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A baseline Subsea Shuttle Tanker (SST) was proposed as a cost-efficient maritime transportation method. It is
designed to be a 164 m length, 17 m beam autonomous underwater vessel with a cargo capacity of over 16,000
mS>. One of the crucial topics for such underwater vehicles is recoverability during undesired malfunctions. A
Safety Operating Envelope (SOE) must be identified for military submarines. It considers the submersibles’
malfunctions, including partial flooding, jam-to-rise, and jam-to-dive. This paper aims to identify the SOE to
enclose the safety operation zones of the SST. In this work, a planar SST manoeuvring simulation model
considering the combined contributions from hydrodynamic loads, compensation tank blowing, propeller thrust,
and control planes is derived based on semi-empirical formulas. Second, standard operating procedures of re-
covery actions are established to cope with each malfunction. After that, free-running simulations are conducted.
Three cases are presented to discuss SST recovery responses during each incident. Finally, the SOE of the SST is
identified. This established SOE determines the SST’s feasible speed and depth excursion ranges from an oper-
ational safety perspective. The safety depth is sufficient for the SST to recover from a jam-to-rise failure.
Moreover, the study found that the existing safety factor on the structural design suggested by the Norwegian
classification society Det Norske Veritas (DNV) naval submarine code is exceedingly conservative and potentially
leads to a heavy and complex SST structure. The SOE helps reduce the designed collapse depth from the oper-
ational safety perspective and contributes to reduced material cost and considerable payload capacity. Also, this
work fills in the blanks of SOE analysis on commercial submersibles.

1. Introduction cause delay or the risk of collision. Therefore, a subsea tanker concept

was proposed as a potential alternative for the above-mentioned trans-

1.1. Subsea shuttle tanker

In a subsea hydrocarbon production operation, pipelines are
commonly used to transport fluids between wells, floating production
units, and onshore facilities. However, installing submarine pipelines
can be expensive for trunk lines and marginal fields, as this cost grows
excessively with the increase in transportation distance. Besides, pipe-
line maintenance and repair are time-consuming and require a full-line
or partial shutdown, which is also economically undesirable. The tanker
ship is a more flexible and economically feasible option for trunk lines. It
can be deployed quickly to new fields to cope with unpredictable situ-
ations like a sudden increased need. However, the operation of shuttle
tankers is highly weather dependent. During loading and offloading, a
nonideal environmental condition may cause severe relative motion
between a tanker ship and the floating production unit. This may further

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

https://doi.org/10.1016/j.oceaneng.2022.112750

portation methods. The subsea shuttle tanker can reduce the field
installation cost by eliminating some floating loading systems and risers.
This contributes to developing subsea production units, considered the
“factories of the future” in the offshore oil & gas industry and extensively
developed for arctic regions and deep water (Schjglberg and Utne,
2015).

The idea of utilising large freight submarines for hydrocarbon
transportation is not new. In 1971, Jacobsen demonstrated technical
and economic evaluation of using submersibles between 20,000 and
42,000 DWT to transport crude oil between Alaska/North Canada and
Tromsg (Jacobsen, 1971). Later in the seventies and eighties, several
submarine tanker concepts were proposed to transport crude oil or
liquified natural gas (Jacobsen et al., 1983; Jacobsen and Murphy, 1983;
Moloney, 1974; Taylor and Montgomery, 1977). These submersibles
were typically designed to sail at 13-20 knots speed and use nuclear or
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diesel engines as the power source. Due to technical constraints, studies
of freight submarines were halted from the 1990s until recent times. In
2019 and 2020, Equinor Energy AS brought up a subsea shuttle system
concept in two research disclosures (Ellingsen et al., 2020; Equinor
Energy AS, 2019), which demonstrated the application of large sub-
marine drones for transportation between ports, offshore platforms, and
subsea wells. It can carry various cargos, such as hydrocarbon, CO,,
electric power, equipment, and other chemicals. Later, Xing (Xing et al.,
2021a) discussed critical design considerations related to this concept
and limited the scope of the subsea shuttle system to liquid CO5 trans-
portation. Based on works conducted by Equinor and Xing, a 33,
619-tonne baseline Subsea Shuttle Tanker (SST) was proposed (as
illustrated in Fig. 1) (Ma et al., 2021b). It is feasible for marginal fields
compared to existing and subsea pipelines (Ma et al., 2021a; Xing et al.,
2021b). The SST’s preliminary design parameters used in this study are
listed in Table 1.

1.2. Safety operating envelope

SST accidents may cause loss of the vessel, leakage of CO, leakage of
hydrocarbon, and damage to offshore facilities or third parties. These
consequences can further lead to property loss, environmental pollution,
or casualties. Therefore, safety during operation looms large in the
design of the SST. The concept that brings safety and dynamics of control
of SST together is the Safety Operating Envelope (SOE). The SOE is a set
of manoeuvring limits that outlines the safe operating zone of the sys-
tem. As manoeuvring limits vary with the system, the appearance of the
SOE is also different. It is straightforward to use the SOE to determine
the operational safety of systems, and the SOE has been used on a wide
variety of vessels such as ships (Kery et al., 2018), submarines, and
aeroplanes (Lombaerts et al., 2013).

The SOE for the SST is adapted from the existing experiences on
naval submarines, where its application has been practised for decades
and is required by the state-of-the-art standard the Norwegian classifi-
cation society Det Norske Veritas (DNV) naval submarine code (DNV,
2018). It presents manoeuvring limits on the submarine operation to
guarantee its survivability if a credible failure happens. Marchant and
Kimber (2014) discussed that an SOE could be depicted in two ways.
One is the manoeuvring limitation diagrams, which present the safety
limits on the control plane pitch angle. The other is the safe manoeu-
vring envelopes, which present the safety limits on the initial trim
conditions. In this work, the safe manoeuvring envelope is presented.

The application of SOE on submarines is not new and necessary.
Early in 1966, Giddings and Louis studied the emergency recovery of a
150-tonne submarine under surface jams and flooding (Giddings and
Louis, 1966). In 1968, the INS Dakar submarine from the Israeli navy
encountered an aft plane jam and exceeded collapse depth with 69

Fig. 1. Subsea Shuttle Tanker illustration.
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Table 1

SST Main Design Parameters summarised from (Ma et al., 2021b).
Parameter description Value Unit
Length (L) 164 m
Beam (dy) 17 m
Mass displacement () 3.36 x 10* tonne
Pitch moment of inertia (Iy) 7.60 x 10'° kgom2
Centre of gravity ([xg,Yq,2]) [0, 0, 5.78] m
Safety diving depth 40 m
Nominal diving depth 70 m
Collapse diving depth 190 m

casualties (Tingle, 2009). Burcher and Rydill (1994) discussed the
impact of SOE on submarine design and concluded that it significantly
affects the submarine dynamics and control systems. This is confirmed
by British defence technology company QinetiQ, which studied the ef-
fect of aft control plane setup and found that an X aft configuration is the
most blessing design (QinetiQ, 2018). Park and Kim (2017, 2018)
investigated submarine depth excursion and designed an SOE protection
system during an aft control plane jam.

As exemplified in Fig. 2, a typical submarine SOE is a depth versus
velocity diagram. It represents the submarine’s survivability when
encountering credible failures, such as flooding and control plane jams.
In this way, the SOE minimises the vessel’s operational risk by ensuring
adequate manoeuvrability under pre-identified failures. The safety
operating envelop of the SST can be divided into six zones:

e Jam-to-rise avoid zone: the SST risks breaching the surface when a
control plane jam happens.

e Restricted operation zone: the SST is less manoeuvrable when sailing
at a higher speed. The maximum pitch angle and maximum control
plane angle must be restricted.

e Unrestricted operation zone: the SST is free to operate without lim-
itation when its depth and velocity locate in this zone.

e Flood avoid zone: SST control planes cannot generate enough lift
force at slow speed when free-flooding compartments are filled with
water. Therefore, the SST may sink and exceed the collapse diving
depth.

Speed
—> Surface
Depth ¢
Jam-to-rise avoid zone
Safety
depth
Unrestricted operation Restricted operation
Flood
avoid Jam-to-dive
zone avoid zone
~Nomipal | T~ —' - - - - - "
diving
depth Collapse diving depth
avoid zone
Collapse
diving
depth

Fig. 2. Safety operating envelope example.
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e Jam-to-dive avoid zone: the SST has the risk of exceeding the
collapse diving depth when a control plane jam happens.

e Collapse diving depth avoid zone: the SST sails above its nominal
diving depth.

The detailed considerations of the provided incidents are provided in
Section 3. Even though an SOE analysis is most frequently performed on
in-service submarines as mitigation against loss-of-vessel during in-
cidents, it is also adapted into the design process for new submarines.
The SOE can influence the design parameters, such as speed and depth.
Also, it can highlight any potential problems with hydrodynamics or
control systems design at the final design stage.

SOE analysis can help the SST determine its service speed and
operating depth. The SOE examines the SST service speed feasibility
from an emergency recovery perspective. For instance, the baseline SST
is designed to travel at a 6-knot slow speed with 90% lower energy
consumption than a tanker ship (Ma et al., 2021b). However, Fig. 2
indicates that such a slow speed may make the SST unrecoverable during
flooding. Because of this, a minimum service speed needs to be imposed
during SST operation. In addition, the SOE can reduce the safety factor
applied to the structural design and allow the SST to increase its oper-
ating depth. For the baseline SST whose nominal diving pressure is 7 bar
(70 m, ref. Section 3), A safety factor of 2.7 is required per DNV naval
submarine code (DNV, 2018). This gives an exceedingly high collapse
depth of 190 m, i.e., a 19-bar design pressure, which leads to heavy and
complex steel construction. Nevertheless, the collapse diving depth can
be reduced by understanding SST recovery behaviour under a mal-
function. Therefore, a smaller safety factor is proposed from the oper-
ational safety point of view. As a side note, the depth and seabed
properties does not affect the SOE. In contrast, the SOE helps the deci-
sion makers to decide the depth and seabed clearance of an SST
operation.

In contrast to naval submarines, where SOE analysis has been per-
formed for decades, the published implementations of such analyses on
commercial submersibles are still blank. Also, as a novel merchant
vessel, the SST differs from conventional submarines in several ways.
For instance, the hazards and consequences differ as the SST travels
much slower than a naval submarine. In addition, compared to a naval
submarine whose structures and machinery take up approximately 80%
dry weight, the SST has to have a minimum 50% payload of its dry
weight to be economically attractive (Xing et al., 2021a). Thus, the
collapse pressure of the SST is much lower than a naval submarine to
avoid a heavy pressure hull. These differences will make the identified
SST SOE very different from the SOE for a naval submarine. Therefore,
this paper also helps to contribute knowledge on SOE analysis for
commercial and non-military submersibles. The methodology presented
in this paper can be applied to other novel subsea vessels under devel-
opment aiming to contribute to a low-carbon maritime sector, such as
civilian submersibles and freight gliders (Xing, 2021).

1.3. Structure of paper

This paper presents the generation of the SST safety operating en-
velope. Section 2 introduces the setup of SST manoeuvring model.
Section 3 describes the malfunctions and the corresponding Standard
Operating Procedure (SOP) during recovery. Finally, the SOE is gener-
ated in Section 4 and the findings are summarised in Section 5.

2. Manoeuvring simulation model

The setup of the SST manoeuvring model is described in this section.
The model is developed in MATLAB Simulink 2021a environment,
which is a block-diagram-based graphical programming environment
(MathWorks, 2022). It is utilised to build up a physical multibody system
in a graphical-based manner and has been extensively used in the area of
subsea drones. The manoeuvring model is general and can be facilitated
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with different functions to solve various problems, such as depth control
(Ma et al., 2020) and hovering (Ma et al., 2022). A decoupled 3 degrees
of freedom (DoF) planar model is proposed in this work instead of a fully
coupled 6 DoF model, as used in Park and Kim (Park and Kim, 2017,
2018). This is enough to represent the emergency recovery action. Ross
(Ross et al., 2004) found that a submersible can be divided into two
non-interacting subsystems: longitudinal and lateral. This is especially
applicable to a port-starboard symmetric slender body like a submarine
(Tinker, 1982). The coordinate system contains a North-East-Down
(NED) coordinate system with its origin fixed to the Earth’s reference
point and a body-fixed reference frame located at the SST centre of
buoyancy (CoB). The coordinate system used in this study is presented in
Fig. 3.

2.1. Plant model

Longitudinal subsystem equations of motion considering surge,
heave, and pitch written in a vectorial format using Fossen notation
(Fossen, 2011) are presented in (1) and (2):

n=Je(mv M
My+Cwyv+DWwy+gn) =7 (2)

where 7 is a vector consisting of NED position and Euler angles, v is the
linear and angular velocity in the body-fixed system, Jg (1) is the Euler
transformation matrix, M is the system mass matrix consisting of SST
mass and added mass, C(v) is the Coriolis-centripetal matrix, D(v) is the
damping matrix, g(n) is the force vector considering gravitational and
buoyancy forces, 7 is the control force vector.

Expand the kinematic equation (1) into the component form using
Euler angle representation as:

N cos¢ sin@ 0 u
p|=|-sinoe cos@ 0 w 3)
0 0 0 1 q
—_— e—————— e~
7 Jo(m) v

In the dynamic equations of motion, the mass matrix M is presented
as (4), the Coriolis-centripetal matrix is expressed as (5), and the
damping matrix is written as (6).

m— X, 0 mz,
M= 0 m—2, —Z; 4
mzg M, Iy — M,
0 0 0
Cw)=|0 m—-2Z, —(m—X)u )
0 (ZW - Xu') 0
Xiulu Jue] Xivgd X4q
DW)=| Zuq Zww+ Zau Za (6)
MW Mo Miqu+ Mg

where m is SST mass and z, is the location of the vertical centre of
g~Global Frame
~<_ x
o S~

| fotan | 17m

=

Fig. 3. SST coordinate system.
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W w
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gravity. These are listed in Table 1. The applied hydrodynamic co-
efficients are listed in Table 2 and estimated as (7)—(25) following Pre-
stero’s study on REMUS AUV (Prestero, 2001).

The axial added mass X, of the SST is calculated by the empirical
formula provided by Blevins (1979), which estimates the added mass of
an ellipsoid.

_ 4(17[/) Lot dyy :
Xi=-3 (2>(2) 7

where @ = 0.021 is an empirical parameter, L is the SST length, and d
is the SST’s beam.

The added mass of a circular slice submerged in water can be found
in Faltinsen (1993):

ma(x) = 7pR(x)? (€]

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

The crossflow added mass terms related to heave and pitch are
calculated by integrating the added mass of circular slices along the
body. These are expressed in (9)-(12):

how
Zi= — / mg(x)dx (C)]
Xtail
"Xbow
M= xm, (x)dx (10)
Xtail
Z,=M, an
oow
M;=— / X (x)dx 12)
Xtail

where Xp0, = 88.7 m and x,,; — 75.3 m are positions of the bow and tail
end, respectively.
The quadratic axial drag derivative can be estimated as:

X = — 0.5pc,Ar 13)
where cq = 0.145 is the axial drag coefficient, Ay = 227.0 m? is SST

frontal projected area.
The crossflow damping terms are expressed as:

Zipo = — O.Spcd(-/ 2R(x)dx a4
Xail
"Xbow
M‘W‘W:O.Spcd,/ 2xR(x)dx (15)
Xtail
"Xbow
Zy=0.5pca / 2x|x[R(x)dx a6)
Xtail
“Xpow
Myyq= —0.5pcq / 2:°R(x)dx a7
Ktail

where cg4. is the crossflow drag coefficient of a cylinder. ¢4 = 1.1 sug-

Table 2
Hydrodynamic derivative.

Parameter Value Unit Parameter Value

Xy -5.14 x 10° kg Zigq 4.79 x 10° kgem
Zy —3.29 x 107 kg Mgq —4.34 x 10'"*  kgem®
M, —4.40 x 10° kgem Xug —3.28 x 107 kg

Z ~4.40 x 10° kgem Xgq ~4.40 x 10° kgem
M; —-6.39 x 10'®  kgem®  Z 5.14 x 10° kg
Xiuu —~1.64 x 10* kg/m My —4.40 x 108 kgem
Ziww —~1.42 x 10° kg/m Zow —2.42 x 10° kg/m
My 1.67 x 107 kg My —3.99 x 107 kg
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gested by Hoerner (1965) is used.
Cross-term hydrodynamic derivatives are obtained as follows:

qu =Zy; (18)
Xy=2Z; 19
Zig= — X (20)
Muq = - Zq (21)
My, = — (Zy — Xui) (22)

SST body lift and lift-induced pitch moment are presented as (23)
and (24), respectively.

Ze = — 0.5pd*c,4p (23

Muw, = — O‘SPdZCW]/}XCp (24)
where c,q; = 0.003 is the lift slope coefficient (Ref. Prestero (2001)) and
Xp = —31.6 m is the viscous force centre (Ref. Hoerner (1965)).

Finally, the total cross-term pitch moment hydrodynamic derivative
is expressed as a summation of added mass contribution and body lift
contribution:

My =My, + My, (25)

2.2. Compensation tanks blowing

The SST equips two compensation tanks located at the bow and aft
free flooding compartments, as illustrated in Fig. 4. These tanks are filled
with ballast during regular operation. The ballast volumes inside
compensation tanks are depended on the cargo tank condition to ensure
neutral buoyancy, i.e., the weight of the SST is equal to buoyancy.
During the emergency rising manoeuvre, the compensation tank
blowing is performed. The tank blowing of the SST follows the same
process with a crewed naval submarine, which is well-documented in
(Bettle et al., 2009; Font and Garcia-Peldaez, 2013; Font et al., 2010;
Watt, 2007). Fig. 5 describes the schematic of the compensation tank
blowing during emergency recovery. This process can be divided into
three steps. First, the high-pressure air system injects compressed air
from the air reservoir into the tank. Therefore, the compensation tank
pressure rapidly increases and surpasses the external hydrostatic pres-
sure. Second, the air volume increases inside the compensation tank and
expels the bottom of the ballast water. Finally, the buoyancy force be-
comes larger than the SST weight, forcing the SST to ascent.

Bettle et al. (2009) describe this process as an air-volume ratio in the
compensation tank. This mathematic formulation for the SST is repre-
sented as:

Buoyancy tanks are directly-
connected through the bulkheads

mmm Main cargo tank
mmm Auxiliary cargo tank
[ Buoyancy tube
[ Compensation tank
1 Trim tank

Free flooding
e ~ bow compartment
; N

Free floodin A
aft companmengl_\/ T T T
| ) > \
/

|
|
/

X
| Flooded mid-body
\ / 7 X
|

¥ /
T\ c +z _B
Aft Bu\kheau Fwd Bulkhead
Aft compensation tank—! A

Fig. 4. Subsea Shuttle Tanker tank arrangement (Ma et al., 2021b).
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Air
reservoir

Compensation tank

¥ Sea

Fig. 5. Schematic of compensation tank blowing.

Va
7:A1+\/A?+A§ (26)

t

—pa — pg(zo — x, sin @ — 0.45D, cos )

A=
1.8pgD; cos 0

(27)

_ maoch(l — e"c”)

A, =
2 0.9pgD,n,V, cos 0

(28)

where V, is the volume occupied by the air inside the compensation
tank, V; is the volume of a single compensation tank, n, is the total
number of compensation tanks, p, is the atmospheric pressure, 2 is the
diving depth, x; is the compensation tank position along the x-axis, D is
tank diameter, my 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 C is
the tank blowing constant. The parameters used in compensation tank
blowing are listed in Table 3.

2.3. Propeller characteristics

The SST is propelled by a Wageningen B4-70 propeller. The pro-
peller’s design parameters are listed in Table 4. Its pitch ratio is 1.0. Its
open-water thrust coefficient K7 is adapted from the open-water test
result in Smogeli (2006) and interpolated by an 8th-order polynomial
function of advance number J. As shown in Fig. 6, the interpolated curve
provides a good fit with the test data. The fitted polynomial function is
formulated as (29):

Kr= —2.157J% 4 5.006J7 — 1.399J° — 4.309J° 4 2.999J* + 0.564J°
—0.998J% — 0.133J2 4 0.444 (29)
The advance number J can be calculated by (32):

71—WT
))

(30)

where wr is the wake fraction, n is propeller rotational speed in revo-
lutions per second, D is the propeller diameter, and u is SST surge

Table 3

Compensation tank blowing Configuration.
Parameter description Value Unit
Compensation tank diameter (D;) 8 M
Compensation tank x position (x,) 67.8, —67.8 M
Compensation tank volume (V;) 800 m?
Atmospheric pressure (p,) 1x 10° Bar
Reservoir air mass (mgo) 13,000 kg

Gas constant (Cg) 8.31
Tank temperature (T) 283.15 K
Blowing constant (Cp) —0.03 -
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Table 4
Propeller parameter.

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 4.5 x 10° kgem?
Maximum engine torque 2.5 x 10° Nem
0.57 *  Open water test data| |
— Polynomial fit
047
e 037
Y
0.2
0.1 1
0= : c . : c .
0.6 -04 -02 0 0.2 0.4 0.6 0.8 1
J
Fig. 6. Propeller thrust coefficient interpolation.
velocity.

Propeller configurations are presented in Table 4, and a block dia-
gram showing the propeller model is illustrated in Fig. 7. A Proportio-
nal-Integral-Derivative (PID) controller is used to control the propeller.
The desired propeller rpm and real propeller rpm error goes into the PID
controller to calculate the desired motor output. Then, a saturation
block represents the maximum limit of motor torque. A second-order
transfer function represents rotational inertia from the shaft and pro-
peller. It can simulate response delay caused by motor and shaft dy-
namics. This usually happens when a rapid change of thrust reference
occurs. Finally, the propeller’s real-time thrust is calculated by propeller
revolution speed and SST surge velocity.

2.4. Control plane
The control planes’ contribution to the forces and moment on the SST

is modelled using a linear lift rate coefficient. The control forces
generated by a single control plane can be calculated as:

Xse = — 0.5pV?A.Cps 3D
Zs. =0.5pV?A.Cps (32)
Ms. =0.5pV*A.x.Crs (33)

where X; is control plane drag, Zs is control plane lift, My, is the
control plane pitch moment. V is the relative velocity at the plane po-
sition, Cp; is the drag rate coefficient, Cy; is the lift rate coefficient. The
bow and aft control plane configurations are listed in Table 5.
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|

——{4 }—>|PID controller |/_
RPM connnandc I: _/‘

Torque saturation

3 [Pro peller
RPM model Thrust

Propeller inertia

Fig. 7. Propeller diagram.

Table 5

Control plane parameter.
Parameter description Value Unit
Bow plane position (Xpey) 30 m
Bow plane area (Apoy) 50 m?
Bow plane lift rate coefficient (Cpgs) 2.1 -
Bow plane angle rate limit +5 °/s
Aft plane position (xe) -70 m
Aft plane area (Agem) 28 m?
Aft plane lift rate coefficient (Cpras) 6.1 -
Aft plane angle rate limit +5 °/s

3. Accidental case and standard operation procedure

An SOE is generated by running a wide range of simulations ac-
cording to different accidents (Park and Kim, 2018; Renilson, 2018).
Hence, it is essential to define the SOP when each failure happens. When
a failure occurs, the SST should react following a set of SOPs. In this
section, SOPs with regard to accidental cases are defined. The criterion
of successful recoveries and lost-of-vessel are identified.

3.1. Partial flooding

Renilson (2018) defines the flooding of a submarine happens
through the systems connected to the sea, which are typically kept
closed. This may happen to the valves for loading and offloading or
loading ballast for the SST. Flooding is risky when the SST is travelling at
a slow speed.

Fig. 8 presents the SST flounder diagram. It is a length versus cross-
section diagram that describes the volume distribution of the vessel
without showing a detailed layout. Flooding can occur in the free
flooding compartments, i.e., the machinery compartments. In this study,
an unclosed valve at the aft compartment is considered. When flooding
happens in the aft compartment, three actions are taken to perform
emergency recovery. The first action is to apply full forward rpm to
increase the speed. Second, the main ballast tanks will be blown to in-
crease the buoyancy of the SST. Third, maximum bow plane angle is
executed to generate lift force forcing SST to ascent. From experience
taught by naval submarines, an unpowered and high-rate rising
manoeuvre may cause instability in the horizontal plane and induce
considerable roll motion (Bettle et al., 2009; Chen et al., 2020; Watt,
2001, 2007; Zhang et al., 2019). To avoid this effect, Renilson (2018)
suggested that the pitch angle should be limited during emergency ris-
ing, and blow should be performed in all ballast tanks together rather
than in the forward ballast tank only to remain stable. When flooding

2
] Buoyancy tube
200 Mach. Mach. - —
(motor) battery Machinery (piping)
160 Mach.
120 [~ Trim . Main cargo tank Mach. (sensor)
tank (control (piping)
80 unit) _
40 Comp. Auxiliary cargo tank l ot T
o tank Flooded area tank tank
I O T T T O T
80 -60 -40 -20 0 20 40 60 [m]

Fig. 8. SST flounder diagram (Ma et al., 2021b).

happens, the SST is recovered if it reaches the sea surface without
exceeding the maximum trimming angle, exceeding the maximum div-
ing depth, or reaching the seabed.

The flooding rate is modelled as:

r=pAni/28ha(t) (34
where r is the seawater flood rate with a unit of kg/s, Agq = 0.785 m?is
the area of the opening, and hy(t) is SST diving depth at time t. During
the simulations, the maximum flooded volume is 600 m?, as the free
flooding area is also divided into small compartments by watertight

bulkheads.

3.2. Control plane jamming

SST uses an independently actuated X-plane arrangement. Therefore,
a single control plane jam is considered a failure mode, and the rest three
planes can still be used for roll control. The control plane jamming
failure of the SST can lead to two consequences: jam-to-rise or jam-to-
dive. The SST should conduct different procedures for each case. The
emergency recovery action to cope with the control plane jamming
failure is given as below:

3.2.1. Jam-to-rise

A crash stop manoeuvre is performed when the jam-to-rise failure
occurs. The SST takes two actions simultaneously: it orders a full astern
RPM to reduce its forward velocity and executes a maximum positive
bow plane angle to stop the ascent. Like jam-to-dive recovery action, the
three free aft control planes hold the heel angle. In a jam-to-rise situa-
tion, the SST survives if it does not broach the surface or reach the pitch
limit.

3.2.2. Jam-to-dive

When the SST suffers from a jam-to-dive situation, the recovery is
divided into two actions: the first action is a crash stop manoeuvre, and
an order of full rpm astern is conducted. As for the second action, the SST
pumps out its ballast in the forward compensation tank and executes the
most negative bow control plane angle. These actions provide a positive
buoyancy force and reduce its trimming angle. The SST survives if SST
achieves a trajectory upwards before hitting the seabed or exceeds the
collapse depth. However, the maximum trimming angle should not be
exceeded either.

3.3. Manoeuvring limits

A set of manoeuvring limits are defined when setting up the SOE.
These limits include depth limits, pitch angle limits, control plane re-
action angles, and SST reaction time. The manoeuvring limits for setting
up the SOE are listed in Table 6. The most critical definitions are given as
follows:

o Safety depth: the safety depth is the minimum operational depth of
the SST. If the SST travels above this depth, it risks collision with
large draught ships and other offshore structures. DNV naval sub-
marine code recommends submarines to travel below 30-40 m water
depth (DNV, 2018).
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Table 6

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

e Nominal diving depth: the SST is allowed to perform unrestricted
operation above this depth but below the safety depth. This value is
defined to be 70 m for the SST.

e Collapse diving depth: the hydrostatic pressure at collapse diving
depth is the 19-bar designed pressure for the SST. Therefore, the
collapse diving depth is decisive for the structural design of the SST.

e Pitch angle restriction: because the SST is autonomous, the

maximum pitch angle is not restricted by the human factor, i.e., the

safety of crew members. However, an overlarge pitch inclination
may also induce malfunction of machinery and equipment onboard.

Meanwhile, a large pitch angle is dangerous during high-speed

operation: the SST transits from nominal diving depth to the

collapse diving depth within a minute. This leaves insufficient time
for the recovery action when the control plane jam happens. In
practice, Burcher (Burcher and Rydill, 1994) suggested that the

maximum pitch angle of submarines is around 20°. In the event of a

high-speed operation, the pitch limit is 5-10°. Emergency recoveries

at 10°, 15°, and 20° initial pitch angles are performed in this work

Reaction time: the reaction time is defined as the time interval be-

tween the malfunction and recovery action. The high level of au-

tonomy can significantly reduce the reaction time from seconds to
milliseconds. Therefore, the SST provides an instant reaction when
failure happens.

4. Results and discussion

This paper discusses the generation of the safety operational enve-
lope of a baseline SST. Three malfunctions, i.e., flooding, aft control
plane jam-to-rise, and aft control plane jam-to-dive, are considered
individually during the study. 37 free-running tests with three initial
pitch angles and 14 different initial speeds are performed by the authors
in Simulink. Each simulation lasts 1000 s to dampen out the initial
transient period and reach steady-state conditions. Also, this simulation
time is long enough to capture each simulation’s maximum and mini-
mum depth excursion. Later, the time interval between the incident and
emergency recovery action succeed is selected in the post-processing
stage. In this section, three simulation results are discussed in detail to
present the SST behaviour during emergency recovery when aft
compartment flooding, jam-to-rise, and jam-to-dive happen. Then, the
manoeuvring limitations of SST are presented at a wide range of depths,
pitch angles, and velocities. Finally, the desired depth and speed range
are determined, and the SOE in this range is presented.

4.1. Aft compartment flooding recovery response

Fig. 9 presents the depth excursion and pitch motion of the SST after
flooding occurs. In this case, the initial speed of the SST is 0 m/s, i.e., the
flooding happens right after the SST offloads at a subsea well. The SST
hovers at 114 m water depth during offloading. In the presented time
series, the flooding incident starts from t = 50 s. After the incident oc-
curs, the SST immediately executes recovery action following the SOP.
The entire process takes approximately 150 s. In the first 50 s, the
descent of SST speeds up. Later after t = 100 s, the recovery action ef-
fects show up as the descent speed decreases. At t = 205 s, the maximum
190 m depth is reached. The descent speed reduces to 0. After this time,
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the SST floats up and avoids the lost-of-vessel. As for the pitch, since
flooding happens at the SST aft, the weight at the aft increases. This
introduces a negative pitch moment. The pitch angle rapidly increases in
the beginning after the incident happens. This trend becomes mild af-
terwards due to the increase of the hydrostatic restoring moment.

Fig. 9 (b) presents the surge and heave velocities in the aft
compartment flooding process. They are measured in the body-fixed
reference frame. In the initial 50 s, both surge and heave velocity are
0 m/s. As shown in Fig. 9 (c¢), a 60-rpm propeller command is ordered
when the incident happens. A PID controller controls the propeller. As
the SST has a large inertia, there is a 10 s delay in the surge velocity. The
propeller thrust provides the most critical contribution during the re-
covery process. It pushes the SST upward when the pitch angle is
negative. Besides, the SST slides downward in the body coordinate
throughout the process, i.e., the heave velocity is always positive. This is
because the weight of the SST is always larger than the displacement
after flooding happens. The heave velocity reduces after approximately
90 s because of the blowing of the compensation tank and the increasing
upward hydrodynamic body drag introduced by the relative velocity
between SST and the incoming flow.

Fig. 9 (d) shows the process of flooding and blowing the compen-
sation tank. Due to the 11.4 bar hydrostatic pressure, a 600 m>
compartment is filled with seawater within 20 s. As for the performance
of tank blowing, both the tank blowing rate and maximum blowing
volume depend on the hydrostatic pressure. At a depth of 190 m, a single
compensation tank can blow 258 m3, i.e., 265 tonnes of seawater. When
this is counted into net buoyancy, a —4000 kN minimum net buoyancy is
reached when t = 70 s. After that, the net buoyancy increases to —841
kN at 205 s. This indicates that although performing tank blowing alone
cannot overcome flooding at a greater water depth; it can still help to
moderate the descent speed.

4.2. Jam-to-rise recovery response

Fig. 10 presents the response of the SST under a jam-to-rise incident
when the initial speed and pitch angle are 3 m/s and —15°, respectively.
Fig. 10 (a) shows the heave and pitch motions of the SST. The recovery
actions include the application of the emergency brake of the propeller
and the command to go to maximum bow control plane angle. Before the
aft control plane jams, the SST rises upward at a —15° pitch angle. When
recovering from a jam-to-rise incident, the SST survives if it stops its
ascent before broaching the surface, i.e., it cannot rise more than 40 m.
The entire process takes around 170 s in this incident. In the presented
case, the incident happens at t = 55 s and the SST stops ascent at t = 225
s. The minimum depth excursion is —38.5 m, 1.5 m below the surface.
The pitch angle of the SST slowly increases from —15° to —4° in this
period. Fig. 10 (b) shows the surge and heave velocity of the SST in the
body-fixed reference frame. The surge velocity drops from 3 m/s to 2.2
m/s in the presented time series. The heave velocity in the body frame is
positive throughout the process. Fig. 10 (c) shows the propeller revo-
lution, bow control plane angle, and aft control plane angle of the SST
during the recovery. A slow propeller response is observed due to the
large rotational inertia. The propeller rpm reduces from 30 rpm to O rpm
within 17 s for the first time and overshoots to —7 rpm. It reaches the
ordered revolution speed at t = 135 s. As for the plane angles, the aft
control planes are jammed at 15°, and the bow control plane angle
changes from O to 20° during the recovery process. This generates a
positive fin lift to reduce the rising of the SST.

4.3. Jam-to-dive recovery response

An example of jam-to-dive recovery at 5 m/s initial speed is given in
this section. The jam-to-dive happens at t = 50 s. The entire recovery
process takes approximately 100 s. The initial pitch angle is set to be 15°
when the incident occurs. Fig. 11 (a) presents the maximum depth
excursion and the pitch angle of the SST during the recovery process.
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Fig. 9. SST responses during emergency recovery from flooding.

The maximum recoverable depth is found to be 100 m. The SST stops
descending at 190 m water depth beginning from this depth. As for SST
pitch angle, it changes from 15° to 6° in 100 s. This is faster than the jam-
to-rise incident because of the blowing of the forward compensation
tank. The surge and heave velocities in the body-fixed reference frame
are presented in Fig. 11 (b). As the inertia of the SST is large, it takes time
for the surge speed to reduce to 0. The heave velocity decreases rapidly
after the forward compensation tank blowing is performed and becomes
negative at t = 110 s.

However, in the NED frame, the SST stops diving 40 s later. Fig. 11

(c) shows the response from propeller and control planes. Att =50, a 0-
rpm command is ordered. First, the propeller rapidly reduces its rota-
tional speed and reaches an astern revolution speed of —25 rpm. Then, it
increases to 0 rpm around t = 100 s. As for the bow control plane, a
minimum —20° angle is executed when the SST is released at t = 50 s.
The aft control plane is jammed at a —15° maximum angle during the
process. The forward compensation tank blowing process is presented in
Fig. 11 (d). The blow rate (curve slope in Fig. 11 (d)) first reduces with
the increasing SST diving depth due to the greater hydrostatic pressure.
Then it increases again when the SST starts to ascent.
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Fig. 10. SST responses during emergency recovery from jam-to-rise at 3 m/s service speed.

4.4. Operation limitations

Results of the 37 simulated cases are presented in Fig. 12. From a
safety manoeuvring perspective during the operation, the SST is not
suggested to sail above the jam-to-rise lines, below the flooding line, or
below the jam-to-dive lines.

Aft compartment flooding: The SST must operate above the
flooding limit line (shown in Fig. 12 (a)) to be recoverable from aft
compartment flooding. It is most detrimental when the SST travels
slowly as insufficient lift forces are generated from the SST body and
control planes. As shown in Fig. 12 (a), the maximum recoverable depth
is 80 m when the SST hovers (0 forward speed). This value rises to 110 m
at 3 m/s design speed. Both of these depths are greater than the 70-m
nominal diving depth of the baseline SST. This indicates that the SST
is recoverable from an aft compartment flooding event when travelling
below the nominal diving depth.

Jam-to-rise: The SST must operate below the jam-to-rise lines to
avoid broaching the surface when the control plane jams. The initial
pitch angles are set to 10°, 15°, and 20° when jam-to-rise happens. The
results are shown as the solid lines in Fig. 12. As the SST is designed to
travel slowly to reduce energy consumption, the region between 0 m/s
to 6 m/s is of the most interest. The 6 = 10° limit does not affect the
result in this speed region. When the SST travels faster than 3 m/s, its
pitch angle limit is 15°. If the SST travels below this speed, a 20° re-
striction is applied to avoid structural and machinery damage instead of
control plane jam.

Jam-to-dive: The SST must operate above the jam-to-dive lines to
avoid exceeding the collapse diving depth when the control plane jams.
Same with the jam-to-rise scenario, the 6 = 10° limit does not affect the
result as the speed region will never be reached (above 8 m/s). In
addition, the 6 = 20° limitation does not affect the depth limit either, as
the 6 = 20° jam-to-dive line (dashed, circle) located below the flooding
limit (dash-dotted, asterisk) in Fig. 12. Therefore, 6 = 15° limit has the
most considerable effect on the SST operation. In addition, the SST is
recoverable from a jam-to-rise when travelling slower than 5 m/s at a
water depth above 100 m. This indicates that the 70 m nominal opera-
tional depth is conservative when considering the recoverability in a
jam-to-dive situation.

Based on the designed operating velocities and depth limits
mentioned above, an envelope is drawn in Fig. 12 (b). This gives the
basis for the SOE presented in Fig. 13. The figure envelopes the depth
range from 0 m to 190 m, and the velocity range from 0 m/s to 6 m/s.
This can cover all possible operating conditions of SST under regular
situations. In the envelope, the broaching avoid zone is set between 0 m
and 40 m safety depth. The SST is allowed to travel below 40 m water
depth at a maximum speed of 3 m/s. Above this speed, the SST has to
travel at a greater depth to avoid an unrecoverable jam-to-rise incident.
The operational zone is divided into unrestricted and restricted areas.
The SST can recover from the considered malfunctions during all kinds
of manoeuvres in the former area. In the restricted operation area, a 15°
maximum pitch angle restriction is posed on the SST to avoid an unre-
coverable control plane jam incident. In addition, the 70 m nominal
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Fig. 11. SST responses during emergency recovery from jam-to-dive at 5 m/s initial speed.

diving depth is conservative from the manoeuvring perspective. When
the baseline SST travels at 3 m/s speed, a 100 m operational depth is
proposed. This allows the SST to recover from a partial flooding incident
or a jam-to-dive incident when travelling between 2 m/s to 5 m/s speed,
i.e., 67%-167% of the designed speed. This is enough to cover the
normal operation of the SST, which constantly travels at a fixed speed.
Moreover, it can also be noticed that flooding is the main concern when
the SST operates at a slow speed (less than 2 m/s), while control plane
jam is riskier when the SST speed is above 3 m/s.

10

5. Conclusions

A baseline SST was proposed as an innovative alternative to tanker
ships and subsea pipelines. This paper presents the identification of the
SOE of the SST. 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 literature on such analyses is still not readily available. In addi-
tion, as very few submarines have been designed for civilian use, this
paper will also help close this knowledge gap and further assist the
development and safety operation of large novel subsea vessels. This is
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especially so as most submarine manoeuvring software is developed for
military submarines.

One limitation of the study is that the SST manoeuvring model is
developed based on semi-empirical formulas. This is generally sufficient
for the SST, which is at a conceptual design stage. However, for detailed
engineering designs with a much higher required level of accuracy, the
model must be updated with more accurate hydrodynamic derivatives
obtained from computational fluid dynamic analyses or model tests.
However, it is also highlighted that civilian submarines will be larger
and restricted in their manoeuvrability. Therefore, the effect of
nonlinearity in the derivatives-based hydrodynamic models is less pro-
nounced. This means the proposed model can better describe SST than
naval submarine motions.

The authors first derived a manoeuvring simulation model following
semi-empirical formulas in the paper. This model considers combined
load effects from hydrodynamic loads, compensation tank blowing,
propeller thrust, and control plane lift. Second, standard operation
procedures are defined individually for flooding, jam-to-rise, and jam-
to-dive. Third, SST dynamic responses during the recovery actions are
discussed. Fourth, operation limitations considering different initial
depths, sailing speeds, and pitch angle combinations are presented.
Finally, the SOE of the SST is presented based on the obtained result.

The SOE helps to improve the currently existing design and operation
of the SST in the following aspects:

e A 40 m safety depth is sufficient to allow the SST to avoid broaching
the surface when the aft control plane jams when travelling at 3 m/s
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design speed. If a higher sailing speed is required, the SST has to
travel at deeper water depths.

e The SST can survive all considered malfunctions when travelling at a
70 m nominal water depth.

e The SST should hover above 80 m water depth during offloading to
recover from partial flooding.

o The maximum pitch angle of the SST is set to be £15°. Within this
limit, the SST is recoverable if the aft control plane jam occurs.

e The 70 m nominal diving depth proposed by the DNV naval sub-
marine code is conservative. The SOE allows the existing SST design
to travel a maximum 100 m diving depth in accordance with a 190 m
collapse diving depth. This depth can fulfil operation safety as the
SST can survive the considered crucial malfunctions.

e Otherwise, 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.
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