Journal of

r
Marine Science ml\D\Py
=

and Engineering

Avrticle 1

Investigation on hydrodynamic characteristics , wave-current interaction , -
and sensitivity analysis of submarine hoses attached to a CALM buoy 3

Chiemela Victor Amaechi 12* Facheng Wang?3* , and Jiangiao Yel* 4
1 Department of Engineering, Lancaster University, Lancaster, LA1 4YR, UK 5

2 Standards Organisation of Nigeria (SON), 52 Lome Crescert, Wuse Zone 7, Abuja, 900287, Nigeria. 6

3 Department of Civil Engineering, Tsinghua University, Beijing, 100084, China 7

* Correspondence: c.amaechi@lancaster.ac.ukr chiemelavic@gmail.com(C.V.A)); 8
wangfacheng@tsinghua.edu.cn(F.W.); .ye2@lancaster.ac.ukJ.Y) 9

Abstract: There is an increase in he utilisation of the floating offshore structure (FOS) called Cate- 10
nary Anchor Leg Mooring (CALM) buoys and the attached marine hoses due to the increasing de- 11
mand for oil and gas products. These hoses are flexible and easier to use but have a short service 12
life of about 25 years. They are adaptable in ocean locations of shallow, intermediate, and deep 13
waters. In this research, the numerical model was developed using a coupling method modelled by 14
utilising ANSYS AQWA and Orcaflex dynamic models of the CALM b uoy hoses. Two cases were 15
comparatively studied: Lazy -S and Chineselantern configurations, under ocean waves and current. 16
Comparisons were also made between coupled and uncoupled models. This research presents the 17
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Hou X.; Ye, J.Investigation on hy- gle, soil gradient, soil stiffness, and environmental conditions that influence the performance of 19
drodynamic characteristics, wave- marine hoses. The study comparatively looked at the configurations from dynamic amplification 20

current interaction and sensitivity factors (DAF) on marine hoses. The results show that marine hoses can be configured easily to suit 21
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haviour from wave -current interaction (WCI). 24
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/| UEODUT 1 UMDPustayd Béuo 1. Introduction 30

tral with regard to jurisdictional . . . . . . .
N : Recently, applications of bonded flexible risers, unbonded flexible risers, composite 31

risers, and marine hoses have increased in the marine industry [1-9]. This is due to the 32
need for more flexible offshore platforms and lighter sustainable materials [10-17]. These 33
are utilised for discharging, loading , and ocean monitoring. Mari ne bonded hoses are 34

BY light conduit structures for fluid transportation from an offshore platform to a 35
Copyright: © 2021 by the authors.  tanker/FPSO/FSO[18-25]. Since advances into deep water explorations have increased the 36
Submitted for possible open access heed for more sustainable and costefficient platforms, these marin e structures have re- 37
publication under the terms and ceived increased attention for application in offshore loading and offloading operations. 38
conditions of the Creative Commons  Thuys, the need for Catenary Anchor Leg Mooring (CALM) buoys and other flexible struc- 39
Attribution — (CC  BY) license  tyres, Larger floating offshore structures (FOS) like Paired Column Semisubmersibles 40
(htips:// creativecommons.orgflicense  (pCSemis), FPSOsand Very Large Floating Structures (VLFS) do not have much such 41
s/by/4.0). flexibility [26-33]. They also require alarger area on the sea for installation and operation, 42
unlike the CALM buoy hose systems. The classification of marine hoses includes subma- 43
rine hoses, reeling hoses, and floating hoses [34-41] based on different material and hose 44
design configurations [42-49]. These marine bonded hoses each havdlifferent pressure 45

claims in published maps and institu-
tional affiliations.
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ratings, such as 9 bar, 19 barand 21 bar ratings. However, these hoses haveshort service 46
life of about 25 years, thus the need for more sensitivity studies on the load response be- 47
haviour of marine bonded hoses, as proposed herein. Secondly, theeffect of wave forces 48
on buoys canimpact UT 1 wi O O &ob bethgse af & sheer narrow water plane area. 49
Thus, wave-current interaction (W CI) is pertinent for hydrodynamic sensitivity studies 50
on the buoy-hose system. A typical CALM buoy with turret -design is shown in Figure 1, 51
located at Apache Stag Field, Australia, during installation [49]. 52

53

54
Figurel CALM Turret buoy at Apache Stag Field, Australia, Buoy durfaligitisn (Courtesy: Bluewatg49]) 55

56

Studies on WCI, including the effect of current velocity , have been conductedboth 57
on different climatic conditions [5 0-54] and various FOSlike semisubmersible platforms 58
[55,56], floating wind turbines [57,58], among others. However, the literature search 59
shows no literature has presented the effect of current velocity on the wave forces acting 60
on the CALM buoy motion . Waves, wind, and currents are important components of the 61
environmental loads on FOS like buoys[61-65]. To compute wave forces on offshore struc- 62
tures, wave theories such as the linear wave theories-Stokes wave theory and Airy wave 63
theory, are utilized [66,67]. Conversely, over the past decades, wave loadings on FOS have 64
been calculated using linear theory [6869], second-order wave forces [70-75], and Mori- 65
son's equation [76-78]. However, due to different constraints, MoU B U O 0 z U s @dérc b® O
modified [76,77]. Morison's equation is used to determine the inertial and drag compo- 67
nents of the FOS's body,as well as the body's inertial and drag components [78]. However, 68
Morison's equation is insufficient for evaluating wave forces on offshore constructions 69
since it ignores wave diffraction. Thus, wave theories that consider diffraction are widely 70
employed. 31T 1 Ul wEUT wODODPUEUDPOOU wU O uwad groppsed ByEMo-O Orz U
rison for piles but applicable in various off shore design formulations [78-84]. Many stud- 72
ies on cylinders and piles have led to a better understanding of the hydrodynamics of 73
cylindrical bodies like cylindrical FPSOs and cylindrical CALM buoys. MARIN has also 74
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conducted some model tests on CALM buoy motion with recommendations for dam ping 75
in pitch, heave and roll motions [85,86]. Potential theory has also made it easier to estimate 76
the flow around spheres, buoys, and cylinders. The potential theory doesdefine the fluid 77
domain and wave forces surroundi ng the subsea marinehose as an ofshore structure [87- 78
89]. Bhatta & Rahman[90] used differential equations and Lighthill's [90,91] perturbation 79
approach to produce a subseahose segment'sboundary conditions, forces, and moments, 80
by utilising radiation / diffraction theory. Some reports have found nonlinearities in ma- 81
terials have also been observed in hose dynamics, and presented with dynamical equa- 82
tions formulated for marine hoses [92-94]. Other mathematical models based onthe po- 83
tential theory on CALM b uoy hydrodynamics have also been presented[95-100] The chal- 84
lenges of the incident, scattered, and diffraction wave potentials have long been debated 85
in the offshore industry . These successfuly approached wave theories have been devel- 86
oped to solve some d these issues. Wave forces cageneratestressesdue to material com- 87
plexities, leading to excessive motion predictions, system failures, and material break- 88
downs [101-103]. They could produce substantial deformations, bending, and torsional 89
forces in marine hoses. As a result, hydrodynamic sensitivity analysis of the floating struc- 90
ture's motion behaviour is required. Validated studies avow that hydrodynamic loads are 91
used to assay the strength of various FOS, hull designs, and componentsutilized in fluid 92
transfer like composite mari ne risers and offshore hoseg104-108]. However, wave action 93
has an impact on the motion and strength of CALM buoy hose systems. Wave loads are 94
also considered during hose connection operations, hose riser deployments and hose- 95
line/pipeline installations [109,110] Based on hydrodynamic sensitivity studies, different 96
sensitivity studies have been conducted for marine hoses and marine risers [111-113] 97
Pecher et al.[113] conducted sensitivity and comparative studies on CALM and S ALM 98
mooring for Wave Energy Converters (WECs). Sun & Wang[114] presented a sensitivity 99
analysis on Lazy-Wave Flexible Riser modelled in ABAQUS to investigate the parameters 100
of the buoyancy modules on the riser. In that study, the outer diameter and positi on of 101
the buoyancy module w ere opined as high-sensitivity v ariables. In addition, the outside 102
diameter had a significant impact on the riser's section moment, whereas the placement 103
had an impact on both section force and section moment. The impact of length on the 104
overall performanc e of the riser was minimal, according to the research. Amaechi et al. 105
[115] presented a sensitivity study by comparatively looking at the parametric configura- 106
tions of marine hoses, usinga uniquely coupled model developed using Orcaflexz lihe 107
elements. Bidgoli et al. [116] presented a sensitivity analysis of different deepwater riser 108
configurations modelled with Conventional Mooring Systems (CMS). Their study chose 109
three distinct forms of the more commonly utilized deep water ris ersand combined them 110
with the mooring systems, yielding six alternative case studies modelled in the OrcaFlex 111
program. Axelsson & Skjerve [117] investigated the sensitivity of bending and radial gaps 112
on the collapse analyses of flexible riser carcass deviped in LS-Dyna and MARC. Sensi- 113
tivit ies on straight and curved pipe sections, axially preloaded carcass, carcass ovalitythe 114
radial gap between carcass and pressure sheets, and pressure increase velocity were all 115
part of the investigation. On the tension parameter, Tang etal. [118] investigated the in- 116
fluence of bending, displacement, and tension on marine drilling risers in finite element 117
modelling (FEM) using ABAQUS . Whereas Zhang et al. [119] investigated the sensitive 118
effect of top tension on the Vortex-Induced Vibratio n (VIV) of marine risers in deep waters 119
using computational fluid dynamics (CFD). Other sensitivity investigations have been re- 120
ported on fatigue life prediction of risers. These can be noticed in somesensitivity analyses 121
on Steel Catenay Risers conducted on its Fatigue Behavior [120,121]. In the study by Yang 122
& Li [121], the sensitivity analysis on the fatigue life of Steel Lazy Wave Catenary Risers 123
(SLWR) conducted was motivated by the major consideration encountered while evalu- 124
ating the practicality of using SLWR on large motion vessels like semisubmersibles and 125
floating production storage and offloading (FPSOs) structures. There are other sensitivi- 126
ties reported in catenary sectionsand their impact along the touchdown zone [122,123] 127
Quéau et al. [123] presented some sensitivity investigations on fatigue damage of SCR 128
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dynamic loads in the touchdown zone by utilising a simple stress range evaluation frame- 129
work. To improve the certainty on the design of SCR attached to deep-water FPSOs,a 130
sensitivity analy sis is also conducted by Yoo & Joo[124] under 1,400 m water depth for 131
deep water environment in West Africa. Thus, the need for the investigation on the hy- 132
drodynamic characteristics, the wave-current interaction with the sensitivity stu dies of 133
the attached hoses and comparing the designs for Lazy-S and Chineselantern configura- 134
tions, asperformed in this present study. 135
The present paper presentsthe hydrodynamic characteristics with the sensitivity 136
studies on CALM buoy with attached ma rine hoses It was carried out using a developed 137
numerical marine hose model under ocean environment with wave loads, as introduced 138
in Section 1 Section 2 presents thematerials and methods for the numerical model. The 139
numerical model was developed using ANSYS AQWA R1 2021[125-126] and Orcaflex 140
11.0f[127-130] The modelled systemincluded the submarine hosesattachedto a floating 141
CALM buoy structure, under waves and current. Inthisstudy, two representative config- 142
urations were considered, namely the Lazy-Sand the Chinese Lantern configurations. A 143
typical CALM buoy hose system isillustrated in Figures 2. Section 3 presents resultsand 144
discussion, while further discussions on the studies were presented in Section4. The con- 145
cluding remarks are giv en in Section 5. 146
147
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Figure 2 Sketch showing the design parameters fora CALM buoy system with moorings, submarine 149
hoses and floating hose It shows loading and offloading operation on the CALM buoy in Lazy-S 150

configuration , with wave forc es and boundary conditions [Sketch design: by Authorl - C.V.A]. 151
152
2. Materials and Methods 153

The numerical modelling aspect has been presented in this section on the materials 154
applied in this numerical model and the methodology. The mate rials include the buoy, 155
submarine hoses, mooring lines and floats, as discussed in the subsequent suksections. 156
The floating buoy considered in this study has six degrees of freedom (6DoF9, as depicted 157
in Figure 3. 158

159
160
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Figure3 The6DoFs gix degreef freedom) of a floating CALMbuoy

2.1. Buoy and Skirt Model

The details for the buoy considered in this research are presented in Table 1. The
hydrodynamics, hydrostatics a nd motion response of the CALM buoy was carried out for
theEAa OPOEUPEEOQWEUOawp" ! AGw3T 1 wEUOazUwil 601
description of the buoy geometry for the 1st concept of the CALM Buoy and skirt, showing
(a) isometric view and (b) plan view is shown in Figure 4. This research also had a com-
parative study between different geometrical concepts and skirt concepts. Still, this paper
is limited to one concept, as described herein, to present the advantage and justification.
One vital use of this includes aiding designers in consideration of design parameters. The
description for the buoy geometry shows the diameters, heights and locations of each part.
It includes the CALM buoy body diameter D s and the CALM buoy skirt diameter D s, the
height of the buoy, H s, the height of the skirt H's, and the height from the keel to the un-
derneath of the skirt, Hx. The model of the CALM buoy in Orcaflex is shown in Figure 5.

Table 1 Parameters of the Buoy

Description Value Unit
Buoy Height 4.50 m
Draft 2.40 m
Water Depth 100.00 m
Buoy Mass 198,834.00 kg
Diameter of Buoy body 10.00 m
Diameter of Buoy Skirt 13.90 m

161
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Figure 4 Description of the geometry for the 1st concept of CARiMy and skirt, showing 186
(a) isometric view and (b) plan view 187
188
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Figure5 Numerical model of the CALM Buoy showing (a)shaded and (b) wirefvaawes 191
192
193
2.2. Submarine Hoses 194

The modelling consideration on the offshore submarine hose design were for an op- 195
eration application with pressure rating of 19 bar (1,900KN/m 2). The offshore submarine 196
hose was developed and modelled for two cases Lazy-S and Chinese-lantern configura- 197
tion, as illustrated in Figure 2(a-b). In each case, the two sbmarine hose strings are con- 198
nected to the base of the buoy at the top and the Pipeline End Manifolds (PLEMs) at the 199
bottom. The hoses are designed using existing currert practices by hose manufacturers 200
and industry end -users on oil fields [18,19,4049]. For the Chinese-lantern configuration, 201
the length of both submarine hose-strings were 25.90m per hosestring, as presented in 202
Table 2.Whereas Lazy-S configuration, each submarine hoses were 162.065 m lengthwise, 203
as presented in Table 3.The hose was assume to be filled up and to contain completely- 204
full fluid content. For the fluid content, it was tested with sea water of density 1,025kg/m 3 205
and with heavy oil of density 8 25 kg/m3. Details of the parameters for the submarine hose 206
considered are given in Table 2. The section profile for the submarine hosein Orcaflex 207
11.0f is depicted in Figure 6. 208

209

210

211
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Table2 Parameters for the Submarine hose @irireseLanternConfiguration with section details arrangement212

Particulars Description and Value Unit

Name First-off Buoy hose Mainline hose Firstoff PLEM + floats | ---

Position of Part 15t Section 2nd Section 3 Section

Hose Body Array V1 (Hose Fitting) V2 (Hose Fitting) V3 (HoseFitting)

V1 (Reinforced end) | V2 (Hose End) V3 (Hose End)

V1 (Hose Body) V2 (Hose Body) V3 (Hose Body)

V2 (Hose End) V3 (Reinforced end)

V1 (Hose Fitting) V2 (Hose Fitting) V3 (Hose Fitting)
Hose Setion Mass 239.00 495.00 239.00 kg/m

Hose Outer Diameter, Ol 0.67 0.65 0.67 m

Hose Inner Diameter, ID | 0.49 0.49 0.49 m

Hose Length, L 8.40 9.00 8.50 m

Table3 Parameters for the Submarine hose for L8zgonfiguration with secoh details arrangement
Section Number Sub Particulars Dil':rrr:?erter Outer Section | Segment | Number of| Unit Mass | Volume| Segment
Sections (m) Diameter (m)| Length (m)| Length (m)| Segments| (kg/m) (m3) | Weight (N)
1 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5
2 Reinforced Hosg ; 489 0.650 0.2 3.000 15 239 | 1.002 | 7215
. End
Hose Group 1:
Section 1 3 Hose Body 0.489 0.650 0.5 3.236 6 180 1.074 582.5
4 Hose End 0.489 0.675 0.5 0.895 2 200 0.320 179.0
5 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5
6 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5
Hose Group 2: 7 Hose End 0.489 0.675 0.5 0.895 2 200 0.320 179.0
Section 2 Section 20 8 Hose Body 0.489 0.650 0.2 3.840 19 180 1.274 691.2
(same) 9 Hose End 0.489 0.675 05 0.895 2 200 | 0320 | 179.0
10 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5
11 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5
12 Hose End 0.489 0.675 0.5 0.895 2 200 0.320 179.0
Hose Group 3: 13 Hose Body 0.489 0.650 05 3.236 6 180 | 1074 | 5825
Section 21 -

14 Re'”foézzd Hose 5,489 0.670 0.2 3.000 15 240 | 1.064 | 7246
15 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5

213

214

215
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Figure 6 Submarine Hose Profile showindhe radii for inner and outer surfaces in Orcaflex

2.3. Mooring Lines

The mooring arrangement is 6 mooring lines positioned strategically at 60useparation
distance apart, to avoid line clashing. The schematic for the two configurations investi-

gated are presented in Figures 2 and 7. Details of the mooring line parameters are detailed

in Table 4. Eachmooring line ha sthe same stiffness. They aredeployed as catenary moor-

ing lines. For the arrangement, each mooring line is made up of two sections of steel

chains. Two different materials were investigated on the mooring lines using steel ch ain
and polyester mooring lines. Also, two different configu rations for the section ratio were

used: 150:195 and 50:175The 2.5" mooring chain has a mass per unit length of 0.088 te/m

(te: metric tonne). In Orcaflex ([127-130]), the bending stiffness is st to zero for both the
studlink and the studless chains. In Table, Gn denotes inertia coefficient, which is relates

to Ca, the added mass coefficient,asexpressed in Equation (1).

6 p 8 ®
Table 4 Parameters for the Mooring Lines

Description Value Unit
Coefficient of Drag, @G 1.00 -
Coefficient oflnertia, Gy 1.00 i
Section Lengths Ratio fof'config. | 150:195 ---
Section Lengths Ratio fo"®config. | 50:175 ---
Poisson Ratio 0.50
Mass Per Unit Length 0.088 te/m

216
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Contact Diamete 0.229 m
Nominal Diameter 0.120 m
Bending Stiffness 0.00 N*m?2
Axial Stiffness, EA 407,257.00 kN
Separation Distance between lines | 60 o
237
[a) BuoyTop View (b} Buoy Plan View, Chinese- Lantern config, {g] Buoy Plan View, Lazy-5 config.
238
Figure 7 Schematicfor the mooring Lines on the buoy showing(a) Chineselantern, and (b) Lazy-S configurations 239
240
2.4. Buoyancy Float 241

With a float incorporated as part of the hose line, the buoyancy connection on the 242
hoses was designed. The designand construction of the float materials are per the OCIMF 243
industry requirements [19,3436]. The parameters for the buoyancy float are shown in Ta- 244
ble 5. The buoyancy of the submarine hose line is obtained by designing a series of floats 245
arranged together, as depicted in Figure 8. 246

In principle, submarine hoses are classfied as slender bodies, and the floats are usu- 247
ally attached on them. The damping for the submarine hose can be evaluated by applying 248
the modified Morison Equation [78], given in Equation (2), where D is the diameter of the 249
body, V is the volume of the body, Vr is the relative velocity of fluid particle s,A isthe area 250
of the body, Cais the added mass coefficient,Cu is the drag coefficient and Cm is the inertial 251

force coefficient. 252
253
O "® "0600w -"00 W WS (©) 254

However, for the floats, the principle of hydrodynamic equivalence is applied. With 255
the application of equivalence principle of the hydrodynamic load s per unit length and 256
buoyancy load for the buoyancy section as presented in[131], an expression for the equiv- 257
alent float weight w ¢, equivalent float outer diameter De, and equivalent hydrodynamic 258
coefficients Cve and Csifor the buoyancy section can be presented asEquations (3)-(6); 259
where w is the weight per unit length of riser, |t is the length of float, vi is the volume of 260
float, & is the float pitch, %% is the material density of buoyancy block, mr is the mass of 261
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float line considered, "O

to the line's axis along the local x-direction is given by Equation (3);

wdé6 O O

— 00

0 Y

— — 0 O

The mass of each float, &

o

0 00

0 07

©)
4
©)

(7)

corresponding value of the type of base line having mass, m, thus;

Table 5 Parametersfor the BuoyancyFloats

is the damping force of float, mm is the mass of attached rigging
hardware of buoyancy float block (like bolts, fixing clamps, etc.), O
of the derived hoseline and " g @ the tangential drag coefficient acting on the cross sec-
tion of buoyancy float block. The equivalent normal and tangential added mass coeffi-
cients for the buoyancy section can refer to the equivalent process of drag force coefficients
[127-131]. The drag force per unit length of the derived hoseline, "O when flow is normal

is the outer diameter

(6)

can be obtained by using the following expression in
Equation (7),PT 1T Ul wdi wEl OOUI UwUT 1 wEl OUPUa woOi wlT I

The numerical model considers the entire hose-string in deriving the mass per unit
length, m for a line having floats by using the float distribution through the line and the

— 8
The volume of a single float, 0 can be calculated using the following equation:
-0 0O & 9)
The volume per unit length of the hoseline with floats, U0 is obtained using:
-0 — (20

Item Value Item Value
Classificationof Float Standard float Unit Mass, wkg) 10200
Float Type Boltedtype Net Buoyancybx (kg) 280.00
Filling Material Polyurethane foam Outer DiameterDo (M) 1.23
Metal Part Material Stainless Steel Inner Diameter, B(m) 0.799
Shell Material Polyethylene Length of Float, £(m) 0.60
Number of floats Depends on config. Pitch of FloatsS (m) 2.00

Inner Diameter

Submarine Hoses

of float, D, Float Pitch of flaats centre to-centra, ¢

Length of float, Ly

Figure8 Typical floats attached tooffshore submarine hoses

Quter Diameter
of float, Dy
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2.5. Analysis Method

The methodology applied in this numerical modelling is based on commercial soft-
ware tools for offshore ocean modelling, some semiempirical calculations, and compara-
tive sensitivity studies. The methodology for the analysis in this research is conducted in
stages, as presented in Figure 9. The first set of studies were on the buoy analysis mesh
convergence, hydrostatics, and hydrodynamics. Next is the buoy motion study for the
6DoF. It was used to obtain the motion characteristics of the motion RAOs, added mass,
radiation damping, first-order wave exciting forces, and second-order drift forces. It was
then followed by the hose analysis for the sensitivity studies. After that, a comparative
UODUEawOOwUI | wEOUxOl EwOOETI 00POT wodi 1d.0f-wasscanw
ducted. The studyz Bnalysis method also involved both static and dynamic analysis . It
was performed by carrying out the hydrodynamic analysis of the floating buoy using AN-
SYS AQWA R1 2021. The amplitude values for the motion called motion RAOs are then
loaded into Orcaflex 11.0f. The results of the numerical investigation and the sensitivity
analysis are presented in Section3.

Input: Output:
1. Geometry details 1. RAOs
2. Mass parameters Software: 2. Added Mass
3. Hose Sectioning, ANSYS AQWA 3. Damping
detailing & draft 4. QTF Matrix
4. Wave spectra data Hydrodynamic Diffraction| § 5 Hydrostatic Stiffness
& Hydrodynamic Response

Output:
1. The Buoy Analysis
2. Buoy Motion Study
3. The Hose Analysis
4. Sensitivity Studies Input:
5 . Environmental Conditions (sea

, . states, wind, current, wawves).
Software: . Hoses (or Riser) and Mooring

Orcaflex ‘ ‘
ijw lines parameter details.
' . Analysis in time domain showing

ol the profiles in time series.

Figure9 The methodologyor the sensitivity studies in the numerical modelling

2.6. HoselL.oad Cases

For the investigation, the full time for a fully developed sea (fds) of 10,800s (3 hours)
in real-time was used for each simulation run in the Orcaflex analysis with early hose
disconnect also considered, as seen in the higher curvature results for extreme cases. For
the hose analysis, the numerical investigation is conducted using the mooring load cases
in Table 6. Based on global loadings, operational conditions were first considered. In this
purview, operation conditions means when the submarine hoses are connected to the
CALM buoy, and the six mooring lines are utilised to moor the CALM buoy to the sea-
floor, as shown in Figure 5. The research aim is on two conditions -operating and survival.
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The complete operation -loading and offloading, are not included in this study. Figure 10 318
is an illustrative description for the mooring conditions with the load cases applied inthe 319
hose analysis, showing (a) damaged mooring line 01 (MLO1), (b) damaged mooring line 320
06 (MLO06), and (c) intact mooring lines. The operation case consideredis the third case 321
whereby the moorings are intact and in healthy condition . This study does not consider 322
the whole operation, including the connection of the oil tanker to the CALM buoy and the 323
hawser lines, as the study is limited to buoy motion and submarine hoses. The worst-case 324
scenario for harsh conditions is calculated using the buoy offsets, mooring configuration, 325
and key environmental heading. For both wind and current, the 100-year extreme wind 326

condition is taken into account. The combination of the wind, current

, and waves are 327

shown in Figure 10. 328
329
330
331
Table 6 Load Case for Hose Analysis 332
Condition Mooring Tanker Heading Configuration
Operation Damage Yes In-line LazyS
Yes In-between or Cross | Chinesdantern
Intact Yes In-line
Yes In-between or Cross
Survival Damage Yes In-line LazyS
Yes In-between or Cross | Chinesdantern
Intact Yes In-line
Yes In-between or Cross
Extreme Damage No In-line LazyS
No In-between or Cross | Chinesdantern
Intact No In-line
No In-between or Cross
333
2 b A §
% % v
%
60° 60°
Mooring Line 1 Mooring Line 1 Mooring Line 1
«wood
Damage Intact
01
o, 06 5§ £
Cross or . f ‘SCI'OSS or % 7 - Cross or
In-Between \ ~ In-Between \ In-Betwee \
Collincar Non-Cottinear IN-Lin€ Collinear Non-Collinear In-Line Collinear \.n(u/m.w In-Line
—Win Current —Wind Current —Win Current
Current Wind Current Wind Current _ Wind
> Waves “>Waves Waves “|V/aves —>Waves >Waves
(a) Damage Case on Mooring Line 1 (b) Damage Case on Mooring Line 6 (c) Intact Case (Healthy Mooring Lines) 334

Figurel0The description of the mooring conditions for the load cases applied in the hose analysis, showing (ag8am

aged mooringn MLOJ, (b) damaged mooringn MLOG and (c) intact mooring 336

337
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2.7. FEM modelling 338

The Finite Element Model (FEM) for the CALM buoy ho se system was designed in 339
an ocean environment. Irregular waves under fully -developed sea were utilised. The de- 340
sign of the hoses isbased on simple beam theory, and later using Orcaflex line theory in 341
Orcaflex version 11.0f[127-130]. Orcaflex applies line theory considers line elements and 342
lumped mass at each section nodes, as shown in Figure 1(a-c). For submarine hoses, the 343
element type that it also applies is lines. Basically, this type of element is flexible with 344
permissions for force displacements in bending, torsion and tension. Details on the prin- 345
ciple of line theory used in the FEM of the submarine hose lines and the mooring lines are 346
presented in [127-130]. The validity of this FE model in this researchis also conductedby 347
comparing results of finite element analysis and analytical analysis, as conductedin Sec- 348
tion 2.11. Table 7 presents the details for the ocean. The system was tensioned using a 349
mooring configuration consisting of six moorings. It was then affixed to the anchor and 350
attached to the body of the buoy skirt. Catenary equations were used to compute the stat- 351
ics of the mooring lines and the submarine hoses (seeSection 2.11). The finite element 352
model for the CALM buoy model as depicted in Figures 12(a-b), in Orcaflex shows differ- 353

ent components. 354
355
Table7 Parameters for the Ocean and Seabed 356
Item Value Unit
Ocean Temperature 10 °C
Ocean Kinematic Viscosity of Ocean 1.35X 16 m?st
Density of Water 1,025 kgn®
Wave Amplitude 0.145 m
Seabed Stiffness 7.5 kNmtm?
Seabed Shape Direction 0 °
Water Depth 26.0m (Chineséantern) and 100.0m (LaZy) | m
Seabed Friction Coefficient 0.5 ---
Seabed Model Type Elastic Linear & Rigid Nonlinear Soil Model{ ---

357
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Figurell The Orcaflex Line Theadgpicting (a) actual main hose line, (b) discretized model and (c) detail representation of the Line N3ggel

(Adapted, courtesy of Orcina, 2014; 2020; 2021) 360

361

@ - ®)

362

Figure12 CAIM buoy finite element model of (a) Chiselantern and (b)Lazy-S configurations 363
364

2.8. Environmental Conditions 365

The modelling for the floating buoy is for operation in an ocean environment. The 366
buoy is acted upon by some loadings, including waves, current s, and other hydrodynamic 367
forces. It was modelled according to recommendations of industry standards [132-135]. 368
The environmental conditions for the three sea states considered forthe global loading 369
and this analysis are presented in Table8. Figure 13 shows the JONSWAP wave spectrum 370
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for the (a) 1st Sea state andb) 3rd Sea States considered in this investigation. It shows that 371
the input wave conditions with different wave periods have different peak fre quencies. 372
The wave heading with a description of the wave angles is presented in Figure 14. A uni- 373
form current p rofile was considered for the load estimation, and wind loads were added 374
to the CALM buoy model. The current speed employed was 0.5 m/s while the wind speed 375
was 22 m/s, respectively. The current profile for the surface current and seabed currentin 376
the X-Y axes is detailed in Table9. The wave spectra adopted for the investigation is the 377
JONSWAP (Joint North Sea Wave Project) Spectrum. Thisspectrum accounts for any im- 378
balance in the energy flow within the wave system. Equation (11) is the JONSWAP spec- 379
trum [136-140], where 1 is the angular frequency, 1 denotes the peak angular fre- 380

UUETdenoteluu UT T wxl EOQwl OT EOQEIT Ol OUwi EEUOUOwad B
spectral width p arameters. These are also dependent on the significant wave height, H 383
and the zero-crossing period, T-. According to findings in li terature, ([127-129,140) using 384
Equations (11)-(15), 0T 1T wi 6O00OPPOT WEUI w&E APV LE0WE OE O widd

"Y1 —Qowon- — 7 11 386
Y1 —Qwn -— (12 387
O Qown— — p 13 388
389

K Kp £ O 7 (14) 390

391

K K¢ £110 (15) 392

These are also dependent on the zerecrossing period, Tz and the significant wave 393
height, Hs. The JONSWAP Spectrum is a modified from Pierson-Moskowitz spectrum 394
[141], to take care of regions that have geographi@l boundaries so as to limit the fetch as 395
regards the wave generation. With modifications made to the JONSWAP equation, better 396
capturing was made in regions with geographical boundaries that had limit on the fetch 397

during the generation of waves. 398
399
Table8 Wave Parameters for the 3 load Cases 400
Case No.| Hs(m) | Tz(s) | Te(s) | Conditions | Wave Angles (°) | Hydrodynamic Loads (HL) 401
402
01 1.87 | 4.40 | 550 | Operation | 0,30,60,90,120 | Coupled (has HL)Uncoupled (no HL) 403
404
02 240 |6.10 |7.85 | Extreme 0,30,6090,120 | Coupled (has HL)Uncoupled (no HL) 405
406
03 410 |550 |9.65 | Survival 0,30,60,90,120 | Coupled (has HL)Uncoupled (no HL) 407
408
409
Table9 Wind and Current Parameters 410
ltem Value Unit
Current Direction 180.00 °
Surface Current 0.50 ms?
Seabed Current 0.45 ms?
Wind Speed 22.00 ms?
Wind Type Constant
Density of Air 1.225 kgnt®
Kinematic Viscosity of Air 0.000015 m?s?!
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Figure13The JONSWAP wave spectrum for the (8)Ska state andb) 39 Sea States 413
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Figurel4 Definition of Wave Angles on the buoy at 3thterval showing wave heading 416
417
2.9. Buoy Hydrostatics 418

The details for the buoy hydrostatics are given in Table 10. The local cartesian coor- 419
dinate system was considered in the numerical model. Since the RAOs represent the 420
floater behaviour with buoy hydrostatics , the motion characteristics from the RAOs gen- 421
erated were loaded into the Orcaflex model. The hydrostatic aspect of the numerical 422
model was applied in the buoy for the coupled dynamic analysis using Orcaflex 11.0f. The 423
buoy's AQWA hydrodynamics/panel model was free,without any mooring line and hoses 424
attached to it, as similarly applied in other offshore structures. Details of the stiffness ma- 425
trix for the buoy are presented in the literature [1] . In obtaining the RAOs, the mooring 426
lines and hoses were not included in the ANSYS AQWA model. The models are validated 427
in Section2.11. Then, it was used in conducting sensitivity studies with the valida ted nu- 428
merical model of the CALM buoy hose system. Figure 15 depicts the model ocean view of 429
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the CALM buoy in free -floating mode for hydrodynamic and hydrostatic analysis. The 430
dimension for the mod el box is 150m x 150m, and the box illustrates the X and Y @tections 431

of the sea conducted under fully developed sea conditions. 432
433
Tablel10 Parameters for theBuoy Hydrostatics 434
Item Value Unit
Buoy Area 438.49 m?2
Buoy Volume 344.98 m?3
Ixx (Moment of Inertia ) 4,331,379.37 Kg.m?2
lyy (Mom ent of Inertia) 4,486674.11 Kg.m?2
Izz (Moment of Inertia ) 4,331,379.37 Kg.m?2
CoG (Centre of Gravity ) -2.20 m
Br (Buoyancy Force) 1,967,50000 N
435
& Sea Level

< Floating
Structure
< Seabed
z
*
0.00 100,00 {rm)
B 2 | @
50.00 o 436
Figurel5Model Ocean Viewf the freefloating CALM Buoy in ANSYS AQWARL 437
438
439
2.10. Mesh Convergence 440

An extensive mesh convergence analysis in the diffraction study in ANSYS AQWA 441
R1 2021 was conducted to validate the numerical model. A value of tolerance considered 442
is 0.01m and the highest element size considered was 1.25min order to confirm that the 443
study was conducted using the best effective element size in meshing, the range of the 444
elements selected were from 1.25m to 0.225m. The mesh study was investigated by utilis- 445
ing the panel model. This was conducted on the CALM bu oy under the oceanenviron- 446
ment to study the tension, surge displacement, and bending in the surge motion. The RAO 447
values were obtained from the hydrostatic parameters such as potential damping and 448
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added mass. For the convergence study in Figure B, asingli wP EY 1 wEOT Ol wYa4dow
ered. Table 11 is the results obtained from the effect of the maximum surge RAO that acts 450
EOOOT wUT T wYVDWDOEDPET OET UG wnUOOwWUT 1 wUUEUDUBDE

maximum RAO deviation were taken from 0.225m m esh size. The study showed very 452
small deviations in the RAOs obtained from the maximum at 0.25m element size. Surge 453
RAO is dimensionless, with unit as m/m, as seen in the convergence plot. Precisely, it is 454
quite minimal and very much less than 3%, as obseved in Table 11, which implies that 455
the tolerated deviation considered in this analysis will save computational resources and 456
be sufficient, acceptable and validates this study. 457
458
Table 11 Convergence Study using Surge RAO 459
Mesh Size | Nodes Elements Surge RAO | Max. RAO Variance | Max. RAO Devia-
(m/m) from 0.225m tion from 0.225m
0.225 38572 38570 0.90610 0.000000 0.00000%
0.25 31554 31552 0.90605 0.000000 0.00004%
0.35 16464 16462 0.90427 0.000016 0.00126%
0.75 4070 4068 0.89206 0.000075 0.0863%
1.25 1628 1626 0.87012 0.000241 0.01551%
460
— 0.1
0.905 emmT T T
o} -
< 0.9 P
@ 0.895 P
0894{ 7 )
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Figurel6 Convergence Study on buoy using Surge RAO (m) 462
463
2.11. Model Validation 464
The validation considerations conducted on this study are presentedin this section. 465
466
2.11.1.Numerical Model Validation 467
The validity of this model was carried out by a comparison of theoretical and numer- 468
ical computations on the marine hose models. The catenary method was utilised in the 469
statics calculation for computing the submarine hose and that of the mooring lines. An 470
illustration of the catenary lin e with the global coordinate system in X-Z plane is given in 471
Figure 17. Using the notations on the sketch in Figure 17, the catenary equation is 472
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considered as expressed inEquation (16), where H is the horizontal tension component of
the system,w is the weight per unit length, zis the catenary line parameterfor the distance
from the seabed to the top of the line, and x is the section length.

4 —ER— p (16)
To obtain the curvature at sagbend, the tension components are required. The shape
of the catenary can be obtained by calculation [60], using the expression in Equation (16).

However, to compute the maximum curvature of the hoseline or mooring line at touc h
down point (TDP), Equation (17) can be applied:

- = 17

Where x s the submerged weight per unit length of hose -string or mooring line, x
is the section length from TDP, Tx is the horizontal force acting at the seabed, and z is the

height above seabal. Note that h and z can be used to depict vertical heights for top sec-
tion and TDP, respectively. In this case, z is considered for uniformity.
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Figurel? Forces on the Catenary design of a mooring lisBowing (a) static linand (d) line with offset

The first validation approach considered comparisons between analyti cal and nu-
merical results, which are acceptable by considering more perspectives.To obtain the ver-
tical force, Tv and the horizontal forc e, Tu acting at the topmost hose-end, the expressions
given in Equations (80) and (81) are the relationships for Tw and Tv obtained theoretically
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as the centenaryequations [60,142-145, where s denotes the hose arelength, g denotes 494
angle along the horizontal plane, ws denotes the submerged weight, and z denotes the 495

height above seabed, thus: 496
497

Y 2 Jp p 0 QW& Py 498
YOoid (P ® 499
The arclength for the hose top tension, i and the arclength at the hose TDP (touch 500
down point) tension, i which relate to the arclengths in the horizontal and vertical 501
components, can be obtained using Equations(20) and (21) respectively. Thus, 502
i ENp ¢ o5 (S 503

i UMp ¢35 () 504
The angle between the hoselineor mooring line and the x -y plane is given by: 505
OAT — c4 506

507

Based onthis approach, validations of marine hoses were conducted using method 508
in earlier study [146], considering the maximum tensions in horizontal and ve rtical com- 509
ponents. It should be noted that components like bending moments and stress defor- 510
mations generally reflect structural stiffness sometimes. For instance, pipeline defor- 511
mation along the arc length during S -laying; although forces can be directly correlated to 512
the deformations. Some analytical computations were conducted by hand-calculationsto 513
check the model. Table 12 presents the typical calculation conducted on the catenary 514

mooring system. 515
516
517
Tablel2 Typical Calculation for Mooring line tension 518
Calculation:
Known

The equivalent density (ws) of hose per unit length in air = 4789kg/m,
The submerged weight per unit, (ws) is 5315kg/m.

Depart angle ¢ at the top = 30 degrees,

Depart angle ¢ at the TDP =45 degrees,

Height above seabed h of the hose = 1.495m

Calculations at Top

Where wsd k + tuk O1 v GE1wWgSht Y SO

Horizontal force ™Y —>—2p Wp OAL vpo®oex EC
Arclength O EXp ¢ 55 v X wl

Verticalforce 4 x 0 ¢woed guv EC

Touch down point(TDP):

Where ws& k + huk OT ¥ G€dmg A Kk SO

Horizontal force 'Y —>—2p Wp OAL mMEC
Arclength O UM p ¢ 55 m i

Vertical force 4 x 30 mMEC

If the acceleration of gravity , g=10N/kg

Top Y vpHOC QX4 . CwABCOYUL +.
TDP Y m+.;4 T+ .

519
520
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Table 13 shows the outcome from computations invol ving the numerical solutions 521
using FEA and the analytical soluti ons using two hose parameters -horizontal tension and 522
vertical tension. Basedon the horizontal tensions have higher profiles for the analytical 523
and finite element results, respective approxim ates as 109.8 kN and 115.40 kN. On the 524
other hand, the vertical tension components, the analytical and finite element respective 525
approximat es are 81.® kN and 78.50 kN. Table 13shows good agreement betwixt the two 526
approaches, with the deviation along the vertical tension path as3.9%while the deviation 527

along the horizontal tension path is 5.3% 528
529
Table 13 Validation by comparing the hose values for maximum tensionomponents 530
Model Description 7v,Vertical 7h, Horizontal
Tension (KN) Tension (KN)
Analytcal Model AM) 81.60 109.30
FiniteElement Model (FEM) 78.50 115.40
AveragdResule AM/FEM 1.039 0.947
531
2.11.2. Experimental Model Validation 532

The second validation conducted was by considering the motion behaviour of the 533
CALM buoy hose system with component design using an experimental model in Lan- 534
caster University wave tank facility, as shown in Figure 18. On the experimental model, 535
four (4) sensors points were made and wave gauages attached. The buoy was restrained 536
with four (4) mooring chains and two (2) model hoses were attached to the buoy. 537

538

539
Figurel8 CALM buoy model used in experiment in Lancaster Univéfaifg Tankshowing (a) model setup 540

with the underwater camera and (b) the model under wave run as postprocessed using Tracker software 541

The experiment was carried out on Lancaster University Wave Tank using CALM 542
buoy model as shown in Figure 19. The wave tank is 12.5 metres long, 2.5 metres wide, 543
and 1.7 metres deep as indicated in Figure 20. The waves are created with the help of 544
seven flappy-type paddles made by Edinburgh Designs, U.K. Each paddle can generate 545
sinusoidal waves with frequencies ranging from 0.5 to 1.5 Hz and amplitudes of up to 100 546
mm. Depending on the input setup, they can generate both regular and irregular waves 547
from data files. As shown in Figure 21, the model test was built with two undersea hoses 548
attached beneath the buoy. TheCALM buoy test model was first evaluated for buoyancy 549
and leakage before being ballasted properly. It was then placed on the wave tank's middle 550
line, 5.5 metres from the wave maker. An Akaso EK7000 waterproof-underwater camera 551



