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Abstract: There is an increase in the 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 buoy hoses. Two cases were 15 

comparatively studied: Lazy-S and Chinese-lantern configurations, under ocean waves and current. 16 

Comparisons were also made between coupled and uncoupled models.  This research presents the 17 

hydrodynamic characteristics with sensitivity analysis on the influence of waves, current attack an- 18 

gle, soil gradient, soil stiffness, and environmental conditions that influence the performance of 19 

marine hoses. The study comparatively looked at the configurations from dynamic amplification 20 

factors (DAF) on marine hoses. The results show that marine hoses can be configured easily to suit 21 

the designer’s need, seabed soil type, seabed topography, and the profiles are useful for manufac- 22 

turers. The sensitivity analysis also shows the effect of hose parameters on its hydrodynamic be- 23 

haviour from wave-current interaction (WCI).  24 

Keywords: Ocean Wave Hydrodynamics; Catenary Anchor Leg Mooring (CALM) buoy; Lazy-S 25 

Configuration; Chinese-Lantern configuration; Marine Bonded Hose; Sensitivity; submarine hose; 26 

floating hose; hydrodynamics; ocean engineering; bonded marine hoses; marine riser; ocean waves; 27 

floating offshore platform (fos); wave-current interaction (WCI). 28 

 29 

1. Introduction 30 

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. Marine bonded hoses are 34 

light conduit structures for fluid transportation from an offshore platform to a 35 

tanker/FPSO/FSO [18-25]. Since advances into deep water explorations have increased the 36 

need for more sustainable and cost-efficient platforms, these marine structures have re- 37 

ceived increased attention for application in offshore loading and offloading operations. 38 

Thus, the need for Catenary Anchor Leg Mooring (CALM) buoys and other flexible struc- 39 

tures. Larger floating offshore structures (FOS) like Paired Column Semisubmersibles 40 

(PCSemis), FPSOs, and Very Large Floating Structures (VLFS) do not have much such 41 

flexibility [26-33]. They also require a larger 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 have different pressure 45 
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ratings, such as 9 bar, 19 bar, and 21 bar ratings. However, these hoses have short 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, the effect of wave forces 48 

on buoys can impact the floater’s motion because of the sheer narrow water plane area. 49 

Thus, wave-current interaction (WCI) 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 

Figure 1 CALM Turret buoy at Apache Stag Field, Australia, Buoy during installation (Courtesy: Bluewater [49]) 55 

 56 

Studies on WCI, including the effect of current velocity, have been conducted both 57 

on different climatic conditions [50-54] and various FOS like 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 [68,69], second-order wave forces [70-75], and Mori- 65 

son's equation [76-78]. However, due to different constraints, Morison’s equation has been 66 

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. There are limitations to the Morison’s equation since it was proposed by Mo- 71 

rison for piles but applicable in various offshore 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 damping 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 does define the fluid 77 

domain and wave forces surrounding the subsea marine hose as an offshore structure [87- 78 

89]. Bhatta & Rahman [90] used differential equations and Lighthill's [90,91] perturbation 79 

approach to produce a subsea hose segment's boundary 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 on the po- 83 

tential theory on CALM buoy 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 successfully approached wave theories have been devel- 86 

oped to solve some of these issues. Wave forces can generate stresses due 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 components utilized in fluid 92 

transfer like composite marine risers and offshore hoses [104-108]. 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 SALM 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 position of 101 

the buoyancy module were opined as high-sensitivity variables. 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 performance 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, using a uniquely coupled model developed using Orcaflex’s line 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 risers and 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 developed in LS-Dyna and MARC. Sensi- 113 

tivities on straight and curved pipe sections, axially preloaded carcass, carcass ovality, the 114 

radial gap between carcass and pressure sheets, and pressure increase velocity were all 115 

part of the investigation. On the tension parameter, Tang et al. [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 Vibration (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 some sensitivity analyses 121 

on Steel Catenary 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 semi-submersibles and 125 

floating production storage and offloading (FPSOs) structures. There are other sensitivi- 126 

ties reported in catenary sections and 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 analysis 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 studies of 133 

the attached hoses, and comparing the designs for Lazy-S and Chinese-lantern configura- 134 

tions, as performed in this present study.  135 

The present paper presents the hydrodynamic characteristics with the sensitivity 136 

studies on CALM buoy with attached marine 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 the materials 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 system included the submarine hoses attached to a floating 141 

CALM buoy structure, under waves and current. In this study, two representative config- 142 

urations were considered, namely the Lazy-S and the Chinese Lantern configurations. A 143 

typical CALM buoy hose system is illustrated in Figures 2. Section 3 presents results and 144 

discussion, while further discussions on the studies were presented in Section 4. The con- 145 

cluding remarks are given in Section 5.  146 

 147 

 148 

Figure 2 Sketch showing the design parameters for a 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 forces and boundary conditions [Sketch design: by Author1- 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 materials include the buoy, 155 

submarine hoses, mooring lines and floats, as discussed in the subsequent sub-sections. 156 

The floating buoy considered in this study has six degrees of freedom (6DoFs), as depicted 157 

in Figure 3.  158 

 159 

 160 
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 164 

2.1. Buoy and Skirt Model   165 

The details for the buoy considered in this research are presented in Table 1. The 166 

hydrodynamics, hydrostatics and motion response of the CALM buoy was carried out for 167 

the cylindrical buoy (CB). The buoy’s geometry was designed using Solidworks 2021. The 168 

description of the buoy geometry for the 1st concept of the CALM Buoy and skirt, showing 169 

(a) isometric view and (b) plan view is shown in Figure 4. This research also had a com- 170 

parative study between different geometrical concepts and skirt concepts. Still, this paper 171 

is limited to one concept, as described herein, to present the advantage and justification. 172 

One vital use of this includes aiding designers in consideration of design parameters. The 173 

description for the buoy geometry shows the diameters, heights and locations of each part. 174 

It includes the CALM buoy body diameter DB and the CALM buoy skirt diameter DS, the 175 

height of the buoy, HB, the height of the skirt HS, and the height from the keel to the un- 176 

derneath of the skirt, HK. The model of the CALM buoy in Orcaflex is shown in Figure 5. 177 

 178 

 179 

 180 

 181 

Table 1 Parameters of the Buoy 182 

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 

 183 

 184 

Figure 3 The 6DoFs (six degrees of freedom) of a floating CALM buoy 
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 185 
Figure 4 Description of the geometry for the 1st concept of CALM Buoy and skirt, showing 186 

(a) isometric view and (b) plan view 187 

 188 

 189 

 190 
Figure 5 Numerical model of the CALM Buoy showing (a)shaded and (b) wireframe views 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/m2). 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 submarine 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 current practices by hose manufacturers 200 

and industry end-users on oil fields [18,19,40-49]. For the Chinese-lantern configuration, 201 

the length of both submarine hose-strings were 25.90m per hose-string, 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 assumed 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/m3 205 

and with heavy oil of density 825 kg/m3. Details of the parameters for the submarine hose 206 

considered are given in Table 2. The section profile for the submarine hose in Orcaflex 207 

11.0f is depicted in Figure 6.  208 

 209 

 210 

 211 
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Table 2 Parameters for the Submarine hose for Chinese-Lantern Configuration with section details arrangement 212 

Particulars Description and Value Unit 

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

Position of Part 1st Section 2nd Section 3rd Section --- 

Hose Type Illustration 

   

--- 

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

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 Section Mass  239.00 495.00 239.00 kg/m 

Hose Outer Diameter, OD 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 

 213 

Table 3 Parameters for the Submarine hose for Lazy-S Configuration with section details arrangement 214 

Section Number 
Sub- 

Sections 
Particulars 

Inner  
Diameter 

(m) 

Outer  
Diameter (m) 

Section 
Length (m) 

Segment 
Length (m) 

Number of 
Segments 

Unit Mass 
(kg/m) 

Volume 
(m3) 

Segment 
Weight (N) 

Hose Group 1: 

Section 1 

1 Fitting  0.489 0.650 1.0 0.800 1 495 0.330 492.5 

2 
Reinforced Hose 

End 
0.489 0.650 0.2 3.000 15 239 1.002 721.5 

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 

Hose Group 2: 

Section 2—Section 20 
(same) 

6 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5 

7 Hose End 0.489 0.675 0.5 0.895 2 200 0.320 179.0 

8 Hose Body 0.489 0.650 0.2 3.840 19 180 1.274 691.2 

9 Hose End 0.489 0.675 0.5 0.895 2 200 0.320 179.0 

10 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5 

Hose Group 3: 

Section 21 

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 

13 Hose Body 0.489 0.650 0.5 3.236 6 180 1.074 582.5 

14 
Reinforced Hose 

End 
0.489 0.670 0.2 3.000 15 240 1.064 724.6 

15 Fitting 0.489 0.650 1.0 0.800 1 495 0.330 492.5 

 215 
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 216 

Figure 6 Submarine Hose Profile showing the radii for inner and outer surfaces in Orcaflex 217 

 218 

 219 

 220 

2.3. Mooring Lines   221 

The mooring arrangement is 6 mooring lines positioned strategically at 60 ̊ separation 222 

distance apart, to avoid line clashing. The schematic for the two configurations investi- 223 

gated are presented in Figures 2 and 7. Details of the mooring line parameters are detailed 224 

in Table 4. Each mooring line has the same stiffness. They are deployed as catenary moor- 225 

ing lines. For the arrangement, each mooring line is made up of two sections of steel 226 

chains. Two different materials were investigated on the mooring lines using steel chain 227 

and polyester mooring lines. Also, two different configurations for the section ratio were 228 

used: 150:195 and 50:175. The 2.5" mooring chain has a mass per unit length of 0.088 te/m 229 

(te: metric tonne). In Orcaflex ([127-130]), the bending stiffness is set to zero for both the 230 

studlink and the studless chains. In Table, Cm denotes inertia coefficient, which is relates 231 

to Ca, the added mass coefficient, as expressed in Equation (1). 232 

𝐶𝑚 = 1 − 𝐶𝑎      (1) 233 

 234 

 235 

Table 4 Parameters for the Mooring Lines 236 

Description Value Unit 

Coefficient of Drag, Cd 1.00 --- 

Coefficient of Inertia, Cm 1.00 --- 

Section Lengths Ratio for 1st config. 150:195 --- 

Section Lengths Ratio for 2nd config. 50:175 --- 

Poisson Ratio 0.50 --- 

Mass Per Unit Length  0.088 te/m 
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Contact Diameter  0.229 m 

Nominal Diameter  0.120 m 

Bending Stiffness  0.00 N*m2 

Axial Stiffness, EA  407,257.00 kN 

Separation Distance between lines 60  ̊ 

 237 

 238 

Figure 7 Schematic for the mooring Lines on the buoy showing (a) Chinese-lantern, 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 design and construction of the float materials are per the OCIMF 243 

industry requirements [19,34-36]. 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 classified 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 particles, A is the area 250 

of the body, Ca is the added mass coefficient, Cd is the drag coefficient and Cm is the inertial 251 

force coefficient. 252 

 253 

𝐹 = 𝜌𝑉𝑢 ̇ + 𝜌𝐶𝑎𝐷𝐴(𝑉𝑟) +
1

2
𝜌𝐶𝑑𝐴(𝑉𝑟)|𝑉𝑟|     (2) 254 

However, for the floats, the principle of hydrodynamic equivalence is applied. With 255 

the application of equivalence principle of the hydrodynamic loads per unit length and 256 

buoyancy load for the buoyancy section as presented in [131], an expression for the equiv- 257 

alent float weight we, equivalent float outer diameter De, and equivalent hydrodynamic 258 

coefficients Cde and Cτe for the buoyancy section can be presented as Equations (3)-(6); 259 

where w is the weight per unit length of riser, lf is the length of float, vf is the volume of 260 

float, Sf is the float pitch, ρf is the material density of buoyancy block, mf is the mass of 261 
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float line considered, 𝐹𝑑𝑓 is the damping force of float, mfh is the mass of attached rigging 262 

hardware of buoyancy float block (like bolts, fixing clamps, etc.), 𝐷𝑜𝑙  is the outer diameter 263 

of the derived hoseline and Cτn is the tangential drag coefficient acting on the cross sec- 264 

tion of buoyancy float block. The equivalent normal and tangential added mass coeffi- 265 

cients for the buoyancy section can refer to the equivalent process of drag force coefficients 266 

[127-131]. The drag force per unit length of the derived hoseline, 𝐹𝑑𝑓 when flow is normal 267 

to the line's axis along the local x-direction is given by Equation (3); 268 

 269 

𝐹𝑑𝑓 =
1

4
[𝜌𝑓𝑉𝑓

2𝐶𝑑𝑓(𝐷𝑓
2 − 𝐷𝑜

2)]       (3) 270 

𝐷𝑒 = √(𝐷𝑓
2 − 𝐷𝑜

2). (
𝐿𝑓

𝑆𝑓
⁄ ) + 𝐷𝑜

2)      (4) 271 

𝐶𝑑𝑒 =
𝐶𝑑

𝐷𝑒𝑆𝑓
[𝐷𝑓𝐿𝑓 + 𝐷𝑜(𝑆𝑓 − 𝐿𝑓)]      (5) 272 

𝐶𝜏𝑒 =
1

𝐷𝑒𝑆𝑓
[

𝐶𝜏𝑛

4
(𝐷𝑓

2 − 𝐷𝑜
2) + 𝐶𝑑𝑡𝐷𝑓𝐿𝑓 + 𝐶𝑑𝑡𝐷𝑜(𝑆𝑓 − 𝐿𝑓)]   (6) 273 

The mass of each float, 𝑚𝑓  can be obtained by using the following expression in 274 

Equation (7), where ρf denotes the density of the float: 275 

𝑚𝑓 = 𝑣𝑓𝜌𝑓 + 𝑚𝑓        (7) 276 

The numerical model considers the entire hose-string in deriving the mass per unit 277 

length, m for a line having floats by using the float distribution through the line and the 278 

corresponding value of the type of base line having mass, ml, thus;    279 

𝑚 = 𝑚𝑙 +
𝑚𝑓

𝑆𝑓
         (8) 280 

The volume of a single float, 𝑣𝑓 can be calculated using the following equation: 281 

𝑣𝑓 =
𝜋

4
(𝐷𝑓

2 − 𝐷𝑜
2). 𝐿𝑓        (9) 282 

The volume per unit length of the hoseline with floats, 𝑣𝑙𝑓 is obtained using: 283 

𝑣𝑙𝑓 =
𝜋

4
𝐷𝑜𝑙

2 +
𝑣𝑓

𝑆𝑓
         (10) 284 

 285 

 286 

Table 5 Parameters for the Buoyancy Floats  287 

Item Value  Item Value 

Classification of Float Standard float Unit Mass, w (kg) 102.00 

Float Type Bolted type Net Buoyancy, bf (kg) 280.00 

Filling Material Polyurethane foam Outer Diameter, Do (m) 1.23 

Metal Part Material Stainless Steel Inner Diameter, Df (m) 0.799 

Shell Material Polyethylene Length of Float, Lf (m) 0.60 

Number of floats Depends on config.  Pitch of Floats, Sf (m) 2.00 

 288 

 

 289 

Figure 8 Typical floats attached to offshore submarine hoses 
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2.5. Analysis Method  290 

The methodology applied in this numerical modelling is based on commercial soft- 291 

ware tools for offshore ocean modelling, some semi-empirical calculations, and compara- 292 

tive sensitivity studies. The methodology for the analysis in this research is conducted in 293 

stages, as presented in Figure 9. The first set of studies were on the buoy analysis - mesh 294 

convergence, hydrostatics, and hydrodynamics. Next is the buoy motion study for the 295 

6DoF. It was used to obtain the motion characteristics of the motion RAOs, added mass, 296 

radiation damping, first-order wave exciting forces, and second-order drift forces. It was 297 

then followed by the hose analysis for the sensitivity studies. After that, a comparative 298 

study on the coupled modelling of ANSYS AQWA and Orcina’s Orcaflex 11.0f was con- 299 

ducted. The study’s analysis method also involved both static and dynamic analysis. It 300 

was performed by carrying out the hydrodynamic analysis of the floating buoy using AN- 301 

SYS AQWA R1 2021. The amplitude values for the motion called motion RAOs are then 302 

loaded into Orcaflex 11.0f. The results of the numerical investigation and the sensitivity 303 

analysis are presented in Section 3. 304 

 305 

 306 

Figure 9 The methodology for the sensitivity studies in the numerical modelling 307 

 308 

2.6. Hose Load Cases  309 

For the investigation, the full time for a fully developed sea (fds) of 10,800s (3 hours) 310 

in real-time was used for each simulation run in the Orcaflex analysis with early hose 311 

disconnect also considered, as seen in the higher curvature results for extreme cases. For 312 

the hose analysis, the numerical investigation is conducted using the mooring load cases 313 

in Table 6. Based on global loadings, operational conditions were first considered. In this 314 

purview, operation conditions means when the submarine hoses are connected to the 315 

CALM buoy, and the six mooring lines are utilised to moor the CALM buoy to the sea- 316 

floor, as shown in Figure 5. The research aim is on two conditions -operating and survival. 317 
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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 in the 319 

hose analysis, showing (a) damaged mooring line 01 (ML01), (b) damaged mooring line 320 

06 (ML06), and (c) intact mooring lines. The operation case considered is 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 Lazy-S  

Chinese-lantern 

 

Yes In-between or Cross 

Intact Yes In-line 

Yes In-between or Cross 

Survival Damage Yes In-line Lazy-S  

Chinese-lantern 

 

Yes In-between or Cross 

Intact Yes In-line 

Yes In-between or Cross 

Extreme Damage No In-line Lazy-S  

Chinese-lantern 

 

No In-between or Cross 

Intact No In-line 

No In-between or Cross 

 333 

 334 

Figure 10 The description of the mooring conditions for the load cases applied in the hose analysis, showing (a) dam- 335 

aged mooring in ML01, (b) damaged mooring in ML06, and (c) intact mooring 336 

 337 
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2.7. FEM modelling 338 

The Finite Element Model (FEM) for the CALM buoy hose system was designed in 339 

an ocean environment. Irregular waves under fully-developed sea were utilised. The de- 340 

sign of the hoses is based 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 11(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 research is also conducted by 347 

comparing results of finite element analysis and analytical analysis, as conducted in 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 (see Section 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 

Table 7 Parameters for the Ocean and Seabed 356 

Item Value Unit 

Ocean Temperature 10 °C 

Ocean Kinematic Viscosity of Ocean 1.35 X 10-6 m2s-1 

Density of Water 1,025 kgm-3 

Wave Amplitude 0.145 m 

Seabed Stiffness  7.5 kNm-1m2 

Seabed Shape Direction 0 ° 

Water Depth 26.0m (Chinese-lantern) and 100.0m (Lazy-S) m 

Seabed Friction Coefficient 0.5 --- 

Seabed Model Type Elastic Linear & Rigid Nonlinear Soil Models --- 

 357 
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 358 

Figure 11 The Orcaflex Line Theory depicting (a) actual main hose line, (b) discretized model and (c) detail representation of the Line Model 359 

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

 361 

 362 

Figure 12 CALM buoy finite element model of (a) Chinese-lantern 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, currents, 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 for the global loading 369 

and this analysis are presented in Table 8. Figure 13 shows the JONSWAP wave spectrum 370 
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for the (a) 1st Sea state and (b) 3rd Sea States considered in this investigation. It shows that 371 

the input wave conditions with different wave periods have different peak frequencies. 372 

The wave heading with a description of the wave angles is presented in Figure 14. A uni- 373 

form current profile 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 current in 376 

the X-Y axes is detailed in Table 9. The wave spectra adopted for the investigation is the 377 

JONSWAP (Joint North Sea Wave Project) Spectrum. This spectrum 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 𝜔  is the angular frequency, 𝜔𝑝
  denotes the peak angular fre- 380 

quency, g denotes gravitational constant for gravity, η denotes the incident wave ampli- 381 

tude, γ denotes the peak enhancement factor, while the other parameters σ, σ1, σ2 are 382 

spectral width parameters. These are also dependent on the significant wave height, Hs, 383 

and the zero-crossing period, Tz. According to findings in literature, ([127-129,140]) using 384 

Equations (11)-(15), the following are constants for sigma; σ1 = 0.07, and σ2 =0.09.  385 

 𝑆𝜂(𝜔) =
𝛼𝑔2

𝜔5 𝑒𝑥𝑝 [−
5

4
(

𝜔𝑝
4

𝜔4)] 𝛾𝑎       (11)  386 

𝑆𝜂(𝜔) =
𝛼𝑔2𝛾𝑎

𝜔5 𝑒𝑥𝑝 [(−
5

4

𝜔𝑝
4

𝜔4)]       (12)  387 

𝑎 = 𝑒𝑥𝑝 [−
1

2𝜎2 (
𝜔𝑝

 

𝜔 − 1) 2]        (13)  388 

 389 

  σ =  σ1  for 𝜔𝑝
 ≤ 𝜔 

          (14)  390 

 391 

  σ =  σ2  for  𝜔𝑝
 > 𝜔 

          (15)  392 

These are also dependent on the zero-crossing 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 geographical 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 

Table 8 Wave Parameters for the 3 load Cases 400 

 401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

Table 9 Wind and Current Parameters 410 

Item Value Unit 

Current Direction  180.00 ° 

Surface Current  0.50 ms-1 

Seabed Current  0.45 ms-1 

Wind Speed  22.00 ms-1 

Wind Type Constant --- 

Density of Air 1.225 kgm-3 

Kinematic Viscosity of Air  0.000015 m2s-1 

Case No. HS (m) TZ (s) TP (s) Conditions Wave Angles (°) Hydrodynamic Loads (HL) 

01 1.87 4.40 5.50 Operation 0,30,60,90,120 Coupled (has HL), Uncoupled (no HL) 

02 2.40 6.10 7.85 Extreme 0,30,60,90,120 Coupled (has HL), Uncoupled (no HL) 

03 4.10 5.50 9.65 Survival 0,30,60,90,120 Coupled (has HL), Uncoupled (no HL) 
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 411 

 412 

  
Figure 13 The JONSWAP wave spectrum for the (a) 1st Sea state and (b) 3rd Sea States   413 

 414 

 415 

Figure 14 Definition of Wave Angles on the buoy at 30o interval 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 Section 2.11. Then, it was used in conducting sensitivity studies with the validated nu- 428 

merical model of the CALM buoy hose system. Figure 15 depicts the model ocean view of 429 

(a) (b) 
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the CALM buoy in free-floating mode for hydrodynamic and hydrostatic analysis. The 430 

dimension for the model box is 150m × 150m, and the box illustrates the X and Y directions 431 

of the sea conducted under fully developed sea conditions. 432 

 433 

Table 10 Parameters for the Buoy Hydrostatics 434 

Item Value Unit 

Buoy Area  438.49 m2 

Buoy Volume  344.98 m3 

Ixx (Moment of Inertia)  4,331,379.37 Kg.m2 

Iyy (Moment of Inertia)  4,486,674.11 Kg.m2 

Izz (Moment of Inertia)  4,331,379.37 Kg.m2 

CoG (Centre of Gravity)  -2.20 m 

Bf (Buoyancy Force)  1,967,500.00  N 

 435 

 436 

Figure 15 Model Ocean View of the free-floating CALM Buoy in ANSYS AQWA R1 2021 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 1.25m. In 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 buoy under the ocean environ- 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 16, a single wave angle 0⁰ was consid- 449 

ered. Table 11 is the results obtained from the effect of the maximum surge RAO that acts 450 

along the 0⁰ incidences. From the statistical analysis, the maximum RAO variance and 451 

maximum RAO deviation were taken from 0.225m mesh 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 observed 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 

(m/m) 

Max. RAO Variance 

from 0.225m 

Max. RAO Devia-

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 0.00863% 

1.25 1628 1626 0.87012 0.000241 0.01551% 

 460 

 461 

Figure 16 Convergence Study on buoy using Surge RAO (m) 462 

 463 

2.11. Model Validation 464 

The validation considerations conducted on this study are presented in 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 line 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 in Equation (16), where H is the horizontal tension component of 473 

the system, w is the weight per unit length, z is the catenary line parameter for the distance 474 

from the seabed to the top of the line, and x is the section length.  475 

𝑧 =
TH

ws
[𝑐𝑜𝑠ℎ (

𝑥ws

TH
) − 1]      (16) 476 

To obtain the curvature at sagbend, the tension components are required. The shape 477 

of the catenary can be obtained by calculation [60], using the expression in Equation (16). 478 

However, to compute the maximum curvature of the hoseline or mooring line at touch 479 

down point (TDP), Equation (17) can be applied: 480 
1

𝑅
=

ws

TH
         (17) 481 

Where ws is the submerged weight per unit length of hose-string or mooring line, x 482 

is the section length from TDP, Th is the horizontal force acting at the seabed, and z is the 483 

height above seabed. Note that h and z can be used to depict vertical heights for top sec- 484 

tion and TDP, respectively. In this case, z is considered for uniformity. 485 

 486 

 487 

Figure 17 Forces on the Catenary design of a mooring line, showing (a) static line and (d) line with offset 488 

 489 

The first validation approach considered comparisons between analytical and nu- 490 

merical results, which are acceptable by considering more perspectives. To obtain the ver- 491 

tical force, Tv and the horizontal force, TH acting at the topmost hose-end, the expressions 492 

given in Equations (80) and (81) are the relationships for TH and Tv obtained theoretically 493 
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as the centenary equations [60,142-145], where s denotes the hose arc-length,  denotes 494 

angle along the horizontal plane, ws denotes the submerged weight, and z denotes the 495 

height above seabed, thus:  496 

 497 

𝑇𝐻 =
𝑧∙𝑤𝑠

(𝑡𝑎𝑛 𝜃)2 ∙ (1 + √[1 + (𝑡𝑎𝑛 𝜃)2])     (18) 498 

𝑇𝑣 = 𝑠 ∙ 𝑤𝑠         (19) 499 

The arclength for the hose top tension, 𝑠𝑡𝑜𝑝 and the arclength at the hose TDP (touch 500 

down point) tension, 𝑠𝑇𝐷𝑃 which relate to the arclengths in the horizontal and vertical 501 

components, can be obtained using Equations (20) and (21) respectively. Thus, 502 

𝑠𝑡𝑜𝑝 = h ∙ √(1 + 2 ∙
𝑇𝐻

ℎ∙𝑤𝑠
)       (20) 503 

𝑠𝑇𝐷𝑃 = z ∙ √(1 + 2 ∙
𝑇𝐻

ℎ∙𝑤𝑠
)       (21) 504 

The angle between the hoseline or mooring line and the x-y plane is given by: 505 

tan θ =
TH

Tv
         (22) 506 

 507 

Based on this approach, validations of marine hoses were conducted using method 508 

in earlier study [146], considering the maximum tensions in horizontal and vertical 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-calculations to 513 

check the model. Table 12 presents the typical calculation conducted on the catenary 514 

mooring system.  515 

 516 

 517 

Table 12 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 θ at the top = 30 degrees, 

Depart angle θ at the TDP = 45 degrees,  

Height above seabed, h of the hose = 1.495m  

 

Calculations at Top： 

Where ws=5315kg/m; θ=30°; z=1.495m 

Horizontal force 𝑇𝐻 =
𝑧∙𝑤𝑠

(tan 𝜃)2 ∙ (1 + √(1 + (tan 𝜃)2)) = 51363.267kg 

Arclength s = h ∙ √(1 + 2 ∙
𝑇𝐻

ℎ∙𝑤𝑠
) = 5.579m 

Vertical force Tv = ws ∙ s = 29652.385kg 

 

Touch down point(TDP):  

Where ws=5315kg/m; θ=45°; z=0m 

Horizontal force 𝑇𝐻 =
𝑧∙𝑤𝑠

(tan 𝜃)2 ∙ (1 + √(1 + (tan 𝜃)2)) = 0kg 

Arclength s = z ∙ √(1 + 2 ∙
𝑇𝐻

ℎ∙𝑤𝑠
) = 0m 

Vertical force Tv = ws ∙ s = 0kg 

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

Top：𝑇𝐻 = 513.63267KN; Tv = 296.52385KN 

TDP：𝑇𝐻 = 0KN; Tv = 0KN 

 

 519 

 520 
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Table 13 shows the outcome from computations involving the numerical solutions 521 

using FEA and the analytical solutions using two hose parameters -horizontal tension and 522 

vertical tension. Based on the horizontal tensions have higher profiles for the analytical 523 

and finite element results, respective approximates as 109.30 kN and 115.40 kN. On the 524 

other hand, the vertical tension components, the analytical and finite element respective 525 

approximates are 81.60 kN and 78.50 kN. Table 13 shows good agreement betwixt the two 526 

approaches, with the deviation along the vertical tension path as 3.9% while the deviation 527 

along the horizontal tension path is 5.3%. 528 

 529 

Table 13 Validation by comparing the hose values for maximum tension components  530 

Model Description Tv,Vertical 

Tension (KN)  

Th, Horizontal 

Tension (KN)  

Analytical Model (AM) 81.60 109.30 

Finite Element Model (FEM) 78.50 115.40 

Average Result = 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 
Figure 18 CALM buoy model used in experiment in Lancaster University Wave Tank, showing (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. The CALM 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 
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with Ultra High Definition (HD) 4K image quality and a 170° wide vision was used to 552 

record video for each run. For various frequencies, it recorded the behaviour of the sub- 553 

marine hoses and the CALM buoy. For the first round of the experiment, multiple fre- 554 

quencies were tested on a flat seafloor. The readings are obtained using a set-up with Lab- 555 

View NXG 5.1 and wave gauges. The LabView was connected to a National Instruments 556 

DSUB Model NI 9205 NI-DAQmx Device. Both ends of the two undersea hoses attached 557 

to the buoy model were fitted with end-fittings. The mooring lines were composed of steel 558 

chains with a diameter of 20mm, with one end secured to the floor and the other to the 559 

skirt of the CALM buoy model. Each of the 4 Wave Gauges attached to the buoy had a 560 

maximum signal input of 5 volts (WG1- WG10).  561 
 562 

 563 
Figure 19 Lancaster University wave tank showing the test basin with location of buoy and wave gauges 564 

 565 

 566 
Figure 20 Surge motion for Decay Test of the CALM Buoy using the DIC with Imetrum System 567 

at 62secs run 568 
 569 
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 570 
Figure 21 Heave motion for Decay Test of the CALM Buoy using the DIC with Imetrum System 571 

at 62secs run 572 
 573 

 574 
Figure 22 Roll motion for Decay Test of the CALM Buoy using the DIC with Imetrum System at 575 

62secs run 576 
 577 
The results of the experiment obtained is given in Figures 20-22. It can be seen that the 578 

motion response of the CALM buoy. It can be seen from the data in Figures 20-22 that the 579 

motion behaviour of the CALM buoy hose system was recorded during the experiment. 580 

The  decay tests were also performed, and it depicts motion response for various motions 581 

performed across the run time of 62s. The surge response along the four (4) different ref- 582 

erence points is consistent, but shows a different amplitude that is consistent, as the ar- 583 

rangement used was in a pattern that confirms that the results worked well as predicted 584 

and that good agreement from the surge can be used to validate similar numerical models, 585 

as shown in Figure 20-22. The first set of runs were completed in less than 62 seconds. The 586 

surge was strongest in reference 3 at 1,916m at 5.65s, as shown in Figure 20. The heave 587 

motion was similar for the 5 reference points acquired and was also maximum in reference 588 

3 at 1,441m at 5.3s, as shown in Figure 21. The heave was likewise consistent for the 4 ref- 589 

erence sites acquired, and was highest in reference 4 at 2.3 degrees at 5.4s, as shown in the 590 

roll motion in Figure 21. In Figure 22, the roll motion response for the 4 reference points 591 

are relatively close and have similar decay response, which shows that the motion of the 592 

buoy as presented in Section 3 have a good relationship.   593 

It is noteworthy that this validation approach is conducted here using experimental 594 

modelling. It is also based on application by considering some models studied on existing 595 

theoretical marine hose models [96-100] and experimental hose models [147-150]. These 596 

models were compared to that of this present study and showed effective similarities in 597 

hose behaviour. In addition, the method of validation uses an application of existing 598 
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Orcaflex marine pipeline models for marine hoses validated using tension. This approach 599 

is similar to the studies conducted using Lazy-S configuration [24], Chinese-lantern con- 600 

figuration [146], and catenary S-lay marine pipes conducted with full-scale ocean tests 601 

[151]. Furthermore, deeper mechanism analysis was carried in addition to the current dis- 602 

cussion, mainly focusing on the influence of certain parameters on the structural response. 603 

This includes studies on the shape effect, the methods for optimising the designs from the 604 

results obtained and using effective design suggestions. The consideration for the valida- 605 

tion includes the key parameters investigated on the marine hoses, and the bending mo- 606 

ment was selected. These considerations were conducted to confirm the model’s validity. 607 

 608 

2.12. The Coupling Method 609 

The coupling method was conducted in this research by using the hydrodynamic 610 

wave loads. This coupling approach used components of the numerical results by com- 611 

bined as ANSYS AQWA+Orcaflex. In this present study, the results of the comparative 612 

study between the coupled model and the uncoupled model for two submarine hoses 613 

(Hose1 and Hose2) under 0° flow angle are presented in Figure 23. The comparative study 614 

in Figure 23 shows that the 1st model case represents the uncoupled model while the 2nd 615 

model case represents the coupled model. The global loadings considered are the envi- 616 

ronmental data presented in Section 2.8. Comparisons were made between both models 617 

in the comparative study via numerical and statistical investigation. The result of the com- 618 

parative study from the computation is given in Tables 14-16. It was recorded that the 619 

bending moment from the coupled model is 2.78 times greater than the uncoupled model. 620 

For each case of the coupled model, there was additional hydrodynamic RAO loads, 621 

which induced more responses in the bending moment, and hose curvature. The uncou- 622 

pled model has a lower bending moment, and the average ratio from the statistical aver- 623 

age ratio computed was found to be 0.53% for the bending moment component. From the 624 

comparisons on both component forces, it can be observed that both parameters consid- 625 

ered agree well as it presents a uniform pattern for the three cases investigated. 626 

 627 

 628 

Table 14 Validation study using the bending moment of the submarine hose for Case1 629 

Parameters Bending Moment (KN.m) Average Ratio  

(Uncoupled/Coupled) Uncoupled Model Coupled Model 

Hose1_Case1 117.6735 214.4112 0.54882161 

Hose2_Case1 136.5212 261.0225 0.523024643 

 630 

Table 15 Validation study using the bending moment of the submarine hose for Case2 631 

Parameters Bending Moment (KN.m) Average Ratio  

(Uncoupled/Coupled) Uncoupled Model Coupled Model 

Hose1_Case2 87.54206 188.5113 0.464386273 

Hose2_Case2 93.11749 298.8106 0.311627131 
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 633 

Table 16 Validation study using the bending moment of the submarine hose for Case3 634 

Parameters Bending Moment (KN.m) Average Ratio  

(Uncoupled/Coupled) Uncoupled Model Coupled Model 

Hose1_Case3 153.9478 270.7054 0.568691278 

Hose2_Case3 137.3706 379.3597 0.362111737 

 635 

 636 

Figure 23 Comparative study using the bending moment of the submarine hose comparing the uncoupled and coupled models 637 

 638 

 639 

2.13. Dynamic Amplification Factor (DAF) 640 

The comparison on computations led to the additional investigation on the response 641 

behaviour based on design factors and guidance values that could be generated from this 642 

study. Parametric studies conducted on the hoses included the bending moment, effective 643 

tension and hose curvature. DAF investigations were also performed on these hose pa- 644 

rameters investigated. The dynamic amplitude factor or dynamic amplification factor 645 

(DAF) is depicted simply as the response factor for the dynamic response amplitude ver- 646 

sus the static response amplitude. In that respect, the relationship for the Dynamic Ampli- 647 

fication Factor of hose (DAFhose) is given in Equation (23). The static response amplitude is 648 

the response amplitude operator obtained during static analysis. More fundamental stud- 649 

ies on DAF are available in the literature [152,153].  650 

 651 

𝐷𝐴𝐹𝐻𝑜𝑠𝑒 =
𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 (𝑐𝑜𝑢𝑝𝑙𝑒𝑑 ℎ𝑜𝑠𝑒 𝑚𝑜𝑑𝑒𝑙 ℎ𝑎𝑣𝑖𝑛𝑔 ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑙𝑜𝑎𝑑𝑠)

𝑆𝑡𝑎𝑡𝑖𝑐 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 (𝑢𝑛𝑐𝑜𝑢𝑝𝑙𝑒𝑑 ℎ𝑜𝑠𝑒 𝑚𝑜𝑑𝑒𝑙 𝑙𝑎𝑐𝑘𝑖𝑛𝑔 ℎ𝑦𝑑𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑙𝑜𝑎𝑑𝑠)
 (23)  652 

 653 

In real environmental ocean conditions, accurate prediction of the amplitude motion 654 

of the offshore structure must be performed before any offshore operation is carried out, 655 

as specified in design guidelines. This first design analysis is conducted initially in the 656 
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static stage. Based on the DAF studies, some DAF values were recommended for the sub- 657 

marine hoses, however relative to the submarine hose position on the seabed. 658 

 659 

2.14. Analysis Method 660 

The analysis method is based on different case studies investigated, and coupled and 661 

uncounpled models. In addition, the effect of the hydrodynamic loads, the effect of cur- 662 

rent on buoy motion, the response from the RAOs, the response from the first order wave 663 

forces, the DAFhose effects and WCI studies were all conducted as stated in Section 3 and 4. 664 

 665 

3. Results and Discussion 666 

In this section, the results from the numerical studies on the motion response of the 667 

CALM buoy are presented. The results from the sensitivity studies include some paramet- 668 

ric studies obtained from the numerical studies. The influence of hydrodynamic loads on 669 

CALM buoy submarine hoses has been observed to have an influence on the hose-string 670 

curvature, effective tension, and the bending moment.  671 

 672 

 673 

3.1. Results of hydrodynamic studies 674 

The results of the hydrodynamic studies are presented in this section. 675 

 676 

3.1.1. Results of Coupled and Uncoupled Model 677 

The studies on the coupled and the uncoupled models were conducted in this section. 678 

The bending moment profile showing Hose1, Hose2, 3 sea states and 5 wave angles uti- 679 

lized in the uncoupled model is shown in Figure 24, while that for the coupled model is 680 

shown in Figure 25. From Figure 24, it can be observed that different wave angles reflect 681 

a different profile on the bending moment without added RAO wave loads. However, 682 

they are closely related. The 0⁰ wave angle has the highest profile among these five cases 683 

looked at. It shows that at 0⁰ incidences, the bending moment per hose case is higher than 684 

that of 30⁰, 60⁰, 90⁰, and 120⁰ incidences. Also, the Hose1_Case2 and Hose2_Case2 have 685 

the highest distribution of 153.95kN and 137.37kN, respectively. This implies that the ex- 686 

treme environmental loadings directly impact the hydrodynamic characteristics of the 687 

submarine hoses. It can also be seen that the least hose cases are the 90⁰ hoses in Case1 688 

and Case2 but not in Case3, which implies that at higher environmental loadings, the hose 689 

wave incidence at right angles will induce higher diffraction on the hose. Thus, it will 690 

react by presenting the higher response due to the shape of the hose and the wave-current 691 

interaction that it undergoes at that time period. It implies that there are highly sensitive 692 

responses from higher time periods by the hoses. In Figure 25, it was recorded that the 693 

coupled model (having the addition of hydrodynamic RAO wave loads) had higher dis- 694 

tributions compared to the uncoupled model (without addition of hydrodynamic wave 695 

loads) in Figure 24. The results in Figure 25 show that at 0⁰ incidences, the bending mo- 696 

ment per hose case is higher than that of 30⁰, 60⁰, 90⁰ and 120⁰ incidences. Also, the 697 

Hose1_Case2 and Hose2_Case2 have the highest distribution of 270.71kN and 379.36kN, 698 

respectively. Next to the 0⁰ cases are the 30⁰ cases, which showed a closer profile related 699 

to the 0⁰ cases. However, it can be observed that the hose bending moments at Case3 in 700 

Hose1_Case3 for 30⁰ (360.01kN) is higher than the hose bending moments at Case3 in 701 

Hose1_Case3 for 0⁰ (270.71kN). This implies that the higher time period also has an effect 702 

on the hose at that wave angle. A similar higher profile is observed in 120⁰, which is about 703 

a quadrat turn through of 30⁰ incidence. The comparison between the uncoupled and the 704 

coupled models in Figures 24 and 25, respectively, shows that the coupled models gener- 705 

ally have higher bending moment than the uncoupled models.      706 
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 707 

Figure 24 Bending moment profile for uncoupled model showing Hose1, Hose2, 3 sea states and 5 wave angles utilised 708 

 709 

 710 

Figure 25 Bending moment profile for coupled model showing Hose1, Hose2, 3 sea states and 5 wave angles utilised 711 

 712 

 713 

3.1.2. Results of Hose Curvature Sensitivity 714 

The curvature profiles for the marine hose under Lazy-S and Chinese-lantern config- 715 

urations are presented in Figure 26(a-d). It shows the cases ‘including loadings from hy- 716 

drodynamics’ and ‘excluding loadings from hydrodynamics’ are respectively. Some de- 717 

formations were observed in the hose, which occurred where the MBR is high. Similarly, 718 

some curvature distributions are observed from the behaviour of the submarine hoses via 719 

dynamic analysis. As observed in Figure 26(a-d), the 0° flow angle models have the high- 720 

est curvature via arc length of the hose in both configurations. However, the 90° flow an- 721 

gle models reflected minimal curvature via the arc length of the hose. Damping is one 722 

method to minimise hose curvatures, in addition to the inclusion of the hydrodynamic 723 

loads. It was also observed that the hoses subjected to cross-flow directions in the cases 724 

for 0° in both Lazy-S and Chinese-lantern configurations presented greater curvatures 725 

which further developed on inclusion of the hydrodynamic loads. In comparing the mod- 726 

els for Lazy-S and Chinese-lantern configurations, while the curvature plot in the Lazy-S 727 

cases sag, that in the Chinese-lantern cases are hugging. Also, the curvature profiles for 728 
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the Lazy-S configurations have higher curvatures at the top connections, which can be 729 

attributed to the weight from the longer length of the hose-string at its connection point 730 

to the manifold on the CALM buoy.  731 

 732 

 733 

  

(a) Hose Curvature including hose hydrodynamic load in Lazy-S config. (b) Hose Curvature excluding hose hydrodynamic load in Lazy-S config. 

  

(c) Hose Curvature including hose hydrodynamic load in Chinese-lan-

tern config.  

(d) Hose Curvature excluding hose hydrodynamic load in Chinese-

lantern config. 

Figure 26 Influence of loadings from hydrodynamics on the curvature of the submarine hose  734 

 735 

 736 

3.1.3. Results of Hose Effective Tension Sensitivity 737 

The effective tension profiles for the marine hose under Lazy-S and Chinese-lantern 738 

configurations are presented in Figures 27(a-d). It shows the cases ‘including the loadings 739 

from hydrodynamics’ and ‘excluding the loadings from hydrodynamics’, respectively. 740 

The tension profiles present a steady distribution running through the arc length of the 741 

hoses. However, the comparative studies on both configurations show higher distribu- 742 

tions recorded in the Lazy-S case than the Chinese-lantern case, but the Chinese-lantern 743 

case has more fluctuations than the Lazy-S case. This is attributed to the result of bending 744 

in response to waves and currents. The distribution recorded on the effective tension pro- 745 

file is not undulating or fluctuating like the bending moment profiles presented in Figure 746 

28. The reason is that hose tensions are not always a function of the flexural stiffness, but 747 

due to nonlinearities in the hose material properties. It was also observed that the cross- 748 
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flow model cases, particularly the case 0° exhibited greater tensions in comparison to the 749 

case 90°. Thus, it can be deduced that an increase in the effective tension can be induced 750 

by increasing the hydromantic loads of the hose. In addition, the points of attachment of 751 

the hoses to the PLEM and to the manifold underneath the CALM buoy exhibited maxi- 752 

mum effective tensions of high magnitudes. Thus, the angle of inclination of design for 753 

the manifold is recommended to be at about 30°, as this manifold angle enhanced better 754 

results, but it is also subject to the manufacturer’s choice, the environmental conditions 755 

and the marine hose properties. Lastly, the hose-string recorded the highest flexural and 756 

axial stiffness resulting from the end restrictions, but other relatively flexible sections. 757 

More flexible hose sections with less bending moments may be used to withstand hydro- 758 

dynamic loadings, and the float type for the hoselines used may require more inertia prop- 759 

erties.  760 

 761 

 762 

Figure 27 Influence of loadings from hydrodynamics on the effective tension of the submarine hose 763 

 764 

 765 

3.1.4. Results of Hose Bending Moment Sensitivity 766 

The sensitivity of hose bending moment was also investigated in this research. As 767 

observed in Figure 28, the hose curvature from the bending moment sensitivity is within 768 

  

(a) Coupled Hose Effective Tension in Lazy-S config. (b) Uncoupled Hose Effective Tension in Lazy-S config. 

  

(c) Coupled Hose Effective Tension in Chinese-lantern config.  (d) Uncoupled Hose Effective Tension in Chinese-lantern config. 
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the design limit as stipulated in OCIMF (2009). Wave and current loads, as well as other 769 

hydrodynamic loads, induce the hose curvature. The bending moment profiles for the 770 

marine hose under Lazy-S and Chinese-lantern configurations are presented in Figures 771 

29(a-d). It respectively shows the cases ‘including the loadings from hydrodynamics’ and 772 

‘excluding the loadings from hydrodynamics’. As is evident in Figure 29(c-d), signifi- 773 

cantly greater bending moments are recorded at both ends of the marine hose. However, 774 

the bending moments for the arc length located within the middle and in-between end 775 

sections have minimal bending moments recorded. The bending moment profiles were 776 

recorded at the two ends of the marine hoses under the cases ‘including the hose hydro- 777 

dynamic loads’. However, for the hose sections that lie in-between, significantly larger 778 

moments, with the exception of the case 90°. The bending moment behaviour resulted 779 

from the twisting of the hose. From the comparative studies on Lazy-S and Chinese lan- 780 

tern cases, more undulations are observed in the lazy-S cases than the Chinese-lantern 781 

cases due to the longer length of the submarine hoses and the floats attached on the sub- 782 

marine hose-string in the Lazy-S configuration. During twisting, the hose deformations 783 

were observed to also be a function of the wave and the buoy rotations. Thus, larger mo- 784 

ments from the twisting induced at the case 90° for the Lazy-S configuration are different 785 

from that of the Chinese-lantern configuration. In terms of energy dissipation, higher en- 786 

ergy magnitudes are released during twisting than during bending. This, in turn, results 787 

in relatively lesser stiffness of the buoy on the system 788 

 789 

 790 

  791 

Figure 28 Curvature profile of submarine hose using Chinese-lantern configuration 792 
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(a) Coupled model for Hose Bending moment in Lazy-S config. (b) Uncoupled Hose Bending moment in Lazy-S config. 

  

(c)  Coupled Hose Bending moment in Chinese-lantern config.  (d)  Uncoupled Hose Bending moment in Chinese-lantern config. 

Figure 29 Influence of hydrodynamic loads on the bending moment of the submarine hose 794 

 795 

3.1.5. Results of DAF of hose (DAFhose) Sensitivity 796 

The sensitivity studies on the DAFHose for marine hoses are calculated by considering 797 

one submarine hose-string, Hose1 as presented in Figure 30(a-f). The comparisons of the 798 

curvature profiles for Lazy-S and Chinese-lantern configurations showing the cases in- 799 

cluding the hydrodynamic loads and excluding the hydrodynamic loads are shown in 800 

Figure 30(a-b) by the curvature DAFHose. The behaviour of submarine hoses is subject to 801 

the buoyancy of the hose and the attached floats. However, with some flexibility in the 802 

hose-string under waves and current loadings, the hose string is also designed to resist 803 

such forces and moments, resulting in high curvatures. As a result, the floats are posi- 804 

tioned at strategic positions; however, the locations with maximum bending require ad- 805 

ditional reinforcements. In the Lazy-S configuration in Figure 30(a), high curvature pro- 806 

files are observed in 0 ̊, similar to the result obtained during accidental operation (discon- 807 

nection), which presents the most threatening scenario. However, the average hose cur- 808 

vature DAFHose is not that high. At worst cases of hose disconnection, the DAFHose could 809 

have such high values of 2.5. However, the guidance value of 1.5-2.0 for curvature DAFHose 810 

is advised here, as seen in Figure 30(b) for the normal operation under Chinese-lantern 811 

configuration. In Figure 30(c-d), the profiles of effective tension DAFHose on the submarine 812 

arc length. The presented analyses suggest a guidance value of 1.0 - 2.0 for effective ten- 813 

sion DAFHose and bending moment DAFHose. In offshore field practice, determination of 814 

significant tensions are at the touch down zone (TDZ), and connection to PLEM and at 815 

Buoy manifold. This might be as a result of higher responses from the wave frequency 816 

motion, affected by damping, induced by the wave drift, and perturbed by the seabed 817 

parameters. As such, the effective tension may be uniformly distributed along the hose 818 

arc length but varying bending moment. This behaviour is also due to the effect of the 819 

hydrodynamic coefficients of the buoyancy floats on the hose body. From the DAF curves, 820 

it can be observed that the connections had the highest bending moments. This can be 821 

attributed to some drag occurrence on the floating buoy. In principle, there is viscous drag 822 

resulting from friction between the surface of the buoy’s body and the fluid particles. 823 

Thus, reducing both the coefficient of drag and the coefficient of damping is one method 824 

that is recommended to offset this phenomenon. Another method is to increase the rein- 825 

forcement along such locations of high bending. The DAFHose for the bending moment 826 

distributions throughout the hose for Lazy-S and Chinese-lantern configurations is pre- 827 

sented in Figure 30(e-f). It shows the cases ‘including hydrodynamic loads’ and ‘excluding 828 

hydrodynamic loads’ on the hose’s arc length. In similar fashion, the design 829 
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recommendation for the bending moment DAFHose is a guidance value of 2.0. It is also rec- 830 

ommended that accidental conditions are investigated in further studies based on hose 831 

disconnections, to predict the structural effect on the structure’s integrity and ascertain 832 

safety guidelines for improving operations on CALM buoy-hose systems. 833 

 834 
 835 

  836 

Figure 30 Influence of loadings from hydrodynamics on the DAFHose of the submarine hose 837 

  

(a) Curvature DAFHose for Hose in Lazy-S config. (b) Curvature DAFHose for Hose in Chinese-lantern config. 

  

(c) Effective Tension DAFHose for Hose in Lasy-S config. (d) Effective Tension DAFHose for Hose in Chinese-lantern config.  

  

(e) Bending moment DAFHose for Hose in Lazy-S config. (f) Bending Moment DAFHose for Hose in Chinese-lantern config. 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 4.0 8.0 12.0 16.0

D
A

F
 o

f 
H

o
se

Arc Length / m

(a)
0°

30°

60°

90°

120°

0.00

0.50

1.00

1.50

2.00

2.50

0 4 8 12 16 20 24
D

A
F

 o
f 

H
o
se

Arc Length / m

(b) 0°

30°

60°

90°

120°

0

0.5

1

1.5

2

2.5

0.0 4.0 8.0 12.0 16.0

D
A

F
 o

f 
H

o
se

Arc Length / m

(c)
Hs = 1.87m

Hs = 2.40m

Hs = 4.10m

0.00

0.50

1.00

1.50

2.00

2.50

0 4 8 12 16 20 24

D
A

F
 o

f 
H

o
se

Arc Length / m

(d) 0° 30° 60°

90° 120°

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0.0 4.0 8.0 12.0 16.0

D
A

F
 o

f 
H

o
se

Arc Length / m

(e)

Hs = 1.87m

Hs = 2.40m

Hs = 4.10m

0.00

0.50

1.00

1.50

2.00

2.50

0 4 8 12 16 20 24

D
A

F
 o

f 
H

o
se

Arc Length / m

(f)
0°

30°

60°

90°

120°



J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 33 of 53 
 

 

3.2. Results of wave-current interactions  838 

The results of the wave-current interaction studies are presented in this section. 839 

 840 

 841 

3.2.1. Results of Current on buoy motion RAOs (Response Amplitude Operators)  842 

The effect of current velocity on the CALM buoy motion RAOs have been presented 843 

in this section. From the literature review, the effect of current velocity on the wave forces 844 

acting on the CALM buoy motion has not been previously presented in any literature. 845 

Still, there are exiting works on other floating structures like semisubmersibles [55-58,154]. 846 

It should be noted that the CALM buoy has 6DoFs. However, the results of the surge, 847 

heave, pitch, and yaw presented in Figure 31 are to show the influence of wave-current 848 

interaction and the effect of current velocity on the floating buoy. This investigation was 849 

conducted using three current profiles: 0.5m/s, 1.0m/s and 1.5m/s. The RAOs were ob- 850 

tained under irregular waves using the environmental condition for extreme cases. It was 851 

recorded in Figure 31(a) that the higher the current velocity, the lower the surge profile. 852 

However, Figure 31(b-d) recorded that the higher the current velocity, the higher the 853 

heave, pitch and yaw profiles. This shows that there is a variation in the effect of current 854 

velocity from different motion characteristics. Thus, recommendations include that 855 

CALM buoy hose systems should be well monitored using real-time monitoring systems 856 

like Offshore Monitoring Systems (OMS), Buoy Monitoring Systems (BMS) and Hose 857 

Monitoring Systems (HMS). Secondly, findings on the CALM buoy motion are with re- 858 

spect to the environmental conditions, and not representative of all sea conditions. How- 859 

ever, the CALM buoys respond to both regular and irregular waves, as well as currents 860 

depending on its collinearity.  861 
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3.2.2. Results of Current on first order wave forces from CALM buoy motion 867 

The effect of current velocity on the CALM buoy motion RAOs have been presented 868 

in this section. From Figure 32, it can be observed that the current has some effect on first- 869 

order wave forces for the different motions of the CALM buoy. This investigation was 870 

conducted using three current profiles: 0.5m/s, 1.0m/s and 1.5m/s. The first-order wave 871 

forces were obtained under irregular waves using the environmental condition for ex- 872 

treme cases. It was recorded in Figure 32(a) that the higher the current velocity, the lower 873 

the surge profile. Contrary to this, in Figure 32(b), the higher the current velocity, the 874 

higher the heave profile. In Figure 32(c-d), the higher the current velocity, the less the 875 

pitch profile and the less the yaw profile, respectively. This shows that the current velocity 876 

has a direct relationship with the motion behaviour. This makes some contribution to its 877 

hydrodynamic characteristics but requires further study on that.  878 
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Figure 32 Influence of current velocity on the first order forces for the CALM buoy, showing (a) surge, (b) heave, (c) pitch and (d) yaw  881 
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 883 

The motion response is also a function of the ocean current, azimuthal direction, sys- 884 

tem acceleration, system velocity, and the relative position of the attached hoses and 885 

mooring lines. The first order wave forces on this system for the three (3) different current 886 

velocities present similarities in form and profile. Also, they have different peaks on the 887 

surge, heave, pitch, and yaw but at the same natural frequency range for the system. The 888 

effect of the current velocity on the yaw motion is least or almost negligible, as observed 889 

in Figure 32(d). However, due to the resonating frequency, the effect of the current veloc- 890 

ity is relative to the motion- if translational like surge and heave, or rotational like pitch 891 

and yaw. In the case of the heave, the frequency profile is higher from 0.299Hz to 1.223Hz, 892 

unlike in the surge motion, where the frequency profile is 0.179Hz to 0.278Hz. This be- 893 

haviour shows a relationship between first-order wave forces and the three (3) current 894 

velocities investigated. However, further investigation is also recommended by consider- 895 

ing the effect of CALM buoys with different draft sizes. Based on studies on Boundary 896 

Element Methods [155-158], waves and currents impact floating bodies. These earlier 897 

studies found that wave energy is absorbed, including elevated bodies and deformable 898 

bodies. Unlike the submarine hose, the CALM buoy is considered an elevated body that 899 

floats on the surface of the sea, across its draft line. This study also shows a variation in 900 

the effect of current velocity from different motion characteristics.  901 
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3.2.3. Results of Seabed Current and Surface Current Sensitivity on hose 904 

The sensitivity of current was investigated for both the seabed current and surface 905 

current on the nonlinear seabed model in Lazy-S configuration. The surface current ve- 906 

locity has an eminent function in designing CALM buoy systems for loading and offload- 907 

ing operations. To investigate its influence, some surface current values are used; for 0.45 908 

m/s, 0.65 m/s, 0.75 m/s, 0.9 m/s, and 1.0 m/s. As the surface current velocity increases, the 909 

bending radius (curvature) decreases, the bending moment decreases as well as an in- 910 

crease in the effective tension, as in Figure 33(a-b). Considering the seabed currents, the 911 

seabed current velocity parameters considered are as follows: 0.35 m/s, 0.45 m/s, 0.75 m/s 912 

and 0.9 m/s. For the same surface current velocity, an increment on the seabed current 913 

velocity has corresponding reduced effective tension and reduced bending moment, as 914 

shown in Figure 33(c-d). An increase in seabed current velocity reduces bending radius 915 

(curvature) and increases effective tension, and bending moment. 916 
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(a) Bending Moment for surface current on arc lengths  (b) Effective tension for surface current on arc lengths  

 
 

(c) Bending Moment for seabed current on arc lengths  (d) Effective tension for seabed current on arc lengths  

Figure 33 Influence of surface currents (a,b) and seabed currents (c,d) on submarine hoses 919 
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 923 

3.2.4. Results of Current Attack Angle Sensitivity on marine hose 924 

The sensitivity of the current attack angle investigated on the submarine hoses in 925 

Lazy-S configuration was investigated for the following: 60⁰, 90⁰, 120⁰, 150⁰, and 180⁰, as 926 

presented in Figures 34. It shows that the current attack on the hose-string was highest at 927 

60⁰ close to the TDZ. Similarly, the 60⁰ hose had highest effective tension at the top of the 928 

submarine hose at 123.91 kN but had lowest tension of 3.52 kN at TDZ. Due to the non- 929 

linear seabed profile, the effective tension may have constant distribution along the hose 930 

arc length, but varying bending moment. This is due to the effect of the buoyancy hose on 931 

the hoses. However, the 60⁰ model had least curvature at the top of the submarine hose. 932 

Thus, finite element studies on marine hose models are recommended to investigate the 933 

mechanical behaviour, as seen in [159-164].  934 
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Figure 34 Influence of surface currents (a,b) and seabed currents (c,d) on submarine hoses 938 
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3.2.5. Results of Time Response Sensitivity for the CALM buoy system 942 

The extent of the values largely depended on flow angle.  A series of snapshots from 943 

the simulation in Orcaflex for Chinese-lantern configuration at 0o flow angle at Hs=1.87m, 944 

Tz=4.10s and Tp=5.27s is presented in Figure 35. It depicts the time response on the hose 945 

curvature behaviour, as observed at different times as recorded. It can be observed that 946 

the hose has snaking behaviour with the highest curvature observed at time t=2,998s. As 947 

such, it is recommended to increase the reinforcement at such locations.  948 

 949 

 950 

 951 
Figure 35 Snapshots of hose behaviour at different times observed, Hs=1.87m, Tz=4.10s, 0o flow angle 952 

 953 
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4. Further Discussion 954 

Detailed numerical investigation on CALM buoys with submarine hoses was carried 955 

out in two configurations: Lazy-S and Chinese-lantern. It was designed under irregular 956 

waves for a cylindrical CALM buoy. The hydrodynamic panel was developed in ANSYS 957 

AQWA and solved using diffraction theory and JONSWAP Wave Spectrum for the three 958 

(3) environmental conditions used. The boundary conditions considered for the subma- 959 

rine hoses were attached on the PLEM and hose manifold underneath the CALM buoy. 960 

This investigation presents the sensitivity studies on CALM buoy hose systems with im- 961 

proved modelling techniques on the offshore marine industry. 962 

From this presented investigation, the following observations were made: 963 

1. A number of deformations were observed in the hose occurs where the MBR is high. 964 

Similarly, some curvature distributions are observed from the behaviour of the sub- 965 

marine hoses via dynamic analysis. The models of 0° flow angle have the highest cur- 966 

vatures via arc length of the hose in both configurations. However, the 90° flow angle 967 

models reflected minimal curvature via the arc length of the hose. Damping is one 968 

method to minimise hose curvatures, in addition to inclusion of the hydrodynamic 969 

loads. It was also observed that the hoses subjected to cross-flow directions in the cases 970 

for 0° and greater curvatures developed on inclusion of the hydrodynamic loads.  971 

2. In comparing the models for Lazy-S and Chinese-lantern configurations, while the cur- 972 

vature plot in the Lazy-S cases sag, that in the Chinese-lantern cases are hugging. Also, 973 

the curvatures in the Lazy-S appear to have higher curvatures however, this can be 974 

due to the profile length of the hose-string, and azimuthal direction of the hose. How- 975 

ever, the comparative studies on both configurations in effective tensions show that 976 

there are higher distributions recorded in the Lazy-S case than the Chinese-lantern 977 

case, but the Chinese-lantern case has more fluctuations than the Lazy-S case. This is 978 

attributed to emanate from bending in response to waves and currents. The bending 979 

moment behaviour resulted from the twisting of the hose. For the bending moment 980 

cases, more undulations are observed in the Lazy-S cases than the Chinese-lantern 981 

cases due to the longer length of the submarine hoses and the floats attached on the 982 

submarine hose-string in the Lazy-S configuration. 983 

3. It was also observed that the cross-flow model cases, particularly the case 0° and case 984 

180° exhibited greater tensions in comparison to the case 90°. Thus, it can be deduced 985 

that an increase in the effective tension can be induced by increasing the hydromantic 986 

loads of the hose. In addition, the points of attachment of the hoses to the PLEM and 987 

to the manifold underneath the CALM buoy both exhibited maximum effective ten- 988 

sions that were of high magnitudes. Thus, the angle of inclination of design for the 989 

manifold is recommended to be at about 30°, as this manifold angle enhanced better 990 

results, but it is also subject to the manufacturer’s choice, the environmental condi- 991 

tions, and the marine hose properties. 992 

4. The sensitivity of the soil characteristics shows high significant influence on the hose- 993 

line behaviour and seabed resistance on the lower end of the hose, the PLEM and any 994 

attached submarine pipeline. An increase in the soil mudline shear strength, increases 995 

the seabed resistance rises steadily. This means that if submarine hoses are attached to 996 

the PLEM, there will be a noticeable dynamic lay effect. As the shear strength gradient 997 

increases, the submarine pipeline embedment will have a corresponding dynamic lay 998 

effect.  999 

5. The sensitivity of seabed resistance on the hose-string shows that the highest soil shear 1000 

stiffness of 100kN/m/m2 had the least bending moment, and the least effective tension 1001 

under nonlinear seabed model, which shows the influence of variation or nonlinearity 1002 

due to the rate of penetration, seabed soil resistance and uplift on the seabed.  1003 

6. As the surface current velocity increases, the bend radius (curvature) decreases, the 1004 

bend moment decreases and the effective tension increases. Considering the seabed 1005 

currents, the following seabed current velocities were considered: 0.35 m/s, 0.45 m/s, 1006 

0.75 m/s and 0.9 m/s. For the same surface current velocity, an increase in the seabed 1007 
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current velocity has a reduced effective tension and reduced bend moment. An in- 1008 

crease in seabed current velocity gives a reduced bend radius (Curvature), increased 1009 

effective tension and bend moment. 1010 

7. The surface wave is highly significant in the dynamic responses of the hose-line, the 1011 

buoy stability, and the seabed resistance. The most critical wave direction is the fol- 1012 

lowing sea (0° flow angle) followed by the stern-quartering seas (30° and 60° flow an- 1013 

gle). Naturally, an increase in wave height increases the submarine hoses' dynamic 1014 

responses and seabed resistance. However, suggestions include further studies to in- 1015 

vestigate the approximations analytically for the moving boundary of submarine 1016 

hoses and the description of the moving boundary of submarine hoses. Also, dynam- 1017 

ical formulations are necessary to understand further the stability and dynamics be- 1018 

haviour of CALM buoy hoses systems, such as the hose-snaking phenomenon.  1019 

8. This study also shows a variation in the effect of current velocity from different motion 1020 

characteristics due to the resonating frequency. The effect of the current velocity is 1021 

relative to the motion- if translational like surge and heave, or rotational like pitch and 1022 

yaw. In the heave case, the frequency profile is higher from 0.299Hz to 1.223Hz, unlike 1023 

in the surge motion, where the frequency profile is 0.179Hz to 0.278Hz. This behaviour 1024 

shows a relationship between first-order wave forces and the three (3) current veloci- 1025 

ties investigated. Similar findings were observed when current velocity was investi- 1026 

gated for the motion RAOs of the CALM buoy. 1027 

 1028 

 1029 

5. Concluding Remarks 1030 

Some investigations on marine bonded hoses connected to CALM buoy have been 1031 

presented on hydrodynamic characteristics, wave-current interaction, and sensitivity 1032 

analysis. The models were conducted for application in shallow water and deep water 1033 

conditions. The RAO values generated from ANSYS AQWA were directly coupled upon 1034 

the FEM-Orcaflex model developed based on Orcaflex Line theory. This Orcaflex line the- 1035 

ory uses the nodes along with the hoses and mooring lines but applies some discretization 1036 

for the CALM buoy. This technique aids in utilising less computational time and re- 1037 

sources. Different environmental conditions, mooring line conditions, and hose load cases 1038 

were considered in developing the model. Comparisons and sensitivity of various param- 1039 

eters were also conducted in this study. In addition, some results of decay test were pre- 1040 

sented on the study to ascertain the buoy motion response. The investigation has also 1041 

given trends and profiles for the buoy and marine hoses under wind, waves, and current.  1042 

The model highlights include: some studies on wave-current interaction, currents ef- 1043 

fects, soil strength, time response, and wave loads on marine bonded hoses are presented. 1044 

Secondly, sensitivity analysis based on a coupled approach using the RAO from ANSYS 1045 

AQWA inputted unto Orcaflex in the dynamic process. This concept has been applied to 1046 

flexible risers, steel catenary risers (SCRs), and pipelay analysis. This proposed method 1047 

saves computational resources, is cost-effective, and has high accuracy. Thirdly, the global 1048 

response analysis on the effect of wave angle, soil characteristics, and current on the sub- 1049 

marine hoses were considered under different ocean conditions. Fourthly, sensitivity from 1050 

the application of DAF on the offshore submarine hoses for Lazy-S and Chinese-lantern 1051 

configurations with proposed DAFHose values based on the effect of hydrodynamics loads 1052 

from the buoy response on the tension of the submarine hoses based on present study. 1053 

Lastly, the model presents the motion scenario by analysing the bending and deflection 1054 

which has an advantage in predicting the behaviour of submarine hoses. 1055 

The study shows hydrodynamic characteristics of CALM buoy hose systems under 1056 

wind, waves, and current. It also indicates limits of tensile bending from different hose 1057 

parameters on the marine hose-string, the hose behaviour, and the hose configuration 1058 

from the sensitivity study. It discusses that these parameters influence the submarine hose 1059 

configuration by providing unique curvature and tension distributions. The results of this 1060 



J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 41 of 53 
 

 

study will also aid hose manufacturers in solving the challenge of large deformations ex- 1061 

perienced during service operations of marine bonded hoses. These findings can be used 1062 

to elaborate existing standards such as OCIMF [33-36], DNVGL [132-134], ABS [135] and 1063 

API [164]. Also, it presents an understanding of the issue of high curvature profiles expe- 1064 

rienced on marine hoses that lead to their failures. This study also contributes to the 1065 

knowledge of buoy hydrodynamics under low/high amplitude waves. From this investi- 1066 

gation, recommendations are made that will aid the improvement of buoy-hose perfor- 1067 

mance. However, it is recommended that experiments are conducted on the marine hose 1068 

systems using model tests for CALM buoy systems to improve validations on these sys- 1069 

tems. Lastly, comparing the analytical model and computational fluid dynamics (CFD) 1070 

using some hydrodynamic characteristics will increase its validity, but recommended in 1071 

further studies. 1072 
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 1101 

Abbreviations 1102 

v Fluid velocity 

ρ Density of water 

ω Angular frequency  

𝜔𝑝
   Peak angular frequency 

γ Peak enhancement factor 

η The incident wave amplitude 

λ Wavelength 
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 Angle to the horizontal axis 

3D Three Dimensional 

6DoF Six Degrees of Freedom 
ABS American Bureau of Shipping 

API America Petroleum Institute 

BEM Boundary Element Method 

BM Bending Moment 

BVP Boundary Value Problem  

CALM Catenary Anchor Leg Mooring 

CB Cylindrical Buoy 

CFD Computational Fluid Dynamics 

CMS Conventional Mooring Systems 

DAF Dynamic Amplification Factor 

DAFhose Dynamic Amplification Factor of hose  

DNVGL Det Norkse Veritas & Germanischer Lloyd 

DoF Degree of Freedom 

fds fully developed sea 

FEA Finite Element Analysis 

FEM Finite Element Model 

FOS Floating Offshore Structure 

FPSO Floating Production Storage and Offloading 

FSO Floating Storage and Offloading 

GMPHOM Guide to Manufacturing and Purchasing Hoses for Offshore Moorings 

GoM Gulf of Mexico 

HEV Hose End Valve 

HOT Higher Order Terms 

Hs Significant wave height 

ID Inner Diameter 

JONSWAP Joint North Sea Wave Project 

IVC Initial Boundary Condition 

MBC Marine Breakaway Coupling 

MBR Minimum Bearing Radius 

ML01 Mooring Line 01 

ML06 Mooring Line 06 

MSL Mean Sea Level 

OCIMF Oil Companies International Marine Forum 

OD Outer Diameter 

PCSemi Paired Column Semisubmersible 

PLEM Pipeline End Manifold 

RAO Response Amplitude Operator 

s Arc length 
SB   Mean Wetted Surface 

SCR Steel Catenary Riser 

SLWR Steel Lazy Wave Catenary Risers 

SPM Single Point Mooring 

TDP Touch Down Point 

TDZ Touch Down Zone  

te-m   metric tonne-meter 

TH Horizontal tension force 

Tp Peak period 

Tv Vertical tension force 

TTR Top Tensioned Riser 

Tz Zero crossing period 

VIV Vortex Induced Vibration  

VLFS Very Large Floating Structures 

WCI Waves-Current Interaction 
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WEC Wave Energy Converters 

ws Submerged weight 

WSI Wave-Structure Interaction 

x  Section length of the mooring line 

z Height above seabed   
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