, a minimum 16 m safety dis-

tance is suggested for the SST hovering. The SST should avoid

any subsea or floating structures with a minimum 16 m distance

to avoid a potential collision.

• When the SST offloads at a 40 m safety depth, the maximum

draught of the floating structures in the vicinity should be less

than 23 m.



Chapter 7

Safety Operational

Envelope

Severe consequences, including leakage of CO2 or hydrocarbon, loss

of the vessel, and damage to offshore facilities and third parties, can

be induced by SST accidents. These consequences can further lead to

property loss, pollution or even casualties. Therefore, ensuring safety

during SST operation is essential in the design phase. The concept that

effectively combines safety and dynamic control for SSTs is the Safety

Operating Envelope (SOE). This envelope comprises a set of manoeu-

vring limits that outline the safe operational boundaries of the system.

Due to variations in manoeuvring limits across different systems, the

appearance of the SOE can differ. The use of the SOE offers a straight-

forward approach to assessing the operational safety of various sys-

tems, and it has been successfully applied to a diverse range of vessels,

including ships [122], submarines, and aeroplanes [123].

The SOE for SSTs draws inspiration from established practices in

naval submarines. Its application has been a decades-long practice

required by the state-of-the-art DNV naval submarine code [70]. This

requirement presents manoeuvring limits on submarine operations,

ensuring survivability despite credible failures. There are two ways to

depict an SOE [124]. One method employs manoeuvring limitation

diagrams, illustrating safety limits on control plane pitch angles. The
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othermethod uses safemanoeuvring envelopes to outline safety limits

based on initial trim conditions. This study predominantly presents

the safe manoeuvring envelope.

Applying the SOE to submarines is not a novel practice. As far back

as 1966, Giddings and Louis studied the emergency recovery of a 150-

tonne submarine under conditions of surface jams and flooding [125].

The historical incident involving the INS Dakar submarine in 1968,

which encountered an aft plane jam and exceeded collapse depth re-

sulting in casualties [126], further highlights the necessity of the SOE.

The impact of the SOE on submarine design and dynamics was ex-

plored by Burcher and Rydill [15], who concluded that it significantly

influences submarine dynamics and control systems. British defence

technology companyQinetiQ’s research [127] affirmed this impact and

highlighted the efficacy of an X aft configuration in controller jams.

Additionally, Park and Kim’s investigations [128, 129] into submarine

depth excursion led to the design of an SOE protection system during

an aft control plane jam.

Illustrated in Figure 7.1, a typical SOE for a submarine takes the

form of a depth versus velocity diagram. This diagram illustrates the

submarine’s capability to withstand credible failures, such as flood-

ing or control plane malfunctions. In essence, the SOE acts as a safe-

guard, minimising operational risks by ensuring that the vessel main-

tains sufficientmanoeuvrability even in the face of predefined failures.

Applying this concept to the SST, its safety operating envelope can be

delineated into six distinct zones, each with specific characteristics:

• Jam-to-rise avoid zone: In this zone, the SST faces the risk of

surfacing uncontrollably in the event of a control plane malfunc-

tion.

• Restricted operation zone: The SST’s manoeuvrability is re-

duced at higher speeds. This zone imposes restrictions on the

maximum pitch and control plane angles to mitigate risks.
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• Unrestricted operation zone: When the SST operates within

this zone, it enjoys unrestricted freedom of movement in terms

of depth and velocity.

• Flood avoid zone: Slow speeds coupled with the presence of

water in free-flooding compartments can impede the SST’s con-

trol planes from generating sufficient lift force. As a result, there

is a risk of sinking and surpassing the collapse diving depth.

• Jam-to-dive avoid zone: This zone entails the danger of the

SST exceeding its collapse diving depth due to a control plane

malfunction.

• Collapse diving depth avoid zone: This zone pertains to sce-

narios where the SST operates above its designated nominal div-

ing depth.

By mapping out these zones, the SOE empowers the SST with a

clear operational framework that ensures safety and manoeuvrability

across considered failure scenarios.

Conducting an SOE analysis proves instrumental for the SST in de-

termining both its optimal service speed and operating depth. This

analysis systematically evaluates the feasibility of the SST’s service

speed, considering potential emergency recovery scenarios. To illus-

trate, consider the baseline SST, engineered for a deliberate 6-knot

slow speed to achieve a remarkable 90% reduction in energy con-

sumption compared to conventional tanker ships [23]. Nonetheless,

insights from Figure 7.1 suggest that such a slow speed could make

the SST vulnerable during flooding. Consequently, implementing a

minimum service speed becomes imperative to ensure operational re-

silience.

Moreover, the SOE reduces the safety factor currently applied to

the SST’s structural design, thereby granting the space for expanding

its operational depth. In the case of the baseline SST, characterised
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Figure 7.1: Safety Operational Envelope Example.

by a nominal diving pressure of 7 bar (equivalent to 70 metres), ad-

hering to a safety factor of 2.7, as prescribed by the DNV naval sub-

marine code [70], results in an exceptionally high collapse depth es-

timation of 190 metres – demanding a heavy and complex steel con-

struction. Nevertheless, by comprehensively understanding the SST’s

recovery behaviour in the event of a malfunction, it becomes feasible

to contemplate a reduction in the safety factor from an operational

safety standpoint. It is noteworthy that the SOE design remains un-

influenced by the depth and seabed properties. Instead, it empowers

decision-makers in determining the most suitable depth and seabed

clearance for SST operations.

Contrasting the extensive history of SOE analysis in naval sub-
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marines, there remains to be a notable dearth of published applica-

tions in the context of commercial submersibles. Moreover, as an in-

novative merchant vessel, the SST diverges from conventional sub-

marines in numerous facets. Notably, hazards and their effects differ

significantly, given that the SST travels slower than naval submarines.

Additionally, the SST’s distinct structural composition aimed atmain-

taining aminimum50%payload relative to its dryweight for economic

attractiveness [19] markedly reduces its collapse pressure compared

to naval submarines. This makes the SST SOE distinguished from

naval submarines. Therefore, this study advances our understand-

ing of SOE analysis for commercial and non-military submersibles,

including subsea gliders [32, 130]. It can address the singular chal-

lenges presented by such vessels. The framework outlined herein

holds promise for application on other novel subsea vessels currently

in development, all intending to advance a sustainable and low-carbon

maritime sector.

7.1 Model Set-Up

7.1.1 Manoeuvring Simulation Model

The SST manoeuvring model is derived following Section 2.2, and the

Simulink model is presented in Section 5.1.

7.1.2 Compensation Tanks Modelling

The SST is equipped with two compensation tanks situated at the

bow and aft free flooding compartments, as designed in Chapter 3

and depicted in Figure 3.2. These tanks are ballasted during nor-

mal operations. The ballast volumes within these compensation tanks

depend on the cargo tank’s condition, ensuring neutral buoyancy—a

state where the SST’s weightmatches its buoyancy. During emergency

risingmanoeuvres, compensation tank blowing is initiated. This tank-
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blowing procedure closely follows the established processes used in

crewed naval submarines, as extensively documented in references

[131–134].

The schematic representation of the compensation tank blowing

during an emergency recovery is presented in Figure 7.2. This pro-

cess unfolds in three steps. First, the high-pressure air system blows

compressed air from the air reservoir into the tank. This rapid air in-

jection swiftly increases compensation tank pressure, eventually sur-

passing the external hydrostatic pressure. Subsequently, the volume

of air inside the compensation tank expands, expelling ballast water

from the lower portion of the tank. This expulsion of ballast water is a

key mechanism in facilitating the SST’s ascent. Eventually, the buoy-

ancy force generated exceeds the SST’s weight, compelling it to rise to

the surface.

Bettle [131] outlines this procedure using an air-volume ratio

within the compensation tank. This mathematical formulation for the

SST can be expressed as follows:

V ola
V olt

= A1 +
√
A2

1 + A2
2 (7.1)

A1 =
−pa − ρg(z0 − xt sin θ − 0.45Dt cos θ)

1.8ρgDt cos θ
(7.2)

A2 =
ma0CgT (1− e−tCb)

0.9ρgDtNtVt cos θ
(7.3)

where V ola is the volume occupied by air inside the compensation

tank, V olt is the volume of a single compensation tank, Nt is the to-

tal number of compensation tanks, pa is the atmospheric pressure, z0
is the diving depth, xt is the compensation tank position along the x-

axis,Dt is tank diameter,ma0 is the initial mass of the compressed air

inside the reservoir, Cg is the gas constant, T is the temperature in

compensation tanks, t is the time since emergency recovery action is

taken, and Cb is the tank blowing constant. The parameters used in
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compensation tank blowing are listed in Table 7.1.

Table 7.1: Compensation tank blowing configuration.

Parameter description Value Unit
Compensation tank diameter (Dt) 8 m
Compensation tank x position (xt) 67.8, -67.8 m
Compensation tank volume (V olt) 800 m3

Atmospheric pressure (pa) 1×105 Bar
Reservoir air mass (ma0) 13,000 kg
Gas constant (Cg) 8.31 kg·m2 · s−2 · K−1 ·mol−1
Tank temperature (T ) 283.15 K
Blowing constant (Cb) -0.03 -

Sea

Compensation tank

Air 
reservoir

Figure 7.2: Schematic of compensation tank blowing.

7.1.3 Propeller Modelling

AWageningen B4-70 propeller with a pitch ratio of 1.0 is modelled in

this section. The open-water thrust coefficientKT is derived from the
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results of open-water tests [135]. These results are interpolated us-

ing an 8th-order polynomial function of the advance number J . The

agreement between the interpolated curve and the test data is well

demonstrated in Figure 7.3. The polynomial function used for fitting

is expressed as:

KT = −2.157J8 + 5.006J7 − 1.399J6 − 4.309J5 + 2.999J4

+ 0.564J3 − 0.998J2 − 0.133J2 + 0.444
(7.4)

The advance number J can be calculated by:

J =
1− wT

nDp
u (7.5)

where wT is the wake fraction, n is propeller rotational speed in rev-

olutions per second, Dp is the propeller diameter, and u is SST surge

velocity.
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Figure 7.3: Wageningen B4-70 thrust coefficient interpolation.

The propeller configurations are outlined in Table 7.2, and a vi-
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Figure 7.4: Propeller control diagram.

Table 7.2: Propeller configuration used in Chapter 7.

Parameter description Value Unit
Selected propeller Wageningen B4-70 -
Blade number 4 -
Propeller diameter 7 m
Expanded blade ratio 0.70 -
Pitch ratio 1.0 -
Wake fraction 0.47 -
Propeller rotational inertia 4.1×105 kg·m 2

Maximum engine torque 2.5×106 N·m

sual representation of the propeller model is provided in Figure 7.4

through a block diagram. A PID controller is employed in this model

tomanage the propeller’s behaviour. ThePID controller takes both the

desired propeller RPM and the actual propeller RPM error as inputs,

generating the desired motor output through its computations. Sub-

sequently, a saturation block establishes the maximum threshold for

motor torque. Further in the diagram, a second-order transfer func-

tion accounts for the rotational inertia resulting from the shaft and

propeller. This component replicates any response delay attributed to

motor and shaft dynamics, a phenomenon typically encounteredwhen

there is a swift alteration in thrust reference. Finally, the real-time

thrust produced by the propeller is computed based on the propeller’s

rotational speed and the SST’s surge velocity.

7.1.4 Control Plane Modelling

The influence of control planes on the SST’s forces and moments is

captured by a linear lift rate coefficient. The control forces resulting
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from a single control plane can be computed as follows:

Xδc = −0.5ρu2plnAcCDδ (7.6)

Zδc = 0.5ρu2plnAcCLδ (7.7)

Mδc = 0.5ρu2plnAcxcCLδ (7.8)

where Xδc is control plane drag, Zδc is control plane lift, Mδc is the

control plane pitch moment. upln is the relative velocity at the plane

position, CDδ is the drag rate coefficient, and CLδ is the lift rate coeffi-

cient.

Table 7.3: Hydroplane configuration used in Chapter 7.

Parameter description Value Unit
Bow plane position (xbow) 45 m
Bow plane area (Abow) 50 m2

Bow plane lift rate coefficient (CLBδ) 2.1 -
Bow plane angle rate limit ±5 °/s
Aft plane position (xaft) -60 m
Aft plane area (Aaft) 28 m2

Aft plane lift rate coefficient (CLAδ) 6.1 -
Aft plane angle rate limit ±5 °/s

7.2 Standard Operation Procedures for

Accidental Cases

An SOE is established through a series of simulations encompassing

various accident scenarios [129, 136]. As a result, it becomes crucial

to figure out Standard Operating Procedures (SOPs) for each specific

failure event. When a failure situation arises, the SST must respond

according to a predefined set of SOPs. Within this section, SOPs for

different accident cases are formulated. Additionally, the criteria for

determining successful recoveries versus instances of vessel loss are
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established.

7.2.1 Partial Flooding

Flooding in a submarine occurs through systems connected to the sea,

typically kept closed. This possibility exists for valves related to SST

loading, offloading, or ballast loading. Such flooding is particularly

concerning when the SST is travelling at low speeds.

Flooding risks are associated with free flooding compartments,

specifically machinery compartments. In this work, an unclosed valve

in the aft compartment is considered. When flooding occurs there,

three emergency recovery actions are initiated. First, full forward rpm

is applied to increase speed. Second, main ballast tanks are blown

to enhance buoyancy. Third, the maximum bow plane angle gener-

ates lift, facilitating the SST’s ascent. From the experiences related

to naval submarines, it’s noted that unpowered high-rate rising ma-

noeuvres might lead to horizontal instability and significant roll mo-

tion [131, 134, 137–139]. Renilson [136] proposes limiting the pitch

angle during emergency rising to counter this effect. Additionally,

tank blowing should involve all ballast tanks simultaneously, rather

than just the forward tank, to maintain stability. In the event of flood-

ing, successful recovery is achieved if the SST reaches the sea surface

without surpassing themaximum trimming angle, exceeding themax-

imum diving depth, or coming into contact with the seabed.

The water flooding rate is calculated as:

rsw = ρAfld

√
2ghd(t) (7.9)

where rsw is the seawater flood rate with a unit of kg/s,Afld=0.785 m2

is the opening area, and hd(t) is SST diving depth at time t. During

the simulations, the maximum flooded volume is 600 m3, as the free

flooding area is also divided into small compartments by watertight

bulkheads.



126 Safety Operational Envelope

7.2.2 Control Plane Jamming

In the event of a control plane jamming, the SST utilises an indepen-

dently actuated X-plane arrangement. In this system, a single control

plane jam is considered a failure mode, leaving the remaining three

planes still operational for roll control. This type of failure can result

in two potential scenarios: jam-to-rise or jam-to-dive. Each case re-

quires different procedures for emergency recovery. Here are the out-

lined recovery actions for each scenario:

Jam-To-Rise

If a jam-to-rise failure occurs, the SST executes a crash-stop manoeu-

vre. This manoeuvre involves two simultaneous actions: initiating a

full astern RPM to decrease forward velocity and applying the maxi-

mum positive bow plane angle to halt the ascent. Similarly to the re-

covery action for jam-to-dive, the three aft control planes that remain

functional are used to control the vessel’s heel angle. In a jam-to-rise

situation, the SST is deemed to have successfully recovered if it avoids

surfacing too abruptly or surpassing the pitch limit.

Jam-to-dive

In the case of a jam-to-dive scenario, the recovery process comprises

two main actions. The first action involves a crash-stop manoeuvre,

where the SST commands full astern RPM. The second action cen-

tres around pumping out ballast from the forward compensation tank

while simultaneously applying the most negative bow control plane

angle. These actions collectively generate a positive buoyancy force

and diminish the trimming angle of the SST. To qualify as a success-

ful recovery in a jam-to-dive situation, the SST must ascend before

contacting the seabed or exceeding the collapse depth. However, it is

essential to ensure that the maximum trimming angle is not exceeded

as well.
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When establishing the Safety Operating Envelope (SOE), a com-

prehensive set of manoeuvring limits is defined. These limits en-

compass a range of factors, including depth boundaries, pitch angle

thresholds, control plane reaction angles, and the SST’s response time.

The specific manoeuvring limits incorporated into the SOE are de-

tailed in Table 7.4. Some of themost critical definitions are elucidated

as follows:

• Safety Depth: The safety depth represents the minimum per-

missible operational depth for the SST. Operating above this

depth poses the risk of collision with large-draught vessels and

other offshore structures. The DNV naval submarine code rec-

ommends that submarines navigate below water depths of 30-40

meters [70].

• Nominal Diving Depth: This depth is the boundary for unre-

stricted SST operations. The SST is authorized to operate any-

where between the nominal and safety depths. For the SST, this

value is defined as 70 meters.

• CollapseDivingDepth: The collapse diving depth is of utmost

significance as it corresponds to the hydrostatic pressure that

aligns with the SST’s designed 19-bar pressure. Consequently,

this depth has critical implications for the structural design of the

SST.

• Pitch Angle Restriction: Although the SST operates au-

tonomously and is not subject to human-related constraints, ex-

cessively large pitch angles can lead to machinery and equip-

ment malfunctions. This is especially pertinent during high-

speed operations, where the SST transitions from the nominal

diving depth to the collapse diving depth within a short period.

Notably, recommendations from Burcher [15] suggest that sub-

marines generally maintain amaximum pitch angle of around 20

degrees. Furthermore, the pitch limit is confined to 5-10 degrees
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during high-speed operations. This study involves the execution

of emergency recoveries at initial pitch angles of 10, 15, and 20

degrees.

• Reaction Time: The reaction time denotes the duration be-

tween the occurrence of a malfunction and the commencement

of recovery actions. The elevated autonomy level of the SST sig-

nificantly reduces reaction times from seconds to milliseconds.

Consequently, the SST responds instantaneously to failures.

Table 7.4: SST manoeuvring limitations.

Parameter description Value Unit
Safety depth 40 m
Nominal diving depth 70 m
Collapse diving depth 190 m
Pitch angle restriction 10,15,20 °
Aft control plane jam angle 15 °
Bow control plane reaction angle 20 °
Reaction time 0 s

7.3 Result and Discussion

This chapter delves into creating a safety operational envelope for a

baseline SST. The investigation focuses on three malfunction scenar-

ios: flooding, aft control plane jam-to-rise, and aft control plane jam-

to-dive. The study involves conducting a series of 37 free-running

tests, utilising various initial pitch angles and 14 different initial

speeds. These tests are carried out using Simulink. Each simulation

runs for a duration of 1000 seconds to account for the dampening of

initial transient conditions and attainment of steady-state conditions.

Moreover, this duration proves adequate to capture the utmost depth

excursion as well as the minimum depth excursion within each sim-

ulation. Subsequently, the time span between the occurrence of the
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incident and the successful execution of the emergency recovery ac-

tion is determined during the post-processing phase.

This section presents detailed discussions of the SOE. These dis-

cussions offer a comprehensive understanding of the behaviour of the

SST during emergency recovery scenarios triggered by aft compart-

ment flooding, jam-to-rise, and jam-to-dive events. Following this,

the study explores the SST’s manoeuvring constraints across a wide

spectrum of depths, pitch angles, and velocities. This examination

leads to establishing a desired range for depth and speed, which forms

the basis for defining the SOE.

7.3.1 Aft Compartment Flooding Recovery Re-

sponse

Figure 7.5 presents the SST’s depth excursion and pitch motion after

flooding occurs. In this simulation scenario, the SST starts with an

initial speed of 0 m/s, implying that the flooding incident transpires

immediately after the SST’s subsea well offloading. The SST’s initial

depth is 114 m during offloading. The time series depiction reveals

that the flooding incident commences at t = 50 s, triggering an in-

stantaneous recovery action by the predefined SOP. This recovery pro-

cess unfolds over approximately 150 s. Initially, within the first 50 s,

the SST’s descent accelerates. Subsequently, around t = 100 s, the ef-

fects of the recovery action become evident, slowing down the descent.

Eventually, at t = 205 s, the SST reaches its maximum depth of 190m.

After this point, the descent halts, and the SST begins to ascend, suc-

cessfully avoiding vessel loss. Regarding pitch behaviour, as the flood-

ing occurs at the aft of the SST, the weight distribution shifts, induc-

ing a negative pitch moment. Consequently, the pitch angle rapidly

increases right after the incident. However, due to the enhanced hy-

drostatic restoring moment, pitch angle stabilisation is observed as

time progresses.

Figure 7.5b presents surge and heave velocities measured in the
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Figure 7.5: SST responses during emergency recovery from flooding.
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body-fixed reference frame. Notably, both surge and heave veloci-

ties begin at 0 m/s during the initial 50 seconds. Figure 7.5c displays

a propeller command of 60 rpm issued at the incident’s occurrence.

The propeller, controlled by a PID controller, notably introduces a 10-

second surge velocity delay due to the SST’s significant inertia. The

propeller thrust plays a vital role throughout the recovery process, pro-

pelling the SST upwards during negative pitch angles. The heave ve-

locity remains consistently positive due to the SST’s weight exceeding

its displacement after flooding.

Figure 7.5d shows the flooding and compensation tank blowing

process. Under 11.4-bar hydrostatic pressure, a 600 m3 compartment

fills with seawater in a mere 20 seconds. The efficiency of the tank

blowing depends on the hydrostatic pressure, determining the blow-

ing rate and maximum volume. At a depth of 190 m, a single compen-

sation tank can blow 258 m3, equivalent to 265 tonnes of seawater.

While tank blowing alone may not fully counteract flooding at greater

depths, it does contribute to moderating the descent speed.

7.3.2 Jam-To-Rise Recovery Response

Figure 7.6 illustrates the SST’s response during a jam-to-rise incident,

with an initial speed of 3 m/s and a pitch angle of -15 °. This sce-

nario involves the aft control plane jamming, necessitating immediate

recovery actions such as the propeller’s emergency brake application

and the maximum bow control plane angle command order.

In Figure 7.6a, the SST’s heave and pitch motions are depicted.

Prior to the jamming, the SST is ascending at a pitch angle of -15 °.

Following the incident, the SST’s recovery is deemed successful if its

ascent halts before breaching the water’s surface. In this case, the pro-

cess takes approximately 170 seconds, with the incident occurring at t

= 55 s and the ascent ceasing at t = 225 s. The minimum depth excur-

sion is recorded at -38.5 m, just 1.5 m below the surface. Throughout

this period, the pitch angle gradually increases from -15° to -4°.
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Figure 7.6: SST responses during emergency recovery from jam-to-
rise at 3 m/s service speed.



7.3. Result and Discussion 133

In Figure 7.6b, the surge and heave velocities are displayed in the

body-fixed reference frame. The surge velocity diminishes from 3

m/s to 2.2 m/s over the timeframe. The heave velocity remains con-

sistently positive in the body frame throughout the process. Figure

7.6c provides insights into the SST’s propeller revolution, bow con-

trol plane angle, and aft control plane angle during the recovery. The

propeller exhibits a sluggish response due to its substantial rotational

inertia. The propeller rpm drops from 30 rpm to 0 rpm within 17 sec-

onds initially, overshooting to -7 rpm, and subsequently returns to the

ordered revolution speed at t = 135 s. The aft control planes become

jammed at -15 °, while the bow control plane angle transitions from 0

to 20 ° throughout the recovery process. This adjustment generates a

positive fin lift that aids in stopping the SST’s ascent.

Here, it examines the response of the SST in a jam-to-dive recov-

ery scenario at an initial speed of 5 m/s. The incident of jam-to-dive

occurs at t = 50 s, and the recovery process takes around 100 seconds.

The initial pitch angle is set at 15 ° during the incident. Figure 7.7a vi-

sualises the SST’smaximumdepth excursion and pitch angle through-

out the recovery process. The maximum recoverable depth is deter-

mined to be 100m. The SST’s descent halts at a water depth of 190m,

commencing from this point. The SST’s pitch angle transitions from

15° to 6° over 100 seconds. This adjustment occurs more rapidly com-

pared to the jam-to-rise incident due to the activation of the forward

compensation tank’s blowing mechanism. The surge and heave ve-

locities in the body-fixed reference frame are depicted in Figure 7.7b.

Given the SST’s substantial inertia, the surge velocity takes time to de-

crease to 0. The heave velocity experiences a rapid decrease after the

forward compensation tank blowing is initiated, eventually becoming

negative at t = 110 s. However, in the NED frame, the SST’s diving

stops 40 seconds later. Figure 7.7c illustrates the response of the pro-

peller and control planes. At t = 50 s, a command for 0 rpm is issued

to the propeller. Subsequently, the propeller’s rotational speed rapidly

decreases, reaching an astern revolution speed of -25 rpm. This speed
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Figure 7.7: SST responses during emergency recovery from jam-to-
dive at 5 m/s initial speed.
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later increases to 0 rpm around t = 100 s. Concerning the control

planes, the bow control plane angle adopts a minimum of -20 ° when

the SST is released at t = 50 s. Throughout the process, the aft control

plane remains jammed at a maximum -15 ° angle. Figure 7.7d pro-

vides insights into the forward compensation tank blowing process.

The blow rate (indicated by the slope of the curve) initially decreases

as the SST’s diving depth increases due to the higher hydrostatic pres-

sure. Subsequently, it increases once again as the SST begins its as-

cent.

7.3.3 Operation Limitations

The analysis of operation limitations for the baseline SST is presented

in this section, based on the results of the 37 simulated cases shown in

Figure 7.8

Aft Compartment Flooding: For the SST to be recoverable

from aft compartment flooding, it should operate above the flooding

limit line, as depicted in Figure 7.8a. This becomes particularly cru-

cial when the SST is moving at a slow speed, as the lift forces gener-

ated by the SST body and control planes are limited. The maximum

recoverable depth ranges from 80 m when stationary to 110 m at a

design speed of 3 m/s. Both these depths exceed the 70-m nominal

diving depth of the baseline SST, indicating the ability to recover from

aft compartment flooding when operating below the nominal diving

depth.

Jam-to-Rise: To prevent broaching the surface when control

plane jamming occurs, the SST must operate below the jam-to-rise

lines. The results for initial pitch angles of 10 °, 15 °, and 20 ° are pre-

sented as solid lines in Figure 7.8. The region of interest lies between

0m/s and 6m/s, where the SST is designed to operate efficiently. The

10 ° pitch angle limit does not significantly impact the results in this

speed range. However, at speeds exceeding 3m/s, the pitch angle limit

becomes 15 °. Speeds below this threshold allow a 20 ° restriction to
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avoid structural and machinery damage rather than just considering

control plane jamming.

Jam-to-Dive: For the SST to avoid exceeding the collapse div-

ing depth during a control plane jamming scenario, it should operate

above the jam-to-dive lines. Similarly to the jam-to-rise situation, the

θ = 10 ° limit does not impact the result due to its speed region not

being reached (above 8 m/s). The θ = 20° limitation also does not sig-

nificantly affect the depth limit, as it is positioned below the flooding

limit in Figure 7.8a. Therefore, the θ = 15° limit has the most sub-

stantial effect on SST operations. Additionally, the SST remains re-

coverable from a jam-to-rise incident when operating at speeds below

5 m/s and water depths above 100 m, suggesting that the 70 m nom-

inal operational depth is conservative in terms of recoverability from

jam-to-dive situations.

Based on the designed operating velocities and depth limits, an

envelope is drawn in Figure 7.8b. This envelope forms the basis for

the SOE illustrated in Figure 7.9. This figure encompasses the depth

range from 0 m to 190 m and the velocity range from 0 m/s to 6 m/s,

encompassing all potential operating conditions of the SST under reg-

ular circumstances. A ”broaching avoid” zone within the envelope is

defined between 0 m and 40 m safety depth. The SST is permitted

to travel below 40 m water depth at a maximum speed of 3 m/s. Be-

yond this speed, the SST must operate at greater depths to prevent an

unrecoverable jam-to-rise incident. The operational zone within the

envelope is divided into unrestricted and restricted areas. In the un-

restricted area, the SST can recover from the consideredmalfunctions

during various manoeuvres. In the restricted operation area, a maxi-

mumpitch angle restriction of 15° is imposed to prevent unrecoverable

control plane jam incidents. Additionally, the 70 m nominal diving

depth is deemed conservative from a manoeuvring perspective. For

the baseline SST travelling at 3 m/s, an operational depth of 100 m is

suggested. This range allows the SST to recover from partial flooding

incidents or jam-to-dive incidents when moving between speeds of 2
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7.4 Concluding remarks

The conclusion of the chapter on the safety operational envelope

(SOE) for the baseline SST can be summarised as follows:

The primary objective of this chapter was to establish the SOE for

the SST, a critical aspect of its design and operational safety. Although

the concept of SOE has long been established for military submarines,

it is relatively unexplored in the context of civilian vessels. This paper

aims to bridge this knowledge gap and contribute to the safe operation

of large subsea vessels.

The conclusions drawn from the study’s findings include:

• The SST can prevent surface broaching due to aft control plane

jamming when travelling at a 3 m/s design speed, as long as it

maintains a 40 m safety depth. If higher speeds are required, the

SST must operate at greater depths.

• The SST can safely handle all considered malfunctions when op-

erating at a 70 m nominal water depth.

• To recover frompartial flooding, the SST should remain above 80

m water depth during offloading operations.

• The maximum allowable pitch angle for the SST is set at ±15 °.

This range ensures recoverability in the event of aft control plane

jamming.

• The 70mnominal diving depth prescribed by theDNVnaval sub-

marine code is conservative. The SOE permits the SST to dive to

a maximum of 100 m, considering a collapse diving depth of 190

m. This provides operational safety as the SST can recover from

critical malfunctions.

• Reducing the safety factor between nominal and collapse diving

depths could be considered to reduce the structural weight of the

SST, as long as the design remains within the defined SOE.



Chapter 8

CFD Analysis of SST

Near-Bottom Operation

Currently, the SST is still in the conceptual study phase. However,

conducting experimental studies on such large underwater vehicles at

ultra-highReynolds numbers (Re) is exceedingly costly. Hence, a cost-

effective alternative is to employ state-of-the-art Computational Fluid

Dynamics (CFD) analysis to gain a comprehensive understanding of

the flow around the SST and the forces acting on it.

In this chapter, numerical evaluation is provided for SSTunder two

scenarios:

• SST performs near-bottom voyage in still water (No boundary

layer).

• SST hovers facing current (With boundary layer).

The CFD analysis is conducted using the open-source toolbox

OpenFOAM [140], employed in numerous submarine hydrodynam-

ics investigations[141–144]. The present study applies the Reynolds-

Averaged Navier-Stokes (RANS) method to predict the pressure and

skin friction on the SST and its lift coefficient during near-bottom op-

eration. The model is validated with the benchmark SUBOFF-AFF-1

submarine [145]. The results are comparedwith the experimental data

and numerical simulations by third parties [145–149]. In addition,
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Richardson extrapolation is performed to obtain the convergence pre-

diction [150–152]. The validation study and Richardson extrapolation

are presented inMa et al. (2023) [39]. The chapter is presented in the

following manner: Section 8.1 outlines the model setup and the nu-

merical method. Section 8.2 presents the mesh convergence studies.

Section 8.3 presents the results of the CFD analysis on subsea shut-

tle hydrodynamics during near-bottom operation. Finally, the main

findings of this work are summarised in Section 8.4.

8.1 Model Setup

8.1.1 SST Design Configurations Used in CFD

Study

The computer-aided design (CAD) model of a 135-metre version of

SST is presented in Figure 8.1. This alternative SST design is per-

formed by the University of Stavanger [153]. Some of the preliminary

dimensions are unveiled in a CFD study [96]. This chapter’s simpli-

fied SST CAD model adapts the above-mentioned design. The most

critical design configurations relevant to this numerical analysis are

presented in Figure 8.2 and summarised in Table 8.1.

Table 8.1: SST design parameters used in Chapter 8.

Design parameter [Unit] Value
Length L [m] 135
Beam D [m] 17
Wetted surface area Swet [m2] 6,768.97
Wetted surface area of the hull Shull [m2] 6,628.37
Wetted surface area of the propeller hub Shub [m2] 140.60
Designed voyage speed [m/s] 3.09
Propeller nozzle diameter [m] 7.22
Propeller hub diameter [m] 2.12
Seawater density ρ [kg/m3] 1,025
Seawater kinematic viscosity ν [m2/s] 1×10-6
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Figure 8.1: CAD model of a 135-metre version of SST, simplified
from Equinor subsea shuttle (ref: Figure 1.8 [19, 96])

17 m 135 m

Body Propeller hub

27.53 m 7.
22

 m

2.94 m

2.
12

 m

Figure 8.2: The three views with general dimensions of the 135 m
SST, design configurations summarised in Table 8.1.
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8.1.2 Numerical Scheme

The open-source CFD toolboxOpenFOAM[140] is used in this work to

conduct numerical analyses on the hydrodynamic performance of the

SST. The Navier-Stokes equations are discretised using the finite vol-

ume method. To maintain flow incompressibility, the Semi-Implicit

Method for Pressure Linked Equations (SIMPLE) algorithm is em-

ployed to solve the pressure-velocity coupled equations. Table 8.2

summarises the discretisation schemes utilised for each term of the

governing equations and the residual of the equation interactions.

Table 8.2: Numberical scheme configuration.

Configuration name Configuration value
Gradient scheme Gauss linear
Divergence scheme Gauss linear
Laplacian scheme Gauss linear

Surface-normal gradient scheme
Limited, non-orthogonal contribution
does not exceed the orthogonal part

Cell-to-face interpolation scheme Linear
Pressure, velocity,
k, and ω solver tolerance

10-6

8.1.3 Computational Domain and Grid

The computational domain for the study is represented in Figure 8.3,

with Figure 8.3a showing the front view and Figure 8.3b and Figure

8.3c showing the side view. The domain dimensions are given in terms

of the SST diameter (D) and length (L). The domain’s height and

width are set to 35D, and the length is set to 10L. The gap (G) repre-

sents the distance between the SST bottom and the seabed (marked as

”bottom” in Figure 8.3). The boundary conditions and setups for the

simulated cases are listed in Table 8.3 and are described as follows:

• At the bottom: For the first scenario where the SST moves with a

forward speed in still water, the bottom boundary condition is set
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to no-slip, and the bottom boundary moves at velocity U∞ in the

positive x-direction to simulate the forward movement. For the

second scenario, where the hovering SST is exposed to a current,

the bottom boundary remains fixed, and a no-slip condition with

(u, v, w) = (0, 0, 0) is applied.

• Velocity inlet: A boundary layer profile is implemented at the in-

let for both cases and the second scenario.

• Outlet: A fixed pressure of zero is set as the boundary condition.

• Sides (two lateral sides and the top side shown in Figure 8.3):

Zero gradient boundary conditions are applied.

• The surface of the SST: A no-slip boundary condition is set, and

the standard wall function is applied for k and ω.

Table 8.3: Case setups in the present study.

Parameter
Convergence
study

Still water with
forward speed
(Moving bottom)

Heading current
hovering near
the seabed
(Fixed bottom)

G/D 17 0.2, 0.3, 0.5, 0.7, 1
U∞ 3.09 0.51, 1.03, 3.09 0.58, 1.17, 1.79, 3.54

Figure 8.4 displays the mesh grid surrounding the SST, which cor-

responds toMesh 2 as listed in Table 8.4 in Section 8.2. The boundary

layer mesh is generated by extruding the surface mesh to ensure high-

quality prism cells in the near-wall region. Themesh is further refined

in the wake and near the seabed and gradually becomes coarser away

from the hull to reduce computational cost.

8.1.4 Seabed Boundary Layer Setup

The fully developed boundary layer velocity profiles are obtained

through one-dimensional precursor flow simulations. These profiles
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(c) Domain side view, SST hovering facing current near seabed

Figure 8.3: Schematic of the computational domain and boundary
conditions for SST near seabed operation.
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(a) SST

(b) SST bow (c) SST aft

Figure 8.4: SST computational mesh view. Note: Positive y-axis
points upward in this figure.
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are then applied to the inlet as velocity boundary conditions, as shown

in Figure 8.3c. In the precursor simulation, a body force Pb is utilised

to drive the flow, and it is determined as follows:

P =
U2
∗
h

(8.1)

where U∗ is the friction velocity. It is obtained by a given freestream

velocity from the flow resistance formula. The equation is given by Eq.

(8.2), and h is the height of the domain in the y direction.

U∗ =
U∞κ

ln 
(
30h
ks

)
− 1

(8.2)

Eq. (8.2) defines the desired freestream current velocity outside

the boundary layer as U∞, where κ = 0.41 represents the von Karman

constant, and ks=0.01 m represents the seabed roughness. Figure 8.5

displays the steady boundary layer velocity profiles at the inlet for var-

ious freestream current velocities, including 0.58 m/s, 1.17 m/s, 1.79

m/s, and 3.54 m/s.

8.2 Mesh Convergence Study

Amesh convergence study is conducted with three variants ofmeshes:

coarse, medium, and dense, and each of them is generated with a con-

stant refinement factor. The SST is positioned at the centre of the yoz

plane in Figure 8.3, with an inflow velocity of U∞=3.08 m/s repre-

senting uniform flow in the x-direction. Zero normal gradient bound-

ary conditions are applied to the sides and bottom, and the resulting

Reynolds number is Re = 4.158× 108. Table 8.4 provides a summary

of the mesh parameters, and the results of the mesh refinement anal-

ysis are also presented.

The mesh refinement analysis shows that relative difference of

1.66% in the total drag force betweenMesh 2 (14.68million) andMesh
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Figure 8.5: Streamwise current velocity profile used as the input for
SST hovering cases (Ref. Figure 8.3c).

Table 8.4: Mesh refinement analysis configuration and result.

Mesh 3
Dense

Mesh 2
Medium

Mesh 1
Coarse

Number
of cells

24.23
million

14.68
million

3.30
million

Total
drag [kN]

81.19 82.54 89.84

Total
drag relative difference

- 1.66% 8.84%

Pressure drag [kN] 24.60 25.94 33.26
Pressure drag
relative difference

- 5.45% 28.22%

Viscous drag [kN] 56.59 56.60 56.57
Viscous drag relative difference - 0.02% 0.05%

3 (24.23 million). Figure 8.6 presents the (a) pressure coefficient Cp,

(b) y+, and (c) wall shear stress coefficient Cf as a function of non-

dimensional length x/L.
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Figure 8.6: SST mesh convergence study.
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The pressure coefficient Cp is calculated as:

Cp = (p− p∞)/(0.5ρU2
∞) (8.3)

where p is the pressure at the point of interest, p∞ is the pressure in

the freestream.

The non-dimensional wall distance y+ is given as:

y+ =
∆yu∗

ν
(8.4)

where∆y is the distance between the first grid centre and the wall. u∗

is the friction velocity at the nearest wall.

The wall shear stress coefficient Cf is defined as:

Cf = τwall/(0.5ρU
2
∞) (8.5)

where τwall is the wall shear stress

Figure 8.6b displays the distribution of y+ on the SST hull. The

average y+ value is found to be 39.5, indicating that the SST is in the

logarithmic region (30< y+ < 100 [154]). The standardwall function is

applied at the surface boundary of the SST. The results obtained from

the three differentmeshes demonstrate good agreement onCp andCf .

Considering the mesh sensitivity study results, Mesh 2 is deemed ade-

quate in providing sufficient grid resolution for the current investiga-

tion.

8.3 SST Near Wall Operation Perfor-

mance

With the above-mentioned simulation schematic (Figure 8.3) and case

inputs (Table 8.3), the results of the SST near-bottom operation are

presented in this section. For the moving SST cases (Figure 8.3b), the

seabed bottom boundary moves at the same speed as the far field in-
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Figure 8.7: The drag coefficients CD as a function of the Reynolds
number when the SST travels at various speeds.

flow velocity (U∞), effectively eliminating the seabed boundary layer.

On the other hand, in the case of a hovering SST facing a steady cur-

rent, the bottomwall boundary remains stationary. The pre-simulated

inflowdescribed in Section8.1.4 is applied to consider the effects of the

seabed boundary layer.

This section investigates the effects of flow velocity U∞ and gap ra-

tio G/D on the hydrodynamic loads acting on the SST. The velocity

and pressure contours for the various flow cases under investigation

are presented.

8.3.1 Inflow Speed, Gap Ratio and Boundary

Layer Effects

Figure 8.7 shows the effect of U∞ andG/D on the total drag force act-

ing on the SST. The drag coefficient CD is calculated using Eq. (8.6)

from the drag force Fx. It shows a decreasing trend with increasing

Reynolds number for all investigated G/D ratios. The gap ratio G/D

does not significantly affect CD. Even though when G/D is reduced,

CD increases, this effect becomes less significant as G/D increases.

Notably, as illustrated in Figure 8.7b, considering the seabed bound-

ary layer effect results in substantially higher values of CD.



8.3. SST Near Wall Operation Performance 151

6.94 10
7

1.39 10
8

2.08 10
8

4.17 10
8

Reynolds number Re

0

0.5

1

1.5

2

2.5
10

-3

C
P,hull

C
F,hull

C
P,hub

C
F,hub

(a) SST moving in still water

7.83 10
7

1.58 10
8

2.42 10
8

4.78 10
8

Reynolds number

0

0.5

1

1.5

2

2.5
10

-3

(b) Hovered SST heading current

Figure 8.8: SST drag components at various travel speeds atG/D =
0.2.

CD = Fx/(0.5ρU
2
∞Swet) (8.6)

The SST is divided into the vessel body and the propeller hub (as

marked in Figure 8.2). The pressure drag coefficient CP is calculated

from the total form drag FPx, and the skin friction coefficient CF is

calculated from the total friction drag FFx, using expressions in Eqs.

(8.7) and (8.8). Figure 8.8 presents the contributions of each drag

component for the G/D = 0.2 cases. The G/D = 0.2 cases represent

other investigated gap ratios, as the effect of G/D on drag is rather

small, as shown in Figure 8.7.

CP = FPx/(0.5ρU
2
∞Swet) (8.7)

CF = FFx/(0.5ρU
2
∞Swet) (8.8)

For both Figures 8.8a and 8.8b, it can be observed that the hull vis-

cous drag is the dominant contribution, varying between 67% of total

drag for U∞ = 0.514 m/s (1 knot) to 62% of total drag for U∞ = 3.09

m/s (6 knots). The contribution of pressure drag is less significant, as

the SST has a slender, streamlined shape without sharp corners. The
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hub pressure drag is larger than the hull pressure drag, comprising ap-

proximately 17.7% to 24.3% of the total drag. The hull pressure drag is

approximately 12.5% to 14.5% of the total drag. The hub viscous drag

is negligible, contributing less than 1% to the total drag due to its small

wetted surface area.

Figure 8.9 compares the drag coefficients when the SST is moving

in still water and hovering near the seabed, and subjected to a current.

The pressure and friction drags are higher for the hovering SST case

at similar Reynolds numbers.
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Figure 8.9: CD, CP , and CF as a function of Re with G/D=0.2.

A consistent downward-pointing lift force is observed for all the in-

vestigated cases, which alignswithMackay’s findings [25]. This down-

ward force results from a pressure difference between the upper and

lower surfaces of the SST, causing it to be pulled towards the seabed.

Similar to the drag force, the magnitude of this suction force increases

proportionally to the square of the inflow velocity. When the G/D is

below 0.3, the suction force surpasses the total drag force in magni-

tude for all the investigated cases. As the speed increases, the lift force

also substantially grows with a decrease in G/D. Table 8.5 compares

the drag and lift forces at specific speeds and gap ratios. This ratio be-
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tween the lift and drag diminishes with G/D and increases with U∞.

CL = Fy/(0.5ρU
2
∞Swet) (8.9)

Figure 8.10 depicts the lift coefficientCL calculated using Eq. (8.9)

from the vertical force Fy as a function of Re. As defined in Figure

8.3, the positive vertical force points downward. In Figure 8.10a, it

becomes apparent that, in contrast toCD,CL exhibits relative insensi-

tivity to changes inRe within the investigated range. However, CL in-

creases substantially withG/D. When the stationary shuttle is subject

to an incoming boundary layer flow (Figure 8.10b), the lift coefficient

is lower than when SSTmoves with a forward speed in quiescent fluid.

The lift coefficient first increases and then decreases as Re increases,

especially for smaller G/D. The lift coefficient becomes almost con-

stant when G/D is above 0.5.
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Figure 8.10: SST drag components at various travel speeds at
G/D = 0.2.

8.3.2 Velocity Field at Design Speed

Figure 8.11 illustrates the velocity profile between the SST and the

seabed at the highest speeds (U∞ = 3.09 m/s and 3.54 m/s) for the

smallest and largest G/D, showing the impact of the boundary layer.

A comparable velocity profile can be observed near the SST for both
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Table 8.5: Lift force as a percentage of the corresponding drag force
for various G/D and U∞.

SST moving in still water
U∞=0.51 m/s U∞=1.03 m/s U∞=1.54 m/s U∞=3.09 m/s

G/D=0.2 145.9% 159.3% 167.2% 180.1%
G/D=0.3 87.7% 96.2% 100.9% 108.0%
G/D=0.5 55.2% 60.5% 63.0% 67.9%
G/D=0.7 36.7% 39.8% 41.7% 45.0%
G/D=1.0 21.9% 23.9% 25.1% 27.2%
Hovered SST heading current

U∞=0.58 m/s U∞=1.17 m/s U∞=1.79 m/s U∞=3.54 m/s
G/D=0.2 108.9% 123.0% 130.5% 122.8%
G/D=0.3 68.7% 77.0% 81.2% 78.4%
G/D=0.5 44.9% 47.9% 52.8% 51.8%
G/D=0.7 30.7% 34.0% 35.8% 35.2%
G/D=1.0 18.9% 21.0% 21.7% 21.7%

scenarios: when it moves in still water and when it hovers near the

seabed with a heading current. Due to the boundary layer effect, the

hovering cases exhibit a reduced velocity within the gap, particularly

for the small G/D.
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Figure 8.11: The non-dimensional velocity profile between the SST
and the seabed. (a) G/D = 0.2. (b) G/D = 1.0. Moving (solid line):
the SSTmoves in the still water. Hovering (dash line): the SST hovers
near the seabed while subject to heading current.

Figure 8.12 displays contour plots of the SST’s horizontal velocity
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on the XoY -symmetry plane. The plots depict cases of the SST trav-

elling near the seabed at a speed of 3.09 m/s (6 knots) with different

G/D. In front of the SST, a zone of decelerated flow is observed within

approximately -90m <X < -60m (marked as A in Figure 8.12a). This

decelerated flow zone extends from the bottom surface of the hull to

the seabed when the gap ratio is less than 0.5, as shown in Figures

8.12a to 8.12c. The size of this decelerated flow zone decreases with

an increase inG/D. ForG/D = 0.2, the decelerated flow zone is more

pronounced and covers the gap between the SST and the seabed. Ad-

ditionally, accelerated flow zones are observed atX = ±50m (denoted

as B in Figure 8.12a), and in the tail region, the flow speed decreases

at 50 m < x < 90 m (denoted as C in Figure 8.12a).

Figure 8.12: Horizontal velocity contours withU∞=3.09m/s for dif-
ferent G/D. Units: U [m/s], X [m], Y [m]. Case: the SST is moving
in the still water. Note: Positive y-axis points upward in this figure.
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Figure 8.13 illustrates the hovering case’s velocity distribution

around the SST. The boundary layer thickness increases ahead of the

SST (point A in Figure 8.13a) due to the decelerating effects of the SST

on the incoming flow. The decelerated flow zones located at the bow

and tail extend to the boundary layer for all gap ratios (marked as B in

Figure 8.13a). Similar to the moving SST case, accelerated flow zones

are also observed at X = ±50 m (marked as C in Figure 8.13a). This

leads to a reduction in the seabed boundary layer thickness and an

increase in the parallel mid-body. Additionally, the boundary layer

becomes thicker at the wake region.

Figure 8.13: Horizontal velocity contours with U∞=3.54m/s for dif-
ferent G/D. Units: U [m/s], X [m], Y [m]. Case: the SST faces the
current and hovers near the seabed. Note: Positive y-axis points up-
ward in this figure.
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8.3.3 Pressure Distribution at Design Speed

Figure 8.14 displays the pressure contours for all investigated gap ra-

tios in the case of an SST travelling at design speed (3.09 m/s = 6

knots). High-pressure regions are observed at the bow and near the

tail end. Along the mid-body, the pressure is generally slightly lower

than the far-field pressure, with notable low-pressure zones forming

near the transition points from the bow (X = -50 m, marked as A in

Figure 8.14a) and stern (X = 50 m, marked as B in Figure 8.14a) ge-

ometry to the tubular mid-body. At x = -70 m, a high-pressure re-

gion forms due to the slowdown of incoming flow when approaching

the SST. Conversely, low-pressure zones are formed when the flow is

accelerated at x = 50 m. In Figure 8.14a, the high-pressure and low-

pressure zones are larger beneath the SST due to the smaller G/D.

Combining this with Figure 8.12a, it is evident that the accelerated and

decelerated flow zones below the SST become more pronounced for

cases with smaller seabed clearances. These influence zones become

smaller as the SST moves away from the bottom. The high-pressure

zone in the SST bow detaches from the seabed when G/D = 0.5. The

low-pressure zone at the beginning of the SSTmid-body detaches from

the seabed when the gap ratio is 0.7. When G/D is 1.0, the pressure

distribution above and below the SST is similar.

Figure 8.15 displays the pressure contours for all gap ratios when

the SST hovers in the current. These pressure distributions exhibit

similarities to those of the moving SST cases.

Figure 8.16 presents a detailed pressure coefficient distribution

along the SST at the upper and lower boundaries. A similar pressure

coefficient distribution can be observed for both the moving and hov-

ering SST cases. In both cases, the pressure coefficient at the upper

boundary is higher than at the lower boundary when x/L is around

±0.3. This pressure difference creates a downward suction force.

Figure 8.17 compares the spatial pressure distribution between a

moving SST and a hovering SST at the lowest inflow velocity cases.
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Figure 8.14: Horizontal pressure contours with U∞=3.09 m/s for
different G/D. Units: P [pa],X [m], Y [m]. the SST is moving in the
still water. Note: Positive y-axis points upward in this figure.
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Figure8.15: Horizontal pressure contourswithU∞=3.54m/s for dif-
ferentG/D. Units: P [pa],X [m], Y [m]. Case: the SST faces the cur-
rent and hovers near the seabed. Note: Positive y-axis points upward
in this figure.
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Figure 8.16: Pressure coefficient Cp distribution at the SST upper
and lower boundary. U∞ is 0.51 m/s and 0.58 m/s for moving and
SST, respectively. G/D=0.2 for both cases.

The high-pressure zones below the bow (Figure 8.17b) and aft (Figure

8.17c) are larger when the vessel hovers compared to the moving sub-

sea shuttle case, resulting in a lower lift coefficient, as shown in Figure

8.10.

In addition, vorticity contour is studied according to Bolzon et al.

[155] and Hansen et al. [156]. This is documented in Ma et al.(2023)

[39] as it does not directly explain the changes in the lift force.

8.4 Concluding remarks

This chapter presents a numerical hydrodynamic investigation of a

full-scale subsea shuttle system during near-bottom operations at

ultra-high Reynolds numbers ranging from 6.75 × 107 to 4.73 × 108.

The simulations employ the RANS method in combination with the

k − ω SST model to predict the hydrodynamic behaviour of the SST.

A mesh convergence study is conducted to determine an appropriate

grid resolution.

Two operating scenarios are considered: one where the SST oper-
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(a) Entire SST

(b) SST bow zoom in (c) SST aft zoom in

Figure 8.17: Comparison of pressure contour between hovering and
moving SST. U∞ is 0.51 m/s and 0.58m/s for moving and hovering
SST, respectively. Note: Positive y-axis points upward in this figure.

ates in still waterwith a forward speed, achieved bymoving the bottom

wall boundary at the same speed as the inflow, thus eliminating the

boundary layer at the seabed. The other scenario involves the SSThov-

ering near the seabed under the influence of an ocean current bound-

ary layer, which may occur during offloading at a subsea well. 1D sim-

ulations generate the fully developed boundary layer profile, which is

implemented as the inflow condition for the subsea shuttle simula-

tions.

The main findings of the study are summarised as follows:
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• A significant lift force is observed, causing the SST to descend

towards the seabed, particularly in simulations with a small bot-

tom gap and high velocity. The lift coefficient increases notably

as theG/D decreases and remains independent of changes in the

Reynolds number. For the moving bottom case, the lift force sur-

passes the drag force when the G/D is 0.2 or with an inflow ve-

locity higher than 1.54 m/s and a G/D of 0.3. When the bottom

is fixed, the lift coefficient is larger than the drag coefficient for

G/D = 0.2, indicating that the SST may require higher thrust in

the vertical direction than the main propeller.

• The drag coefficient shows little sensitivity to G/D and slightly

decreaseswith an increase inRe, while the lift coefficient remains

nearly constant. The hull viscous drag dominates the total drag

over the pressure drag.

• The presence of the seabed boundary layer results in a lower

lift coefficient but increases the drag coefficient compared to the

moving bottom case. This indicates that the boundary layer sig-

nificantly affects the hydrodynamic behaviour of the subsea shut-

tle during near-bottom operations.



Chapter 9

Conclusion

This thesis examined the design and preliminary dynamic analysis of

a 164 metre SST concept for liquid CO2 transportation. This thesis

efforts to inform scholars, naval architects, design houses, stakehold-

ers, and regulatory bodies about the design considerations and feasi-

bility of such concepts. In this study, the dynamic analysis part aims to

help reduce the designed collapse depth from the operation perspec-

tive and further contribute tominimisingmaterial cost and further in-

creasing payload capacity. The key results for the baseline design, CO2

vessel transportation evaluation, hovering analysis, safety operational

envelop identification, and near-seabed operation are summarised in

Sections 9.1 - 9.5. The limitations of the present study and suggestions

for future works are listed in Section 9.6.

9.1 SST Baseline Design

The baseline design of an SST is developed to support the research

studies into large commercial autonomous underwater vehicles. It has

the potential to become an alternative marine transportation method

to existing shuttle tankers and subsea pipelines. The baseline design

presents the SST’s major specifications and features:

• Thepurpose of the SST is defined for liquidCO2 transportation. It
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can transport liquid CO2 from offshore facilities/ports to subsea

wells for direct injection.

• The SST is divided into three compartments by two water-tight

bulkheads. Thirteen cylindrical cargo tanks are in the flooded

mid-body, while the machinery and ballast tanks are arranged in

the front and aft free flooding compartments.

• The hydrostatic properties of the SST is checked against DNVGL-

RU-NAVAL-Pt4Ch1, Section 3.5.2.3 [70].

• The rule-based structural design is conducted. The SST’s main

feature is the double hull design with a pressure compensation

system which allows the SST to avoid collapse pressure design at

the external hull flooded mid-body. This approach helps to re-

duce the SST’s structural weight and contributes to a consider-

able payload capacity, i.e., 46 % of the total displacement. The

SST hull collapse design is performed following DNV guidelines

[70, 78]. The internal cargo tank burst design is performed fol-

lowing ASME BPVC rules [80, 81].

• The SST’s resistance, powering, and propulsion are studied. The

SST is propelled by a three-bladedWageningenB-series propeller

and can use Li-ion battery packs as its energy source. It can

achieve a range of 400 km.

The high payload capacity of the SST and slow service speed allow

it to maximise its transportation capacity with minimum energy cost.

9.2 Liquid Carbon Dioxide Transporta-

tion

CO2’s key properties during transportation and SST operation are

discussed. This evaluation discussed CO2’s key properties during
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transportation and SST operation, such as thermodynamic proper-

ties, purity captured from the source facility, and hydrate formation.

CO2 is stored as a saturated liquid during vessel or vehicle trans-

portation. Normally, it is transported under one of the 3 pressure-

temperature combinations; they are Refrigerated state (6 bar, -50 °C),

semi-refrigerated state (22 bar, -10 °C), or pressurised state (45 bar,

10 °C). It is found that transporting CO2 under a pressurised state at

room temperature has numerous advantages:

• Transporting liquid carbon dioxide can reduce energy consump-

tion significantly by avoiding liquefication requirements.

• Using carbon steels can reduce the complexity of cargo tankweld-

ing and the manufacturing cost.

• The solubility of water in CO2 increases with temperature. There-

fore, the risk of free water and corrosion can be mitigated.

• The risk of hydrate formation is significantly lower when the CO2

temperature is above 8 degrees and therefore reduces the risk of

blockage in the piping and pumps.

9.3 HoveringAnalysis andExtremeCur-

rent Hovering Analysis

9.3.1 SST Manoeuvring Model

After the baseline SST was proposed, and the key design configura-

tions were determined. A dynamic manoeuvring model can be estab-

lished to further study the feasibility and dynamic response of the SST

during different operation scenarios, as most of the submarine ma-

noeuvring software is developed formilitary submarines. It also needs

to be highlighted that civilian submarines will be larger in size and re-

stricted in their manoeuvrability. Therefore, the effect of nonlinearity
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in the derivatives-based hydrodynamic models will reduce. Thanks to

this, more reliable results can be obtained if the hydrodynamic deriva-

tives are obtained in a correct manner.

As a basis of the SST dynamic analysis, a manoeuvring simula-

tion model that follows semi-empirical formulas is derived [38]. This

model enables the consideration of combined load effects from hydro-

dynamic loads, ocean current, propeller thrust, ballast tank control,

thruster control, and control plane actuation. The thruster and ocean

current modules are used in the hovering control study [36, 37]. The

ballast tank control and control planemodules are applied on SSTSOE

analysis [38].

9.3.2 Hovering Control Analysis

Based on the proposed SST manoeuvring model, an LQR controller is

designed for hovering stability in this work. The following results are

concluded during the control system development:

• A planar model is developed based on the baseline design geom-

etry to study the SST’s vertical position keeping current using its

propeller and two independent tunnel thrusters. A closed-loop

control system consists of an LQR controller and a Luenberger

observer is designed.

• The SST manoeuvring model is controllable and observable. A

control system designed from linearised SST state-space model

can successfully control the SST during hovering.

• The selection of linearisation points will not affect the stability

of the closed-loop system, a 1 ° smaller inflow angle can lead to

better controller gain performance. However, the inflow angle

cannot be reduced to 0 ° as the thruster contributions are not cap-

tured.

• The Luenberger observer can provide good measurement to SST
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states. However, better observation is found on heave motion

than on surge and pitch motions.

• Placing the observer poles further to the negative real axis can

reduce this error and increase hovering performance.

The SST station-keeping analysis can be performed with the devel-

opedmanoeuvringmodel and control system. Such study can help the

design and operation of the SST vessel and its relevant facilities.

• Case studies of three four-hour time-domain simulations con-

firmed that the SST could keep its position using its equipped

actuators.

• Sufficient thrust can be provided by tunnel thrusters to cope with

1 m/s designed current speed.

• An envelope of SST trajectory during offloading under three dif-

ferent mean current velocities is outlined.

• Themaximum surge and heavemotions are 0.25m and 2.5 m for

1.5 m/s extreme current velocity.

9.3.3 Extreme Current Hovering Analysis

The hovering control model serves as a basis to answer critical ques-

tions regarding the design and operation of the SST and the related

infrastructures. Further, it can help improve the understanding of

manoeuvring and the development of extra-large autonomous subsea

vessels. One critical question is how to obtain an efficient structural

design for the SST. The existing engineering codes tend to be very con-

servative by requiring a significant safety factor which will further re-

sult in a heavy structural design. Therefore, knowing the maximum

response of the SST will benefit the study of such merchant underwa-

ter vehicles in two ways: first, knowing the extreme depth excursion
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unveils themaximumpotential off-site SST during offloading. This re-

duces the level of uncertainty anddenotes a less conservative design by

knocking down the safety factor of the structural design. In addition,

the extreme depth excursion can also provide a basis for the decision-

makers regarding SST operation. This study clarifies the maximum

and minimum off-sites of the SST from its desired offloading refer-

ence point. During offloading, it determines the required minimum

safety distance from subsea installations and floating structures. The

extreme response of the SST hovering during offloading. The follow-

ing findings are concluded in the extreme current hovering analysis:

• The mean current velocity is set to be 1.6 m/s, corresponding to

observation data in theNorth Seawith a return period of 50 years.

• Twenty 4-hour simulations are performed to get the SST re-

sponse. The extreme responses with the exceedance rate of 1×
10-6 from 5 measurement points located at the SST centroid,

upper-aft, upper-bow, lower-aft, and lower-bow are studied us-

ing the ACER method.

• Effect of k value from 1 to 6 is studied, and the result shows that

k≥2 can provide a very accurate prediction of the SST extreme
response during hovering.

• The extreme depth excursion happens at the SST aft during hov-

ering, and the maximum depth excursion is 86 m. This means

the 19 bar (corresponds to 190 m water depth) collapse pressure

can be significantly reduced.

• From an operational perspective, a minimum 16 m safety dis-

tance is suggested for the SST hovering. The SST should avoid

any subsea or floating structures with a minimum 16 m distance

to avoid a potential collision.

• When the SST is offloading at a 40m safety depth, the maximum

draught of the floating structures in the vicinity should be less
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than 23 m.

9.4 Safety Operational Envelope

The SST’s evacuation ability during critical malfunctions is studied.

The SOE is a crucial topic in the SST design process as it demonstrates

the recoverability of the SST under critical malfunctions, including

partial flooding, jam-to-rise, and jam-to-dive. Even though SOE has

been established for military submarines for over 50 years, public lit-

erature on such analyses is still not readily available. In addition, as

very few submarines have been designed for civilian use, this workwill

also help close this knowledge gap and further assist the development

and safety operation of large novel subsea vessels.

The SOE helps to improve the currently existing design and oper-

ation of the SST in the following aspects:

• A 40m safety depth is sufficient to allow the SST to avoid broach-

ing the surface when aft control plane jams when travelling at 3

m/s design speed. If a higher sailing speed is required, the SST

has to travel at deeper water depths.

• The SST can survive through all considered malfunctions when

travelling at a 70 m nominal water depth.

• The SST should hover above 80 m water depth during offloading

to recover from partial flooding.

• The maximum pitch angle of the SST is set to be ± 15 °. Within

this limit, the SST is recoverable if aft control plane jam occurs.

• The 70 m nominal diving depth proposed by the DNV naval sub-

marine code is conservative. The SOE allows the existing SST de-

sign to travel a maximum 100m diving depth in accordance with

a 190 m collapse diving depth. This depth can fulfil operation

safety as the SST can survive crucial malfunctions.
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• The safety factor between nominal and collapse diving depths can

be reduced. This can reduce SST structural weight and avoid

heavy and complex steel construction.

9.5 CFD Analysis of SST Near-Bottom

Operation

The first dynamic manoeuvring model was developed following semi-

empirical formulas. For a higher level of accuracy, the numerical hy-

drodynamic study of the real-size SST during near-bottom operations

is conducted. Ultra-high Reynolds numbers between 6.75×107 and
4.73×108 are considered. RANS simulations combined with the k−ω

SSTmodel are used to predict the hydrodynamic properties of the SST.

A mesh convergence study is conducted to determine an appropriate

grid resolution. The applied mesh and method in this thesis are vali-

dated against the published experimental data and numerical results

of the SUBOFF submarine and documented in [39]. Two types of op-

erating scenarios are considered. The first case considers the SST op-

erating in still water with forward speed. The second case considers an

SST hovering near the seabed subjected to an ocean current boundary

layer. The effects of velocity, gap ratio, and boundary layer are inves-

tigated. The main conclusions are summarised below:

• A significant lift force forcing the SST to be decent towards the

seabed can be noticed for simulations with a small bottom gap

and high velocity. The lift coefficient grows significantly when

the gap ratio reduces and is independent of the change in the

Reynolds number. For the moving bottom case, the lift force

overpasses the drag force when the gap ratio is 0.2 or with an

inflow velocity higher than 1.54 m/s and a gap ratio of 0.3. When

the bottom is fixed, the lift coefficient is larger than the drag co-

efficient for G/D = 0.2. As a result, it indicates the subsea shuttle
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may require higher thrust in the vertical direction than the main

propeller.

• The drag coefficient is not sensitive to the bottom gap ratio. It

slightly decreaseswith the increase of Reynolds numberwhile the

lift coefficient remains the same. The hull viscous drag dominates

the total drag over the pressure drag.

• The seabed boundary layer results in a lower lift coefficient but

increases the drag coefficient compared with the moving bottom

case.

9.6 Limitations and Suggestions for Fu-

ture Work

Several limitations are apparent in the design, manoeuvring mod-

elling, and dynamic analysis of this study. These constraints offer op-

portunities for further exploration, serving as a natural extension of

the current research on SST design and dynamic analysis. This sec-

tion aims to illuminate these limitations and provide suggestions for

future investigation.

The conceptual design phase of this study focuses solely on one

potential baseline SST. This SST blueprint stems from the collabora-

tive efforts of Xing and Equinor ASA, as documented in prior works

[19, 33, 34, 96, 130]. However, this study does not encompass the

potential range of SST sizes, omitting considerations for smaller (50

m length) or larger (over 200 m length) variations. Nonetheless, a

brief discussion on these dimensions is included in a techno-economic

study at UiS [157].

Additionally, the baseline SST blueprint outlined in this thesis

adopts a traditional rule-based design methodology. This approach

incorporates safety factors stipulated by the DNVGL-RU-NAVAL-

Pt4Ch1 guidelines, which dictate augmented structural safety factors
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with decreasing water depth. Consequently, it is evident that safety

factors become excessively high when the SST is intended for oper-

ation in shallower waters. There exists the potential to harness ad-

vanced engineering tools like Finite Element Analysis (FEA) to en-

hance structural design and achieve optimal solutions. By subjecting

the SST’s structure to a diverse array of design scenarios through FEA,

potential issues such as overdesign, underdesign, or stress concentra-

tion can be identified.

The baseline design omits consideration for automation control,

communication, and navigation systems. A systematic evaluation is

warranted to pinpoint risks and potential hazards inherent in SST op-

erations or the broader utilisation of extra-large autonomous under-

water vehicle operations.

The discourse on CO2 transportation properties is an initial assess-

ment grounded in the existing literature. Notably, gaps in knowledge

persist, warrantingmore comprehensive research to investigate the ef-

fects of saturated CO2 liquid with varying purity levels across diverse

pressure and temperature conditions for SST operations.

Although this study develops a planar manoeuvring model for the

SST, its potential is further underscored by its capability to evolve into

a comprehensive 6 DoFs model facilitated by the symmetry of the ge-

ometry. The hovering control model can be broadened to encompass

scenarios such as functionality failures, extreme loading conditions,

and the impact of offloading disturbances, shifts in the CoG, and flow-

line snap-loadings.

Lastly, the semi-empirical nature of the hovering and SOE stud-

ies could benefit from enhanced reliability achieved through numer-

ical simulations incorporating greater nonlinearity in hydrodynamic

derivatives.
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Baseline SST Nominal

Diving Depth

Determination

The 70 m nominal diving depth is determined based on a preliminary

estimation of the minimum recoverable depth from a worst jam-to-

rise situation. In this situation, a malfunction in the hydroplane con-

trol system is assumed to occur when the SST is sailing at 9.2 knots

maximum speed vmax (including 2 knots considering current) speed

with a 5 ° initial pitch angle. After a 5 s reaction time, the SST control

system realises the situation and takes restoring reaction. It pumps

aft trim tank ballast to the front to decrease the pitch angle. This re-

duces the ascent speed. The SST can be recovered if the pitch angle is

reduced to 0 ° before reaching the 40 m safety depth. The following

parameters are used in the calculations:

• Maximum pitch angle: The maximum pitch angle of the SST is

defined to be 5 °. The SST does not require excellent manoeuvra-

bility since it travels constantly at a fixed water depth.

• Maximumsailing speed: Themaximumsailing speed is 7.2 knots.

This is 20 % higher than the SST’s design speed. Current: The

designed current speed is set to be 1 m/s (2 knots) at the same
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speed range with the highest observed current speed of the North

Atlantic Current and Norwegian Coastal Current.

• Trim tank pump capacity: The maximum trim tank pump ca-

pacity is 2,000 m3/h. This can be achieved by two 1,000 m3/h

pumps, e.g., Wärtsilä AQ-1200-EC [158].

• Moment of inertia: The moment of inertia Iyy is estimated to be

7.9×107 t/m2 as a solid cylinder using:

Iyy =
1

4
W

D

2

2

+
1

12
WL2 (A.1)

whereW is the SST weight, D is the SST beam, and L is the SST

length.

• BG: The distance of the CoB and CoG is estimated to be 0.6 m.

• Reaction time: The reaction time is estimated to be 5 s. Since

the SST is autonomous, it has a faster response than a normal

submarine, whose reaction time is around 15 s [129]. This is the

period before the SST takes recovering reactions after the jam-to-

rise happened.

With the above assumptions, the total pitch moment acting on the

SST can be calculated as follows:

Mtot = −Ltrim · wtw︸ ︷︷ ︸
Trim tank restoring moment

+W · BG · sinαmax︸ ︷︷ ︸
Jammed aft plane

− W · BG · sinα
2︸ ︷︷ ︸

Contribution from the SST COG

(A.2)

where Ltrim is the longitudinal distance between two trim tanks, wtw

is the weight of trim ballast pumped from the aft trim tank to the fwd

trim tank, αmax is the 5 ° maximum pitch angle.
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The pitch angular velocity γr is therefore calculated as:

γr =
Mtot

Iyy
(A.3)

As a result, the recovery time is 60 s, and together with the 5 s

reaction time, the total ascent time tas is 65 s. The ascent distance is

calculated as follows:

das = vmax · sinαmax · tas (A.4)

The total ascent distance is calculated to be 26 m. As a result, the

lowest recoverable depth in a jam-to-rise situation is 66 m. Based on

this, the nominal diving depth is set as 70 m.
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Baseline SST Resistance

Forces Estimation

This section presents the calculation of resistance forces as a function

of the slenderness ratio. When the SST travels forward, its resistance

can be separated into two components: skin friction and body drag.

Skin friction is caused by resistance forces acting on the body’s sur-

face. Thismeans that it highly depends on the hull roughness andwet-

ted surface area. The body drag is caused by the pressure difference

between the bow and aft of the body, which is more dependent on the

body shape. The skin friction for a slender structure usually is higher

than the body drag because of the high wetted surface area/volume

ratio. The resistance components are calculated as follows: The skin

friction Csf is derived from the Reynolds number Re in accordance

with the ITTC-57 correlation line [82]:

Csf =
0.075

(logRe− 2)2
(B.1)

A form factor k is introduced to calculate pressure drag Cv contri-

bution using:

Cv = (1 + k)Csf (B.2)

where k is calculated using the formula:
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k = 1.5

(
D

L

) 3
2

+ 7

(
D

L

)3

(B.3)

The results are shown in Figure 3.6. The volume is fixed at 32,799

m3 while the slenderness ratio varies. This method provides a rough

but quick estimation of the vessel’s slenderness in the early stages of

the design process. CFD analysis and scale model tests are usually

performed if more accurate results are required.
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Baseline SST External Hull

Design Calculations

The design calculation method in DNVGL-RU-NAVAL-Pt4Ch1, Ap-

pendix A, Section 6 [70] is applied to determine the SST’s external hull

properties. The calculation input and process are given in Table C.1.

The symbols presented in the table are aligned with the notation used

in the guideline. The corresponding equation numbers used in the

guideline are also mentioned here. The stresses in the free flooding

compartments and flooded mid-body external hulls are listed in Ta-

ble C.2, Table C.3, Table C.4 and Table C.5. The external hulls in free

flooding compartments are the pressure hull subjected to hydrostatic

pressures. Thus, they are checked against permissible stress at nomi-

nal diving depth, test diving depth, and collapse depth in accordance

with Chapter 4 in DNVGL-RU-NAVAL-Pt4Ch1 [70]. The permissible

values are listed in Table C.6. Although the floodedmid-body external

hull does not handle hydrostatic pressure, it is designed for 7 bar (70

m) collapse pressure to avoid immediate structural failure in acciden-

tal load cases like the malfunction of the mid-body seawater vent.

A finite element analysis is performed to justify the watertight

bulkhead design. Table C.7 lists the numerical analysis results and

the permissible stresses in DNVGL-RU-NAVAL-Pt4Ch1 Sec.4.3 [70].

Figure C.1 presents the bulkhead equivalent stress distribution under
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19 bar collapse depth pressure, the applied force, and the boundary

condition. Static pressure is applied normally to the ellipsoidal bulk-

head from the flooded mid-body. The external hull is clamped at the

far end of the mid-body.
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Table C.1: SST external hull design spreadsheet

Parameter Free flooding compartment Flooded compartment Eq. number in DNVGL RU
P4C1 Appendix A

Design pressure type Nominal diving depth Test diving depth Collapse depth Collapse
Design pressure 7 bar 10.5 bar 19 bar 7 bar User input
Hull thickness 0.041 m 0.025 m User input
Hull radius 8.500 m User input
Frame web height 0.300 m User input
Frame web thickness 0.030 m User input
Flange width 0.100 m User input
Flange thickness 0.033 m User input
Frame spacing 1.000 m 1.500 m User input
Frame cross-sectional area 0.012 m2 User input
Inner radius to the flange of frame 8.15 m User input
Youngs modulus 206 GPa User input
Poisson Ratio 0.3 User input
Poisson ratio in elastic-plastic range 0.300 0.300 0.309 0.300 (A48)
Frame distance without thickness 0.97 m 1.47 m (A9)
Effective length 0.91 m 0.72 m (A10)
Effective area 0.013 m2 (A11)
The radial displacement in the middle
between the frames

-0.0035 m -0.0053 m -0.0093 m -0.0087 m (A15)

The radial displacement at the frames -0.0019 m -0.0027 m -0.0057 m -0.0094 m (A16)
The reference stress is the circumferen-
tial stress in the unstiffened cylindrical
pressure hull

145 MPa 218 MPa 394 MPa 238 MPa (A13)

The equivalent stresses are composed
of the single stresses in longitudinal
and circumferential direction at the
middle between frames

95 MPa 142 MPa 252 MPa 214 MPa (A14)

The equivalent stresses are composed
of the single stresses in longitudinal
and circumferential direction at the
frames

70 MPa 104 MPa 197 MPa 236 MPa (A14)

Average membrane stress in longitudi-
nal direction

73 MPa 109 MPa 197 MPa 119 MPa (A17)

Membrane stress in circumferential
direction in the middle between the
frames

108 MPa 160 MPa 284 MPa 247 MPa (A18)

Membrane stress in circumferential di-
rection at the frames

67 MPa 98 MPa 197 MPa 272 MPa (A19)

Bending stresses in longitudinal direc-
tion in the middle between the frames

28 MPa 45 MPa 93 Mpa 126 MPa (A20)

Bending stresses in longitudinal direc-
tion at the frames

95 MPa 149 MPa 255 MPa 69 MPa (A21)

Bending stresses in circumferential di-
rection in the middle between the
frames

8 MPa 13 MPa 28 MPa 38 MPa (A22)

Bending stresses in circumferential di-
rection at the frames

29 MPa 45 MPa 76 MPa 21 MPa (A23)

Tangential module 206 GPa 206 GPa 206 GPa 206 GPa (A38)
Secant module 206 GPa 206 GPa 199 GPa 206 GPa (A39)
Elastic buckling pressure 58.3 bar 39.9 bar (A21)
Theoretical elastic-plastic buckling
pressure

57.0 bar 39.9 bar (A22)

Reduction factor 0.75 (A23)
Elastic-plastic buckling pressure 42.9 bar 39.9 bar (A23)∙(A23)
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Table C.2: Stresses in the free flooding compartment (nominal div-
ing depth).

Types of stresses
At the frame In the middle of the field
Circumferential Equivalent Axial Circumferential Equivalent Axial

Membrane
stress [MPa]

67 - 73 108 - 73

Membrane
equivalent stress [MPa]

- 95 - - 70 -

Bending stresses [MPa] 29 - 95 8 - 28
Normal stress
outside [MPa]

96 - 168 116 - 101

Equivalent normal stress
outside [MPa]

- 146 - - 109 -

Normal stress
inside [MPa]

96 - 168 116 - 101

Equivalent normal stress
inside [MPa]

- 146 - - 109 -

Table C.3: Stresses in the free flooding compartment (test diving
depth).

Types of stresses
At the frame In the middle of the field
Circumferential Equivalent Axial Circumferential Equivalent Axial

Membrane
stress [MPa]

98 - 109 160 - 109

Membrane
equivalent stress [MPa]

- 142 - - 104 -

Bending stresses [MPa] 45 - 149 13 - 45
Normal stress
outside [MPa]

142 - 257 174 - 153

Equivalent normal stress
outside [MPa]

- 223 - - 164 -

Normal stress
inside [MPa]

142 - 257 174 - 153

Equivalent normal stress
inside [MPa]

- 223 - - 164 -

Table C.4: Stresses in the free flooding compartment (collapse
depth).

Types of stresses
At the frame In the middle of the field
Circumferential Equivalent Axial Circumferential Equivalent Axial

Membrane
stress [MPa]

197 - 197 284 - 197

Membrane
equivalent stress [MPa]

- 252 - - 197 -

Bending stresses [MPa] 76 - 255 28 - 93
Normal stress
outside [MPa]

273 - 452 312 - 290

Equivalent normal stress
outside [MPa]

- 394 - - 302 -

Normal stress
inside [MPa]

273 - 452 312 - 290

Equivalent normal stress
inside [MPa]

- 394 - - 302 -
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Table C.5: Stresses in the flooded compartment.

Types of stresses
At the frame In the middle of the field
Circumferential Equivalent Axial Circumferential Equivalent Axial

Membrane
stress [MPa]

272 - 119 247 - 119

Membrane
equivalent stress [MPa]

- 214 - - 236 -

Bending stresses [MPa] 21 - 69 38 - 126
Normal stress
outside [MPa]

293 - 188 285 - 245

Equivalent normal stress
outside [MPa]

- 257 - - 267 -

Normal stress
inside [MPa]

293 188 285 - 245

Equivalent normal stress
inside [MPa]

- 257 - - 267 -

Table C.6: External hull permissible stresses (Ref. Sec.4.3 in [70]).

Location
(depth)

VL D47
tensile
strength

VL D47
yield
strength

Permissible stress cal-
culation

Permissible
stress
value

Results

Free flooding
compartment
(nominal diving
depth)

550 MPa 460 MPa min
{

550 MPa
2.7

, 460 MPa
1.7

}
203 MPa Tab. C.2

Free flooding
compartment
(test diving
depth)

460 MPa
1.1

418 MPa Tab. C.3

Free flooding
compartment
(collapse depth)

460 MPa
1.0

460 MPa Tab. C.4

Flooded com-
partment (col-
lapse depth)

460 MPa
1.0

460 MPa Tab. C.5

Table C.7: Watertight bulkhead equivalent stresses and permissible
stresses.

Case Depth
Maximum
equivalent
stress

Permissible
stress
(Ref. Sec.4.3 in
DNVGL-RU-P4C1)

Criterion
fulfilled?

Nominal diving depth 70 m 153 MPa 203 MPa Yes
Test diving depth 105 m 229 MPa 418 MPa Yes
Collapse depth 190 m 415 MPa 460 MPa Yes
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Ellipsoidal
watertight
bulkhead Flooded 

mid-body

Hydrostatic 
pressure

Fixed support at the 
far end of mid-body

Figure C.1: SST bulkhead finite element analysis results at 190 m
collapse depth.
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Baseline SST Internal Tank

Design Calculations

The internal tanks within the SST adhere to the guidelines outlined in

Chapter 4 of ASME BPVC Section VIII, Division 2 [80]. Within the

SST structure, specific tanks, including the main cargo tanks, auxil-

iary cargo tanks, compensation tanks, and trim tanks, are engineered

to withstand burst pressure. Additionally, the buoyancy tubes are de-

signed with consideration for collapse pressure.

Tanks Under Internal Pressure

Determining hull thicknesses for cylindrical shells and hemisphere

heads for tanks subjected to internal pressure is based on the provi-

sions detailed in Chapter 4.3.3 andChapter 4.3.5 of ASMEVIII-2 [80],

respectively. The minimum requisite thickness for a cylindrical hull

exposed to internal pressure is articulated as follows:

tshell =
Dt

2

(
e

pi
SaEw − 1

)
(D.1)

where tshell is the hull thickness,Dt is the tank diameter, and Sa is the

allowable stress of the material. Ew is the weld joint efficiency, this

is set to be 1.0 for circumferential joints and longitudinal joints on a
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shell (Ref. Table 7.2 in ASME VIII-2 [80]). pi is the design pressure.

It is defined to be 55 bar for the cargo tanks and hydrostatic pressure

for the trim and composition tanks.

Similarly, the required minimum thickness of a hemisphere head

under burst (internal) pressure is expressed as:

tshell =
Dt

2

(
e

0.5· pi
SaEw − 1

)
(D.2)

Tanks Under External Pressure

Chapter 4.4.5 in ASME VIII-2 [80] introduces the pressure design of

pressure vessels under external pressure. It is used to determine the

buoyancy tank properties. The step-by-step calculation process can be

found in Table D.1.

Table D.1: Buoyancy tube calculation.

Parameter Symbol
in ASME
BPVC
Sec. VIII
Div.2

Value Eq. number in
ASMEBPVCSec.
VIII Div.2

Thickness t 0.015 m User input
Outer diameter Do 1.28 m User input
Unsupported length L 4 m User input
Young’s modulus Ey 200 GPa User input
Minimum yield strength Sy 414 MPa User input
Design factor FS 2.4 (4.4.1)
Predicted elastic buck-
ling stress

Fhe 84 MPa (4.4.19)

Factor Mx 41 (4.4.20)
Factor Ch 0.02 (4.4.22)
Predicted buckling stress Fic 84 MPa (4.4.27)
Allowable external pres-
sure

Pa 8 bar (4.4.28)
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Baseline SST Propeller

Design Calculations

PropellerKT ,KQ and O

The wake fraction, wT , is obtained from Figure 6.7 in Burcher el al.

(1994) [15] (reproduced in Figure E.1) given the tailcone angle, αc and

propeller/hull ratio, P/H.

Inflow velocity advance of the propeller VA is calculated as:

VA = (1− wT )Vs (E.1)

The advance number, J is then calculated as:

J =
VA

nDp
(E.2)

Based on the advance number J , the thrust and torque coefficients

KT andKQ and efficiency, ηO, can be found using the propeller curves

from [83].
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Propeller QPC

The thrust deduction, t can be obtained from Fig. 6.8 in Burcher el al.

(1994) [15] (reproduced in Figure E.2) given the tailcone angle, αc and

propeller/hull ratio, P/H. The hull efficiency, ηH , represents the ratio

between effective power and thrust power and is calculated as:

etaH =
1− t

1− wT
(E.3)

A relative rotative efficiency ηR of 1.05 is used based on the recom-

mendation in Chapter 5.1.5 of Renilson (2015) [84] for similarly sized

submarine hulls and propellers. Finally, the quasi-propulsive coeffi-

cient (QPC) is calculated as follows:

QPC = ηo · ηH · ηR (E.4)
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Figure E.1: Effects of tailcone angle on wake fraction reproduced
from Burcher et al. (1994) [15].
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Figure E.2: Effects of tailcone angle on thrust deduction reproduced
from Burcher et al. (1994) [15].
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