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This paper presents the baseline design of a 34,000-tonne subsea shuttle tanker (SST). The SST is proposed as an
alternative to subsea pipelines and surface tankers for the transportation of liquid carbon dioxide (CO2) from
existing offshore/land facilities to marginal subsea fields. In contrast to highly weather-dependent surface tanker
operations, the SST can operate in any condition underwater. The SST is an electric-powered autonomous un-
derwater vehicle with a length and beam of 164 m and 17 m, respectively. It has a cargo carrying capacity of
16,362 m®. This capacity is sufficient to allow the SST to fulfil the annual storage demands of ongoing carbon
capture and storage (CCS) projects in Norway. It travels with a slow speed of 6 knots at 70 m constant water
depth for maximum energy efficiency and offloads CO, via a connected coupling to the subsea well where CO> is
directly injected. To be economically attractive, the SST has a high payload of 50% displacement which makes a
low structural weight design extremely crucial. This is achieved by employing a double hull design for the SST

with active pressure compensating systems to cope with the large collapse pressure loads underwater.

1. Introduction

Most offshore oil and gas productions are transported by pipelines
from floating production units (FPUs) to onshore facilities (Fullenbaum
et al., 2013). Subsea pipeline laying techniques have advanced
tremendously since the first pipeline was laid underwater during World
War II'in the UK and is now considered a mature technology (Palmer and
King, 2008). However, this transportation method has some limitations
due to technical and economic reasons. One major constraint of the
method is the deployment cost which can be exceedingly expensive for
remote oil and gas fields due to long transmission lengths since costs
increase significantly with pipeline lengths. In addition, deep-water
pipeline inspections can be challenging and expensive. Besides, pipe-
line maintenance and repair frequently require a full line or partial
shut-in, which can be economically undesirable. This means the solution
is more suitable to large fields with high profit margins and small
stepouts (Wilson, 2008), i.e., it is economically unattractive to utilise
subsea pipelines to a single remote marginal field. In this situation,
shuttle tankers are frequently employed (Vestereng, 2019). The tanker
ship is a highly flexible solution which can be deployed on demand to
different fields. Further, a replacement tanker can be easily deployed in
the event of a vessel down-time. However, being a floating structure that

* Corresponding author.
E-mail address: yucong.ma@uis.no (Y. Ma).

https://doi.org/10.1016/j.0oceaneng.2021.109891

experiences large dynamic load-effects from wind and waves, operation
of the tanker ship is highly weather-dependent and cannot be carried out
in severe sea states. As an innovative alternative to circumvent the above
limitations, the authors present a 34,000-tonne baseline design of a
Subsea Shuttle Tanker (SST) (Illustrated in Fig. 1; the engineering
drawing is presented in Fig. 7) (Equinor Energy AS, 2019; Ellingsen
et al., 2020; Xing et al., 2021) which combines the flexibility and
economy of the shuttle tanker together with the ability of the submarine
to operate in any weather conditions underwater.

The idea of using underwater vehicles in commercial transportation
is not new and was earlier proposed in the 1970s where Jacobsen (1971)
and Taylor et al. (1977) proposed the use of nuclear propelled sub-
marines of various sizes (20,000 to 420,000 DWT) for the transportation
of Arctic crude oil. Moving forward to the 1980s, Jacobsen et al. (1983)
proposed two mammoth submarine Arctic LNG tanker concepts: a 660,
800 DWT nuclear-powered and a 727,400 DWT non-nuclear-powered
version. More recently, Brandt et al. (2015) presented a 3500 DWT
multi-purpose submarine for a wide range of subsea operations
including installation, inspection, maintenance and repair up to water
depths of 1500 m in the Arctic region. An innovative maritime freight
option was also presented by Ellingsen et al. (2020) in which a subsea
‘cargo-train’ made up of inter-connected subsea train-like tanks with
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independent propulsion units located at the vessel bow or aft was pro-
posed. Ellingsen et al. (2020) also proposed an ultra-efficient large
subsea transport glider. This subsea glider was envisioned to have large
hydrodynamic wings with the cargo tanks mounted within. Xing (2021)
went on to propose a 1500 DWT subsea cargo glider that has a calculated
average power consumption of below 10 kW. In general, the above-
mentioned works did not go beyond conceptual design proposals. In this
paper, the authors will close this knowledge gap by defining a baseline
SST design that entails detailed global design specifications. The paper
will build upon the background work performed in Xing et al. (2021)
where the most important design considerations surrounding the global
weight distribution, structural capacity, cargo properties, pressure
compensation system and offloading methods were investigated.

The main objective of the SST is to transport CO, from offshore or
land facilities to subsea wells for direct injection by travelling autono-
mously underwater. Its position in the offshore carbon capture and
storage (CCS) supply chain operations is illustrated in Fig. 2. The base-
line SST is defined for deployment in the Norwegian sector where there
are currently three ongoing CCS projects, namely Sleipner, Utgard, and
Snghvit (Norwegian Petroleum Directorate (NPD), 2020). In these pro-
jects, COy generated from hydrocarbon production is captured and
reinjected into the reservoir. In addition to these three ongoing projects,
the Northern Lights project (Equinor ASA, 2020) will start operation in
2024 where CO, generated from land-based, non-petroleum related in-
dustrial activities will be transported to the Troll field for injection into
the Utsira formation. The locations of the above-mentioned CCS projects
are shown in Fig. 3. These Norwegian fields are selected to provide the
mission requirements as they are already being exploited for CCS stor-
age. The SST can be designed to operate in different sites around the
world that may have different requirements. Even though the target
cargo is COg, the SST can be also used to transport other types of cargo
such as hydrocarbons, electrical power (through batteries), and subsea
tools.

The SST can contribute to the mitigation of global warming in
different ways. On one side, it is fully electrically powered and emission-
free which contributes to the sustainability of shipping. Shipping
currently accounts for approximately 3.3% of fossil-fuel-related CO5
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emissions (Papanikolaou, 2014). On the other side, it enables marginal
subsea fields to be utilised as offshore CO, storage sites, thereby sup-
porting to meet the future increasing global demand in CCS. The ma-
jority of CO; released by industrial activities can be captured and stored
(Capture and Storage Association (CCSA), 2020). Any economical so-
lution that can increase the global CCS storage supply is crucial to
moderate the exaggerating trend in the increase of global mean tem-
perature. This is likely to be worsen by the increasing trend in global
energy demand which will cause the atmospheric CO2 concentration to
double in 2100 compared to 1960 levels (International Energy Agency
(IEA), 2010).

2. Design methodology

The design methodology used is presented in Fig. 4 as a design
flowchart and is briefly discussed in this section. The design of SST starts
from the mission requirements (Ref. Section 3), in which the depth,
range, cargo capacity, and environmental data are identified. The
mission requirements will consequently define the properties of the CO2
cargo (Ref. Section 4), expected load-effects, required speed, and range.

The expected load-effects will define the structural properties
(Ref. Section 7) and these are results of the loads experienced due to
water depth, offloading (Ref. Section 10) and CO; cargo. In structural
properties (Ref. Section 7), the external hull, inner tank, and materials
used are defined. At the same time, a pressure compensation system
(PCS) (Ref. Section 9) is also proposed to mitigate large collapse pressure
loads. The PCS is a design innovation specific to the SST and is used
under all types of mission requirements.

The required speed and range will define the hydrodynamics and
propulsion design (Ref. Section 8). These are also affected by manoeu-
vrability and the resulting external hull geometry defined from the
structural properties. Drag and power, propeller design, energy con-
sumption and battery selection are defined in Section 8.

Finally, the hydrostatic properties (Ref. Section 6) are calculated
based on the general arrangement and component weights (Ref. Section
5) defined from above and checked against the stability criterion. Both
transverse and longitudinal hydrostatic stabilities are checked. The

Fig. 1. Illustration of the subsea shuttle tanker.
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Fig. 2. CCS offshore storage process with SST transportation.
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Fig. 3. Current ongoing and planned CCS storage sites in the Norwegian sector (data from Norwegian Petroleum Directorate (NPD) (2020) and Equinor ASA (2020)).

baseline design is obtained if the stability criterion is fulfilled; otherwise,
the structural properties will be adjusted, and the design will be iterated.
The resulting main parameters of the baseline design are presented in
Table 1. Using the design procedure, the SST derived is a 33,619-ton
submarine with a length and beam of 164 and 17 m, respectively. It
can carry up to 16,362 m® of CO for a range of up to 400 km at a speed
of 6 knots.

The subsequent sections will discuss individual aspects of the base-
line design in more details.

3. Mission requirements

The mission requirements set the premise of the design and are
defined and discussed in this section.
3.1. Operating depth range

The SST has the following depth definitions:

- The safety depth is 40 m.

o This is to avoid collisions with draught surface ships or floating
installations.

- The nominal diving depth is 70 m.
o The SST is designed to travel at a constant 70 m nominal diving
depth. This depth is defined based on the minimum recoverable
depth from lost-of-control situations, e.g., jam-to-rise. The
determination process of the nominal diving depth is given in
Appendix A.

- The test diving depth is 105 m.
o The test diving depth of the SST is 105 m which is defined to be
1.5 times of the nominal diving depth in accordance with DNVGL-
RU-NAVAL-Pt4Ch1, Table 1 (DNV-GL, 2018).

- The collapse depth is 190 m.
o The SST is designed not to collapse at maximum 190 m depth
which is defined to be 2.7 times of the nominal diving depth in
accordance with DNVGL-RU-NAVAL-Pt4Ch1, Table 1 (DNV-GL,
2018).

Based on the above depth definitions, the operating depth range of
the SST is therefore between 40 m (safety depth) and 70 m (nominal
diving depth). Emergency procedures using the PCS will be initiated
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Fig. 4. Design flow chart used in SST baseline design.

Table 1

Subsea shuttle tank main design parameters.
Parameter Value Unit
Length 166 [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]

when the hydrostatic pressure exceeds the tank pressure to prevent
cargo tank failure. These procedures are presented in Section 9. The
definition of the depths is illustrated in Fig. 5 together with the depths of
the CCS storage sites considered in this paper.

3.2. Range

The SST’s range is designed to be 400 km which will enable it to
make a return trip to Snghvit and Troll or a one-way trip to Sleipner and
Utgard. In the latter case, the SST can be recharged using the existing
offshore facilities at the Utsira High, which is electrified from shore.
3.3. Cargo capacity

The SST’s cargo capacity is designed to be 15,000 tonnes to match
the maximum annual carbon storage capacity of the CCS projects
considered in this paper which is 1.5 million tonnes as presented in
Fig. 3. This can be fulfilled using two weekly scheduled SST trips.

3.4. Environmental data

The following environmental conditions are defined:

- The design minimum and maximum environmental temperatures are
0 °C and 20 °C, respectively.

o The SST will operate in the Norwegian Sea (0 °E — 10 °E, 60 °N -
70 °N). In this region, the seawater temperature range is 2 °C-12
°C (NCEIL 2020). The minimum of 0 °C is have a slight temper-
ature margin during winters; the temperatures in sea water nor-
mally do not go below 0 °C. The maximum of 20 °C is to cover the
case where SST surfaces during summers.

- The design seawater density is 1025 kg/m?>.
o This is the corresponding minimum seawater density based on
the seawater temperatures presented above. A minimum density
value will lead a lower buoyancy force being used in neutral-
buoyancy design calculations. This is conservative as an insuffi-
cient buoyancy force appearing at the later stages of the design or
construction process could mean increasing the length of the
vessel, which is a very costly exercise.

- The design current speed is 1 m/s.
o In the Norwegian Sea, the observed seasonal average current
speed is around 0.2 m/s while the highest seasonal average speed
is around 1 m/s of the North Atlantic Current and Norwegian
coastal current (Mariano et al., 1995; Ersdal, 2001; Szetre, 2007).

4. CO, properties
4.1. State of transportation

CO3 is normally transported offshore in the supercritical state and
saturated liquid state using pipelines and ships, respectively. The SST
transports COs in the saturated liquid state with pressure and temper-
ature of 35-55 bar and 0-20 °C, respectively. In the saturated liquid
state, the temperature and pressure are passively regulated with the
environment, i.e., no external energy is required to maintain them at the
defined set points. This means the pressure of the liquid CO; will vary
along the boiling line in the phase diagram (Fig. 6) during trans-
portation. This is an energy-effective and therefore cost-effective solu-
tion. This transport method contrasts with existing gas carriers which
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Safety depth 40 m
Nominal diving depth 70 m
Test diving depth 105 m

Collapse depth 190 m

CO2 quality or purity is important to the SST’s structural design
because impurities increase the risk for corrosion and hydrate forma-
tion. As discussed in Xing et al. (2021), the most undesired impurity for
the SST is free water (H50). Free water dissolves CO5 and H»S to form
the highly corrosive carbonic and sulphuric acids; the latter is formed
together with oxygen (De Visser et al., 2008 and Mohitpour et al., 2007).
These acids can lead to severe corrosion issues in the SST. On the other
hand, hydrate formation in the cargo tanks can cause blockage and/or
sealing issues. This is particularly relevant for the seals in the pistons of
the PCS (Ref. Section 9). Free water is avoided in the SST by ensuring
that the water concentration is always lower than its solubility, i.e.,
there will be no free water if all the water dissolves in CO». The baseline
design uses the impurity limits from the Northern Lights project (Equi-
nor ASA, 2021) as the SST is designed to operate in the Norwegian
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Fig. 5. Depth definitions together with depths of CCS storage sites considered.
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Fig. 6. CO, phase diagram presented together with the CO, states associated
with various transportation methods and wellhead injection conditions from
Equinor ASA (2021) and Eiken et al. (2011).

are commonly the semi-refrigerated (small ships) and refrigerated (large
ships) types. These carriers require re-liquefaction systems which are
both cost- and energy-intensive to run. For example, these big and small
ships must maintain low temperatures of —50 °C and —15 °C, respec-
tively as shown in Fig. 6. To maintain these low temperatures, re-
liquefaction systems with compressors are needed to capture the boil-
off gas. By transporting saturated liquid CO5 at environmental temper-
ature, the use of these energy-intensive systems for the SST is avoided.

Moreover, the liquid CO4 at 45 bar can be directly pumped using a
single stage booster pump into the reservoir (wellhead pressures are
about 80 bar in Sleipner & Utgard). This is significantly more efficient
compared to gas carriers where multi-stage booster pumps and inter-
heaters are required. For instance, small CO carriers need to increase
the pressure of the liquid from 8 bar to 80 bar and the temperature from
—15°Cto 25 °C.

sector. The impurities limits are presented in Table 2 together with the
limits from the Dynamis project (Bonis, 2012) as reference. The free
water limit is defined to be 30 ppm which is much lower than the lowest
solubilities of HoO presented in Xing et al. (2021); 200 ppm and 1200
ppm considering CO; gas and liquid at —10 °C, respectively. This en-
sures that no free water will be present in the CO3 cargo. It is mentioned
that limits are placed on nitrogen oxides (NOy), sulphur oxides (SOx) and
hydrogen sulphide (H,S) in Northern Lights and Dynamis due to safety
and health considerations. These may not be mandatory for the SST
since the vessel is unmanned.

5. General arrangement
5.1. Compartments
The general arrangement is presented in Fig. 7. As shown in the
figure, two watertight bulkheads divide the SST into three
compartments:
- Free flooding aft compartment: Contains the moisture-sensitive

equipment that includes the motor, gearbox, rudder controls, bat-
tery, aft trim tank, and aft compensation tank.
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Fig. 7. SST general arrangement. A: Mid-vessel cross section. B: SST fwd bulkhead. C: SST aft bulkhead. D: Buoyancy tank-bulkhead connection.

Table 2

CO, impurity limits. Limits from the Northern Lights project (Equinor ASA,
2021) are used. Limits from the Dynamis project (Bonis, 2012) are provided as
reference.

Table 3
Dry weight and volume distribution. Tank arrangement and positions can be
found in Figs. 7 and 8.

Component CoG (%, y, z) [m] Weight [ton] Space [m3]
Component SST Northern Dynamis External hull (7.1, 0.0,0.0) 2666 32,799
allowable Lights Main cargo tank 1 (0.0, 0.0, 0.0) 681 1931
Water, H,0 30 ppm 500 ppm Main cargo tank 2 (0.0, 5.0, 0.0) 681 1931
Sulphur oxides, SOy 10 ppm 100 ppm Main cargo tank 3 (0.0, 2.5, 4.3) 681 1931
Nitrogen oxides, 10 ppm 100 ppm Main cargo tank 4 (0.0, —2.5, 4.3) 681 1931
NO, Main cargo tank 5 (0.0, —5.0, 0.0) 681 1931
Hydrogen sulphide, 9 ppm 200 ppm Main cargo tank 6 (0.0, —2.5, —4.3) 681 1931
H,S Main cargo tank 7 (0.0, 2.5, —4.3) 681 1931
Carbon monoxide, 100 ppm 200 ppm Auxi. Cargo tank 1 (0.0, —7.1, 0.0) 171 475
co Auxi. Cargo tank 2 (0.0, 6.2, —3.6) 171 475
Oxygen, O, 10 ppm non-considerable gases Auxi. Cargo tank 3 (0.0, 6.2, 3.6) 171 475
<40,000 ppm Auxi. Cargo tank 4 (0.0, 7.1, 0.0) 171 475
Amines, RNH3 10 ppm non-considerable Auxi. Cargo tank 5 (0.0, —6.2, 3.6) 171 475
gases < 40,000 ppm Auxi. Cargo tank 6 (0.0, —6.2, —3.6) 171 475
Ammonia, NHg 10 ppm non-considerable Buoyancy tank 1 (0.0, -7.5, 2.1) 46 123
gases <40,000 ppm Buoyancy tank 2 (0.0, -7.5, —2.1) 46 123
Hydrogen, H, 50 ppm non-considerable Buoyancy tank 3 (0.0, —5.6, —5.4) 46 123
gases <40,000 ppm Buoyancy tank 4 (0.0, —-1.9, —7.5) 46 123
Formaldehyde, 20 ppm non-considerable Buoyancy tank 5 (0.0, 1.9, -7.5) 46 123
HCHO gases < 40,000 ppm Buoyancy tank 6 (0.0, 5.6, —5.4) 46 123
Acetaldehyde, 20 ppm non-considerable Buoyancy tank 7 (0.0, 7.5, —2.1) 46 123
CH;CHO gases < 40,000 ppm Buoyancy tank 8 (0.0, 7.5, 2.1) 46 123
Fwd comp. tank (65.3, 0.0, 5.0) 100 800
Aft comp. tank (-65.3, 0.0, 5.0) 100 800
Fwd trim tank (67.8, 0.0, 5.0) 35 200
- Free flooding bow compartment: Contains the sensors, sonar, radio, :ﬁ;r]i)mlktinkd( (ertight E:O768’0060’05£) ‘;’fw 200
. . . 'wd bulkhead (waterti; .0, 0.0, 0. -
control sta}tlon, pumps for offloading, fwd trim tank, and fwd Aft bulkhead (watertigﬁt) (50,0, 0.0, 0.0) 147 B
compensation tank. Mid-body bulkhead 1 (25.0, 0.0, 0.0) 10 -
- Flooded mid-body: The largest compartment and contains the Mid-body bulkhead 2 (25.0, 0.0, 0.0) 10 -
buoyancy tanks, cargo tanks, and piping. Machinery (-33.7, 0.0, 6.0) 1000 8288
Permanent ballast (4, 0.0, 8.0) 997 -
Sum (-4.6, 0.0, 0.9) 11,200 32,799
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Fig. 8. SST Flounder diagram. Lateral axis: SST longitudinal position; vertical axis: Cross section area.

5.2. Distribution of weights and spaces

Table 3 lists the weights, volumes, and centres of gravity of the SST’s
major components. The origin of the coordinate system is set at the
centroid of the cylindrical mid-body. The Flounder diagram is presented
in Fig. 8 and is used to check the disposition of volumes presented in
Table 3. It describes the space distribution of the SST along the vessel
length without considering the exact layout. The lateral axis represents
the longitudinal position of the SST while the vertical axis demarcates
the cross-section area. Each individual area in the diagram represents
the space demand of each volume component and illustrates the corre-
sponding SST space is used. The weight estimation of the external hull,
buoyancy tubes, and cargo tanks are presented in Section 7. The defi-
nition of compensation tanks, trim tanks, permanent ballast, and ma-
chinery are given as following:

- Compensation tanks: Two 800.0 m® compensation tanks are ar-
ranged on the SST. Compensation tanks provide the vessel with the
trimming moment and weight necessary to reach neutral buoyancy
under different hydrostatic load cases. They communicate directly
with the open sea using pumps. These tanks can ensure the neutral
buoyancy of the SST during all design hydrostatic load cases with a
sufficient margin (Ref. Fig. 10 and Section 6.4). The capacity of

Main cargo Auxiliary
tank cargo tank
External
hull

Submerged (CO2 filled)

compensation tanks is determined in accordance with Burcher and
Rydill (1994) to be 1.1 x (largest possible weight change + largest
possible buoyancy change due to various water density).

Trim tanks: In the SST, two 200.0 m® trim tanks locate in the bow
hemisphere and aft cone. These tanks bring the centre of gravity
(CoG) vertically beneath the centre of buoyancy (CoB) so that the
vessel is at a neutral trim condition. The trim tanks do this by
pumping water between each other. Trim tanks do not communicate
with open sea and are half-filled with water. The sufficiency of trim
tanks to cope with the possible change of the SST’s longitudinal CoG
is proved in Section 6.4.

Permanent ballast: Permanent ballast is used (i) to assist in achieving
neutral buoyancy as a design margin, (ii) to equalise the longitudinal
position of CoG and CoB to reach neutral trim, and (iii) to lower the
vertical position of CoG to increase hydrostatic stability. The per-
manent ballast weight is estimated to be 4% of the SST’s dry weight
corresponds to 997 tonnes. This is close to the design target in Xing
et al. (2021).

Machinery: By engineering judgement, the authors estimate the
machinery to be 1000 tonnes. The main components include the
moisture-sensitive equipment and piping. For comparison, the USS
Albacore has a similar power level (2 MW) with the SST (0.5 MW-1

[ ] air
[ ] co
- Seawater

Submerged (SW filled)

%

Surfaced (CO2 filled)

Surfaced (SW filled)

Fig. 9. Mid-vessel cross-sectional views of liquid distributions for various hydrostatic load cases.
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MW) and its machinery weight is 638 tonnes (Burcher and Rydill,
1994).

6. Hydrostatics
6.1. Hydrostatic load cases

Hydrostatic stability of the SST is checked against DNVGL-RU-
NAVAL-Pt4Ch1, Section 3.5.2.3 (DNV-GL, 2018) which states that the
distance between the centres of buoyancy and gravity (BG) and meta-
centric height (GM) must be greater than 0.35 m in the submerged
condition for vessels that exceed 2000 DWT. Further, the metacentric
height (GM) must be greater than 0.22 m in the surfaced condition.

The hydrostatic load cases are illustrated in Fig. 9 and described in
detail as follows:

- Submerged (CO2 filled): The vessel is submerged with all 13 tanks
filled with liquid CO;. The mid-body flooding area is filled with
seawater. The compensation tanks are used to ensure neutral buoy-
ancy. This is the fully loaded operating conditions.

Submerged (SW filled): The vessel is submerged with all 13 tanks
filled with seawater. The mid-body flooding area is filled with
seawater ballast. The compensation tanks are empty. This situation
occurs after the SST has offloaded at a subsea well.

Surfaced (CO2 filled): The vessel is floating on the surface with all
13 tanks filled with liquid CO,. The mid-body flooding area is not
filled with seawater. The compensation tanks are empty. This situ-
ation occurs when the SST is loading at the port.

Surfaced (SW filled): The vessel is floating on the surface with 5
main tanks and 3 auxiliary tanks at the bottom filled with seawater
ballast, the remaining tanks are empty. The mid-body flooding area
is not filled with seawater. The compensation tanks are empty. This
situation occurs when the SST returns to the port after its journey.

6.2. Metacentres and centres of buoyancy & gravity

The metacentre (M), centre of buoyancy (CoB), and centre of gravity
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(CoG) of the SST for different hydrostatic load cases are listed in Table 4.
These values of these parameters affect the hydrostatic stability which is
defined 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 and
correspond to the submerged (SW filled) and surfaced (CO2 filled),
respectively. These meet the criteria of 0.35 m and 0.22 m listed in
DNVGL-RU-NAVAL-Pt4Chl, Section 3.5.2.3 (DNV-GL, 2018),
respectively.

6.3. Weight and space composition

The weight and space composition with respect to the design hy-
drostatic load cases are listed in Table 5. The SST dry weight composi-
tion is given in Table 6. The double hull design and pure electric
propulsion system reduces the structural weight and machinery weight
which takes up 35% and 3% of the dry weight, respectively. Conse-
quently, a high payload capacity of 46% of its displacement and 50% of
its volume is achieved.

6.4. Equilibrium polygon plot

During CO- offloading, seawater is pumped in from one side of the
cargo tank thereby pushing the piston of the PCS system (Section 9) and
consequently the CO, from the other end of the tank. This means the
cargo tanks will go from a state of being (i) fully CO filled to (ii)
partially CO2 and seawater filled and finally to (iii) fully seawater filled.
This affects the longitudinal CoG positions and individual weights of the
cargo tanks as CO; and seawater have different densities, 940 vs 1025
kg/m?>, respectively. As a result, the global SST’s longitudinal stability
and weight are consequently affected. Eight cargo tank loading condi-
tions are investigated, and these are presented in Table 7 and plotted
together with an equilibrium polygon in Fig. 10. The equilibrium
polygon indicates the maximum compensating ballast weight and
trimming moment that can be achieved by the compensation tanks and
trim tanks. All load cases considered lie within the polygon which means
the SST is longitudinally stable, i.e., sufficient trimming moments can be
generated to maintain longitudinal stability in all conditions. Further,

1800 T —w—EP o 5CI00W0
FTTempty ACTfulll @ 1COWI100 * 6 W70C30
1600 % 2C30W70 = 7 W50C50
®x 3C50W50 © 8W30C70
O 4 C70W30
1400 q
21200 .
=
2
= 1000 1
oh
S FCT full
2 800 .
w
=
= J
A 600
400 7
200 7
0
-1.5 -1 -0.5 0 0.5 1 1.5
Trimming Moment [ton-m] «10°

Fig. 10. Equilibrium polygon of the SST with load cases specified in Table 7. EP: equilibrium polygon, LC: loading condition, FTT: fwd trim tank, FCT: fwd

compensation tank, ATT: aft trim tank, ACT: aft compensation tank.
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Table 4

Centres of the SST and hydrostatic check (units = m).
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Submerged (CO2 filled)

Submerged (SW filled)

Surfaced (CO2 filled)

Surfaced (SW filled)

CoB (x, y, z) (-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,, ) (-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,2) (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 0.78 0.57 0.50 1.35
BG 0.78 0.57 —0.86 -0.83
Result BG > 0.35==0K BG > 0.35 = = OK GM > 0.22 ==0K GM > 0.22 = = 0K
Table 5
Weight and space composition.
Component Weight (tonnes) Space [m?]
Submerged (CO2 filled) Submerged (SW filled) Surfaced (CO2 filled) Surfaced (SW filled)
Cargo tank 15,381 (46%) 16,772 (49%) 15,381 (57%) 11,354 (50%) 16,362 (50%)
Structure 9413 (28%) 9413 (28%) 9413 (35%) 9413 (41%) 1169 (4%)
Machinery 1000 (3%) 1000 (3%) 1000 (4%) 1000 (4%) 8288 (26%)

Mid-body seawater 5152 (15%) 5152 (15%)

Compensation ballast 1469 (4%) 79 (0.2%)
Trim ballast 205 (1%) 205 (1%)
Permanent ballast 997 (3%) 997 (3%)
Sum 33,619 (100%) 33,619 (100%)

0 (0%) 0 (0%) 5027 (15%)
0 (0%) 0 (0%) 1600 (4%)
205 (1%) 205 (1%) 400 (1%)
997 (4%) 997 (4%) -

26,996 (100%) 22,969 (100%) 32,799 (100%)

Table 6
SST dry weight composition.

Table 8
SST external hull properties.

Component SST [tonnes] SST [% dry weight]
Payload 15,381 57
Structure 9413 35
Machinery 1000 4
Permanent ballast 997 4
Total dry weight 26,791 100
Table 7

Cargo tank loading conditions considered in hydrostatic longitudinal stability
check. % is the percentage of cargo tank volume.

Cargo tank loading Liquid in the forward side of ~ Liquid in the aft side of

condition the tank the tank
COW100 100% SW -
C30W70 30% CO4 70% SW
C50W50 50% CO 50% SW
C70W30 70% CO 30% SW
C100WO0 100% CO- -
W70C30 70% SW 30% CO,
W50C50 50% SW 50% CO»
W30C70 30% SW 70% CO4

the x and y values of each point shows the required trimming moment to
reach neutral trim and the required ballast to reach neutral buoyancy,
respectively. The largest trimming moment occurs when the SST has
50% offloaded and the biggest weight change occurs when the SST is
100% offloaded.

7. Structural properties
7.1. External hull structures

7.1.1. Slenderness ratio

The geometrical properties of the external hull are listed in Table 8
and briefly discussed in this sub-section. The SST uses a torpedo-shaped
hull which consists of a hemispherical bow, a 130.5 m long cylindrical
mid-body section and a 25 m long conical aft. The diameter is 17 m. The
torpedo shape is chosen for its simple geometry and low drag resistance.
The geometry is relatively simple as the long cylindrical mid-body sec-
tion has only curvatures in one direction and can be fabricated using

Parameter Free flooding bow Flooded Free flooding aft
compartment mid-body 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 460 460 460
[MPa]
Tensile strength 550 550 550
[MPa]
Design collapse 20 7 20

pressure [bar]

steel plates bent in a single direction; doubly bent plates are in general
more complicated to be fabricated accurately. Note that the hemi-
spherical bow and conical aft do have curvatures in two directions and
would require plates bent in two directions. The bow and aft portions are
only 23% of the total steel external hull weight and are necessary to
obtain low drag resistance. It is also mentioned that another advantage
of the cylindrical mid-body section is that cargo tanks which are also
cylindrical can be efficiently arranged inside to maximise cargo
capacity.

The slenderness ratio of the vessel is chosen to be 9.7 which gives a
drag resistance value that is very close to the theoretical minimum,;
about 5% more than the minimum value which is associated with the
slenderness value of 5.7. This can be observed from the plot of total
resistance against slenderness ratio presented in Fig. 11. Details of the
calculations used to generate this plot are presented in Appendix B.

7.1.2. External hull properties

The design of large submarines to mitigate against collapse in deep
waters is particularly challenging. It is extremely costly to increase the
collapse capacity of large diameter, thin-walled structures (Xing et al.,
2021). The collapse failure resistance of large diameter, thin-walled
structures is very sensitive to geometric imperfections and these im-
perfections are very difficult to control for large structures where steel
plates and beams are typically welded together. For large structures, a
1% imperfection in the diameter can lead to a 50% reduction in the
collapse pressure capacity (Ross, 2011). As such, large military
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Fig. 11. Resistance force vs slenderness ratio of SST (displacement is fixed
while slenderness ratio is varied).

submarines such as Typhoon typically employ heavy and closely space
ring-stiffened structures together with high strength steels in their
external hulls to achieve the required collapse capacities in deep waters
(Sabalja et al., 2014). This typically results in less than 10% displace-
ment available to carry payload, which is undesirable in the SST asitis a
cargo transport vehicle (Xing et al., 2021). A weight-optimal structural
design is crucial as structures account for around a significant portion of
displacement, e.g., can be as much as 40-50% for the case of a military
submarine. The SST structural weight should be reduced to around 30%
dry weight in order to be economically attractive (Xing et al., 2021).
Further, any structural weight that is reduced via optimisation con-
tributes directly to increasing the payload.

In the baseline design, a double hull design is utilised at the cylin-
drical mid-body to avoid the need for collapse pressure design, i.e., the
mid-body is flooded as illustrated in Fig. 12. This means that the mid-
body external hull would not experience any hydrostatic pressure dif-
ferential loading, i.e., the internal and external pressures on the external
hull cancel each other. The flooded mid-body external hull is therefore
non-pressure loading while the smaller internal pressure hulls, i.e.,

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

Ocean Engineering 240 (2021) 109891

cargo tanks and buoyancy tubes are designed to handle both burst and
collapse pressures. The mid-body is the largest part of the external hull
and accounts for 54% of the external hull structural weight. This means
a significant amount of weight can be saved if it is not required to handle
external pressure; as mentioned above, collapse pressure design is
expensive for large structures. The hemispherical bow and conical aft
are free flooding compartments and they are checked for the following
conditions: nominal diving pressure (7 bar), test diving pressure (10.5
bar), and collapse diving depth (19 bar) in Appendix C. These com-
partments will also house the machinery and auxiliary equipment which
are discussed further in Section 5. All three compartments employ
stiffeners to increase the structural and buckling (both global and local)
capacities.

VL D47 from DNVGL-RU-SHIP Pt.2 Ch.2 (DNV-GL, 2019) is used as
the steel material for all three compartments. VL D47 is a steel material
with a high yield and tensile strength of 460 MPa and 550 MPa,
respectively. It has good weldability and formability which are essential
in the fabrication of cost-efficient but high-quality large steel construc-
tions. It is widely used on large container ship hull structures and can be
manufactured by most steel mills, i.e., JFE Steel (2021).

Based on the above definitions, the final structural geometries are
calculated using the design calculation method employed from DNVGL-
RU-NAVAL-Pt4Chl, Appendix A, Section 6 (DNV-GL, 2018). The cy-
lindrical mid-section employs 25 mm thick steel plates. The hemi-
spherical bow and conical aft employs 40 mm thick steel plates.
Stiffeners with 0.1 m flange widths and 0.3 m web heights are applied to
all compartments. The final external hull properties are presented in
Table 8. Details of the design calculations are presented in Appendix C.

7.1.3. Bulkhead properties

The SST has four bulkheads to separate the flooded mid-body from
free flooding compartments and provide support to internal cargo tanks
and buoyancy tubes. They are two watertight bulkheads which are
located at the forward and aft vessel and two non-watertight bulkheads
which are located at the flooded mid-body. The interval between bulk-
heads is set to be 25 m which corresponds to two hull diameters. This is a
common practice for submarines according to Burcher and Rydill
(1994). Bulkhead locations and weights are listed in Table 3.

Two watertight bulkheads (fwd and aft) divide the SST into three
compartments (Ref. Fig. 7). As shown in Fig. 12, these bulkheads are
subjected to internal hydrostatic pressure. Therefore, fwd and aft

Cargo tanks
Tank pressure:
> seawater pressure

_—N

X

(

¢

Movable piston in pressure
compensation system

Free flooding compartments
Atmospheric pressure

1 bar

Fig. 12. SST double hull design and forces on external hull and cargo tanks.
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Fig. 13. SST fwd (aft) ellipsoidal watertight bulkhead geometry definition.

bulkheads are pressure vessel heads which are designed against burst
pressure. The bulkhead geometry definition is shown in Fig. 13. They
employ 53 mm thick VL D37 steel plates. Similarly, for the external hull,
the fwd and aft bulkheads are also checked against nominal diving
pressure, test diving pressure, and collapse pressure. Appendix C pre-
sents the watertight bulkhead finite element analysis result.

The non-watertight bulkheads are not subjected to hydrostatic
pressures. Their main function is to provide support to the internal cargo
tanks and buoyancy tubes. They are designed to be made of 25 mm steel
plates with penetrations to allow the cargo tanks and buoyancy tubes to
go through. Similarly, VL D37 steel is applied in the non-watertight
bulkheads.

7.2. Internal tank structures

All internal tanks are designed in accordance with ASME BVPC Sec.
VIII-2, Chapter 4.3 — Design rules for shells under internal pressure and
Chapter 4.4 — Design of shells under external pressure and allowable
compressive stresses (ASME, 2015b). It is a requirement that since ASME
BPVC is used, the pressure vessel material must be also listed in ASME
BPVC Sec. II (ASME, 2015a). SA-738 Grade B is chosen as the pressure
vessel material. It is a high strength carbon steel widely used in welded
pressure vessels subjected to moderate or lower temperatures. It can be

Table 9
SST internal tank properties.

easily provided by many manufacturers like JFE Steel (2021). Details of
the design calculations are presented in Appendix D. There are five types
of internal pressure vessels in the SST as presented in the general
arrangement drawing as illustrated in Fig. 7, i.e., main cargo tank,
auxiliary cargo tank, buoyancy tube, compensation tank, and trim tank.
The properties of the internal tanks are presented in Table 9 and are also
discussed as follows.

7.2.1. Cargo tanks

7.2.1.1. Tank properties. There are 13 cylindrical cargo tanks (seven
main and six auxiliary) with hemispherical ends which are circular-
symmetrically distributed in the SST’s flooded mid-body. The di-
ameters of the main and auxiliary tanks are 5 m and 2.5 m, respectively.
The different diameters allow for a more optimal arrangement of the
tanks within the SST, thereby maximising space utilisation and conse-
quently payload. These tanks are used for CO; storage and have a design
burst pressure of 55 bar. This is identified as the worst-case scenario
which occurs when the SST is floating on the sea surface. Under this
condition, the external hydrostatic pressure is 0 bar gauge, and the
pressure difference is 55 bar. The resulting thickness of the main cargo
and auxiliary cargo tank cylindrical shells are 57 mm and 29 mm,
respectively.

Parameter Main cargo tank Auxiliary cargo tank Compensation tank Trim tank Buoyancy tube
Number of tanks 7 6 2 2 8

Length [m] 100 97.5 15 5 100

Diameter [m] 5 2.5 8 7 1.25

Cylinder wall thickness [m] 0.057 0.029 0.015 0.015 0.015
Hemisphere head wall thickness 0.029 0.015 - - -

Total volume [m?] 13,515 2847 1600 400 1030

Steel weight [ton] 4,769 1026 200 70 368

Material type SA-738 Grade B SA-738 Grade B SA-738 Grade B SA-738 Grade B SA-738 Grade B
Material allowable stress [MPa] 244 244 244 244 244

Yield strength [MPa] 414 414 414 414 414

Tensile strength [MPa] 586 586 586 586 586

Allowable burst pressure [bar] 55 55 8 10 29

Allowable collapse pressure [bar] 2.6 2.6 0.7 0.6 7

Design pressure type Burst Burst Burst Burst Collapse

Burst pressure UF [-] 2.4 2.4 2.4 2.4 2.4

Collapse pressure UF [-] 2.4 2.4 2.4 2.4 2.4

11
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7.2.1.2. Burst pressure design. The cargo tanks avoid collapse pressure
design by utilising a pressure compensation system (PCS) (Ref. Section
9). As illustrated in Fig. 12, cargo tanks are subjected to external hy-
drostatic pressure and internal tank pressure. Table 10 quantifies these
two pressures during normal operating, emergency, and accidental
scenarios. It is also noticed that the PCS ensures deterministically that
the cargo tank pressure is always greater than the hydrostatic pressure, i.
e., the pressure difference will not be negative as presented in Table 10.
Details of the PCS system are presented in Section 9.

7.2.2. Compensation tanks and trim tanks

The definition of compensation tanks and trim tanks are given in
Section 5.2 They are soft tanks in the free flooding compartments, i.e.,
they do not need to handle external pressure. Consequently, they only
need to handle internal pressure which result from the hydrostatic
pressure due to the flooding of the mid-section in the SST. During the
calculation, compensation tanks and trim tanks are assumed to be cy-
lindrical to obtain reasonable weight and volume sizing. They can
however be made of various shapes to better utilise the space in the free
flooding compartments.

7.2.3. Buoyancy tanks

Eight 1.25 m diameter empty buoyancy tanks are arranged at the
upper part of the SST to make the vessel neutral buoyant. These buoy-
ancy tanks are 100 m long and are directly connected to the fwd and aft
bulkheads, as shown in Fig. 7 Subview B, C, and D. Since these tanks are
free flooding, i.e., it is not exposed to water, moisture sensitive equip-
ment can be arranged inside.

The buoyancy tubes are supported along its length. Their unsup-
ported length is set to be 4 m which corresponds to twice of the flooded
mid-body frame spacing. These tanks are designed to handle 7 bar hy-
drostatic pressure corresponds to the 70 m nominal diving depth. The
resulting thickness of the buoyancy tubes is 15 mm.

8. Hydrodynamics and propulsion
8.1. Resistance and propulsive power

In general, the SST will travel at a slow speed to minimise resistance
to give maximal energy efficiency. The resistance and required propul-
sive power are 82 kN and 253 kW, respectively, when travelling at an
operating speed of 6 knots. Resistance and corresponding propulsive
power values are plotted against operating speed and presented in
Fig. 14. These values are calculated based on the skin friction obtained
from the ITTC-57 correlation line (ITTC, 2011) and the drag pressure
obtained empirically from Hoerner (1965). These values increase

Table 10
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Fig. 14. SST energy consumption to travel 400 km.

exponentially with operating speed, i.e., speed is expensive for the SST.
Details of the calculations of these values are presented in Appendix B.

The skin friction drag at the hull normally increases with the length
of deployed time due to fouling. Widely applied measures to deal with
fouling include applying anti-fouling paint and hull cleaning during
regular maintenance.

8.2. Propeller

The SST uses the three-bladed Wageningen B-series (Barnitsas et al.,
1981) propeller. The propeller has a large diameter of 7 m, a small blade
area ratio of 0.3 and a slow operating rotational speed of 38 RPM which
provide it a high quasi-propulsive coefficient (QPC) of 0.97. In general,
large, slow-rotating, single-screw submarine propellers have high effi-
ciencies (Xing et al., 2021) and the corresponding QPCs are between 0.8
and 1.0. (Renilson, 2015). The thrust and torque coefficients are 0.17
and 0.010, respectively. Other key design parameters are presented in
Table 11 with the calculation details presented in Appendix E.

8.3. Propulsion efficiency

The propulsion efficiency is estimated to be 88% using the following
expression:

Pressure conditions. Emergency ascent (descent) are the recoverable emergency cases when the SST has to ascent (descent). PCS initiate depth is a depth where the
hydrostatic pressure exceeds the liquid CO, pressure and PCS start functioning. Accidental case is when the SST descents exceed its collapse depth and sinking might

happen.
Depth Cargo  Season Temperature Tank pressure Hydrostatic pressure Pressure difference PCS Note
[m] [°C] [bar] [bar] [bar] used
0 CO, Summer 20 55.0 0.0 55.0 No Operating (Surfaced)
Winter 0 34.9 0.0 34.9 No
Water - 0.0 0.0 0.0 Yes
40 CO, Summer 15 50.9 4.0 46.9 No Uncontrolled ascent
Water - - 4.0 4.0 0.0 Yes
70 COy Summer 10 45.0 7.0 38.0 No Operating (Submerged)
Winter 35.8 7.0 28.8 No
Water - - 7.0 7.0 0.0 Yes
175 CO, Winter 35.8 17.5 18.3 No Uncontrolled descent (Collapse
depth)
>358 CO, Winter 1 >35.8 >35.8 0.0 Yes Uncontrolled descent (Accidental
case)
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Table 11

Propeller parameters.
Parameter Symbol Value Unit
Prop. diameter D, 7 [m]
Number of blades N 3 [-1
Prop/hull ratio P/H 0.4118 [-]
Propeller pitch/diameter P/D 0.8 [-1
Tailcone angle ac 37.56 [1
Propeller speed n 38 [RPM]
Advance velocity Va 2.66 [m/s]
Wake fraction wr 0.4722 [-1
Thrust deduction t 0.1518 [-1
Advance number J 0.37 [-]
Thrust coefficient Kr 0.17 [-1
Torque coefficient Kq 0.010 [-1
Open water efficiency no 0.60 [-]
Hull efficiency Ne 1.61 [-]
Relative rotative efficiency nR 1.05 [-]
Quasi-propulsive coefficient QPC 0.97 [-1

1, = QPCoy 1 €))

where 17y and 7 are the motor and gearbox efficiencies, respectively. iy
and 7 are defined to be 94% and 96%, respectively. These are typical
values that are common for most electrical drives and gearboxes; ex-
amples of these include the ABB IE2 motor and corresponding gearbox
which is used in as a ship azimuth thrustor (Hoyer Motor, 2021 and
Rolls-Royce, 2021). The calculations lead to a design which provides
289-kW propulsive power at 6 knot speed.

8.4. Hotel load

The SST’s hotel load is the power consumption of all systems other
than propulsion and pumps. During the trip, the SST’s hotel load mainly
includes its control units, sensors, and navigation system. This is esti-
mated based on the typical hotel load to propulsion ratio found in to-
day’s ships. Wartsila LR2 product tanker and MUNIN reference
container ship are used as the reference ships and their hotel load to
propulsion power ratios are about 20% (Wartsila, 2021a, Kretschmann
et al., 2017 and Mau, 2013). In addition, the reduction in power con-
sumption due to the SST being an autonomous vessel, i.e., no crew
support systems are considered. This reduction is 40% (Kreschmann,
2017). The propulsive power at the operating speed of 6 knots is 289 kW
(Ref. Section 8.3). Therefore, the estimated hotel load is 35 kW:

- (hotel load) .
(propulsive power) x =B X (auto. reduction)

=289 kw x 0.2 x 0.6 @
=35 kow

8.5. Pump energy consumption

Cargo pumps and ballast pumps used during the loading and off-
loading process are another important load on the SST. The pump en-
ergy consumption is calculated as follows. The SST allows two load
cycles in each trip (load at the port and offload at the well). The energy
consumption of each cycle is equal. Each time the SST takes 4 h to load
and offload. Pump efficiency is conservatively estimated to be 75% in
accordance with Elsey (2020) and Chapter 8 in Hall (2017), which give
the efficiency range of large centrifugal pumps and centrifugal com-
pressors, respectively. The cargo pumps can provide 3 bar pressure at a
flow rate of 4000 m>/h. The compensation tank ballast pumps provide 3
bar pressure at a flow rate of 400 m%/h to compensate for the weight
change when loading and offloading. The estimated total loading and
offloading energy consumption is 3911 kWh and is calculated using the
following equation:
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(time) x (load cycle) x
(flow x differential pressure),,,, + (flow x differential pressure), ..,

cargo

— 3)
3.6 x 10° x (pump efficiency)

(4000 m? /h x 3 x 10°Pa) + (400 m® /h x 3 x 10°Pa)

3.6 x 10°x 75 %
=391 x 10° kWh

=4hx2x

8.6. Total energy consumption

The total energy consumption at the operating speed of 6 knots is the
sum of the hotel load and propulsion power which gives 324 kW. The
pump energy consumption is fixed to be 3911 kWh. This gives a total
energy consumption of 15,527 kWh for a range of 400 km (Ref. power
consumption plot presented in Fig. 14). For reference, the WSD50 30K
LNG carrier (Wartsila, 2021b) which is a similar sized 15,000 DWT
vessel would consume 160,827 kWh to sail the same voyage, i.e., the
SST’s energy consumption is of an order of magnitude lower than con-
ventional ships. The low energy consumption enables SST to be fully
electrically propelled and therefore emission-free.

8.7. Battery

The SST battery properties are listed in Table 12. The Li-ion battery is
chosen for the SST for its high energy density, high specific energy,
steady power output, and long service time. Li-ion batteries were first
utilised in Japanese Soryu class submarines (Depetro, 2017) and com-
panies like Saab (which is a major submarine manufacturer) are also
looking into this technology (Wikstrom, 2019). The SST is projected to
be built within the next decade and since it is expected that techno-
logical developments within Li-ion batteries will increase its energy
density significantly. It is reasonable to calculate the weight of the
battery required using forecasts. The Sion Power 2022 forecast
(Mikhaylik et al., 2018) is used and predicts that the specific energy is
predicted to be 500 Wh/kg which is about 2.5 times the current typical
specific energy of 250 Wh/kg. Based on the forecasted specific energy
and a 20% margin, the total battery capacity is 20,000 kWh. As a result,
the battery weight of SST is estimated to be 40 tonnes and as previously
mentioned, it will be mounted at the aft. The SST can be charged at the
port and subsea well during loading and offloading, respectively. The
charging time would be in the range of 10 h if a 2000-kW class charger is
used. The battery has a life of 1000 discharge cycles or about 8.3 years if
two 400 km trips are performed weekly.

8.8. Control appendages and directional stabilities

The SST has six control appendages for manoeuvring. These are two
fore hydroplanes, two aft hydroplanes, and two aft rudders. Table 13
lists the directional stability calculation inputs and results when SST is
travelling at 6 knots. The calculation process is presented in Appendix F.
The horizontal stability index and vertical stability index are 0.37 and
0.77, respectively. These values are within the recommended acceptable
ranges listed in Renilson (2015), which are 0.2-0.4 for horizontal sta-
bility index and 0.4 to 0.8 for vertical stability index. At this speed, SST’s
neutral point and critical point locate at (10.1, 0, 0) and (—27.7, 0, 0),

Table 12
Battery pack properties.
Parameter Value
Specific energy [Wh/kg] 500
Energy density [Wh/1] 1000
Capacity [kWh] 20,000
Weight [t] 40
Volume [m®] 20
Life cycle 1000 discharge cycles
8.3 years
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Table 13
Hydrodynamic coefficients and directional stability indexes @ 6 knots.
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SST Hydrodynamic coefficient

Hydrodynamic coefficient Value (Hull)

Value (Hull + hydroplanes)

Y, 0 —9.6e-2

Y, 0 3.8e-2

z, 0 —5.1e-2

Zq 0 —3.7e-3

Mw —6.2e-4 3.1e-3

Mq 0 —2.8e-3

N, 6.2e-4 3.8e-2

N, 0 —1.5e-2

Appendage calculation input

Hydroplane Amount Longitudinal position Slope of lift coefficient C;, Drag coefficient Cp Plane area
Fore hydroplane (vertical motion) 2 30 m 6.1 0.00487 30 m?
Aft hydroplane (vertical motion) 2 —65 m 2.1 0.015 20 m?
Rudder (horizontal motion) 2 —65m 6.1 0.00487 70 m?
Stability check

Parameter Value Recommended value

Horizontal stability index 0.37 0.2-0.4

Vertical stability index 0.77

Neutral point
Critical point

(10.1 m, 0 m, 0 m)
(-27.7 m, 0 m,0 m)

0.4-0.8

Table 14
SST vertical stability with respect to different speed.
SST Vertical Neutral point Critical point Comments
speed stability x coordinate x coordinate
(knots) index
2 0.48 6.1 —1016.2 Ballast tank or
vertical thruster
4 0.65 9.1 -118.7 Fore hydroplanes
only
6 0.77 10.1 -27.7 Fore and aft
8 0.84 10.7 -5.3 hydroplanes

respectively. These two points change with the sailing speed and influ-
ence the vertical stability. The effect of sailing speed on the vertical
stability is presented in Table 14 and described as follows. When the SST
is travelling at a moderate speed (6 knots and 8 knots in Table 14), the
critical point locates in front of the aft hydroplanes. In these scenarios,
SST can use either front or aft hydroplanes for depth control. When its
speed reduces, the critical point moves towards the aft and may even be
behind the aft hydroplane (4 knots). In these scenarios, using aft hy-
droplanes for depth control will have no or even negative effects. Thus,
only the fore hydroplanes are used for depth control at low speeds as
they are located closer to the neutral point and therefore have more
effect on heave. However, when the SST is hovering or travelling at very
low speed (2 knots or less), the hydroplanes cannot generate adequate
lift force for depth changing. In these scenarios, ballast tanks or vertical
thrusters should be used.

9. Pressure compensation system

The pressure compensation system (PCS) consists of a movable pis-
ton with seals inside the cargo tank separating the CO5 and seawater.
The PCS is illustrated in Fig. 15. The piston seals can be manufactured
from polyurethane like those used for batching pigs in pipelines. The
pistons can also be equipped with intelligent pigging sensors to monitor
important data like tank pressure, cargo temperature, and corrosion
status.

The PCS ensures that the internal pressure in the cargo tanks will be
always higher or equal to the external pressure (Ref. Table 10). It does
this by performing pressure compensations in the following manners.
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9.1. Normal operating case

The normal operating case (70 m, summer, liquid CO5 in Table 10) is
presented Fig. 15 (a). As discussed in Section 4.1, CO, is transported at
35-55 bar depending on the sea water temperature which varies from
0 to 20 °C. For example, for a seawater temperature of 10 °C, CO, will be
transported at 45 bar. Some seawater is filled up at the other end of the
cargo tanks to fill up the remaining void. The valve is closed and the
pressure from the CO; will push against the piston which will then react
against the sea water; its pressure would be also at 45 bar. The pressure
compensation system equalises the pressures of CO3 and sea water inside
the tanks. The operating depth is 70 m, i.e., the external hydrostatic
pressure is 7 bar. In this case, the differential burst pressure loading is
38 bar.

9.2. Uncontrolled descent case

As shown in Fig. 15 (b), in an accidental uncontrolled descent case
(depth >358 m in Table 10) where the SST descents to a water depth of
500 m, the external hydrostatic pressure will increase to 50 bar. The
external pressure is now larger than the internal pressure in the cargo
tank by 5 bar. A valve at one end of the cargo tank will open to allow
seawater to flow in. The sea water will push against a piston which
separates it from the CO», thereby also pushing on the CO». The internal
pressure is therefore equalised to the external pressure and the pressure
differential acting on the cargo tank is eliminated. It can ensure the
cargo tanks’ integrity and avoid leakage in a nonrecoverable accident
when the SST sinks.

9.3. Uncontrolled ascent case

Fig. 15 (c) presents an uncontrolled ascent case where the SST ascent
to a water depth of 40 m, the external hydrostatic pressure will reduce to
4 bar. Due to the increase of temperature, the CO5 pressure increases
from 45.0 bar to 50.9 bar. The valve is closed and the pressure from the
CO9 will push against the piston towards the seawater. Therefore, the
seawater pressure would also increase to 50.9 bar. In this case, the dif-
ferential burst pressure loading is 46.9 bar.
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Fig. 15. Pressure compensation system.

9.4. Seawater filled cases

As illustrated in Fig. 15 (d), the seawater filled cases are the situa-
tions where the cargo tanks are totally filled with seawater. These
happen after the SST is offloaded at a subsea well. In these cases, the
tank pressure and external pressure are both hydrostatic pressure (4
bar-7 bar during operation). If the SST changes to a deeper depth, the
valves will open and let the seawater flow in to increase the internal
pressure until it is equalised to external pressure. Therefore, the external
pressure will always lower or equal to internal tank pressure. This allows
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the cargo tanks to avoid designing for the full external hydrostatic
pressure which can be structurally costly.

10. Offloading

The SST will offload CO5 through a flexible flowline connected to the
subsea well while hovering at operating depth in the vicinity. This
flowline will be connected to the SST using an ROV. The offloading
process is described in the following steps and illustrated in Fig. 16:
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Fig. 16. Offloading method.

- Step 1: The SST approaches the subsea well and hovers at operating
depth in the vicinity above it.

- Step 2: An ROV carries the flowline from the subsea well and flies up

to the SST for mating.

Step 3: Liquid CO is pumped out from one end of each cargo tank

through the mated connection to the subsea well. Meanwhile,

seawater is pumped in from the other end of each cargo tank to fill

the void left by the CO2 and to maintain the tank pressure. The

compensation and trim tanks are also used to maintain the SST’s trim

and neutral buoyancy.

- Step 4: The ROV disconnects the flowline after offloading is
completed.

This offloading method allows the SST to offload at subsea wells at
greater depths while the vessel hovers at a constant operation depth (70
m maximum). Therefore, the SST needs only to be designed for 70 m
water depth instead of the subsea wellhead water depth. Besides, this
offloading method can also minimise the risk of collision between the
SST and subsea facilities since the SST does not need to travel close to the
wellhead during the offloading. Additionally, ROV has superior
manoeuvrability and would be able to handle the connector and mate it
to the SST, even if the SST is moving in the presence of environmental
loads.

However, the subsea shuttle tanker still requires a set of dynamic
positioning system to maintain its position in currents during the pro-
cess. According to a CFD analysis performed in Ong and Janocha (2020),
the drag force of a side way current is 10 times higher than when the SST
is facing current. Therefore, the SST should always face current when it
is offloading. The SST’s station-keeping analysis requires detailed
analysis, but the baseline SST is expected to equip a dynamic positioning
system that can limit the maximum displacement within 5m in a 1 m/s
designed current. As an additional reference, Smogeli et al. (2015)
performed sea trial and computer model analysis on the station-keeping
capability of a 97-m-long platform supply vessel. According to the
footprint trajectory obtained, the maximum vessel offsite is around 4 m
in a combined wind, wave, and current sea state (wind speed 3 m/s,
significant wave height 1m, current speed 0.9 m/s). Therefore, it is
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reasonable to believe that the SST can deliver the same level of
performance.

11. Conclusion

To support research studies into large underwater cargo vehicles, a
baseline design of an SST is developed. The purpose of SST is to transport
liquid carbon dioxide to subsea wells for direct injection. The SST is
proposed to be to an alternative marine transportation method to
existing shuttle tankers and subsea pipelines, which may allow the
exploration of remote marginal fields as offshore carbon storage sites.
The major specifications and features of the SST are provided and
include CO; properties, hydrostatic properties, structural properties,
hydrodynamic properties, pressure compensation system, and off-
loading method. 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 reduce the SST’s structural weight and contribute to a consid-
erable payload capacity, i.e., 46% of the total displacement. This high
payload capacity together with slow service speed allows the SST to
maximise its transportation capacity with minimum energy cost.
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Appendix A. Determination of nominal diving depth

The 70 m nominal diving depth is determined based on minimum recoverable depth from a worst jam-to-rise situation. In this situation, a mal-
function in the hydroplane control system is assumed to occur when the SST is sailing at 9.2 knots maximum speed viax (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 reduces 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 an excellent manoeuvrability since it
travels constantly at a fixed water depth.

- Maximum sailing speed: The maximum sailing speed is defined to be 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 speed range with the highest observed current speed of the North
Atlantic Current and Norwegian coastal current (Ersdal 2001; Saetre 2007).

- Trim tank pump capacity: The maximum trim tank pump capacity is 2000 m>/h. This can be achieved by two 1000 m®/h pumps, e.g., Wirtsild
AQ-1200-EC (Wartsila 2018).

- Moment of inertia: The moment of inertia I, is estimated to be 7.9e+07 t/m? as a solid cylinder using:

1 _D* 1

Ly =-W= +—WL? Al
w=3"5 T

where W is the SST weight, D is the SST beam, L is the SST length.

- BG: The distance of centre of buoyancy and centre of gravity 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 faster response comparing to a normal submarine
whose reaction time is around 15 s (Park and Kim, 2018). This is the period before the SST taking 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:

. W-BG- i Olmax
My=  —LugWay,  +WBGSityy — A2
———— —_——— 2

Trim tank restoring moment Jammed aft plane o
Contribution from the SST CoG

where Ly, is the longitudinal distance between two trim tanks, wy,, is weight of trim ballast pumped from aft trim tank to fwd trim tank, ay,y is the 5°
maximum pitch angle.
The pitch angular velocity Y is therefore calculated as:

M,
v, = tot A3
Iyy
As a result, the recovery time is 60 s, together with the 5 s reaction time, the total ascent time t4 is 65 s. The ascent distance is calculated as:
Aas = Vinax*SIN Ay A4

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. Base on this, the
nominal diving depth is set to be 70 m.

Appendix B. Calculation of resistance forces

This section presents the calculation of resistance forces as a function of slenderness ratio. When the SST is travelling forward, its resistance can be
separated into two different components, namely the skin friction and body drag. The skin friction is caused by resistance forces acting on the surface
of the body. This means that it is highly dependent on the hull roughness and wetted 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 is normally higher than the
body drag because of the high wetted surface area/volume ratio. The resistance components are calculated as following:

The skin friction Cyis derived from the Reynolds number Re in accordance with the ITTC-57 correlation line (ITTC, 2011):

0.075
Cy=—s B.1
(log Re — 2)

A form factor k is introduced to calculate pressure drag C, contribution using:

C,=(14+kCy B.2

where k is calculated using the formula from Hoerner (1965). k is expressed as a function of beam D and length L as:

3 3
e-15(2) +9(2)

The results are plotted in Fig. 11; the volume is fixed at 32,799 m® while the slenderness ratio is varied. This method provides a rough but quick
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estimation of the vessel’s slenderness in the early stages of the design process. CFD analysis and scaled model tests are usually performed if more
accurate results are required.

Appendix C. External hull design calculations

The design calculation method in DNVGL-RU-NAVAL-Pt4Ch1 (DNV-GL, 2018), Appendix A, Section 6 is applied to determine the SST’s external
hull properties. The calculation input and process are given inTable 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 Table 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 nominal diving depth, test diving depth, and
collapse depth in accordance with Chapter 4 in DNVGL-RU-NAVAL-Pt4Ch1 (DNV-GL, 2018). The permissible values are listed in Table C 6. Although
the flooded mid-body external hull does not handle hydrostatic pressure, it is designed for 7 bar (70 m) collapse pressure to avoid immediate structural
failure in accidental 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 (DNV-GL, 2018). Fig. C 1 presents the bulkhead equivalent stress distribution under 19 bar collapse
depth pressure together with the applied force and boundary condition. Static pressure is applied normal to the ellipsoidal bulkhead from the flooded
mid-body. The external hull is clamped at the far end of the mid-body.

Appendix D. Internal tank design calculations

The inner tanks in the SST are designed in accordance with Chapter 4 in ASME BPVC Section VIII, Division 2 (ASME, 2015b). In the SST, main cargo
tanks, auxiliary cargo tanks, compensation tanks, and trim tanks are designed to take burst pressure. The buoyancy tubes are designed against collapse
pressure.

Tanks under internal pressure

Chapter 4.3.3 and chapter 4.3.5 in ASME VIII-2 (ASME, 2015b) are used to determine the hull thicknesses for the cylindrical shells and hemisphere
heads, respectively. The minimum required thickness of a cylindrical hull under internal pressure is expressed as:

D, [ »_
Tshetl = 7’ (E‘Y“E“‘ — 1> D.1

where tspep is the hull thickness, D, is the tank diameter, and S is the allowable stress of material. E,, is the weld joint efficiency, this is set to be 1.0 for
circumferential joints and longitudinal joints on a shell (Ref. Table 7.2 in ASME VIII-2 (ASME 2015b)). p; 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 minimum required thickness of a hemisphere heads under internal pressure is expressed as:

D, S;
shell :7[ <62:T[:‘ - 1) D.2

Tanks under external pressure

Chapter 4.4.5 in ASME VIII-2 (ASME, 2015b) is used to determine the buoyancy tank properties. The step-by-step calculation process can be found
in Table D 1.

Appendix E. Propeller characteristics calculations

This appendix presents the calculations used to obtain the propeller characteristics. The propeller open water test data presented in Barnitsas et al.
(1981) is used.

Propeller Kt and Kq and 1o

The wake fraction, wr, is obtained from Fig. 6.7 in Burcher and Rydill (1994) (reproduced in Fig. D 1) given the tailcone angle, o, and pro-
peller/hull ratio, P/H.
Inflow velocity advance of the propeller V, is calculated as:

Va=(1—wr)Vs E.1l
The advance number, J is then calculated as:

J=a E.2
nD,
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Based on the advance number, J, the thrust and torque coefficients, Kr and K, and efficiency, 70, can be found using the propeller curves from
Barnitsas et al. (1981).
Propeller QPC

The thrust deduction, t can be obtained from Fig. 6.8 in Burcher and Rydill (1994) (reproduced in Fig. D 2) given the tailcone angle, o, and
propeller/hull ratio, P/H.
The hull efficiency, g, represents the ratio between effective power and thrust power and is calculated as:
1—1¢

= E.3
1- wr

Ny

A relative rotative efficiency #g of 1.05 is used based on the recommendation in Chapter 5.1.5 of Renilson (2015) for similarly sized submarine
hulls and propellers. Finally, the quasi-propulsive coefficient (QPC) is calculated as:

OPC =1,y N £

Appendix F. Directional stability calculation

The SST hydrodynamic coefficients are estimated following Section 3.4.3 in Renilson (2015). It is assumed that the SST hull is a spheroid. The
equivalent diameter of the spheroid d is calculated as:

0.5
g ( 6A )
npL
The added mass coefficients of a spheroid k, k,, and k, can then be obtained as:
2
ky = k. = —0.00088 (%) + 0.0245 (%) + 0.805
L\? L
k. = —0.00047 <§> +0.0134 < j) —0.059

Besides, the nondimensional mass m' is given as:

, A
m=q— F.2
L

With above information, the hydrodynamic coefficients of a fore and aft symmetry SST hull in an ideal flow can then be estimated as:
Y,=Y,=2,=Z,=M,=N,=0

M, = (k. + k)m F.3
N, = —(k, + ke)m’

where Y,Z,M and N are the force in y-axis (sway), force in z-axis (heave), moment around y-axis (pitch), and moment around z-axis (yaw),
respectively. Subscripts v, w g, and r denotes the force is related to velocity in sway, heave, angular velocity in pitch, and angular velocity in yaw,
respectively.

After this, the appendages’ contribution to the SST hydrodynamic coefficients can be calculated and combined with the hull hydrodynamic co-
efficients. The appendages’ coefficients are calculated following Section 3.4.3.3 in Renilson (2015) and listed in Table 13.

When the hydrodynamic coefficients are determined, the vertical stability index (G,) can be calculated as:

G,=1- M F.4
! M,Z, ’
Similarly, the horizontal stability index Gy, is expressed as:
G—1 4 Ml =) Fs
NY

Meanwhile, the SST’s neutral point x coordinate xyp at small trimming angle and critical point x coordinate xcp are calculated by Eqn F.6 and Eqn
F.7, respectively:

M,
XNp — — Z:: F.6
ep— 2mgBG LMW F7

pPLZ> " Zy

The directional stability calculation results are listed in Table 13.
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Fig. C. 1. SST bulkhead finite element analysis result at 190 m collapse depth. Hydrostatic pressure is applied inside the flooded mid-body normal to the bulkhead.
Fixed support is set at the far end of the mid-body.
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Fig. D. 1. Effects of tailcone angle on wake fraction reproduced from Burcher and Rydill, (1994).
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Fig. D. 2. Effects of tailcone angle on thrust deduction reproduced from Burcher and Rydill (1994).

Tab. C. 1
External hull calculation-Collapse diving pressure.
Parameter Symbol  Free flooding compartment Flooded Eq. number in DNVGL
compartment RU P4C1 Appendix A
Design pressure type Nominal Test diving Collapse Collapse
diving depth depth depth
Design pressure p 7 bar 10.5 bar 19 bar 7 bar User input
Hull thickness s 0.041 m 0.041 m 0.041 m 0.025 m User input
Hull radius Rm 8.500 m 8.500 m 8.500 m 8.500 m User input
Frame web height hy, 0.300 m 0.300 m 0.300 m 0.300 m User input
Frame web thickness Sw 0.030 m 0.030 m 0.030 m 0.030 m User input
Flange width by 0.100 m 0.100 m 0.100 m 0.100 m User input
Flange thickness sf 0.033 m 0.033 m 0.033 m 0.033 m User input
Frame spacing Lp 1.000 m 1.000 m 1.000 m 1.500 m User input
Frame cross sectional area Ar 0.012 m? 0.012 m? 0.012 m? 0.012 m? User input
Inner radius to the flange of frame Ry 8.15m 8.15m 8.15m 8.15m User input
Youngs modulus E 206 GPa 206 GPa 206 GPa 206 GPa User input
Poisson Ratio v 0.3 0.3 0.3 0.3 User input
Poisson ratio in elastic-plastic range Yp 0.300 0.300 0.309 0.300 (A48)
Frame distance without thickness L 0.97 m 0.97 m 0.97 m 1.47 m (A9)
Effective length Legy 091 m 091 m 091 m 0.72 m (A10)
Effective area Ay 0.013 m? 0.013 m? 0.013 m? 0.013 m? (A11)
The radial displacement in the middle between the frames Wy —0.0035 m —0.0053 m —0.0093 m —0.0087 m (A15)
The radial displacement at the frames wrg —0.0019 m —0.0027 m —0.0057 m —0.0094 m (Al6)
The reference stress is the circumferential stress in the unstiffened Go 145 MPa 218 MPa 394 MPa 238 MPa (A13)
cylindrical pressure hull
The equivalent stresses are composed of the single stresses in ym 95 MPa 142 MPa 252 MPa 214 MPa (A14)
longitudinal and circumferential direction at the middle between
frames
The equivalent stresses are composed of the single stresses in s 70 MPa 104 MPa 197 MPa 236 MPa (A14)
longitudinal and circumferential direction at the frames
Average membrane stress in longitudinal direction o™ 73 MPa 109 MPa 197 MPa 119 MPa (A17)
Membrane stress in circumferential direction in the middle between "M 108 MPa 160 MPa 284 MPa 247 MPa (A18)
the frames
Membrane stress in circumferential direction at the frames "y F 67 MPa 98 MPa 197 MPa 272 MPa (A19)
Bending stresses in longitudinal direction in the middle between the 6%y n 28 MPa 45 MPa 93 Mpa 126 MPa (A20)
frames
Bending stresses in longitudinal direction at the frames D'bx’):‘ 95 MPa 149 MPa 255 MPa 69 MPa (A21)
Bending stresses in circumferential direction in the middle between M 8 MPa 13 MPa 28 MPa 38 MPa (A22)
the frames
Bending stresses in circumferential direction at the frames O’bd,,p 29 MPa 45 MPa 76 MPa 21 MPa (A23)
Tangential module E; 206 GPa 206 GPa 206 GPa 206 GPa (A38)
Secant module Eg 206 GPa 206 GPa 199 GPa 206 GPa (A39)
Elastic buckling pressure pdcr 58.3 bar 58.3 bar 58.3 bar 39.9 bar (A21)
Theoretical elastic-plastic buckling pressure Per 57.0 bar 57.0 bar 57.0 bar 39.9 bar (A22)
Reduction factor r 0.75 0.75 0.75 0.75 (A23)
Elastic-plastic buckling pressure Der 42.9 bar 42.9 bar 42.9 bar 39.9 bar (A23)+(A23)
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Tab. C. 2

Stresses in the free flooding compartment (normal diving depth).

Ocean Engineering 240 (2021) 109891

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 -
Tab. 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 -
Tab. 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 -
Tab. 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 -
Tab. C. 6
External hull permissible stresses (Ref. Sec.4.3 in DNV-GL, 2018).
Location (depth) VL D47 Tensile strength VL D47 Yield strength ~ Permissible stress calculation =~ Permissible stress value Results
Free flooding compartment (nominal diving depth) 550 MPa 460 MPa in 550 MPa 460 MPa 203 MPa Tab. C2
27 7 17
Free flooding compartment (test diving depth) 550 MPa 460 MPa 460 MPa 418 MPa Tab. C3
1.1
Free flooding compartment (collapse depth) 550 MPa 460 MPa 460 MPa 460 MPa Tab. C4
1.0
Flooded compartment (collapse depth) 550 MPa 460 MPa 460 MPa 460 MPa Tab. C5
1.0

22



Y. Ma et al.

Tab. C. 7
Watertight bulkhead equivalent stresses and permissible stresses.
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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
Tab. D. 1
Buoyancy tube calculation.
Parameter Symbol in ASME BPVC Sec. VIII Div.2 Value Eq. number in ASME BPVC Sec. VIII Div.2
Thickness t 0.015m User input
Outer diameter D, 1.28 m User input
Unsupported length L 4m User input
Young’s modulus E, 200 GPa User input
Minimum yield strength Sy 414 MPa User input
Design factor FS 2.4 (4.4.1)
Predicted elastic buckling stress Fpe 84 MPa (4.4.19)
Factor M, 41 (4.4.20)
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