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Abstract

This thesis investigates the uncertainty of a safety operating envelope (SOE) for a subsea
shuttle tanker (SST). The main focus of this work is on the jam-to-rise and jam-to-dive aspects
of the accidental cases for the SOE. The SST is investigated using a pitch angle of 10- 15- and
20- degrees for rising and diving. The findings of the free-running simulations, which take into
account two current directions and load instances of 0.5 and 1 m/s with 5% and 10% standard
variation, while using the Gumbel fitting method, revealed increased recovery depth differences
ranging from 0.97% to 21.44% for the jam-to-rise scenario, and 0.42% to 11.26% for the jam-
to-dive scenario for the 15-degree pitch angle cases. The cases with 10- and 20-degree pitch
angles show similar percent differences. Future studies may look at how differences in recovery
depth caused by current directions coming from different angles, such as a 60- and 120-degree
angle, might significantly affect the results. To estimate the possible recovery depth and
compare it to the Gumbel values in order to get more accurate results, other statistical

techniques might be utilized, such as the Average Conditional Exceedance Rate Method



Acknowledgment

I want to sincerely thank and appreciate the following people for their significant
assistance and efforts in finishing my master's thesis.

I would like to start by expressing my sincere appreciation to my supervisor, Professor
Yihan Xing, for their advice, knowledge, and constant support during the study process. Their
astute comments and helpful critique have considerably influenced the growth of my thesis.

Additionally, 1 would like to express my gratitude to my co-supervisor, Ph.D. candidate
Yucong Ma, for their invaluable time, knowledge, and helpful recommendations throughout
the thesis. Their suggestions increased the overall quality of this work.

| want to express my sincere gratitude to the University of Stavanger's staff and faculty,
especially the Department of Mechanical and Structural Engineering and Materials Science, for
offering a vibrant academic atmosphere and the tools required for undertaking research. Access
to libraries, databases, and other resources has been essential for compiling the necessary data
and performing the required analysis.

Furthermore, | owe a great deal of gratitude to my friends and classmates for their
encouragement and support during this difficult path. Their company, inspiration, and openness
to discussion have been priceless.

Lastly, I want to thank my family for their unflagging encouragement, tolerance, and
empathy throughout the completion of my thesis. Their devotion to me and confidence in my
talents have served as a continual source of motivation.

Even though it is not possible to mention everyone that has contributed and helped me
in some way or another. | extend my gratitude to all that has supported me during my studies.

Thank you, everyone, for being a part of this journey and for your priceless
contributions.



Table of Contents

AADSTFACT ...t E R E bbbt E bbb bt e ens iii
ACKNOWIBAGIMENL. ...ttt b bt b n e iv
LISE OF FIQUIES ..ottt sttt e s e st e st e e st e s b e e te e besaeess e besaeestesteeneesreeseenrens vi
LISE OF TADIES ...ttt bbbt b et b e sttt X
R 1011 oo [0 Tod o] o SR 1
2  Evolution of the development of the Subsea Shuttle Tanker (SST) ....ccccevviiveiiiiiccice e 4
2.1  The safety operating envelope of a Subsea Shuttle Tanker (SST)............. 4
2.2 EMEIQENCY FBCOVEIY ..ooiiiiiieiitie sttt sttt sttt niae e 6
221 THE NAZANAS ... s
222 The flooding INCIAENT..........ciiiiirie s
223 The depth excursion incident
224 Manoeuvring lIMItationS.........ccoceiiriirnenee e
225 IMPACE ON AESIGN ..t

3  Formulation of “Uncertainty analysis of the safety operating envelope of a Subsea Shuttle Tanker

LS ) TP P PPN OTRRPRTRPN 11
31 SOE b 11
3.2 Accidental case and standard operating procedure...........cccceeveerenieennen. 12
3.3 SaAfety MArginS......ccociieiie et 16
4 Dynamics modeling of a Subsea Shuttle Tanker (SST) ...ccoviiiieiiiieieece e 17
4.1 Maneuvering MOUEL........c.cccveiieiieiiie e 17
411 Plant MOGEl .........cooiiiiiiic 18
41.2 ACtUALION MOEL ... 23
4.2 CUITENT .o en e 28
4.3 SIMUIINK MOTEL ....c..ciiiiiiiii e 29
4.4  Extreme value prediction and Gumbel distribution...........c.ccccceveneennen. 30
441 Extreme value prediction ... 30
442 Gumbel fitting Method ..o 31
5 Motion simulation of a Subsea Shuttle Tanker (SST) ......ccoiiiriiiiiee e 33
B.L JAM-T0-TISE .ottt 33
5.2 JAM-I0-0IVE ..ot 39
B CONCIUSION ...ttt bbbttt b bbbttt bt e et en s 44
A 1 (=] - (0TSSP TP TP TP PSPPSR 45
8 AAPPEINTICES ...ttt bbbt bRt bbb bbbt ns 49
8.1  Appendix A —Jam-to-rise with 10-degree pitch angle.............ccoceovenennen. 49
8.2  Appendix B — Jam-to-rise with 15-degree pitch angle .............ccocceennne. 58
8.3  Appendix C — Jam-to-rise with 20-degree pitch angle .............ccocceeenne. 67
8.4  Appendix D — Jam-to-dive with 10-degree pitch angle............cccceovennnen. 76
8.5  Appendix E — Jam-to-dive with 15-degree pitch angle ............ccccceeenn. 85

8.6  Appendix F — Jam-to-dive with 20-degree pitch angle...........c.ccccevvenennen. 94



List of Figures

Figure 1 - CCS offshore storage process wWith SST transportation...........c.ccoeeevvevinieniseneneneseeeeeees 2
Figure 2 - Current ongoing and planned CCS storage sites in the Norwegian sector [12] [13]................ 3
Figure 3 — Safety Operating BNVEIOPE.........ccviiiiiiiiie et 6
Figure 4 - Graphical representation of the safety operating envelope...........cccocevvevevivcicvinscicce s, 16
Figure 5 - SST COOTTINALE SYSIEIM ....vvcuiiiiiciiite ittt sttt et e s be et e e besre e e e sreeneenras 17
Figure 6 - Schematic of compensation tank BIOWING [51].......ccooviiiiiiiiiicc e 26
Figure 7 - SIMUINK MOEL..........coiiieie e st re et re e eras 30
Figure 8 - Jam-to-rise recovery depth curve for different steady current cases for a 15-degree pitch angle.
....................................................................................................................................... 33
Figure 9 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and heading current veloCity = 0.5 M/S ..o 34
Figure 10 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
if 3 m/s, in heading current direCHiON..........ceoviiiiie i 35
Figure 11 - Jam-to-dive curve for different steady CUITENt CASES .........covververieieiiiiisise e 39
Figure 12 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and heading current veloCity = 0.5 M/S ..o 40
Figure 13 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
if 3 m/s, in heading current direCHION..........coevviiiiie i 41
Figure 14 — Jam-to-rise curve for different steady CUITeNt CASES .........ccoererierieiiiisinise e 49
Figure 15 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and following current velocity = 0.5 [M/S] ..o 49
Figure 16 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and following current velocity = L [M/S] ....ccoviiiiiiiiiicicieccce e, 50
Figure 17 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and heading current velocity = 0.5 [M/S]....cccooiiiiiiiiiiiieic e, 50
Figure 18 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and heading current veloCity = 1 [M/S]..ccccveiiiiiiiiiiiecic e 51
Figure 19 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 3 m/s, following CUIreNt dIir€CION ........ccoveiiiieiiceee e 51
Figure 20 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 4 m/s, following CUIrent dir€CION ........cocviiiiiericee e 52
Figure 21 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 5 m/s, following current dir€CtION ........ccoveiiiiieiiiece e 52
Figure 22 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 6 m/s, following CUrrent dir€CION ........ccccveiiiieiiie e 53
Figure 23 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 3 m/s, heading CUrrent dir€CHION .........cocveiiiiiieece e 53
Figure 24 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 4 m/s, heading CUrrent dir€CHION .........cocveviiiiiee e 54
Figure 25 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 5 m/s, heading current dir€CtION ..........ccooiiiiiieii e 54
Figure 26 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 6 m/s, heading current dirCHION ..........ccooiiiiiieiiceee e 55

Figure 27 - Jam-to-rise curve for different steady CUIreNt CaSES ...........cooeireinreireiiieiicseesceeie s 58



Figure 28 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing

velocities and following current velocity = 0.5 [M/S] ... 58
Figure 29 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and following current velocity = 1 [M/S].......ccovriiiiiiiiineeeee 59
Figure 30 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and heading current velocity = 0.5 [M/S] ..o 59
Figure 31 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and heading current VeloCity = 1 [M/S]...c.ccoeveiiiiiieiiiice e 60
Figure 32 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 3 m/s, following Current dir€CtION .........ccceviiieii i 60
Figure 33 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 4 m/s, following CUrrent dir€CION ........cooviiiiieiiree e 61
Figure 34 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 5 m/s, following CUrrent dir€CION ........cooviiiiieiecece e 61
Figure 35 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 6 m/s, following CUrrent dir€CION ........cccoviiiiiieiiie e 62
Figure 36 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 3 m/s, heading current dir€CtION .........cccocviiiiieii e 62
Figure 37- Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 4 m/s, heading CUrreNt dir€CTION .......c.oiveieiiiieece e 63
Figure 38 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 5 m/s, heading Current dir€CHION .........cocveviiiiiieiecee e 63
Figure 39 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 6 m/s, heading CUrreNnt dirCTION .........oocveiiiiiiee e 64
Figure 40 - Jam-to-rise curve for different steady CUITENT CASES ........ccerververieieiiiisisese e 67
Figure 41 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and following current velocity = 0.5 [M/S] ..o 67
Figure 42 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and following current velocity = L [M/S] ....ccoviiiviiieiicicicece e, 68
Figure 43 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and heading current velocity = 0.5 [M/S]....cccoviiiiiieiiiicic e, 68
Figure 44 - Simulated SST responses during emergency recovery from jam-to-rise at different sailing
velocities and heading current veloCity = 1 [M/S]..cccccoveviiiiiiiiiieee e 69
Figure 45 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 3 m/s, following CUIreNt dir€CION ........cccviiiiiecccee e 69
Figure 46 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 4 m/s, following CUIrent dir€CION ........cocviiiiiericee e 70
Figure 47 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 5 m/s, following current dir€CION ........c.ccvoiiiieiiieee e 70
Figure 48 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 6 m/s, following current dir€CION ........ccccvoiiiieriieee e 71
Figure 49 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 3 m/s, heading CUrrent dir€CHION .........cocveiiiiiieece e 71
Figure 50 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 4 m/s, heading CUrrent dir€CHION .........cocveiiiiiiec e 72

Figure 51 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 5 m/s, heading current dir€CtION .........ccocveieeiec e 72



Figure 52 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity

of 6 m/s, heading CUrrent dirCHION .........cocveiiiiiiecree e 73
Figure 53 - Jam-to-dive curve for different steady CUITENT CASES .......ccvevvevvriiieiieeieie e 76
Figure 54 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and following current velocity = 0.5 [M/S] ..o, 76
Figure 55 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and following current velocity = 1 [M/S] ..o 77
Figure 56 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and heading current velocity = 0.5 [M/S].....ccocooiriieieiiieeeee 77
Figure 57 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and heading current VeloCity = 1 [M/S].....ccceviiiiiieiiiieic e 78
Figure 58 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 3 m/s, following Current dir€CtION .........cccveiiiieii i 78
Figure 59 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 4 m/s, following current direCtion ............ccceevviviieieieece s 79
Figure 60 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 4 m/s, following current direCtion .............cooerereieieiiinise e 79
Figure 61 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 6 m/s, TOllowing CUITeNt dIir€CLION ......cccveiiiiieeie e 80
Figure 62 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 3 m/s, heading current dir€Ction ...........cccocveveiiiiicic s 80
Figure 63 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 4 m/s, heading current dir€Ction ...........ccccceeveiiiiieic s 81
Figure 64 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 5 m/s, heading current direCtioN ..........ccocvvvreiinereiee e 81
Figure 65 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 6 m/s, heading CUrrent dirCTION .........cccveiiiiiieece e 82
Figure 66 - Jam-to-dive curve for different steady CUITENt CASES .......ccvevveiveiieiieciee e 85
Figure 67 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and following current velocity = 0.5 [M/S] ... 85
Figure 68 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and following current velocity = 1 [M/S].....ccccoveriiiiiiiiiniineceeeie 86
Figure 69 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and heading current velocity = 0.5 [M/S]....cccoviiiiiiiiiieie e, 86
Figure 70 - Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and heading current VeloCity = 1 [M/S]..ccccveviiiiiiiiiiieee e 87
Figure 71 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 3 m/s, following current direCtion ...........ccoveieriieicini e 87
Figure 72 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 4 m/s, following CUrrent dir€CION ........cccviiiieeiecee e 88
Figure 73 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 5 m/s, following current direCtion ............ccooeiiriieicinis e 88
Figure 74 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 6 m/s, following current direCtion ............ccoccovveieiiieene i 89
Figure 75 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 3 m/s, heading current dir€Ction ............ccoceeoeiinienenee e 89

Figure 76 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 4 m/s, heading current direCtioN ..........coovvevenininee e 90



Figure 77 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's

velocity of 5 m/s, heading current direCtiION ..........ccocvviieiineieiee e 90
Figure 78 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 6 m/s, heading current direCtiION ..........ccocvovreiireieice e 91
Figure 79 - Jam-to-dive curve for different steady CUITENT CASES ........cvevveivriiierieeieie e 94
Figure 80 — Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and following current velocity = 0.5 [M/S] ..o 94
Figure 81 — Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and following current velocity = 1 [M/S] ..o 95
Figure 82 — Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and heading current velocity = 0.5 [M/S]....cccocvviiviieiiiiieic e 95
Figure 83 — Simulated SST responses during emergency recovery from jam-to-dive at different sailing
velocities and heading current VeloCity = 1 [M/S]...c.ccoeveiiiiiiiiiiecc e 96
Figure 84 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 3 m/s, following CUrrent dir€CION .........cccvviiiieiicece e 96
Figure 85 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 4 m/s, following current dir€CtioN ............ccoveiereieieiiiins e 97
Figure 86 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 5 m/s, following current dir€Ction ............ccoceiereieieiiis e 97
Figure 87 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 6 m/s, following current direCtion ............cccocevviviieveiieccc s 98
Figure 88 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 3 m/s, heading current dir€Ction ...........ccccceeveiiiiieic s 98
Figure 89 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 4 m/s, heading current direCtioN ..........cocvveieiinenee e 99
Figure 90 — Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity of 5 m/s, heading current direCtioN ..........ccocvviviiiniieiee e 99

Figure 91 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's velocity
of 6 m/s, heading current dir€CtION .........cccoviiiiie i 100



List of Tables

Table 1 - SST MaiN deSIgN PArAMELETS.........civieeieieiiiie ettt 3
Table 2 - SST ManoeuVIing lMItAtIONS.........cccveiiiiiie e 15
Table 3 — HydrodynamiC derVALIVES ..........ccoiieieiiiie ittt seesreenee e 20
Table 4 - Propeller PArAMELELS ........vcviieci ettt ettt s be et re e a e te e e s aesta e besbeetaestesreenee e 24
Table 5 - CoNtrol Plane PArAMELEIS .....ccvciiciiieeieite st ste st se et ste e re e e e e e saeete e besbeereentesreenee e 25
Table 6 - Compensation tank DIOWING PAramELerS ..........coiiveieieirinerese s 28
Table 7 - Recovery depth predictions for several return periods for following current.......................... 36
Table 8 - Recovery depth predictions for several return periods for heading current............ccccccevenee. 37
Table 9 - Percentage change in recovery depth compared to the deterministic current case ................. 38
Table 10 - Recovery depth predictions for several return periods for following current...................... 42
Table 11 - Recovery depth predictions for several return periods for heading current..............ccccoen..... 43
Table 12 - Percentage change in recovery depth compared to the deterministic current case ............... 43
Table 13 - Recovery depth predictions for several return periods for following current....................... 55
Table 14 - Recovery depth predictions for several return periods for heading current..........c.ccccccvenve.e. 56
Table 15 - Percentage change in recovery depth compared to the deterministic current case ............... 57
Table 16 - Recovery depth predictions for several return periods for following current....................... 64
Table 17 - Recovery depth predictions for several return periods for heading current..........c..cccceene.e. 65
Table 18 - Percentage change in recovery depth compared to the deterministic current case ............... 66
Table 19 - Recovery depth predictions for several return periods for following current....................... 73
Table 20 - Recovery depth predictions for several return periods for heading current..........c.cccccueeneee. 74
Table 21 — Percentage change in recovery depth compared to the deterministic current case............... 75
Table 22 - Recovery depth predictions for several return periods for following current....................... 83
Table 23 - Recovery depth predictions for several return periods for heading current.............cccceen...e. 83
Table 24 - Percentage change in recovery depth compared to the deterministic current case ............... 84
Table 25 - Recovery depth predictions for several return periods for following current....................... 91
Table 26 - Recovery depth predictions for several return periods for heading current............ccccccvene..e. 92
Table 27 - Percentage change in recovery depth compared to the deterministic current case ............... 93
Table 28 - Recovery depth predictions for several return periods for following current...................... 100
Table 29 - Recovery depth predictions for several return periods for heading current........................ 101

Table 30 - Percentage change in recovery depth compared to the deterministic current case.............. 102



1 Introduction

Pipelines connect floating production units (FPUSs) in the offshore to onshore facilities for
the majority of oil and gas production [1]. Since the first pipeline was installed underwater
during World War Il in the UK, subsea pipeline laying techniques have improved significantly
and are now regarded as an established technology [2]. This mode of transportation does,
however, have certain drawbacks for both practical and financial reasons. The method's
deployment costs are a key drawback since they can be extremely high for remote gas and oil
locations with lengthy transmission distances because of the cost increases associated with
pipeline lengths. Deep-water pipeline inspections are additionally difficult and expensive. In
addition, full or partial line shut-ins are regularly required for pipeline maintenance and repair,
which can be economically unfavorable. This indicates that the method is better suited to big
fields with high-profit margins and humble step-outs [3], i.e., using underwater pipes to a single
remote marginal field is economically undesirable. Shuttle tankers are regularly used in this
circumstance [4]. The tanker ship is a very adaptable option that can be quickly deployed to
various locations. In addition, deploying a backup tanker in the case of a vessel breakdown is
simple. However, because it is a floating structure impacted by significant dynamic load effects
from waves and wind, tanker ship operation is very weather-dependent and is not possible in
rough seas. Equinor [5] presented a 34,000-tonne baseline design of a Subsea Shuttle Tanker
(SST) as a creative workaround to get around the previously mentioned limitations. This design
combines the adaptability and economy of the shuttle tanker with the submarine's capacity to

operate underwater regardless of the weather conditions.

The concept of employing underwater vehicles for commercial transportation was first put up
by Jacobsen [6] and Taylor et al. [7] in the 1970s, who suggested deploying nuclear-powered
submarines of different sizes (20,000 to 420,000 DWT) in order to transport Arctic crude oil.
A 660,800 DWT nuclear-powered and a 727,400 DWT non-nuclear-powered variant of
Jacobsen et al. [8] two enormous underwater Arctic LNG tanker designs were introduced in the
1980s. A 3500 DWT multipurpose submarine for a variety of subsea tasks, including
maintenance, repair, installation, and inspection up to water depths of 1500 m in the Arctic, was
recently exhibited by Brandt et al. [9]. Ellingsen et al [10] offered a creative solution for
shipping freight, proposing a subsea "cargo-train" made up of linked tanks that resembled trains
and had autonomous propulsion systems that could be placed at the bow or aft of the ship. A

highly efficient immense subsea transport glider was another idea put up by Ellingsen et al [10].

1



The massive hydrodynamic wings of this underwater glider were intended to house the payload
tanks. Xing et al. [11] continued by suggesting a 1500 DWT subsea freight glider with an
estimated average power usage of under 10 kW. The previously mentioned works did not move
beyond conceptual design suggestions. To fill this knowledge gap, Ma et al. [26] defined a
standard SST design that includes thorough global design standards.

Onshore Offload booster

. Pum Injection
Capture & ‘ pipeline —‘ P ; pump —‘
. Storage at port SST transportation Subsea well
compression ‘ % g

Figure 1 - CCS offshore storage process with SST transportation

The main goal of the SST is to autonomously traverse underwater and carry CO2 from
offshore or onshore facilities to subsea wells for injection directly. Figure 1 depicts its location
relative to offshore carbon capture and storage (CCS) supply chain activities. The baseline SST
is intended for use in the Norwegian sector, where Sleipner, Utgard, and Snghvit are three active
CCS projects [12]. In these initiatives, CO2 produced during the extraction of hydrocarbons is
caught and reinjected back into the reservoir. Along with these three active initiatives, the
Northern Lights project (Equinor ASA [13]), which will go into operation in 2024, will
transport CO2 produced by land-based, non-petroleum-related industrial activity to the Troll
field for injection in the Utsira formation. Figure 2 depicts the locations of the various CCS
projects. These Norwegian fields were chosen because they are currently being used for CCS
storage and can meet the mission criteria. The SST may be created to function in many locations
throughout the world with various demands. Although CO?2 is the intended payload, the SST
may also transport other types of cargo, including subsea equipment, hydrocarbons, and
electrical power (through batteries). Different strategies exist for the SST to help reduce global
warming. It is completely electric-powered and emission-free, ensuring that shipping remains
sustainable. Currently, 3.3% of CO2 emissions from fossil fuels are attributed to shipping [14].
On the other hand, it makes it possible to use marginal subsea resources as offshore CO2 storage
facilities, helping to fulfill the rising need for CCS in the future. Most of the carbon dioxide
emitted by industrial processes may be collected and stored [15]. Any cost-effective approach
that may boost the amount of CCS storage available globally is essential to reducing the
exaggerated trend in the rise of the global mean temperature. The rising trend in the world's

energy consumption, which will result in a doubling of atmospheric carbon dioxide levels in
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2100 compared to 1960 levels, is expected to make this situation worse (International Energy
Agency (IEA) [16]).

Snehvit (2008)
140 km

250-345m @
700,000 tonnes

Troll (2024) *
65 km v
300-330 m 2
1.5 million tonnes 4

O

Sleipner (1996) & Utgard (2019)
250 km

80-120 m

1 million tonnes (Sleipner)

Field name (CCS starting date)
Distance to coast

Depth

Annual storage capacity

Figure 2 - Current ongoing and planned CCS storage sites in the Norwegian sector [12] [13]

Table 1 - SST main design parameters

Parameter Value Unit
Length 164 m
Beam 17 m
Displaced mass 3.36 x 10* tonne
Pitch moment of inertia 7.6 x 1010 kg * m?
Centre of gravity [0,0,5.78] m
Safety diving depth (minimum) 40 m
Nominal diving depth 70 m
Collapse diving depth (maximum) 190 m



2 Evolution of the development of the Subsea Shuttle
Tanker (SST)

2.1 The safety operating envelope of a Subsea Shuttle Tanker
(SST)

SST mishaps can result in several issues, including the loss of the vessel, CO2 or
hydrocarbon leaks, damage to offshore installations, or even injury to third parties. These
effects may result in property loss, damage to the environment, and fatalities. Therefore, while
designing SST operations, safety comes first and foremost. The Safety Operating Envelope
(SOE) is utilized to assure safety. The system's safe operating range is defined by a set of
movement restrictions. The SOE's look and maneuverability restrictions differ based on the
system. The SOE has been used in several types of vessels, including ships [17], submarines,
and airplanes, to assess the operational safety of systems [10].

The SOE for the SST was created based on lessons learned from naval submarines where
its use has been utilized for a long time. The most recent standard, the navy submarine code
from the Norwegian classification society Det Norske Veritas (DNV), also requires it [19]. To
guarantee that submarine operations can survive any plausible breakdown, the SOE sets
maneuver restrictions. Marchant and Kimber [20] stated in 2014 that there are two methods to
represent the SOE. One is through safe maneuvering envelopes, which show the safety limits
on the initial trim conditions, and the other is through maneuvering limitation diagrams, which

show the safety limits on the control plane pitch angle.

Research on the emergency recovery of a 150-tonne submarine during surface
congestion and floods was carried out in 1966 by Giddings and Louis [21]. The INS Dakar
submarine of the Israeli navy suffered 69 casualties [22] in 1968 due to an aft plane blockage
that caused it to go deeper than the collapse depth. Burcher and Rydill [23] examined how SOE
affected submarine design as well and discovered that it had a substantial influence on the
dynamics and control systems of submarines. An analysis of the effects of aft control plane
arrangement by the British defense technology company QinetiQ, which discovered that an X
aft layout is the most advantageous design, backed this conclusion. Additionally, Park and Kim
[24] [25] studied submarine depth excursions and constructed an SOE protection system during

an aft control plane jam.



An illustration of a typical submarine SOE is shown in figure 3 as a depth vs velocity
diagram. This illustration shows a submarine's capacity to survive believable mishaps like
flooding or control plane jams. By ensuring the submarine has sufficient maneuverability in
circumstances where these failures occur, the SOE is intended to reduce operational risk. The

six separate zones that make up the SST's safety operating envelope are as follows:

e Jam-to-dive avoid zone: When a control plane jam occurs, the SST runs the risk of
exceeding the collapse dive depth.

e Jam-to-rise avoid zone: When a control plane jam occurs, the SST runs the danger of
breaching the surface or colliding with ships.

e Unrestricted operation zone: This zone is distinguished by low velocity and a wide depth
margin. With any pitch angle and any control plane angle, the SST may be simply
maneuverer.

e Restricted operation zone: This zone is distinguished by high sailing velocity. Less
maneuverability is seen in the SST. As a result, both pitch angle and control plane angle
must be limited to specific values.

e Flood avoid zone: There isn't enough lift force to be produced in this zone because of
the low velocity. Sailing in this area puts the SST in danger of sinking in the event of
floods.

e Collapse diving depth avoid zone: The SST is sailing deeper than the nominal diving

depth and therefore is a risk to collapse.

Although SOE analyses are frequently carried out on submarines that are already in
operation as a tactic to reduce vessel loss during events, they are also integrated into the design
process for new submarines. Design considerations like depth and speed may be affected by the
SOE. Additionally, it can spot any possible problems with the design of control systems or
hydrodynamics at the last stage of design.
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Figure 3 — Safety operating envelope

2.2 Emergency recovery

2.2.1 The hazards

The most significant hazards to a submerged submarine, besides fire, are deep-water
flooding and irrational diving. Flooding may appear out of place in the current setting because
it is a hydrostatics phenomenon, in contrast to irrational diving which is a dynamic occurrence.
However, the way to recovery rests in invoking hydrodynamic forces to overcome threatening
hydrostatic forces. Therefore, the current section addresses both the types of safety threats and
the steps that can be taken to  facilitate  emergency  recovery.
The two parts are intricately linked, and necessary, emergency recovery is a matter of what
provision to make in design and what action to take in operation. The operational factors are
still quite important, even if we focus on the design aspect in the following. We must only tackle
operational factors to the amount necessary to accurately depict the design considerations due
to time and space constraints [23].



2.2.2 The flooding incident

Due to the typical modest reserve of buoyancy on the surface and the complete absence of
reserve underneath, avoiding accidental flooding has been a concern of submarine designers
and submariners since the invention of the submersible. Flooding can result from a variety of

events, including [23]:

e Erroneous behavior such as leaving hatches inadequately bound.

e Pipe failure caused by exposure to sea pressure.

e Pressure hull piercing due to collision or hostile activity.

e By improperly constructing the pressure boundary interlocking mechanisms that are
meant to stop water from entering accidentally.

e By a lack of quality control for equipment used to carry sea pressure during

construction or refitting.

Any such occurrence would be humiliating if the submarine were to be on the surface, but
it might be disastrous if it were to take place underwater. The risk increases with the depth of
the submarine. At maximum diving depth, a breach as tiny as a few centimeters across may
cause flooding to spread quickly and be followed by a blinding spray that might short out any
electrical gadgets in its path. The crew would need to be able to escape from the submarine,
thus the only course of action would be to bring it up to the surface as rapidly as possible.

However, with most modern submarines, the likelihood of this happening is quite low.

Blowing the major ballast tanks or invoking as much buoyancy as could be summoned by
releasing water from those tanks, is an essential step in emergency recovery during a flooding
catastrophe wherever along the length of the vessel it happened. The majority of submarines
can do this by giving the MBTs (main ballast tanks) a full HP (high-pressure) air blow. Even
all the air that has been stored would not instantaneously empty the tanks as the sub descended
to its maximum diving depth or as it was approaching it. Instead, pockets of air would form that
may enlarge as the sub began to ascend to the surface. However, all the air that has been stored
would not immediately empty the tanks when the submarine reached or was about to reach full
diving depth. Instead, pockets of air would form that may expand once the submarine starts
ascending toward the surface. Then, if the submarine could increase its forward speed, the aft
and bow hydroplanes could be used to both help drive it upwards and to help counteract the
rising negative buoyancy and its moment [51]. This is when hydrodynamics could play a

significant role in assisting emergency recovery. The implication is that a submarine operating
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such depths cannot afford to move too slowly, and it is crucial to construct the vessel to maintain
propulsion even in the event of a catastrophic flooding crisis. Naturally, limiting the amount of
internal piping exposed to external sea pressure should be one of the main goals. Any such
internal seawater systems ought to include power-operated hull valves that can be quickly
closed in order to isolate an internal breakdown and reduce the amount of flooding. As the
shutting down of cooling systems may result in an automatic safety shutdown of power
generation systems, denying the vessel the ability to drive itself out of trouble due to the

flooding, the operational philosophy of such valves needs careful evaluation [23].

2.2.3 The depth excursion incident

Concerns about the possibility of an unintended submarine dive that will be challenging
to manage are more recent than concerns about accidental flooding. The hydrodynamic forces
can overpower any hydrostatic forces (such as blowing MBTS) that can be swiftly invoked,
making it more typical of the high-speed submarine due to both the shorter period in which
recovery action can become effective and the hydrodynamic forces' ability to swamp them. A
submarine traveling at a speed of for example 30 knots would pass through a 300-meter depth
band in less than a minute if its pitch angle was 20 degrees, to illustrate how brief the time scale
would be [23].

The occurrence that is regarded as the most dangerous in terms of unintentional dive at
high speeds is jammed aft hydroplanes. In contrast to inadvertent flooding, which has happened
multiple times during submarine operations, there is limited evidence of aft planes jamming in
service, but there have been a few less serious incidents when they have lost contact with their
operational equipment. A "maximum credible accident” should thus be considered in the
situation of the jammed aft planes [23]. Determining which jam aspect is believable is the

challenge.

If the bow planes have not been retracted, an aft plane jam at a high enough speed would
cause them to offset but not overcome the aft control moment. Because it emphasizes the
relevance of lowering forward speed as much and as fast as feasible, the occurrence has
significance as a design hazard. Since time is of the essence, reducing the propulsor's rotations
would help the vessel slow down even though it is improbable that the propulsor could be put
in reverse in the allotted time, which would have a significant braking impact. An additional

contribution could be to put the rudders over which would further add to the braking effect



because of the significant speed drop in turning, but whether or not the submarine was known
to have the "stern dipping" tendency would determine the acceptability of that solution. There
IS a series of steps that could be followed in whichever order and has shown to be practical for

emergency recovery from jammed aft planes [51]:

e Blow the MBTSs.
e Decrease speed.
e Put rudders hard over.

e Put bow planes hard to rise.

But the main inference to be made from the depth excursion incident is that the issue is
primarily caused by high speed, and that speed must be gradually reduced as the submarine
dives deeper because it reduces the amount of space between the current depth and full diving
depth. Furthermore, the allowable angle should gradually decrease as speed is increased
because the aft planes won't jam at a tilt angle greater than when the incident occurs. The
previous statement is connected to the presumption of a cruciform stern arrangement, although
some restrictions on speed and control surface angles appear reasonable even with different

arrangements [23].

2.2.4 Manoeuvring limitations

As would be expected, the existence of risks of the kind mentioned above necessitates
the provision of guidance to submarine operators regarding appropriate emergency recovery
actions, rules governing how the submarine's speed should be limited in accordance with its
operating depth, and related restrictions on the aft plane operating angles that are permitted.
However, the restrictions differ based on the kind of incident that needs to be handled: flooding
at depth necessitates a minimum speed restriction, whereas jammed aft planes necessitate a
maximum speed/plane angle limitation as a function of depth [51].

2.2.5 Impact on design

Conflict exists between some of the relevant issues, as is so common in design. Why then
have such big aft planes? In combination with the cruciform stern configurations, the aft planes
provide a risk of depth excursion at speed, necessitating a series of reactions that completely
extend recovery capabilities. However, switching to an X stern arrangement would be

beneficial as well because large aft planes can contribute greatly to the recovery process from



a flooding incident that occurs in the submarine. Therefore, it is only reasonable to consider
using alternative methods of adapting in case the aft planes in the cruciform configuration fail
to function, like [23]:

- Supplying a high-pressure air cylinder to replace the hydraulic jacks in the event of a
failure.

- Adding mechanical brakes that restrict the aft plane angle over a specific speed to
ensure the vastness of the maximum jam angle.

- By separating aft planes, of which only half are active at higher speeds.

- Oran assortment of these options.

Another consideration in design is deciding the suitable area of the horizontal stabilizer fins
aft; atoo large area would result in a slow response when changing depth and unwelcome
stabilization to a dive path; a too small area would make it difficult to maintain depth while
traveling swiftly, though stability (although not in the sense of "stick fixed" stability) could be
built into the autopilot controls. An additional safety concern relates to the region, design, and
placement of the bridge fin and its potential to cause snap roll [23].

Although dynamics and control do not play a significant role in determining submarine
sizing, they have a significant impact on the handling of the submarine and its inherent safety.
The opposite is also true; the shape of the hull and appendages may greatly affect the vessel's

natural dynamic behavior and result in various ways to address the control necessities [23].
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3 Formulation of “Uncertainty analysis of the safety
operating envelope of a Subsea Shuttle Tanker
(SST)”

3.1 SOE

The SST can establish its service speed and operational depth from an emergency
recovery standpoint by conducting an SOE analysis. For instance, the basic SST is intended to
sail at a slow speed of 6 knots while using 90% less energy than a tanker ship [26]. A minimum
service speed must be mandated because, as figure 3 illustrates, this slow pace might make the
SST unrecoverable after floods. Additionally, the SOE can raise the operating depth of the SST
by lowering the safety factor that was given to the structural design. A safety factor of 2.7 is
needed for the baseline SST, which has a nominal dive pressure of 7 bar per the DNV naval
submarine code [19]. This results in a very high collapse depth of 190 m, or a 19-bar design
pressure, necessitating heavy and complicated steel construction. Nevertheless, by
comprehending SST recovery behavior during a malfunction, the collapse dive depth may be
decreased. Therefore, from the perspective of operational safety, a lower safety factor is
suggested. In addition, the qualities of the seafloor and depth have little bearing on the SOE.
An SST operation's depth and seabed clearance, however, is decided by the decision-makers
with the assistance of the SOE.

Commercial submersibles have no documented examples of SOE studies, in contrast to
navy submarines where such analyses have been conducted for decades. Additionally, the SST
varies from traditional submarines in several ways since it is a unique mercantile vessel. For
instance, while the SST goes far more slowly than a navy submarine, the risks and effects are
different. Additionally, for the SST to be economically viable, its payload must be at least 50%
of its dry weight, in contrast to a navy submarine, whose structure and equipment make up
around 80% of its dry weight [28]. To avoid a heavy-pressure hull, the SST's collapse pressure

is far lower than that of a navy submarine.

The identified SST SOE will be substantially different from the SOE for a navy
submarine due to these variations. As a result, this work adds contributes to the body of
knowledge on SOE analysis for non-military and commercial submersibles. The approach

outlined in this study applies to additional novel underwater vessels in development that aim to
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support a low-carbon marine industry, such as freight gliders and civilian submersibles [29].
These crafts have a variety of uses, including hovering [30] and depth control [31]. In contrast
to Park and Kim's [32] [35] completely connected 6 DoF model, a decoupled 3 degrees of

freedom (DoF) planar model is suggested in this study.

This is sufficient to illustrate an emergency recovery action. Ross [33] discovered that
a submersible may be broken down into two lateral and longitudinal subsystems that do not
communicate. This is particularly relevant to a thin, port-to-starboard symmetric body like a
submarine [34]. The coordinate system consists of a body-fixed reference frame positioned at
the SST center of buoyancy (CoB) and a North-East-Down (NED) coordinate system with its
origin fixed to the Earth's reference point. Figure 5 displays the coordinate system utilized in

this research.

3.2 Accidental case and standard operating procedure

An SOE is produced by simulating a large number of simulations tailored to various
incidents [35] [36]. Therefore, it is crucial to specify the standard operation procedure (SOP)
whenever a failure occurs. The SST should respond to a failure by adhering to a set of SOPs.
SOPs for accidental cases are defined in this section. Further on are successful recoveries and

loss-of-vessel criteria mentioned.

3.2.1.1 Partial flooding

According to Renilson [36], a submarine can flood through its sea-connected systems,
which are generally kept shut. The valves for loading and unloading or loading ballast for the

SST may experience this. Flooding is exposed when the SST is moving slowly.

Without displaying a precise arrangement, the graphic of length versus cross section depicts
the vessel's volume distribution. The machinery compartments, which are the free-flooding
compartments, are susceptible to flooding. This analysis considers an open valve in the aft
compartment. To accomplish emergency recovery when flooding occurs in the aft

compartment, three steps are done:

1. Increase the speed of the vessel by applying maximum forward rpm.
2. Increase the buoyancy of the vessel by blowing the MBTs.
3. Initiate lift force to pressure the vessel to arise by enforcing maximum bow plane

angle.

12



An unpowered, high-rate ascending maneuver may result in destabilization in the horizontal
plane and encourage significant roll motion, according to knowledge gained from naval
submarines [38] [39] [40] [41]. Renilson [36] recommended limiting the pitch angle during
emergency rising and all of the ballast tanks should be blown simultaneously rather than just
the front tank to prevent this issue. The vessel is recovered if it reaches the water's surface

during flooding without going beyond:

e The maximum trimming angle.
e The maximum diving depth.

e The seafloor.

The modeling for the flooding rate is as follows:
r = pApg2gha () (1)

Where:

r Seawater flood rate

Afiq Area of opening

g Gravity

hy(t)  Diving depth at the time t

The models' maximum flooded capacity is 600m3 because watertight bulkheads also
split the free flooding region into smaller compartments, and the area of the opening is set to
0.785m?2.

3.2.1.2 Control plane jamming

With the SST, each X-plane is independently actuated. Since the remaining three planes
can still be able to be utilized for roll control, a single control plane jam is regarded as a failure
mode. The SST's control plane jamming failure has two possible outcomes: jam-to-rise or jam-
to-dive. For each scenario, the SST should follow a distinct process. The following is the
emergency recovery procedure to handle the control plane jamming failure:
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3.2.1.3 Jam-to-dive

In order to avoid a jam-to-dive, the submarine performs a rising emergency maneuver.
Three stages make up the emergency rising technique. The first stage involves slowing down
the propeller revolution to slow down the diving speed. The second step involves increasing the
pitch angle through bow-side MBT blowing and bow-plane deflection. After increasing the
propeller revolution, stern-side MBT blowing will be employed to accelerate the submarine's
ascent if the pitch angle turns positive. For any speed circumstance, the maximum excursion
depth or maximum safety depth establishes the SOE jam-to-dive limit. The maximum excursion
depths are computed for each speed condition by determining the maximum beginning depth
to ensure that the submarine does not go beyond the collapse depth by performing an emergency
rising procedure from the jam-to-dive scenario. The jam-to-dive boundary is determined to be
the value that is closer to the maximum safety depth than the maximum excursion depth. If the
vessel reaches an upward trajectory before colliding with the seafloor or surpasses the collapse
depth, it has recovered. The maximum trimming angle ought to not be surpassed either [51].

3.2.1.4 Jam-to-rise

The employment of MBT blowing is inappropriate in this case, thus the crash stop
maneuver is used to deal with the jam-to-rise. The submarine slows down and reverses its
propeller to come to a stop and then performs a maximum positive bow plane angle to halt the
climb. The three free aft control planes maintain the heel angle similarly to jam-to-dive recovery
action. The vessel is recovered in a jam-to-rise scenario if it doesn't breach the surface or surpass
the pitch limit. Calculating the excursion depth during the crash stop and adding the variance
in depth to the minimum safety depth will get the jam-to-rise limit. Based on the above-
described process, the emergency rising maneuver and crash stop simulations are carried out to
determine the SOE of the submarine [51].

3.2.1.5 Maneuvering limits

When configuring the SOE, a set of maneuvering restrictions is established. These
parameters include SST reaction time, control plane response angles, pitch angle restrictions,
and depth limits. Table 2 provides a list of the movement restrictions for deploying the SOE.

The following definitions are the most important:
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e Safety depth: The safety depth is the SST's bare minimum operational depth. The SST
runs the danger of colliding with deep-draft ships and other offshore structures if it
travels above this depth. The DNV Naval Submarine Code advises against submarine
navigation in waters deeper than 30 to 40 meters [19].

e Nominal diving depth: Between this depth and the safety depth, the SST is permitted to
operate unrestrictedly. For the SST, this parameter is set to 70 m.

e Collapse diving depth: At collapse dive depth, the hydrostatic pressure equals the 19-
bar SST intended pressure. As a result, the structural design of the SST depends heavily
on the collapse dive depth.

e Pitch angle restrictions: The SST's maximum pitch angle is not constrained by the
human component, or the safety of the crew, because it is autonomous. An excessive
pitch inclination, nevertheless, can potentially cause onboard gear and equipment to fail.
While operating at high speeds, a large pitch angle can be hazardous because it only
takes a minute for the SST to transition from nominal diving depth to collapse diving
depth. When the control plane jams, there is not enough time for recovery action.
Burcher and Rydill [23] estimated that the greatest pitch angle of submarines, in reality,
is around 20 degrees. The pitch limit for a high-speed operation is 5-10 degrees. In this
thesis, emergency recoveries are carried out at starting pitch angles of 10, 15, and 20
degrees.

e Reaction time: The response time is the amount of time between a malfunction and a
corrective action. Significantly reducing the response time from seconds down
to milliseconds is possible with an extremely high degree of autonomy. As a result,

when a failure occurs, the SST will respond immediately.

Table 2 - SST manoeuvring limitations

Parameter Value Unit
Safety depth 40 m
Nominal diving depth 70 m
Collapse 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
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3.3 Safety margins

You may visualize the safe operating envelope graphically. The operational ranges are
depicted in Figure 4 as a succession of "envelopes.” Staying within the typical operating range
(green zone) is the objective of safe operation. Aside from temporary situations, the SST is not
required to run inside the yellow zone that separates the Normal Operating range from the Safe
Operating Limit (red zone). This area is known as the "safety margin,” and maintaining safety
margins is a component of risk management. Operation outside of the design basis is tolerated
on the belief that "safety margins can be used to improve production.” The financial risk and

the safety risk both rise as a result of this [23].

Corrective action response times

Action limits

Desired
operating state

Figure 4 - Graphical representation of the safety operating envelope
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4 Dynamics modeling of a Subsea Shuttle Tanker
(SST)

4.1 Maneuvering model

This section explains how the SST maneuvering model is set up. The model is created
in the block-diagram-based graphical programming environment MATLAB Simulink 2021a
[42]. 1t has been widely employed in the field of subsea drones and is used to graphically build
out a real multibody system. The maneuvering model is broad and may be aided with numerous
functions to address diverse issues, including depth control [30] and hovering [31]. In contrast
to Park and Kim [24], who employed a fully connected 6 DoF model, this work proposes a
decoupled 3 DoF planar model [24] [25]. This is sufficient to illustrate an emergency recovery
action. A submersible may be broken down into two separate, non-interacting subsystems called
the longitudinal and lateral, according to Ross [33]. This is particularly suitable for symmetrical
port-starboard thin bodies like submarines [34]. The coordinate system consists of a body-fixed
reference frame at the SST center of buoyancy and a North-East-Down (NED) coordinate
system with its origin set to the Earth's reference point (CoB). Figure 5 displays the coordinate

system utilized in this investigation.
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[=
- Earth frame 'x E 17m

Figure 5 - SST coordinate system



4.1.1 Plant model

Equations (2) and (3) present longitudinal subsystem equations of motion taking surge,

heave, and pitch into account and represented in a vectorial manner using Fossen notation [43]:

n=Jemv (2)
Mv+Cwv+DWv+gn) =1 (3)
Where:
N Vector consisting of NED position and Euler angles
Jo(m)  Euler transformation matrix
v Linear and angular velocity in the body-fixed system
M System mass matrix consisting of SST mass and added mass

C(v) Coriolis-centripetal matrix
D(v) Damping matrix
g Force vector considering gravitational and buoyancy forces
Control force vector from propellers and hydroplanes acting on the center of

gravity

The component form of the kinematic equation (2) is expanded as follows using the

Euler angle representation:

N cos® sinf® Olru

D —sinf cosf O|lw (4)
lgl=L o 0o 1llq

] Jo(m) v

Further on we can write the mass matrix, the Coriolis-centripetal matrix, and the

damping matrix. The matrixes are represented in equations (5), (6) and (7) respectfully.

m— Xy 0 mz,
mz, My, lyy — Mg



Where:

0 0 0

0 (Zy —Xw) 0
X|u|u|u| Xwqq Xqq4 (7)
Dw)=| Zuq Zww T+ Zuwlu Ziqlq
My W My \w Myqu + Myq)q

Mass
Centre of gravity in z-coordinate

Axial added mass

Crossflow added mass terms related to heave and pitch

Crossflow damping terms

Cross-term hydrodynamic derivatives

Quadric axial drag derivative
Body lift hydrodynamic derivative

Total cross-term pitch moment hydrodynamic derivative
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Table 3 — Hydrodynamic derivatives

Parameter Value Unit Parameter Value Unit
Xu —5.14 * 10° kg Z\41q 4.79 * 10° kg * m
Zy —3.29 x 107 kg Miq1q —4.34 % 1012 kg * m?
M,, —4.40 % 108 kg *m Xwq —3.28 107 kg
Z —4.40 = 108 kg *m Xaq —4.40 % 108 kg *m
M, —6.39 * 1010 kg * m? Zyq 5.14 = 10° kg

Xiuu —1.64 * 10* kg *m Mg —4.40 = 108 kg *m
Zwiw —1.42 % 108 kg *+m Zyw —2.42 % 105 kg/m
My 1.67 * 107 kg My —3.99 % 107 kg

Table 3 is a list of the values utilized for each of the hydrodynamic terms. Equations (8)
through (26) estimate the hydrodynamic coefficients following Prestero's studies on the
REMUS AUV [44].

The empirical formula presented by [45], which estimates the added mass of an

ellipsoid, is used for determining the axial added mass of the SST:

2
Y. = _ 4amp (lSST> (dSST> (8)
v 3 2 2
Where:
Xy Added mass
a Empirical parameter = 0.021

lssr Length of the SST

dgsr Length of beam

Faltinsen [45] describes the extra mass of a circular slice submerged in water as follows:

mg(x) = mpR(x)? (9)
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By integrating the added mass of circular slices along the body, the crossflow added
mass components relating to heave and pitch are determined. These are stated in equations (10)
through (13):

Xbow
Z, = —f mg(x)dx (10)

Xtail

Xbow ( 11)
M, = f xmg(x)dx
Xtail
Zq = MW ( 12)
Xbow
M; = —f x2mg(x)dx (13)
Xtail
Where:
Xpow Location of bow = 88.7 m
Xeqil Location of tail = 75.3 m
It is possible to determine the quadratic axial drag derivative as:
Xlulu = _O'SPCdAf (14)

Where:
Cq Axial drag coefficient = 0.145
Af The frontal projected area of the SST = 227.0 m?
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Equations (15) through (18) express the crossflow damping terms:

Xbow
Ziwiw = —0.5pcdcf 2R(x)dx (15)
Xtail
Xbow
Myiw = 0.5pcq¢ 2xR(x)dx (16)

Xtail

Xbow ( 17)
Ziglq = O.Spcdcf 2x|x|R(x)dx
Xtail
Xbow
Mg = —O.SpCdCf 2x3R(x)dx (18)
Xtail
Where:
Cac Crossflow drag coefficient = 1.1 [47]
The following (19) through (23) is how cross-term hydrodynamic derivatives are
obtained:
Xwq = Zw (19)
Xoq =24 (20)
Zuq = —Xu (21)
Muq = _Zq (22)
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Muwa =—(Zy — Xa) (23)

SST body lift is represented as (24) and lift-induced pitch moment as (25).

Zyw = —0.5pd?cyqp (24)

My, = =0.5pd?cyap%cp (25)

Where:
Cydp Lift slope coefficient = 0.003 [44]
Xcp Viscous force centre = —31.6 m [47]

Finally, the added mass contribution and body lift contribution are summed to describe

the total cross-term pitch moment hydrodynamic derivative:

My, = Muwa + Muwl (26)

4.1.2 Actuation Model

The components of the SST actuation system which are related to jam-to-rise and jam-
to-dive are the propeller, the control planes, and the compensation tanks blowing.

4.1.2.1 Propeller

A Wageningen B4-70 propeller powers the SST. Table 4 is a list of the propeller's design
specifications. It has a pitch ratio of 1.0. The open-water thrust coefficient K is extrapolated
using an 8th-order polynomial function of advance number J from the open-water test result in

Smogeli [48]. The formula for the fitted polynomial function is (27):

Ky = —2.157J8 + 5.006]7 — 1.399J¢ — 4.309/5 + 2.999]* + 0.564/3
—0.998]2 — 0.133]2 + 0.444

(27)
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The calculation for the advance number J is as follows:

_1-wr (28)
/= nD u
Where:
Wy Wake fraction
n Propeller’s rotational speed

Propeller diameter

Surge velocity

The propeller is managed using a Proportional-Integral-Derivative (PID) controller. The
PID controller uses the target propeller rpm and the actual propeller rpm error to determine the
required motor output. A saturation block then symbolizes the motor torque's highest level. The
shaft's and the propeller's rotational inertia is represented by a second-order transfer function.
It can mimic reaction lag brought on by the dynamics of the motor and shaft. This often occurs
whenever there is a sudden change in the thrust reference. Lastly, the SST surge velocity and

propeller revolution speed are used to determine the propeller's real-time thrust [51].

Table 4 - Propeller parameters

Parameter Value Unit
Type Wageningen B4-70 -
Blade number 4 -
Diameter 7 m
Expanded blade ratio 0.7 -
Pitch ratio 1 -
Wake fraction 0.47 -
Rotational inertia 4.5 x 10° kg * m?
Maximum engine torque 2.5 % 10° Nx*m
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4.1.2.2 Control plane

A linear lift rate coefficient is used to describe the contribution of the control planes to
the forces and moments acting on the SST. The control plane generates the following forces:
Drag force, lift force, and pitch moment, the forces can be calculated using equations (29)
though (31) respectfully.

Xsc = —0.5pV2A4.Cps (29)
Zé‘c = O.SIOVZACCL(S (30)
Mg, = 0.5pV2A.x.Cps (31)
Where:

Xsc Control plane drag

Zsc Control plane lift

Mg, Control plane pitch moment

% Relative velocity

Cps Drag rate coefficient

Crs Lift rate coefficient

Table 5 is a list of the bow and aft control plane configurations.

Table 5 - Control plane parameters

Parameter Symbol Value Unit
Bow plane position Xpow 30 m
Bow plane area Apow 50 m?
Bow plane drag rate coefficient Cpgs 2.1 -
Bow plane lift rate coefficient Cigs 0.01 -
Bow plane angle rate limit - +5 °/s
Aft plane position Xaft -70 m
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Aft plane area Agfr 40 m?

Aft plane drag rate coefficient Cras 6.1 -
Aft plane lift rate coefficient Cpas 0.01 -
Aft plane angle rate limit — 15 °/s

4.1.2.3 Compensation tanks blowing

The SST has two compensating tanks that are placed in the free flooding compartments at
the bow and aft. Throughout the normal operation, these tanks are stocked with ballast. To
guarantee neutral buoyancy, or that the SST's weight is equal to buoyancy, the ballast contents
within compensating tanks are dependent on the cargo tank condition. The compensating tank
blowing is done during the emergency rising maneuver. The mechanism of the SST's tank
blowing is identical to that of a crewed navy submarine and has been well-documented [37]
[40] [55] [56]. The compensating tank blowing during emergency recovery is schematically

shown in Figure 6.

reservoir

Compensation tank

AV
AN

v Sea

Figure 6 - Schematic of compensation tank blowing [51]
There are three phases to this procedure:

e  First, compressed air from the air reservoir is injected into the tank via the high-pressure
air system. As a result, the compensation tank's pressure quickly rises and surpasses the
hydrostatic pressure outside.

e Second, the compensating tank's air volume expands, expelling the ballast water's

bottom.
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e Last, when the buoyancy force finally exceeds the SST weight, the SST is compelled to

ascend.

This procedure is referred to as an air-volume ratio in the compensating tank [37]. This

mathematical description of the SST is given as:

v,
7“=A1+ /A§+A§ (32)
t

—Poq — Pg(Zy — x,5in8 — 0.45D,cos0)

Ay = 1.8pgD,cos6 (33)
_ MaoGT (L~ e tlr) (34)
2 0.90gDn.Vicosb
Where:
/A The volume of air inside the compensation tank
V: The volume of a compensation tank
Pa Atmospheric pressure
Z Diving depth
X¢ Position of the compensation tank along the x-axis
D; Tank diameter
Mo The initial mass of compressed air inside the reservoir
Cy Gas constant
T The temperature inside the compensation tank
t Time since the emergency recovery action started
C, Tank blowing constant
ng Total number of compensation tanks
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Table 6 lists the variables related to compensating tank blowing.

Table 6 - Compensation tank blowing parameters

Parameter Symbol Value Unit
Compensation tank volume /4 800 m3
Atmospheric pressure Pa 1% 10° Bar
Compensation tank position Xt 67.8,—67.8 M
Compensation tank diameter D, 8 M

Reservoir air mass Myo 13,000 Kg

Gas constant Cy 8.31 Kg*m?xs2xK1xmol™?!
Tank temperature T 283.15 K

Tank blowing constant Cp —0.03 —

4.2 Current

A current model is presented and is based on the work of Fossen [43] and Sgrensen [49].
Both the current speed V. and the inflow angle 6. may be described by a first-order Gauss-

Markov process:

w1=Vc+ll1Vc (35)

w2=9c+#29c (36)

Where u4, 1, are constants linked to the time constant of the Gauss-Markov process,
and they should both be positive; As greater values might lengthen the rising time until a steady
state current is obtained, it was decided to set both p,, u, values to low (= 1) values. w;, w,
are Gaussian white noise [43]. Two values are chosen for the inflow angle cc, 0 (following

current) and m (heading current).

This model examines mean current velocity at 0.5 m/s and 1 m/s with STD variation

equal to 5% and 10% where:
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o
ST Dyariation(CV) = 7 (37)
c
Where:
o Standard deviation
/A Mean current velocity

Figuring out how to describe the current velocity in the global frame was the first step in this
paradigm, see figure 5. Next, the current velocity is converted into the SST body-fixed frame
and added to the SST velocity to obtain the relative velocity. The hydrodynamic forces are

then computed:

uc] _ [cos® sin 9] [Xc]
) —sinf cosfl [Z (38)
Transformation matrix
X, =V.cos 8, (39)
2. = V. sin 6, (40)
Where:
u
wc} Current components in the SST body-fixed frame
C
) Pitch angle
9ch} Global frame’s current velocity components
C

4.3 Simulink model

The Simulink model shown in figure 7 is constructed using the authors' earlier work [50]
[51] [52]. The model is divided into 4 parts, which are:
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e Command blocks
e Actuation model
e Current: for the stochastic current to be simulated

e Plant model

Pitch plane command Propeller command  Aft plane command Bow plane command

Command blocks

Actuation model

Plant model

& B
A
| SST3DoF > Dify Q F
|

Current

Figure 7 - Simulink model

4.4 Extreme value prediction and Gumbel distribution

4.4.1 Extreme value prediction

The biggest maximum derived from a realization (X,) is referred to as the extreme value
in any stochastic process X (t) taken over a time period (t), such as 1000 seconds. The multiple
maxima are thus independently and identically distributed throughout the common distribution

function Fy_ (x) in a common realization based on this supposition.

As a result, the distribution of X, is identified as follows from the equation below:

Fx,(x) = Prob{X, < x} = [Fx, (X)]" (41)
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An extreme value distribution has been approximated using a variety of statistical

techniques. In this study, the extreme recovery depth values for the SST in the event of jam-to-

rise and jam-to-dive will be predicted using the Gumbel distribution.

4.4.2 Gumbel fitting method

Several times it has been shown that if the sample size (n) is high enough, equation (38)
will converge to the Gumbel, Fréchet, or Weibull distribution. These distributions are a family
of cumulative distribution probability that incorporates the generalized extreme value (GEV)
distribution and are hence also known as the type I, Il, and Il extreme value distributions,
respectively.

1
X =

Fy,(x) = exp (-1 + y(T)_V) (42)

Where:

y Shape parameter
Location parameter

Scale parameter

For modeling maritime structures, limiting y — 0 enables the approximation to fit the
Gumbel distribution [53].

Fx,(x) = exp(—exp(—a (x —w))) (43)
Where:
a Scale parameter
U Location parameter

Equation (43) may be recast as a linear function by applying a logarithm to the equation.
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—In [ —In (er(x))] =a(x—p

(44)

The least-square fitting approach from the cumulative distribution probability, which is

a straight line on a probability paper, may be used to approximate the parameters a and u from

the original data [54]. To find the extreme values for a given return time, we must first estimate

the exceedance probability g, which may be found from the Poisson distribution. The Poisson

distribution calculates the likelihood that an event will happen a certain number of times within

a given period of time.

Ae=2
PX=k) = i
Where:
k Number of events in an interval
A The average number of occurrences per interval

That allows us to write:

PX=0)= e

And then the exceedance probability will be:

g=1-—e*
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5 Motion simulation of a Subsea Shuttle Tanker (SST)

This study examines the uncertainty band for the aft control plane jam-to-dive and jam-
to-rise cases in the presence of stochastic currents. 960 free running simulations have been run
for each case with three inceptive pitch angles and four inceptive velocities for that goal. To
dampen out the early transient period and achieve the steady-state phase the time for each
simulation is set to 1000 seconds. Additionally, this simulation duration is sufficient to record
the greatest and lowest depth excursion for each simulation. The post-processing step is when
the time period between the occurrence and the success of the emergency recovery activity is
chosen. This section presents the SST behavior during emergency recovery when jam-to-rise
and jam-to-dive occur through an in-depth discussion of simulation outcomes. In addition, 24
further free-running simulations were done for each case for each initial pitch angle for the

deterministic current scenario. Figures 8 and 11 show these to compare to later in this work.

5.1 Jam-to-rise

Heading current
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Figure 8 - Jam-to-rise recovery depth curve for different steady current cases for a 15-degree
pitch angle.
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Figure 8 supports the findings of earlier research [51]and demonstrates how the SST
responds differently to following and heading currents. When up against the heading current,
the recovery depth rises as the current speed does as well. According to the findings, a heading
current causes the SST to rise, hence an increase in current velocity is going to increase the
depth of recovery. However, when the SST is exposed to a following current, the recovery depth
reduces as the current speed increases. In this case, the SST's rising motion is resisted by the
following current. All SST sailing velocities exhibit these patterns. Additionally, Figure 8
shows that when the SST's speed increases, the gradient of the six lines increases. The
percentage variation in recovery depth measured versus steady-current recovery depth is thus
shown to decrease as the SST's speed is increased for both the following and heading current.
These tendencies can also be seen in the cases with pitch angles of 10- and 20-degree (added in
appendix). This is because the influence of the present velocity (following or heading) gets

smaller as the SST travels at a faster rate.

Steady current response
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Figure 9 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and heading current velocity = 0.5 m/s
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Figure 9 displays the 10x2 realizations estimated based on a simulation time of 1000

seconds with an SST sailing speed of 3-6 m/s and a heading current velocity of 0.5 m/s.

Figure 10 displays the Gumbel fit for four recovery depth samples with SST velocity
equal to 3 m/s, in heading current direction, and with varying velocities and STD fluctuations.
On the graph, the extreme values for the 6-month, 1-year, and 5-year return periods are also
shown. A 6-month recovery depth of 60.272m and 61.148m, respectively, were obtained from
Figure 10 (top left, top right, respectively) for the two distinct STD variations with the current
speed of 0.5 m/s. Even with little variations, these results are noteworthy, especially given that
the other confidence interval and the two separate values do not overlap. For both the 1- and 5-
year return periods, the data reveal comparable trends. A 6-month recovery depth of 87.486m
and 87.812m, respectively, was obtained by increasing the current speed to 1 m/s and
maintaining the other condition constant, as shown in Figure 10 (bottom left, bottom right,
respectively). Similar to the justification provided before, the results revealed notable

variations.

Sailing velocity = 3, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 3, Uc= 0.5, STD Variation= 0.1 ‘

i i
59 59.5 60 60.5 585 59 595 60 605 61 615
Recovery Depth, z(m) Recovery Depth, z(m)

Sailing velocity = 3, Uc= 1, STD Variation= 0.05‘ ‘Sailing velocity = 3, Uc= 1, STD Variation= 0.1

B I —

+  Sample
Gumbel fit . L L . s n L
———-95% Cl 84 85 86 87 88 89 84 85 86 87 88 89
—-—-—-6-months return period | Recovery Depth, z(m) Recovery Depth, z(m)

1-year return period
— — —5-year return period

Figure 10 - Probability paper for Gumbel distribution for recovery depth corresponding to SST's
velocity if 3 m/s, in heading current direction
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With varied SST's sailing velocities, current speed, direction, and return times when
compared with the two distinct STD variation values, a similar pattern, and conclusion may be
reached using Tables 7 and 8. The difference in recovery depth for stochastic current under all
SST's speeds, current speeds, directions, and return periods are shown in Table 9 when
employing the two distinct STD variants. The results acquired from the simulations and the
values received from the deterministic current case simulations are compared in this table. As
an example, it is shown that an SST traveling at 3 m/s with a heading current of 0.5 m/s and
exhibiting 5% STD variation throughout a 6-month return time resulted in a 2.1% increase in
recovery depth compared to its equivalent deterministic value. Like how the 5-year return term
produced a 2.43% rise in recovery depth under identical circumstances, this result was expected
because lengthening the return periods will only raise the probable extreme recovery depth.
Another example shows that a 5-year return time with a heading current of 1 m/s and 5% STD
variation and an SST speed of 3 m/s increased recovery depth by 4.44% in comparison to its
comparable deterministic value. The recovery depth rises to 4.89% for the identical scenario
with a 10% STD variance. In a similar vein, given that rising STD differences alter recovery
depth, this behavior is also predicted. However, the relative changes shown in Table 9 might
differ by a percent of 0.97 to 21.44 %. By changing the SST's velocity from 3to 6 m/sina 1
m/s following speed direction and 10% STD variation during a 5-year return period, it is
possible to examine how these return values behave, with the recovery depth values decreasing
from 21.44% to 5.51%, respectively. This pattern also fits the predicted knowledge of the
system, as it enables the SST to respond to changes more forcefully and quickly with a reduced
recovery depth when the following current speed is maintained while the SST’s speed is
increased. As a result, it is clear from all of the figures and tables that the SST was designed
with the forecasts of the extreme recovery depths in mind. By including improved control
systems, backup recovery methods, or materials, these metrics can enhance the SST's design

and make it more resilient to unforeseen changes.

Table 7 - Recovery depth predictions for several return periods for following current

SST sailing V. =05m/s V.=05m/s V. =05m/s V.=1m/s V.=1m/s V.=1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
22.729 (23.687) (24.438) 11.480 (12.863) (13.620)
8 (23.633, 23.732) (24.324, 24.550) (12.775, 12.949) (13.470, 13.758)
. 30.542 (31.272) (33.200) 18.534 (19.938) (21.243)
(31.231, 31.313) (33.091, 33.312) (19.830, 20.041) (21.057, 21.432)
38.435 (39.414) (39.597) 25.763 (27.392) (28.338)
° (39.364, 39.465) (39.533, 39.661) (27.258, 27.522) (28.216, 28.461)
6 47.113 (48.185) (49.460) 33.381 (35.206) (34.979)

36



22.729

30.542

38.435

47.113

22.729

30.542

38.435

47.113

(48.114, 48.257)

(23.717)

(23.663, 23.772)

(31.296)

(31.255, 31.337)

(39.445)

(39.394, 39.497)

(48.221)

(48.149, 48.293)

(23.835)

(23.780, 23.891)

(31.389)

(31.348, 31.431)

(39.568)

(39.516, 39.621)

(48.359)

(48.287, 48.431)

(49.367, 49.553)

1-year return period

(24.481)

(24.378, 24.603)

(33.284)

(33.174, 33.396)

(39.634)

(39.570, 39.698)

(49.535)

(49.442, 49.628)

11.480

18.534

25.763

33.381

5-year return period

(24.700)

(24.588, 24.811)

(33.615)

(33.502, 33.729)

(39.779)

(39.715, 39.844)

(49.830)

(49.737, 49.924)

11.480

18.534

25.763

33.381

(35.121, 35.293)

(12.906)
(12.818, 12.992)
(19.982)
(19.875, 20.085)
(27.445)
(27.312, 27.575)
(35.260)
(35.174, 35.348)

(13.075)
(12.989, 13.158)
(20.156)
(20.052, 20.255)
(27.654)
(27.524, 27.781)
(35.472)
(35.383, 35.563)

(34.859, 35.097)

(13.685)
(13.538, 13.820)
(21.326)
(21.140, 21.515)
(28.422)
(28.300, 28.547)
(35.028)
(34.908, 35.145)

(13.941)
(13.805, 14.064)
(21.653)
(21.464, 21.844)
(28.756)
(28.631, 28.883)
(35.219)
(35.102, 35.335)

Table 8 - Recovery depth predictions for several return periods for heading current

SST sailing V., =05m/s V.=05m/s V., =0.5m/s V. =1m/s V.=1m/s V. =1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
59.035 (60.272) (61.148) 84.237 (87.486) (87.812)
3 (60.205, 60.340) (61.007, 61.288) (87.277, 87.666) (87.614, 88.011)
4 65.498 (66.133) (67.549) 88.773 (91.094) (92.086)
(66.103, 66.163) (67.505, 67.582) (90.949, 91.239) (91.862, 92.313)
73.789 (74.871) (76.159) 96.953 (99.470) (100.424)
> (74.798, 74.943) (75.949, 76.381) (99.340, 99.601) (100.129, 100.710)
6 84.442 (85.682) (87.068) 108.550 (110.369) (114.951)
(85.571, 85.790) (86.871, 87.266) (110.257, 110.481) (114.359, 115.491)
1-year return period
2 59.035 (60.312) (61.214) 84.237 (87.587) (87.921)
(60.245, 60.380) (61.074, 61.354) (87.386, 87.760) (87.723, 88.122)
4 65.498 (66.154) (67.615) 88.773 (91.165) (92.192)
(66.124, 66.184) (67.582, 67.639) (91.020, 91.310) (91.968, 92.421)
73.789 (74.904) (76.231) 96.953 (99.546) (100.534)
° (74.831, 74.975) (76.018, 76.455) (99.416, 99.678) (100.241, 100.818)
84.442 (85.723) (87.152) 108.550 (110.429) (115.160)
6 (85.613, 85.830) (86.955, 87.350) (110.317, 110.542) (114.577, 115.690)
5-year return period
3 59.035 (60.471) (61.475) 84.237 (87.981) (88.356)
(60.403, 60.540) (61.335, 61.614) (87.812, 88.127) (88.155, 88.560)
4 65.498 (66.236) (67.873) 88.773 (91.444) (92.612)
(66.206, 66.267) (67.887, 67.863) (91.298, 91.590) (92.384, 92.844)
s 73.789 (75.031) (76.512) 96.953 (99.847) (100.967)
(74.960,75.101)  (76.292, 76.743) (99.715, 99.982) (100.680, 101.244)
6 84.442 (85.885) (87.483) 108.550 (110.669) (115.980)

(85.777, 85.989)

(87.285, 87.681)
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Table 9 - Percentage change in recovery depth compared to the deterministic current case

Following current

Heading current

SST sailing V., =05 V., =05 V=1 V=1 V. =05 V.=05 V=1 V=1
velocity [m/s] CV =5% CV =10% CV =5% CV =10% CV =5% CV =10% CV =5% CV =10%
6-months return period

3 4.22 7.52 12.05 18.64 2.10 3.58 3.86 4.24

4 2.39 8.70 7.58 14.62 0.97 3.13 2.62 3.73

5 2.55 3.02 6.32 10.00 1.47 3.21 2.60 3.58

6 2.28 4.98 5.47 4.79 1.47 3.11 1.68 5.90
1-year return period

3 4.35 7.71 12.42 19.21 2.16 3.69 3.98 4.37

4 247 8.98 7.81 15.06 1.00 3.23 2.70 3.85

5 2.63 3.12 6.53 10.32 151 331 2.68 3.69

6 2.35 5.14 5.63 4.94 1.52 321 1.73 6.09
5-year return period

3 4.87 8.67 13.89 21.44 243 413 4.44 4.89

4 2.77 10.06 8.75 16.83 1.13 3.63 3.01 4.33

5 2.95 3.50 7.34 11.62 1.68 3.69 2.99 414

6 2.65 5.77 6.26 551 171 3.60 1.95 6.85
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5.2 Jam-to-dive
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Figure 11 - Jam-to-dive curve for different steady current cases

Figure 11 supports the findings of earlier research [51] and demonstrates how the SST
responds differently to following and heading currents. Recovery depth increases as current
speed increases when going against the heading current. The results show that a heading current
causes the SST to dive; as a result, an increase in current velocity will increase the depth of
recovery. The recovery depth, however, decreases as the current speed increases when the SST
gets exposed to a following current. The following current is here preventing the SST from
diving. These trends may be seen in all SST sailing velocities. Figure 11 demonstrates how the
gradient of the six lines grows as the SST's speed rises. As the SST's speed is raised for both
the following and heading current, it is thus demonstrated that the percentage variance in
recovery depth observed vs steady-current recovery depth decreases. The instances with 10-
and 20-degree pitch angles (included in the appendix) exhibit the same patterns. This is because
when the SST moves more quickly, the impact of the current velocity (following or heading)

diminishes.
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Steady current response
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Figure 12 - Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and heading current velocity = 0.5 m/s

According to a simulation time of 1000 seconds, an SST sailing speed of 3-6 m/s, and a

heading current velocity of 0.5 m/s, Figure 12 shows the anticipated 10x2 realizations.

The Gumbel fit for four recovery depth samples with an SST velocity of 3 m/s, in the
direction of the current, and with varied velocities and STD variations is shown in Figure 13.
The graph also displays the maximum and minimum values for the 6-month, 1-year, and 5-year
return periods. With the present speed of 0.5 m/s, Figure 13 showed that the 6-month recovery
depths for the two different STD variations were 70.366 m and 72.169 m, respectively. These
results are significant even with minor alterations, especially because the other confidence
interval and the two distinct values do not overlap. Similar trends can be seen in the data for
both the 1- and 5-year return periods. By raising the current speed to 1 m/s and keeping the
other condition constant, a 6-month recovery depth of 91.604 m and 95.429 m, respectively,
was attained, as shown in Figure 13. The findings showed significant variability, which is

consistent with the earlier reasoning.
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Figure 13 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity if 3 m/s, in heading current direction

Using Tables 10 and 11, a similar pattern and conclusion can be drawn with different
SST sailing velocities, current speed, direction, and return durations when compared with the
two different STD variation values. When using the two different STD versions, Table 12
illustrates the difference in recovery depth for stochastic current for all SST's speeds, current
speeds, directions, and return periods. This table compares the values obtained from the
deterministic current case simulations with the results obtained from the simulations. As an
illustration, it is demonstrated that an SST facing a heading current velocity of 0.5 m/s with a
6-month return period, a 3 m/s speed, and 5% STD variance had a 1.53% greater recovery depth
than its comparable deterministic value. This result was anticipated because prolonging the
return durations will only increase the likely extreme recovery depth. Under identical
conditions, the 5-year return term yielded a 1.79% rise in recovery depth. Another example
demonstrates how recovery depth increased by 4.92% in contrast to its equivalent deterministic

value for a 5-year return period with 5% STD variation, 1 m/s current velocity, and 3 m/s SST
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speed. For the same case with a 10% STD variation, the recovery depth increases to 9.94%. In

a similar vein, this behavior is also expected given that increasing STD variations change

recovery depth. The relative changes depicted in Table 12 might, however, vary from 0.42 to

11.26%. It is feasible to study how these return values behave by varying the SST's velocity

from 3 to 6 m/s in a 1 m/s following speed direction and 10% STD variation throughout a 5-

year return period, with the recovery depth values dropping from 10.49% to 5.83%,

respectively. The SST may react to changes more strongly and swiftly with a smaller recovery

depth when the following current speed is maintained while the SST's speed is increased

according to this pattern, which also fits the system's projected knowledge. These

measurements can improve the SST's design and increase its resistance to unanticipated

changes by including better control systems, backup recovery techniques, or materials.

Table 10 - Recovery depth predictions for several return periods for following current

SST sailing V. =05m/s V. =05m/s V. =05m/s V.=1m/s V.=1m/s V.=1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
3 40.621 (42.535) (42.388) 29.807 (31.225) (32.534)
(42.406, 42.659) (42.328, 42.449) (31.118, 31.335) (32.385, 32.683)
4 68.403 (69.264) (71.183) 52.831 (55.343) (56.501)
(69.172, 69.358) (70.973, 71.384) (55.126, 55.534) (56.363, 56.641)
5 101.200 (103.614) (104.174) 80.250 (83.662) (83.939)
(103.523, 103.706)  (104.017, 104.332) (83.376, 83.934) (83.776, 84.105)
" 137.238 (139.553) (143.326) 110.334 (114.854) (115.888)
(139.392, 139.696)  (142.868, 143.774) (114.167, 115.644) (115.457, 116.293)
1-year return period
3 40.621 (42.595) (42.443) 29.807 (31.275) (32.615)
(42.467, 42.717) (42.382, 42.504) (31.167, 31.385) (32.764)
4 68.403 (69.301) (71.278) 52.831 (55.431) (56.624)
(69.208, 69.394) (71.071, 71.478) (55.220, 55.617) (56.484, 56.764)
5 101.200 (103.680) (104.260) 80.250 (83.774) (84.063)
(103.589, 103.772)  (104.102, 104.418) (83.490, 84.043) (83.899, 84.230)
6 137.238 (139.630) (143.520) 110.334 (114.993) (116.065)
(139.473, 139.769)  (143.064, 143.965) (114.297, 115.792) (115.640, 116.465)
5-year return period
3 40.621 (42.830) (42.596) 29.807 (31.469) (32.933)
(42.708, 42.947) (42.596, 42.720) (31.359, 31.580) (32.784, 33.082)
4 68.403 (69.445) (71.654) 52.831 (55.776) (57.105)
(69.352, 69.539) (71.454, 71.846) (55.588, 55.943) (56.964, 57.247)
5 101.200 (103.938) (104.598) 80.250 (84.212) (84.551)
(103.845, 104.031)  (104.440, 104.031) (83.940, 84.470) (84.384, 84.721)
137.238 (139.932) (144.281) 110.334 (115.536) (116.763)
6 (139.795, 140.054)  (143.834, 144.718) (114.805, 116.376)  (116.360, 117.141)
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Table 11 - Recovery depth predictions for several return periods for heading current

SST sailing V,=05m/s V. =05m/s V., =05m/s V.=1m/s V.=1m/s V.=1m/s
velocity [m/s] | CV = 0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
3 69.303 (70.366) (72.169) 87.902 (91.604) (95.429)
(70.283, 70.446) (71.979, 72.356) (91.311,91.887) (94.845, 95.996)
110.441 (110.906) (114.177) 139.650 (143.330) (147.137)
4 (110.827,110.986)  (113.942,114.411) (143.040, 143.608)  (146.579, 147.700)
161.466 (165.443) (170.999) 209.544 (216.467) (218.706)
5 (165.178, 165.717)  (170.297, 171.710) (215.363,217.726)  (217.708, 219.762)
218,000 (221.955) (227.966) 286.000 (294.307) (313.840)
6 (220.024, 225.742)  (227.079, 228.867) (293.084, 295.661)  (312.269, 315.404)
1-year return period
3 69.303 (70.402) (72.264) 87.902 (91.730) (95.674)
(70.319, 70.482) (72.075, 72.450) (91.439, 92.010) (95.093, 96.237)
110.441 (110.937) (114.309) 139.650 (143.444) (147.382)
4 (110.858, 111.017)  (114.074, 114.543) (143.156, 143.720)  (146.824, 147.947)
161.466 (165.560) (171.296) 209.544 (216.696) (219.017)
5 (165.294, 165.837)  (170.591, 172.007) (215.578,217.971)  (218.011, 220.082)
218,000 (222.109) (228.307) 286.000 (294.553) (314.724)
6 (220.140, 225.970)  (227.417, 229.230) (293.319, 295.923)  (313.155, 316.285)
5-year return period
3 69.303 (70.544) (72.635) 87.902 (92.224) (96.636)
(70.463, 70.623) (72.449, 72.818) (91.943, 92.495) (96.071, 97.186)
110.441 (111.059) (114.828) 139.650 (143.891) (148.348)
4 (110.980, 111.140)  (114.594, 115.060) (143.613,144.158)  (147.784, 148.917)
161.466 (166.024) (172.460) 209.544 (217.596) (220.240)
5 (165.749, 166.310)  (171.750, 173.177) (216.423,218.935)  (219.200, 221.342)
218,000 (222.713) (229.646) 286.000 (295.525) (318.201)
6

(220.596, 226.864)

(228.747, 230.560)

(294.243, 296.946)

(316.641, 319.754)

Table 12 - Percentage change in recovery depth compared to the deterministic current case

Following current

Heading current

SST sailing V.=05 V. =05 V=1 V=1 V. =05 V., =05 V=1 V=1
velocity [m/s] CV =5% CV =10% CV =5% CV =10% CV =5% CV =10% CV =5% CV =10%
6-months return period

3 471 4.35 4.76 9.15 1.53 4.14 4.21 8.56

4 1.26 4.06 4.75 6.95 0.42 3.38 2.64 5.36

5 2.39 2.94 4.25 4.60 2.46 5.90 3.30 4.37

6 1.69 4.44 4.10 5.03 181 4.57 2.90 9.73
1-year return period

3 4.86 4.49 493 9.42 1.59 4.27 4.35 8.84

4 131 4.20 4.92 7.18 0.45 3.50 2.72 5.54

5 2.45 3.02 4.39 4.75 2.54 6.09 341 452

6 1.74 458 4.22 5.19 1.88 473 2.99 10.04
5-year return period

3 5.44 4.86 5.58 10.49 1.79 4.81 4.92 9.94

4 152 4.75 5.57 8.09 0.56 3.97 3.04 6.23

5 271 3.36 4.94 5.36 2.82 6.81 3.84 5.10

6 1.96 5.13 4.71 5.83 2.16 5.34 3.33 11.26
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6 Conclusion

The SST must be designed using the SOE analysis to guarantee that it is ready to handle
any circumstances that might lead to failure. There have been a lot of recent studies on the SST
to make sure that all the various components are appropriately taken into account to achieve
proper prototype levels. Therefore, appropriate designing would include considering numerous
modifications for each of the various SST operating situations and monitoring how the SST
responds to them. Even though they may seem tedious at first, a thorough analysis of such
metrics will ultimately improve the project's design, cost-effectiveness, and viability.
Additionally, every failure has a big impact on how long the SST can survive. As previously
mentioned, this paper has expanded the investigation of the SOE zones and has discovered that
adding a stochastic current to the SST computation results in considerable variations. In this
study, the Gumbel distribution was utilized to forecast an SST's recovery depth following a
jam-to-dive and jam-to-rise failure for various return periods. The recovery depth values at the
two current speeds and directions with 5% and 10% standard deviations in altering SST's speed
and pitch angle have confirmed that the uncertainties in the SOE can be substantial under
stochastic current loads. The findings of the free-running simulations, which take into account
two current directions and load instances of 0.5 and 1 m/s with 5% and 10% standard variation,
revealed enhanced recovery depth differences ranging from 0.97% to 21.44% for the jam-to-
rise scenario, and 0.42% to 11.26% for the jam-to-dive scenario for the cases with an initial
pitch angle of 15 degrees. The cases with 10- and 20-degree pitch angles show similar percent
differences, but the recovery depth will be less with a lower pitch angle because the SST is
traveling more horizontally. The recovery depth percent changes are less in the jam-to-dive
cases compared to the jam-to-rise cases. A contributing factor for this is that the recovery depth
is greater in the first place for the jam-to-dive cases compared to the jam-to-rise cases with the

same initial values for SST velocity, current direction and velocity, and STD variation.

Future studies may look at how differences in recovery depth caused by current directions
coming from different angles, such as a 60- and 120-degree angle, might significantly affect
the results. To estimate the possible recovery depth and compare it to the Gumbel values in
order to get more accurate results, other statistical techniques might be utilized, such as the

Average Conditional Exceedance Rate Method [54].
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8 Appendices

8.1 Appendix A —Jam-to-rise with 10-degree pitch angle

Heading current
T

0 ‘ ‘ I
—&— Current velocity = 0 [m/s]
il — - -Current velocity = 0.5 [m/s] |
~--8---Current velocity = 1 [m/s]
T 10+ ]
<
‘é 5L \\ B
2 B e g __
Sl e |- __ |
g ——————————
Q25— i ]
R e
........ B
T30 T e 1
S
35 ]
. \ J ‘ | I I |
25 3 35 4 45 5 55 6 65
SST sailing velocity [m/s]
. Following current
. T

. —=&— Current velocity = 0 [m/s]
_________________________ — - - Current velocity = 0.5 [m/s]
_________________________ -8~ Current velocity = 1 [m/s] |-

o
T

=)
T

Recovery depth [m]
&
T
1
1
1
1
1
1
1
1
/
u]
I

N
S
T
L

N
oo
o
w -
W
o
~

4.5 5 55 6 6.5
SST sailing velocity [m/s]

Figure 14 — Jam-to-rise curve for different steady current cases
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Figure 15 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and following current velocity = 0.5 [m/s]
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Figure 16 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and following current velocity = 1 [m/s]
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Figure 17 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and heading current velocity = 0.5 [m/s]
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Figure 18 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and heading current velocity = 1 [m/s]
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Table 13 - Recovery depth predictions for several return periods for following current

SST sailing Kc 0.5 m/s V. =0.5m/s V. =0.5m/s V. =1m/s V. =1m/s V. =1m/s
velocity [m/s] EV 0% CV =5% CV = 10% CcV = 0% CV =5% CV =10%
6 months return period

3 6.026 (6.266) (6.646) 2473 (3.043) (3.301)
(6.250, 6.282) (6.595, 6.695) (3.006, 3.079) (3.240, 3.357)

4 7.988 (8.447) (8.497) 4.323 (5.053) (5.262)
(8.418, 8.475) (8.472, 8.523) (4.997,5.111) (5.204, 5.321)

5 9.935 (10.629) (10.685) 6.164 (6.972) (7.463)
(10.584, 10.675) (10.646, 10.724) (6.924, 7.020) (7.387,7.542)

5 12.264 (12.737) (13.205) 8.042 (8.896) (8.757)
(12.699, 12.777) (13.173, 13.255) (8.836, 8.953) (8.727,8.787)

1-year return period

3 6.026 (6.273) (6.666) 2473 (3.061) (3.327)
(6.257, 6.289) (6.615, 6.715) (3.024, 3.097) (3.267, 3.383)

4 7.988 (8.460) (8.512) 4.323 (5.076) (5.289)
(8.432, 8.488) (8.486, 8.538) (5.020, 5.134) (5.231, 5.348)

5 9.935 (10.649) (10.707) 6.164 (6.951) (7.427)
(10.604, 10.696) (10.668, 10.746) (6.951, 7.046) (7.427,7.583)

5 12.264 (12.753) (13.236) 8.042 (8.921) (8.778)
(12.715, 12.794) (13.198, 13.295) (8.862, 8.978) (8.748, 8.808)

5-year return period
3 6.026 (6.304) (6.747) 2473 (3.131) (3.432)
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7.988

9.935

12.264

(6.288, 6.320)
(8.512)
(8.484, 8.541)
(10.729)

(10.683, 10.776)

(12.816)

(12.776, 12.858)

(6.698, 6.794)
(8.570)
(8.543, 8.597)
(10.795)
(10.755, 10.835)
(13.358)
(13.298, 13.453)

4.323

6.164

8.042

(3.095, 3.166)
(5.165)
(5.108, 5.224)
(7.102)
(7.055, 7.150)
(9.022)
(9.177, 8.965)

(3.376, 3.483)
(5.396)
(5.337, 5.456)
(7.662)
(7.583, 7.744)
(8.862)
(8.893, 8.832)

Table 14 - Recovery depth predictions for several return periods for heading current

SST sailing V. =05m/s V., =0.5m/s V. =0.5m/s V.=1m/s V.=1m/s V.=1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV=0% CV =5% CV =10%
6 months return period
18.087 (18.521) (18.672) 26.225 (27.168) (27.222)
3 (18.485,18.557)  (18.628, 18.712) (27.110,27.219)  (27.145, 27.298)
13.027 (19.674) (20.114) 26.566 (27.645) (27.940)
4 (19.640,19.706)  (20.065, 20.164) (27.565,27.723)  (27.824, 28.051)
21.020 (21.667) (22.197) 28.159 (29.182) (30.049)
° (21.628, 21.705) (22.103, 22.284) (29.118, 29.246) (29.919, 30.169)
24.103 (24.579) (24.729) 31.719 (32.715) (33.712)
6 (24.549, 24.609) (24.688, 24.771) (32.658, 32.773) (33.593, 33.831)
1-year return period
3 18.087 (18.535) (18.691) 26.225 (27.198) (27.255)
(18.499, 18.571) (18.648, 18.730) (27.142, 27.247) (27.178, 27.330)
13.027 (19.689) (20.143) 26.566 (27.680) (27.989)
4 (19.656, 19.720) (20.094, 20.193) (27.601, 27.757) (27.875, 28.099)
21.020 (21.686) (22.233) 28.159 (29.212) (30.110)
> (21.647, 21.724) (22.140, 22.318) (29.148, 29.277) (29.982, 30.228)
24.103 (25.594) (24.750) 31.719 (32.747) (33.775)
6 (24.564, 24.624) (24.709, 24.792) (32.690, 32.805) (33.656, 33.894)
5-year return period
3 18.087 (18.590) (18.725) 26.225 (27.270) (27.308)
(18.554, 18.626) (18.725, 18.801) (27.270, 27.358) (27.308, 27.459)
. 13.027 (19.748) (20.256) 26.566 (27.819) (28.183)
(19.716, 19.777) (20.206, 20.308) (27.741, 27.893) (28.073, 28.290)
5 21.020 (21.760) (22.373) 28.159 (29.332) (30.230)
(21.722, 21.798) (22.286, 22.453) (29.267, 29.398) (30.230, 23.457)
6 24.103 (24.653) (24.833) 31.719 (32.874) (34.021)

(24.623, 24.683)

(24.791, 24.876)
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Table 15 - Percentage change in recovery depth compared to the deterministic current case

Following current

Heading current

SST sailing V., =05 V., =05 V=1 V=1 V. =05 V.=05 V=1 V=1
velocity [m/s] CV =5% CV =10% CV =5% CV =10% CV =5% CV =10% CV =5% CV =10%
6-months return period

3 3.98 10.29 23.05 33.48 240 3.23 3.60 3.80

4 5.75 6.37 16.89 21.72 51.02 54.40 4.06 5.17

5 6.99 7.55 13.11 21.07 3.08 5.60 3.63 6.71

6 3.86 7.67 10.62 8.89 1.97 2.60 3.14 6.28
1-year return period

3 4.10 10.62 23.78 34.53 248 3.34 371 3.93

4 591 6.56 17.42 22.35 51.14 54.63 4.19 5.36

5 7.19 7.77 12.77 20.49 3.17 5.77 3.74 6.93

6 3.99 7.93 10.93 9.15 6.19 2.68 3.24 6.48
5-year return period

3 461 11.96 26.61 38.78 2.78 3.53 3.98 4.13

4 6.56 7.29 19.48 24.82 51.59 55.49 4.72 6.09

5 7.99 8.66 15.22 24.30 3.52 6.44 417 7.35

6 4.50 8.92 12.19 10.20 2.28 3.03 3.64 7.26
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8.2 Appendix B —Jam-to-rise with 15-degree pitch angle
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Figure 27 - Jam-to-rise curve for different steady current cases
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Figure 28 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and following current velocity = 0.5 [m/s]
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Steady current response
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Figure 29 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and following current velocity = 1 [m/s]
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Figure 30 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and heading current velocity = 0.5 [m/s]
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Steady current response
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Figure 31 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and heading current velocity = 1 [m/s]
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Figure 32 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 3 m/s, following current direction
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Sailing velocity = 4, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 4, Uc= 0.5, STD Variation= 0.1
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Figure 33 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 4 m/s, following current direction
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Figure 34 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 5 m/s, following current direction
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Sailing velocity = 6, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 6, Uc= 0.5, STD Variation= 0.1
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Figure 35 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, following current direction
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Figure 36 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 3 m/s, heading current direction
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Sailing velocity = 4, Uc= 0.5, STD Variation= 0.05 |Sailing velocity = 4, Uc= 0.5, STD Variation= 0.1
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Figure 37- Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 4 m/s, heading current direction
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Figure 38 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 5 m/s, heading current direction
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Sailing velocity = 6, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 6, Uc= 0.5, STD Variation= 0.1
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Figure 39 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, heading current direction

Table 16 - Recovery depth predictions for several return periods for following current

SST sailing V. =0.5m/s V. =0.5m/s V. =0.5m/s V. =1m/s V. =1m/s V. =1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
22.729 (23.687) (24.438) 11.480 (12.863) (13.620)
8 (23.633,23.732) (24.324, 24.550) (12.775, 12.949) (13.470, 13.758)
. 30.542 (31.272) (33.200) 18.534 (19.938) (21.243)
(31.231, 31.313) (33.091, 33.312) (19.830, 20.041) (21.057,21.432)
38.435 (39.414) (39.597) 25.763 (27.392) (28.338)
> (39.364, 39.465) (39.533, 39.661) (27.258, 27.522) (28.216, 28.461)
47.113 (48.185) (49.460) 33.381 (35.206) (34.979)
6 (48.114, 48.257) (49.367, 49.553) (35.121, 35.293) (34.859, 35.097)
1-year return period
2 22.729 (23.717) (24.481) 11.480 (12.906) (13.685)
(23.663, 23.772) (24.378, 24.603) (12.818, 12.992) (13.538, 13.820)
30.542 (31.296) (33.284) 18.534 (19.982) (21.326)
4 (31.255, 31.337) (33.174, 33.396) (19.875, 20.085) (21.140, 21.515)
38.435 (39.445) (39.634) 25.763 (27.445) (28.422)
> (39.394, 39.497) (39.570, 39.698) (27.312, 27.575) (28.300, 28.547)
47.113 (48.221) (49.535) 33.381 (35.260) (35.028)
® (48.149, 48.293) (49.442, 49.628) (35.174, 35.348) (34.908, 35.145)
5-year return period
3 22.729 (23.835) (24.700) 11.480 (13.075) (13.941)
(23.780, 23.891) (24.588, 24.811) (12.989, 13.158) (13.805, 14.064)
4 30.542 (31.389) (33.615) 18.534 (20.156) (21.653)
(31.348, 31.431) (33.502, 33.729) (20.052, 20.255) (21.464, 21.844)
5 38.435 (39.568) (39.779) 25.763 (27.654) (28.756)
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47.113

(39.516, 39.621)
(48.359)
(48.287, 48.431)

(39.715, 39.844)
(49.830)
(49.737, 49.924)

33.381

(27.524, 27.781)
(35.472)
(35.383, 35.563)

(28.631, 28.883)
(35.219)
(35.102, 35.335)

Table 17 - Recovery depth predictions for several return periods for heading current

SST sailing V.=05m/s V. =05m/s V.=0.5m/s V.=1m/s V.=1m/s V.=1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
59.035 (60.272) (61.148) 84.237 (87.486) (87.812)
3 (60.205, 60.340)  (61.007, 61.288) (87.277, 87.666) (87.614, 88.011)
65.498 (66.133) (67.549) 88.773 (91.094) (92.086)
4 (66.103, 66.163) (67.505, 67.582) (90.949, 91.239) (91.862, 92.313)
73.789 (74.871) (76.159) 96.953 (99.470) (100.424)
> (74.798, 74.943) (75.949, 76.381) (99.340, 99.601) (100.129, 100.710)
84.442 (85.682) (87.068) 108.550 (110.369) (114.951)
6 (85.571,85.790)  (86.871, 87.266) (110.257,110.481)  (114.359, 115.491)
1-year return period
3 59.035 (60.312) (61.214) 84.237 (87.587) (87.921)
(60.245, 60.380) (61.074, 61.354) (87.386, 87.760) (87.723, 88.122)
65.498 (66.154) (67.615) 88.773 (91.165) (92.192)
4 (66.124, 66.184) (67.582, 67.639) (91.020, 91.310) (91.968, 92.421)
s 73.789 (74.904) (76.231) 96.953 (99.546) (100.534)
(74.831, 74.975) (76.018, 76.455) (99.416, 99.678) (100.241, 100.818)
84.442 (85.723) (87.152) 108.550 (110.429) (115.160)
6 (85.613, 85.830)  (86.955, 87.350) (110.317,110.542) (114577, 115.690)
5-year return period
3 59.035 (60.471) (61.475) 84.237 (87.981) (88.356)
(60.403, 60.540) (61.335, 61.614) (87.812, 88.127) (88.155, 88.560)
4 65.498 (66.236) (67.873) 88.773 (91.444) (92.612)
(66.206, 66.267) (67.887, 67.863) (91.298, 91.590) (92.384, 92.844)
5 73.789 (75.031) (76.512) 96.953 (99.847) (100.967)
(74.960, 75.101) (76.292, 76.743) (99.715, 99.982) (100.680, 101.244)
6 84.442 (85.885) (87.483) 108.550 (110.669) (115.980)

(85.777, 85.989)

(87.285, 87.681)
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Table 18 - Percentage change in recovery depth compared to the deterministic current case

Following current

Heading current

SST sailing V., =05 V., =05 V=1 V=1 V. =05 V.=05 V=1 V=1
velocity [m/s] CV =5% CV =10% CV =5% CV =10% CV =5% CV =10% CV =5% CV =10%
6-months return period

3 4.22 7.52 12.05 18.64 2.10 3.58 3.86 4.24

4 2.39 8.70 7.58 14.62 0.97 3.13 2.62 3.73

5 2.55 3.02 6.32 10.00 1.47 3.21 2.60 3.58

6 2.28 4.98 5.47 4.79 1.47 3.11 1.68 5.90
1-year return period

3 4.35 7.71 12.42 19.21 2.16 3.69 3.98 4.37

4 247 8.98 7.81 15.06 1.00 3.23 2.70 3.85

5 2.63 3.12 6.53 10.32 151 331 2.68 3.69

6 2.35 5.14 5.63 4.94 1.52 321 1.73 6.09
5-year return period

3 4.87 8.67 13.89 21.44 243 413 4.44 4.89

4 2.77 10.06 8.75 16.83 1.13 3.63 3.01 4.33

5 2.95 3.50 7.34 11.62 1.68 3.69 2.99 414

6 2.65 5.77 6.26 551 171 3.60 1.95 6.85
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8.3 Appendix C —Jam-to-rise with 20-degree pitch angle
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Figure 40 - Jam-to-rise curve for different steady current cases
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Figure 41 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and following current velocity = 0.5 [m/s]
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Figure 42 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and following current velocity = 1 [m/s]
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Figure 43 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and heading current velocity = 0.5 [m/s]
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Figure 44 - Simulated SST responses during emergency recovery from jam-to-rise at different
sailing velocities and heading current velocity = 1 [m/s]
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Figure 45 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 3 m/s, following current direction
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Figure 46 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 4 m/s, following current direction
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Figure 47 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 5 m/s, following current direction
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Sailing velocity = 4, Uc= 0.5, STD Variation= 0.0i ‘Sailing velocity = 4, Uc= 0.5, STD Variation= 0.1
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Sailing velocity = 6, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 6, Uc= 0.5, STD Variation= 0.1 ‘
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Figure 52 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, heading current direction

Table 19 - Recovery depth predictions for several return periods for following current

SST sailing V. =0.5m/s V. =0.5m/s V. =0.5m/s V. =1m/s V. =1m/s V.=1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
46.208 (47.954) (47.856) 24.942 (26.695) (31.197)
3 (47.832. 48.079) (47.700. 48.022) (26.576. 26.808) (30.675. 31.716)
62.116 (63.311) (64.537) 39.424 (42.279) (43.753)
4 (63.232.63.390)  (64.366. 64.710) (42.106.42.452)  (43.474. 44.008)
78.035 (79.889) (81.100) 53.883 (57.048) (58.142)
° (79.753. 80.027) (80.881. 81.312) (56.821. 57.267) (57.899. 58.386)
94.605 (96.360) (97.459) 68.845 (71.371) (72.541)
6 (96.209.96.517)  (97.286. 97.631) (71.266. 71.477)  (72.326.72.757)
1-year return period
3 46.208 (48.007) (47.907) 24.942 (26.748) (31.393)
(47.884. 48.133) (47.749. 48.074) (26.631. 26.860) (30.872. 31.911)
62.116 (63.348) (64.612) 39.424 (42.368) (43.883)
4 (63.269. 63.390)  (64.441. 64.710) (42.195.42.452)  (43.610. 44.008)
78.035 (79.950) (81.197) 53.883 (57.151) (58.281)
° (79.813. 80.088) (80.980. 81.408) (56.926. 57.369) (58.038. 58.526)
94.605 (96.417) (97.552) 68.845 (71.452) (72.667)
6 (94.264. 94.575) (97.379.97.724) (71.347. 71.559) (72.452.72.884)
5-year return period
3 46.208 (48.215) (48.107) 24.942 (26.958) (32.165)
(48.089. 48.344) (47.944. 48.281) (26.846. 27.063) (31.646. 32.681)
4 62.116 (63.493) (64.910) 39.424 (42.720) (44.395)
(63.414. 63.572) (64.737. 65.086) (42.547. 42.893) (44.145. 44.623)
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5 78.035 (80.186) (81.581) 53.883 (57.559) (58.828)
(80.048.80.326)  (81.370. 81.786) (57.340.57.770)  (58.584.59.074)
6 94.605 (96.638) (97.919) 68.845 (71.771) (73.163)

(96.482.96.801)  (97.747. 98.090) (71.663.71.880)  (72.947. 73.380)

Table 20 - Recovery depth predictions for several return periods for heading current

SST sailing V. =05m/s V. =05m/s V. =05m/s V. =1m/s V.=1m/s V.=1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period

3 115.619 (118.314) (120.052) 171.948 (177.501) (178.454)
(118.085.118.547)  (119.322. 120.895) (177.177.177.820)  (178.025. 178.884)

129.656 (130.694) (132.634) 178.924 (181.744) (194.477)
4 (130.616. 130.772)  (132.634. 132.845) (181.563.181.912)  (193.220. 195.636)

146.251 (148.502) (149.490) 193.806 (198.091) (206.271)
> (148.304. 148.702)  (149.157. 149.696) (197.873.198.270)  (205.432. 207.080)

165.542 (167.544) (169.298) 214,549 (219.269) (223.481)
6 (167.368. 167.712)  (169.115. 169.482) (218.922. 219.608)  (223.006. 223.967)

1-year return period

3 115.619 (118.395) (120.195) 171.948 (177.674) (178.662)
(118.165. 118.629)  (119.455. 121.048) (177.352.177.992)  (178.232.179.092)

4 129.656 (130.731) (132.733) 178.924 (181.830) (194.968)
(130.653. 130.809)  (132.511. 132.940) (181.652.181.994)  (193.731. 196.107)

146.251 (148.573) (149.599) 193.806 (198.233) (206.659)
° (148.374. 148.773)  (149.373. 149.798) (198.030. 198.400)  (205.827.207.461)

165.542 (167.608) (169.416) 214.549 (219.435) (223.773)
6 (167.434.167.775)  (169.233. 169.600) (219.090. 219.771)  (223.294. 224.262)

5-year return period

3 115.619 (118.715) (120.756) 171.948 (178.356) (179.479)
(118.483.118.951)  (119.979. 121.652) (178.038. 178.669)  (179.048. 179.911)

4 129.656 (130.874) (133.122) 178.924 (182.164) (196.897)
(130.796. 130.953)  (132.913. 133.317) (182.000. 182.316)  (195.743. 197.960)

5 146.251 (148.850) (150.025) 193.806 (198.792) (208.185)
(148.651. 149.052)  (149.828. 150.200) (198.649. 198.910)  (207.382. 208.959)

6 165.542 (167.860) (169.881) 214549 (220.088) (224.922)
(167.691. 168.023)  (169.696. 170.067) (219.752. 220.415)  (224.431. 225.424)
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Table 21 — Percentage change in recovery depth compared to the deterministic current case

Following current

Heading current

SST sailing V., =05 V., =05 V=1 V=1 V. =05 V.=05 V=1 V=1
velocity [m/s] CV =5% CV =10% CV =5% CV =10% CV =5% CV =10% CV =5% CV =10%
6-months return period

3 3.78 3.57 7.03 25.08 2.33 3.83 3.23 3.78

4 1.92 3.90 7.24 10.98 0.80 2.30 1.58 8.69

5 2.38 3.93 5.87 7.90 1.54 221 221 6.43

6 1.86 3.02 3.67 5.37 121 227 2.20 4.16
1-year return period

3 3.89 3.68 7.24 25.86 2.40 3.96 3.33 3.90

4 1.98 4.02 7.47 11.31 0.83 2.37 1.62 8.97

5 245 4.05 6.06 8.16 1.59 2.29 2.28 6.63

6 1.92 3.12 3.79 5.55 1.25 2.34 2.28 4.30
5-year return period

3 434 411 8.08 28.96 2.68 4.44 3.73 438

4 2.22 4.50 8.36 12.61 0.94 2.67 1.81 10.05

5 2.76 454 6.82 9.18 1.78 2.58 2.57 7.42

6 2.15 3.50 4.25 6.27 1.40 2.62 2.58 4.83
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8.4 Appendix D — Jam-to-dive with 10-degree pitch angle

Heading current
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Figure 53 - Jam-to-dive curve for different steady current cases
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Figure 54 - Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and following current velocity = 0.5 [m/s]
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Figure 55 - Simulated SST responses during emergency recovery from jam-to-dive at

different sailing velocities and following current velocity = 1 [m/s]
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SST sailing velocity = 3 m/s

Steady current response
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Figure 57 - Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and heading current velocity = 1 [m/s]
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Sailing velocity = 4, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 4, Uc= 0.5, STD Variation= 0.1
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Figure 59 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 4 m/s, following current direction
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Figure 60 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 4 m/s, following current direction
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Sailing velocity = 6, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 6, Uc= 0.5, STD Variation= 0.1
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Figure 61 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, following current direction
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Figure 62 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 3 m/s, heading current direction
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Sailing velocity = 4, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 4, Uc= 0.5, STD Variation= 0.1
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Figure 63 — Probability paper for Gumbel distribution for recovery depth corresponding to
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SST's velocity of 5 m/s, heading current direction
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Sailing velocity = 6, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 6, Uc= 0.5, STD Variation= 0.1
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Figure 65 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, heading current direction
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Table 22 - Recovery depth predictions for several return periods for following current

SST sailing V. =0.5m/s V.=05m/s V.=0.5m/s V. =1m/s V.=1m/s V.=1m/s
velocity [m/s] | CV = 0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
27.028 (27.586) (28.317) 20.423 (21.980) (22.341)
8 (27.549, 27.625)  (28.217, 28.421) (21.880,22.063)  (22.216, 22.464)
45.001 (45.802) (46.797) 35.827 (37.775) (39.391)
4 (45.757, 45.849) (46.687, 46.907) (37.646, 37.897) (39.183, 39.599)
66.268 (67.399) (69.031) 54.160 (55.583) (57.217)
> (67.311, 67.486)  (68.834, 69.230) (55.505,55.662)  (56.916, 57.520)
89.109 (90.626) (92.449) 73.949 (76.437) (78.701)
6 (90.397, 90.888) (92.297,92.574) (76.234, 76.643) (78.452, 78.953)
1-year return period
3 27.028 (27.602) (28.357) 20.423 (22.030) (22.400)
(27.565, 27.641) (28.257, 28.462) (21.934, 22.109) (22.275, 22.522)
4 45,001 (45.827) (46.852) 35.827 (37.833) (39.499)
(45.781, 45.874) (46.742, 46.961) (37.705, 37.953) (39.290, 39.707)
66.268 (67.435) (69.122) 54.160 (55.628) (57.324)
° (67.348, 67.522) (68.924, 69.321) (55.550, 55.707) (57.022, 57.626)
89.109 (90.671) (92.554) 73.949 (76.515) (78.845)
6 (90.440, 90.937) (92.413, 92.669) (76.311, 76.721) (78.595, 79.098)
5-year return period
3 27.028 (27.666) (28.516) 20.423 (22.226) (22.631)
(27.628,27.706)  (28.413, 28.625) (22.151,22.289)  (22.508, 22.752)
4 45,001 (45.924) (47.068) 35.827 (38.060) (39.923)
(45.878,45.982)  (46.959, 47.176) (37.940,38.172)  (39.715, 40.131)
5 66.268 (67.578) (69.478) 54.160 (55.805) (57.743)
(67.492, 67.664) (69.279, 69.677) (55.725, 55.886) (57.441, 58.046)
6 89.109 (90.851) (92.974) 73.949 (76.819) (79.412)

(90.608, 91.131)

(92.869, 93.042)

(76.614, 77.027)

(79.158, 79.668)

Table 23 - Recovery depth predictions for several return periods for heading current

SST sailing V., =0.5m/s V. =0.5m/s V. =0.5m/s V. =1m/s V. =1m/s V.=1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
3 43.579 (44.383) (44.892) 53.627 (55.788) (57.693)
(44.383, 44.4234) (44.795, 44.991) (55.597, 55.961) (57.370, 58.014)
4 67.852 (68.617) (69.856) 82.393 (84.918) (86.845)
(68.653, 68.667) (69.568, 70.182) (84.809, 85.028) (86.524, 87.140)
5 97.294 (98.637) (100.721) 118.411 (123.898) (123.689)
(98.537, 98.740) (100.580, 100.863) (123.540, 124.227)  (123.375, 124.003)
6 129.491 (131.993) (134.750) 158.308 (164.401) (167.793)
(131.827,132.150)  (134.377, 135.115) (163.973, 164.795)  (167.101, 168.435)
1-year return period
3 43.579 (44.410) (44.936) 53.627 (55.856) (57.499)
(44.359, 44.460) (44.839, 45.035) (55.668, 56.026) (57.499, 58.143)
4 67.852 (68.642) (69.918) 82.393 (84.986) (86.986)
(68.588, 68.691) (69.626, 70.248) (84.877, 85.096) (86.671, 87.275)
5 97.294 (98.679) (100.687) 118.411 (124.066) (123.858)
(98.579, 98.784) (100.687, 100.971) (123.715, 124.388)  (123.543, 124.171)
6 129.491 (132.059) (134.900) 158.308 (164.599) (168.101)

(131.895, 132.214)

(134.529, 135.263)
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43.579

67.852

97.294

129.491

5-year return period

(44.514) (45.109) 53.627
(44.464, 44.564) (45.010, 45.209)

(68.739) (70.162) 82.393
(68.689, 68.784) (69.856, 70.508)

(98.947) (101.248) 118.411
(98.743,98.954)  (101.105, 101.392)

(132.318) (135.490) 158.308

(132.162, 132.467)

(135.126, 135.846)

(56.121) (58.328)
(55.947, 56.278) (58.006, 58.647)
(85.253) (87.538)
(85.144, 85.363) (87.248, 87.805)
(124.726) (124.520)
(124.405, 125.022)  (124.206, 124.834)
(165.375) (169.315)

(164.990, 165.728)

(168.682, 169.903)

Table 24 - Percentage change in recovery depth compared to the deterministic current case

D10 Following current Heading current
SST sailing V.=05 V. =05 V=1 V=1 V. =05 V. =05 V=1 V=1
velocity [m/s] CV =5% CV =10% CV =5% CV =10% CV =5% CV =10% CV =5% CV =10%
6-months return period
3 2.06 4.77 7.62 9.39 1.84 3.01 4.03 7.58
4 1.78 3.99 5.44 9.95 1.13 2.95 3.06 5.40
S 171 417 2.63 5.64 1.38 3.52 4,63 4.46
6 1.70 3.75 3.36 6.43 1.93 4.06 3.85 5.99
1-year return period
3 212 4.92 7.87 9.68 191 3.11 4,16 7.22
4 1.84 411 5.60 10.25 1.16 3.04 3.15 5.57
5 1.76 431 271 5.84 1.42 3.49 4.78 4.60
6 1.75 3.87 3.47 6.62 1.98 4.18 3.97 6.19
5-year return period
3 2.36 551 8.83 10.81 2.15 351 4.65 8.77
4 2.05 4.59 6.23 11.43 131 3.40 347 6.24
5 1.98 4.84 3.04 6.62 1.70 4.06 5.33 5.16
6 1.95 4.34 3.88 7.39 2.18 4.63 4.46 6.95
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8.5 Appendix E — Jam-to-dive with 15-degree pitch angle
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Figure 66 - Jam-to-dive curve for different steady current cases
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Figure 67 - Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and following current velocity = 0.5 [m/s]

85



Steady current response
—E—-STD variation = 5%

SST sailingavelocity =3 mls @ STD variation = 10%
295 B~ el Y- P -8
et D e R : eliiiatn A T e
= B (53 <
o et e e 8
30 ........... o gy gy
g °
30.5 1 | 1 | 1 | 1 | | |
1 2 3 4 5 6 7 8 9 10
SST sailing velocity =4 m/s
521 o B
© © Pras o~ ~ ~-B. a
525 ©.. - VS - Sl It T
B————— g---—"" - e - e, - e
............ °
53 0 ..........
gy
53.5 1 | 1 | 1 | 1 | 1 |
1 2 3 4 5 6 7 8 9 10
SST sailing velocity = 5 m/s
795 @
e o s
0l g o )i ., S
& P
==B__ =
80.5 el g
81 1 I I I I I I I I ]
1 2 3 4 5 6 7 8 9 10
= SST sailing velocity = 6 m/s
E 109 9 Yy .
o L B, o -
3 110 8 g —————— e o . = B o)
______ = P o R === - T
> ™l R P— o -a- -
& 111 - o T~ol g °
> N~
<] =
E 112 I | | | | I | I I |
1 2 3 4 5 6 7 8 9 10

Realizations

Figure 68 - Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and following current velocity = 1 [m/s]
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Figure 69 - Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and heading current velocity = 0.5 [m/s]
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Figure 70 - Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and heading current velocity = 1 [m/s]
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Figure 71 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 3 m/s, following current direction
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Sailing velocity = 4, Uc= 0.5, STD Variation= 0.05| [Sailing velocity = 4, Uc= 0.5, STD Variation= 0.1]
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Figure 72 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 4 m/s, following current direction
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Figure 73 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 5 m/s, following current direction
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Sailing velocity = 6, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 6, Uc= 0.5, STD Variation= 0.1
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Figure 74 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, following current direction
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Figure 75 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 3 m/s, heading current direction
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Sailing velocity = 4, Uc= 0.5, STD Variation= 0.05 ‘ ‘Sailing velocity = 4, Uc= 0.5, STD Variation= 0.1
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Figure 76 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 4 m/s, heading current direction
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Figure 77 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 5 m/s, heading current direction
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TD Variation= 0.05| |Sailing velocity = 6, Uc= 0.5, STD Variation= 0.1

Sailing velocity = 6, Uc=0.5, S
15

- In(k/(N+1))

In(

F(z) = -

5

==

- In(k/(N+1))

F(z) = -In(

218

I

I

I

I

I

I

I

I

I

I

I

I

I

I

‘ |
220 222
Recovery Depth, z(m)

224 215 220

225

Recovery Depth, z(m)

Sailing velocity = 6, Uc= 1, STD Variation= 0.05 |

‘Sailing velocity = 6, Uc= 1, STD Variation= 0.1 ‘

15

An( - In(k/(N+1))

@)

[Ty

Sample
Gumbel fit

q 15

-In( - In(k/(N+1))

@)

F

95% ClI 286
—-—-—-6-months return period

1-year return period

5-year return period

288 290 292
Recovery Depth, z(m)

290

300 310 320

Recovery Depth, z(m)

Figure 78 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, heading current direction

Table 25 - Recovery depth predictions for several return periods for following current

SST sailing V. =0.5m/s V., =0.5m/s V.=05m/s V.=1m/s V.=1m/s V.=1m/s
velocity [m/s] | CV = 0% CV =5% CV =10% CV = 0% CV =5% CV =10%
6 months return period
40.621 (42.535) (42.388) 29.807 (31.225) (32.534)
3 (42.406, 42.659) (42.328, 42.449) (31.118, 31.335) (32.385, 32.683)
68.403 (69.264) (71.183) 52.831 (55.343) (56.501)
4 (69.172, 69.358) (70.973, 71.384) (55.126, 55.534) (56.363, 56.641)
s 101.200 (103.614) (104.174) 80.250 (83.662) (83.939)
(103.523, 103.706)  (104.017, 104.332) (83.376, 83.934) (83.776, 84.105)
137.238 (139.553) (143.326) 110.334 (114.854) (115.888)
6 (139.392, 139.696)  (142.868, 143.774) (114.167, 115.644) (115.457, 116.293)
1-year return period
40.621 (42.595) (42.443) 29.807 (31.275) (32.615)
3 (42.467, 42.717) (42.382, 42.504) (31.167, 31.385) (32.764)
68.403 (69.301) (71.278) 52.831 (55.431) (56.624)
4 (69.208, 69.394) (71.071, 71.478) (55.220, 55.617) (56.484, 56.764)
101.200 (103.680) (104.260) 80.250 (83.774) (84.063)
> (103.589, 103.772)  (104.102, 104.418) (83.490, 84.043) (83.899, 84.230)
6 137.238 (139.630) (143.520) 110.334 (114.993) (116.065)
(139.473,139.769)  (143.064, 143.965) (114.297, 115.792) (115.640, 116.465)
5-year return period
3 40.621 (42.830) (42.596) 29.807 (31.469) (32.933)
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68.403

101.200

137.238

(42.708, 42.947)
(69.445)
(69.352, 69.539)
(103.938)

(103.845, 104.031)

(139.932)

(139.795, 140.054)

(42.596, 42.720)

(71.654) 52.831
(71.454, 71.846)
(104.598) 80.250
(104.440, 104.031)
(144.281) 110.334

(143.834, 144.718)

(31.359, 31.580)
(55.776)
(55.588, 55.943)
(84.212)
(83.940, 84.470)
(115.536)

(114.805, 116.376)

(32.784, 33.082)
(57.105)
(56.964, 57.247)
(84.551)
(84.384, 84.721)
(116.763)
(116.360, 117.141)

Table 26 - Recovery depth predictions for several return periods for heading current

SST sailing V. =05m/s V., =0.5m/s V. =05m/s V. =1m/s V.=1m/s V.=1m/s
velocity [m/s] | CV = 0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
3 69.303 (70.366) (72.169) 87.902 (91.604) (95.429)
(70.283, 70.446) (71.979, 72.356) (91.311, 91.887) (94.845, 95.996)
110.441 (110.906) (114.177) 139.650 (143.330) (147.137)
4 (110.827,110.986)  (113.942, 114.411) (143.040, 143.608) (146.579, 147.700)
161.466 (165.443) (170.999) 209.544 (216.467) (218.706)
S (165.178,165.717)  (170.297, 171.710) (215.363, 217.726) (217.708, 219.762)
218,000 (221.955) (227.966) 286.000 (294.307) (313.840)
6 (220.024, 225.742)  (227.079, 228.867) (293.084, 295.661) (312.269, 315.404)
1-year return period
3 69.303 (70.402) (72.264) 87.902 (91.730) (95.674)
(70.319, 70.482) (72.075, 72.450) (91.439, 92.010) (95.093, 96.237)
110.441 (110.937) (114.309) 139.650 (143.444) (147.382)
4 (110.858,111.017)  (114.074, 114.543) (143.156, 143.720) (146.824, 147.947)
161.466 (165.560) (171.296) 209.544 (216.696) (219.017)
S (165.294, 165.837)  (170.591, 172.007) (215.578, 217.971) (218.011, 220.082)
218,000 (222.109) (228.307) 286.000 (294.553) (314.724)
6 (220.140, 225.970)  (227.417, 229.230) (293.319, 295.923) (313.155, 316.285)
5-year return period
3 69.303 (70.544) (72.635) 87.902 (92.224) (96.636)
(70.463, 70.623) (72.449, 72.818) (91.943, 92.495) (96.071, 97.186)
110.441 (111.059) (114.828) 139.650 (143.891) (148.348)
4 (110.980, 111.140)  (114.594, 115.060) (143.613, 144.158) (147.784, 148.917)
161.466 (166.024) (172.460) 209.544 (217.596) (220.240)
S (165.749, 166.310)  (171.750, 173.177) (216.423, 218.935) (219.200, 221.342)
218,000 (222.713) (229.646) 286.000 (295.525) (318.201)
6

(220.596, 226.864)

(228.747, 230.560)
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Table 27 - Percentage change in recovery depth compared to the deterministic current case

D15 Following current Heading current
SST sailing V., =05 V., =05 V=1 V=1 V. =05 V.=05 V=1 V=1
velocity [m/s] CV =5% CV =10% CV =5% CV =10% CV =5% CV =10% CV =5% CV =10%
6-months return period
3 471 4.35 476 9.15 1.53 4.14 421 8.56
4 1.26 4.06 4.75 6.95 0.42 3.38 2.64 5.36
5 2.39 2.94 4.25 4.60 2.46 5.90 3.30 4.37
6 1.69 4.44 4.10 5.03 1.81 4.57 2.90 9.73
1-year return period
3 4.86 4.49 4.93 9.42 1.59 4.27 4.35 8.84
4 131 4.20 4.92 7.18 0.45 3.50 2.72 5.54
5 245 3.02 4.39 4.75 254 6.09 341 452
6 1.74 4.58 4.22 5.19 1.88 4.73 2.99 10.04
5-year return period
3 5.44 4.86 5.58 10.49 1.79 481 4,92 9.94
4 1.52 4.75 5.57 8.09 0.56 3.97 3.04 6.23
5 271 3.36 4.94 5.36 2.82 6.81 3.84 5.10
6 1.96 5.13 4.71 5.83 2.16 5.34 3.33 11.26
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8.6 Appendix F —Jam-to-dive with 20-degree pitch angle

Heading current
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Figure 79 - Jam-to-dive curve for different steady current cases
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Figure 80 — Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and following current velocity = 0.5 [m/s]
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Figure 82 — Simulated SST responses during emergency recovery from jam-to-dive at

different sailing velocities and heading current velocity = 0.5 [m/s]
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Figure 83 — Simulated SST responses during emergency recovery from jam-to-dive at
different sailing velocities and heading current velocity = 1 [m/s]
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Figure 85 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 4 m/s, following current direction
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Sailing velocity = 6, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 6, Uc= 0.5, STD Variation= 0.1
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Figure 87 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, following current direction
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Sailing velocity = 4, Uc= 0.5, STD Variation= 0.05‘ ‘Sailing velocity = 4, Uc= 0.5, STD Variation= 0.1
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Figure 90 — Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 5 m/s, heading current direction
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Sailing velocity = 6, Uc= 0.5, STD Variation= 0.05‘ ‘ij:iling velocity = 6, Uc= 0.5, STD Variation= 0.1
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Figure 91 - Probability paper for Gumbel distribution for recovery depth corresponding to
SST's velocity of 6 m/s, heading current direction

Table 28 - Recovery depth predictions for several return periods for following current

SST sailing V., =0.5m/s V. =0.5m/s V.=05m/s V.=1m/s V.=1m/s V.=1m/s
velocity [m/s] | CV = 0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period
3 55.945 (57.192) (60.042) 40.170 (41.712) (42.399)
(57.153, 57.232) (59.707, 60.352) (41.595, 41.828) (41.595, 41.928)
4 94.441 (96.358) (100.017) 71531 (74.424) (76.601)
(96.248, 96.471) (99.595, 100.423) (74.243, 74.603) (76.291, 76.906)
5 141.380 (144.972) (149.587) 109.093 (113.936) (116.469)
(144.674,145.270)  (149.161, 150.011) (113574, 114.297)  (115.918, 117.012)
192.000 (198.159) (200.901) 151.000 (157.477) (160.784)
6 (197.289, 198.967)  (199.994, 201.778) (157.481, 157.475)  (159.886, 161.689)
1-year return period
3 55.945 (57.230) (60.173) 40.170 (41.764) (42.477)
(57.191, 57.270) (59.844, 60.479) (41.648, 41.881) (42.288, 42.661)
. 94.441 (96.415) (100.180) 71531 (74.521) (76.758)
(96.304, 96.528) (99.761, 100.582) (74.340, 74.700) (76.449, 77.062)
5 141.380 (145.093) (149.852) 109.093 (114.092) (116.711)
(144.795, 145.391)  (149.427, 150.277) (113.730, 114.453)  (116.162, 117.253)
5 192.000 (198.367) (201.195) 151.000 (157.688) (161.106)
(197.505, 199.167)  (200.293, 202.067) (157.747, 157.650)  (160.206, 162.013)
5-year return period
3 55.945 (57.378) (60.689) 40.170 (41.973) (42.788)
(57.338, 57.418) (60.380, 60.976) (41.856, 42.092) (42.603, 42.967)
4 94.441 (96.638) (100.819) 71531 (74.900) (77.373)
(96.524, 96.753) (100.413, 101,208) (74.722, 75.075) (77.070, 77.672)
5 141.380 (145.569) (150.895) 109.093 (114.709) (117.663)
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(142.270, 145.868)
(199.183)
(198.353, 199.954)

(150.470, 151.319)
(202.353)
(201.471, 203.205)

(114.348, 115.069)
(158.519)
(158.796, 158.338)

(117.120, 118.200)
(162.374)
(161.469, 163.285)

192.000 151.000

Table 29 - Recovery depth predictions for several return periods for heading current

SST sailing V. =05m/s V.=0.5m/s V. =05m/s V.=1m/s V.=1m/s V.=1m/s
velocity [m/s] CV =0% CV =5% CV =10% CV =0% CV =5% CV =10%
6 months return period

3 99.278 (101.632) (104.080) 130.138 (134.789) (145.206)
(101.382, 101.891) (103.719, 104.427) (134.449,135.115)  (144.377, 145.902)

4 162.492 (165.756) (170.893) 217.207 (231.126) (249.630)
(165.521, 165.997) (170.363, 171.340) (230.090, 232.138)  (247.222, 251.899)

c 243.000 (249.159) (250.138) 349.000 (362.344) (381.872)
(248.289, 249.967) (249.186, 251.124) (360.705, 364.089)  (380.234, 383.522)

6 329.000 (335.159) (347.348) 473.000 (491.664) (496.450)
(334.289, 335.967) (346.117, 348.420) (490.153, 493.131)  (494.334, 498.656)

1-year return period

3 99.278 (101.705) (104.235) 130.138 (134.931) (145.678)
(101.454, 101.966) (103.877, 104.578) (134.594, 135.254)  (144.894, 146.337)

. 162.492 (165.875) (171.158) 217.207 (231.550) (250.627)
(165.639, 166.118) (170.652, 171.584) (230.519, 232.557)  (248.250, 252.868)

5 243.000 (249.367) (250.373) 349.000 (362.766) (382.994)
(248505, 250.167)  (249.417, 251.364) (361.114, 354.525)  (381.352, 384.648)

6 329.000 (335.367) (347.934) 473.000 (492.217) (497.191)
(334.505, 336.167) (346.747, 348.969) (490.714, 493.969)  (495.060, 499.414)

5-year return period

3 99.278 (101.994) (104.842) 130.138 (135.489) (147.538)
(101.737, 102.260) (104.497, 105.173) (135.165, 135.801)  (146.930, 148.048)

4 162.492 (166.345) (172.200) 217.207 (233.218) (254.553)
(166.102, 166.594) (171.791, 172.544) (232.207,234.206)  (252.295, 256.680)

5 243.000 (250.183) (251.299) 349.000 (364.427) (387.409)
(249.353, 250.954) (250.326, 252.306) (362.724, 366.240)  (385.750, 389.080)

6 329.000 (336.183) (350.243) 473.000 (494.390) (500.110)
(335.353, 336.954) (349.226, 351.129) (492.920, 495.817)  (497.919, 502.395)
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Table 30 - Percentage change in recovery depth compared to the deterministic current case

D20 Following current Heading current
SST sailing V., =05 V., =05 V=1 V=1 V. =05 V.=05 V=1 V=1
velocity [m/s] CV =5% CV =10% CV =5% CV =10% CV =5% CV =10% CV =5% CV =10%
6-months return period
3 2.23 7.32 3.84 5.55 2.37 4.84 3.57 11.58
4 2.03 5.90 4.04 7.09 201 5.17 6.41 14.93
5 254 5.80 4.44 6.76 2,53 2.94 3.82 9.42
6 321 4.64 4.29 6.48 1.87 5.58 3.95 4.96
1-year return period
3 2.30 7.56 3.97 5.74 244 4.99 3.68 11.94
4 2.09 6.08 4.18 7.31 2.08 5.33 6.60 15.39
5 2.63 5.99 4.58 6.98 2.62 3.03 3.94 9.74
6 3.32 4,79 4.43 6.69 1.94 5.76 4.06 5.11
5-year return period
3 2.56 8.48 4.49 6.52 2.74 5.60 411 13.37
4 2.33 6.75 471 8.17 2.37 5.97 7.37 17.19
5 2.96 6.73 5.15 7.86 2.96 3.42 4.42 11.01
6 374 5.39 4.98 7.53 2.18 6.46 452 5.73
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