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Abstract: There is an increase in the utilization of the floating offshore structure (FOS) called Catenary
Anchor Leg Mooring (CALM) buoys and the attached marine hoses due to the increasing demand for
oil and gas products. These hoses are flexible and easier to use but have a short service life of about
25 years. They are adaptable in ocean locations of shallow, intermediate and deep waters. In this
research, a numerical model was developed using a coupling method modeled by utilizing ANSYS
AQWA and Orcaflex (Orcina Ltd., Ulverston, UK) dynamic models of the CALM buoy hoses. Two
cases were comparatively studied: Lazy-S and Chinese-lantern configurations, under ocean waves
and current. Comparisons were also made between coupled and uncoupled models. This research
presents the hydrodynamic characteristics with a sensitivity analysis on the influence of waves,
current attack angle, soil gradient, soil stiffness and environmental conditions that influence the
performance of marine hoses. The study comparatively looked at the configurations from dynamic
amplification factors (DAF) on marine hoses. The results show that marine hoses can be easily
configured to suit the designer’s need, seabed soil type, seabed topography and the profiles that are
useful for manufacturers. The sensitivity analysis also shows the effect of hose parameters on its
hydrodynamic behavior from the wave–current interaction (WCI).

Keywords: ocean wave hydrodynamics; catenary anchor leg mooring (CALM) buoy; Lazy-S configu-
ration; Chinese-Lantern configuration; marine bonded hose; sensitivity; submarine hose; floating
hose; hydrodynamics; ocean engineering; bonded marine hoses; marine riser; ocean waves; floating
offshore platform (fos); wave–current interaction (WCI)

1. Introduction

In recent times, applications of bonded flexible risers, unbonded flexible risers, com-
posite risers and marine hoses have increased in the marine industry [1–9]. This is due
to the need for more flexible offshore platforms and lighter sustainable materials [10–17].
These are utilized for discharging, loading and ocean monitoring. Marine bonded hoses
are light conduit structures for fluid transportation from an offshore platform to a Floating
Production Storage and Offloading (FPSO) unit/Floating Storage and Offloading (FSO)
tanker [18–25]. Since advances into deep-water explorations have increased the need for
more sustainable and cost-efficient platforms, these marine structures have received in-
creased attention for their application in offshore loading and offloading operations. Thus,
there is a need for Catenary Anchor Leg Mooring (CALM) buoys and other flexible struc-
tures. Larger floating offshore structures (FOS), such as Paired Column Semisubmersibles
(PCSemis), FPSOs and Very Large Floating Structures (VLFS), do not have such flexibil-
ity [26–33]. They also require a larger area on the sea for installation and operation, unlike
the CALM buoy hose systems. The classification of marine hoses includes submarine hoses,
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reeling hoses and floating hoses [34–41] based on different material and hose design config-
urations [42–49]. These marine bonded hoses each have different pressure ratings, such
as 9 bar, 19 bar and 21 bar ratings. However, these hoses have a short service life of about
25 years; thus, there is a need for more sensitivity studies on the load response behavior
of marine bonded hoses, as proposed herein. Secondly, the effect of wave forces on buoys
can be some impact on the floater’s motion because of the sheer narrow water plane area.
Thus, the wave–current interaction (WCI) is pertinent for hydrodynamic sensitivity studies
on the buoy-hose system. A typical CALM buoy with turret-design is shown in Figure 1,
which is located at Apache Stag Field, Australia, during its installation by Bluewater [49].
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wave loadings on FOSs have been calculated using linear theory [68,69], second-order 
wave forces [70–75] and Morison’s equation [76–78]. However, due to different con-
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equation, since it was proposed by Morison for piles, but it is applicable in various 

Figure 1. CALM Turret buoy at Apache Stag Field, Australia, Buoy during installation (Reprinted
with permission from ref. [49]. Copyright 2011 Bluewater).

Studies on the WCI, including the effect of current velocity, have been conducted
both on different climatic conditions [50–54] and various FOSs, such as semisubmersible
platforms [55,56] and floating wind turbines [57,58], among others. However, the literature
search shows no literature has presented the effect of current velocity on the wave forces
acting on the CALM buoy motion. Waves, wind and currents are important components
of the environmental loads [59–61] on FOSs such as buoys [62–65]. To compute wave
forces on offshore structures, wave theories, such as the linear wave theories, Stokes wave
theory and Airy wave theory, are utilized [66,67]. Conversely, over the past decades, wave
loadings on FOSs have been calculated using linear theory [68,69], second-order wave
forces [70–75] and Morison’s equation [76–78]. However, due to different constraints,
Morison’s equation has been modified [76,77]. Morison’s equation is used to determine
the inertial and drag components of the FOS’s body, as well as the body’s inertial and
drag components [78]. However, Morison’s equation is insufficient for evaluating wave
forces on offshore constructions, since it ignores wave diffraction. Thus, wave theories
that consider diffraction are widely employed. There are limitations to the Morison’s
equation, since it was proposed by Morison for piles, but it is applicable in various offshore
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design formulations particularly marine hoses [78–84]. Many studies on cylinders and
piles have led to a better understanding of the hydrodynamics of cylindrical bodies, such
as cylindrical FPSOs and cylindrical CALM buoys. MARIN and SOFEC conducted some
model tests on CALM buoy motion with recommendations for damping in pitch, heave and
roll motions [85,86]. Potential theory has also made it easier to estimate the flow around
spheres, buoys and cylinders. Potential theory also defines the fluid domain and wave
forces surrounding the subsea marine hose as an offshore structure [87–89]. Bhatta and
Rahman [90] used differential equations and Lighthill’s [90,91] perturbation approach to
produce the boundary conditions, forces and moments of an undersea hose segment, utiliz-
ing radiation/diffraction theory. Some reports have found nonlinearities in materials that
have also been observed in hose dynamics, and presented with dynamical equations formu-
lated for marine hoses [92–94]. Other mathematical models based on the potential theory
on CALM buoy hydrodynamics have also been presented [95–100]. In the offshore industry,
the challenges of the incident, scattered and diffraction wave potentials have long been
debated. These successfully approached wave theories have been developed to solve some
of these issues. Wave forces can generate stress effects due to material complexities, leading
to excessive motion predictions, system failures and material breakdowns [101–103]. They
could produce substantial deformations, bending and torsional forces in marine hoses. As
a result, hydrodynamic sensitivity analysis of the floating structure’s motion behavior is
required. Validated studies avow that hydrodynamic loads are used to assay the strength
of various FOSs, hull designs and components such as composite marine risers and off-
shore hoses [104–108]. However, wave action has an impact on the motion and strength
of CALM buoy hose systems. Wave loads are also considered during hose connection
operations, hose riser deployments and hoseline/pipeline installations [109,110]. Based
on hydrodynamic sensitivity studies, different sensitivity studies have been conducted
for marine hoses and marine risers [111–113]. Pecher et al. [113] conducted sensitivity
and comparative studies on CALM and SALM mooring for Wave Energy Converters
(WECs). Sun and Wang [114] presented a sensitivity analysis on Lazy-Wave Flexible Riser
modeled in ABAQUS to investigate the parameters of the buoyancy modules on the riser.
In that study, the outer diameter and position of the buoyancy module were opined as
high-sensitivity variables. In addition, the outside diameter had a significant impact on
the riser’s section moment, whereas the placement had an impact on both section force
and section moment. The impact of length on the overall performance of the riser was
minimal, according to the research. Amaechi et al. [115] presented a sensitivity study by
comparatively looking at the parametric configurations of marine hoses, using a uniquely
coupled model developed using Orcaflex’s line elements. Bidgoli et al. [116] presented a
sensitivity analysis of different deepwater riser configurations modeled with Conventional
Mooring Systems (CMS). In their study, three distinct forms of the more commonly uti-
lized deep water risers were chosen and combined with the mooring systems, yielding
six alternative case studies modeled in OrcaFlex program. Axelsson and Skjerve [117]
investigated the sensitivity of bending and radial gaps on the collapse analyses of flexible
riser carcass developed in LS-Dyna and MARC. Sensitivities on straight and curved pipe
sections, axially preloaded carcass, carcass ovality, radial gap between carcass and pressure
sheets and pressure increase velocity were all part of the investigation. On the tension
parameter, Tang et al. [118] investigated the influence of bending, displacement and tension
on marine drilling risers in the finite element modeling (FEM) using ABAQUS, whereas
Zhang et al. [119] investigated the sensitive effect of top tension on the Vortex-Induced
Vibration (VIV) of marine risers in deep waters using computational fluid dynamics (CFD).
Other sensitivity investigations have been reported on the fatigue life prediction of risers.
These can be seen in a number of sensitivity analyses on Steel Catenary Risers conducted on
its Fatigue Behavior [120,121]. In the study by Yang and Li [121], the sensitivity analysis on
the fatigue life of Steel Lazy Wave Catenary Risers (SLWR) conducted was motivated by the
major consideration encountered while evaluating the practicality of using SLWR on large
motion vessels such as semi-submersibles and floating production storage and offloading
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(FPSOs) structures. There are other sensitivities in catenary sections and its impact along
the touchdown zone [122,123]. Quéau et al. [123] presented some sensitivity investigations
on fatigue damage of SCR dynamic loads in the touchdown zone by utilizing a simple
stress range evaluation framework. To improve the certainty on the design of SCR attached
to deep-water FPSOs, a sensitivity analysis was conducted by Yoo and Joo [124] under
1400 m water depth for deep-water environments in West Africa. Thus, there is a need for
an investigation of the hydrodynamic characteristics and the wave–current interaction with
the sensitivity studies of the attached hoses and a comparison of the designs for Lazy-S
and Chinese-lantern configurations, as performed in this present study.

In the present paper, the hydrodynamic characteristics with the sensitivity studies
on CALM buoy with attached marine hoses have been presented. This was carried out
using developed numerical marine hose model under ocean environment with wave loads,
as introduced in Section 1. Section 2 presents the definition of the problem, the theory
with mathematical formulations and the governing equations. Section 3 presents the
numerical model of the submarine hoses as attached to a floating CALM buoy structure,
under waves and current. Two different representative configurations were applied—the
Lazy-S configuration and the Chinese Lantern configuration, as illustrated in Figure 2a,b,
respectively. The numerical model was developed using ANSYS AQWA R1 2021 [125,126]
and Orcaflex 11.0f [127–129]. Section 4 presents results and discussion, while further
discussions on the studies are presented in Section 5. The concluding remarks are given in
Section 6.
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2. Theory and Governing Equations

This section covers the theory of the hydrodynamics aspects for the buoy’s motion,
and the response behavior of the attached marine hoses.

2.1. Definition of the Problem

An elastically moored floating buoy of radius a is acted upon by a wave train of
irregular waves and wave height H progressing in the x-direction, as shown in Figure 2.
The floating buoy is rigid, and is acted upon by propagating waves on a fluid of uniform
depth h. The buoy faces up in z-direction, as a fixed coordinate system with x, y and z
axes with two submarine hoses connected to it underneath. The floating buoy has two
submarine hoses, each of bending stiffness EI and mass per unit length M. One end of the
hose-string is connected under the buoy, and the other end is connected to the Pipeline
End Manifold (PLEM). The length of the hose-string is considered as semi-infinite, as it is
long enough for the wave motions and other exciting forces acting on it. The reference axes
are the x and z axes, representing the longitudinal and lateral positions. The displacement
made in the x-direction is u, while the displacement made in the z-direction is w.

Based on the wave–structure interaction (WSI), the Laplace Equation formulates the
motion’s equation that governs the system. This expression is derived from the Continuity
Equation for fluids, as shown below:

∂u
∂x

+
∂v
∂x

+
∂w
∂x

= 0 (1)

The motion of the system can be represented by Equation (2). In this equation, the
Newtonian Force, F, from the external load of the system as the sum of the inertia force
of the system, the viscous damping load and the elastic force components (also called the
stiffness load of the system), is expressed:

F = Ma + Cv + kx (2)

For the incompressible flow as considered here, the Continuity Equation applies,
where u, v and w are components of the flow domain:

∇2φ =
∂2φ

∂r2 +
1
r

∂φ

∂r
+

1
r2

∂2φ

∂θ2 +
∂2φ

∂z2 = 0; f or a ≤ r ≤ ∞;−h ≤ z ≤ η;−π ≤ θ ≤ π (3)

For irrotational motion, all the vector components of the rotation are equal to zero:

∂w
∂y
− ∂v

∂z
= 0;

∂u
∂z
− ∂w

∂x
= 0;

∂v
∂x
− ∂u

∂y
= 0 (4)

The vector components for both the Cartesian coordinates and the Polar coordinates
are u = ∂φ

∂x , v = ∂φ
∂y , w = ∂φ

∂z , where the scalar function ϕ(x,y,z) are relations used in
Equation (4).

Introducing the function φ to the Continuity Equation gives the second-order linear
differential equation, called the Laplace Transform given in Equation (5):

∇2φ =
∂2φ

∂x2 +
∂2φ

∂y2 +
∂2φ

∂z2 = 0 (5)

2.2. Assumptions

The buoy system is considered to be the buoy, the attached submarine hoses and the
mooring lines. For this study, the hawser lines and the floating hoses are not included,
as such vessel response from other FPSO and transport vessels are not considered. The
floating buoy considered in this study has six degrees of freedom (6DoFs), as depicted in
Figure 3.
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Figure 3. The six degrees of freedom of a floating CALM buoy.

The following assumptions are made:

1. The fluid is incompressible, irrotational and is confined within the ocean’s free surface,
rigid base and the buoy’s surface.

2. The buoy is typically treated as a single system, with a rigid body and 6DoFs.
3. The seabed is horizontally oriented and lies upon a rigid plane. The fluid motion

considered in the diffraction analysis is in the cylindrical coordinate system with the
format (r,θ,z).

4. The submarine hose is regarded as a beam that can be bent completely within its limit
under pure bending.

5. The hose will be subjected to longitudinal forces due to internal and external forces.
However, in depths with minor effects, the outcomes can be very minimal or negligible.

6. The minimum bend radius (MBR) is the inverse of the hose curvature, and the

curvature determination can be computed approximately by applying 1
r = ∂2z

∂x2 . The
bend radius of the hose must always be greater than the MBR.

7. Depending on the bending moment, the contribution of both shear pressures and
horizontal forces on the curvature is insignificant and can be neglected.

8. There will be some nonlinearities inside the hose originating from the fluids motion
due to nonlinearities in the hose geometry.

9. For all cross-sections perpendicular to the hose axis, the hose is treated as a solid body
with constant bending stiffness.

10. The hose can also convey (or transport) fluid under high pressure, which can be either
oil, gas or water.

11. The hose can be made up of various sections, unfloated sections, floated sections,
reinforced ends, flanges and various section radii. The rubber, composite as well as
steel components of the hose are considered to have a uniform density, by assumption.

12. The hose was assumed to contain fluid content and to have fully filled up conditions.

2.3. Boundary Condition Formulation

The CALM buoy system’s boundary conditions are formulated using the assumptions
stated in Section 2.2. Figure 2 depicts a definition sketch of wave forces on a floating buoy
in: (a) Lazy-S configuration and (b) Chinese-Lantern configuration. Both configurations
have two submarine hoses attached beneath the buoy. The submarine hoses are attached to
the bottom by a fixed connection to the PLEM, and the buoy is cylindrical in shape. The
seabed is assumed to be horizontal and level (or plane). In the initial boundary condition
(IVC) formulation, simplicity was considered. Thus, the mooring lines were not considered,
as it reduces complexities in the problem. The boundary conditions are formulated using
potential theory, as presented in this section. Equation (1), which is the Laplace transform
derived from the continuity equation of fluids, governs the system’s motion. Equation (2)
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is related to the following boundary conditions. The following boundary conditions
are considered:

(a) Dynamic Boundary Conditions:

∂φ

∂t
+ gη +

1
2

{(
∂φ

∂r

)2
+

(
1
r

∂φ

∂θ

)2
+

(
∂φ

∂z

)2
}

= 0; f or r ≥ a; z = η(x, y, t) (6)

(b) Kinematic Boundary Conditions:

∂η

∂t
+

(
∂φ

∂r

)(
∂η

∂r

)
+

1
r2

{(
∂φ

∂θ

)(
∂η

∂θ

) }
=

∂φ

∂z
; f or r ≥ a; z = η(x, y, t) (7)

(c) Free Surface Boundary Conditions:

z = η(x, y, t) (8)

where z = η(x, y, t) represents the free surface [80]. The free surface boundary conditions
are given in Equations (6) and (7), which are to be satisfied by both the wave elevation η
and velocity potential φ.

(d) Body Surface Boundary Conditions:

∂φ

∂r
= 0; f or r = a;−h ≤ z ≤ η (9)

(e) Seabed (or bottom) Boundary Conditions:

For an impermeable seabed of depth h(x,y), carrying a floating buoy, the seabed
boundary condition is given by Equation (10):

∂φ

∂z
= 0; f or z = −h (10)

(f) Radiation Boundary Conditions:

Assuming at infinity, the radiation boundary condition is given by Equation (9), where
φI is the incident wave potential and φS is the scattered wave potential for this condition:

φ(r, , z, t) = Re
[
φ(r, , z)eiσt

]
= Re

[(
φI + φSeiσt

]
(11)

Thus, Equations (15) and (16) will satisfy the radiation potential at infinity:

lim
kr→∞

√kr
(
(

∂

∂r
)± ik

)
φs = 0; i = √− 1 (12)

lim
kr→∞

√
kr
(
(

∂

∂r
)± ik

)
(φ − φI) = 0; i = √− 1 (13)

2.4. Wave Exciting Forces

Background on waves, currents and wave theories can be found in the literature, with
definitions for the parameters as follows: the wave length, λ, is a function of the wave
number, C is the wave Celerity and T is the wave period, given by the expressions C = λ/T
and k = 2π/λ [66,67]. Second-order wave loading contributions to the flow domain
are made by slender bodies, such as risers, hose-strings, piles and mooring lines. The
influence of the theory on big vertical cylinders has been discussed in the literature review
in Section 1. These qualities, in theory, influence the behavior of a structure in an ocean
body or a water body. Equations (15) and (16) are derived from the Taylor series expansion
of the Perturbation Series equation for higher-order corrections [87–91].

The formulation of the wave forces on the submarine hose attached to the CALM buoy
may be obtained using an equilibrium equation for the force components. An expression
for the total forces is presented in Equation (14), where F is the total force, Fl is the linear
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force component, Fs is the second-order force component (for the dynamic force, Fd, and
waterline force, Fw, components) and Fq is the quadratic force component:

F = Fl + Fs + Fq (14)

The wave exciting forces on a CALM buoy have been found by Wang and Sun [130] as
expressed in Equations (15) and (16), where SB is the mean wetted surface of the CALM
buoy, nx is the x-component of the normal vector and nz is the z-component of the normal
vector. Thus:

Fx =
x

SB

−P(r, θ, z, t)nxds = fx0e−iωt (15)

Fz =
x

SB

−P(r, θ, z, t)nzds = fz0e−iωt (16)

2.5. Pressure Distribution

The pressure distribution for the irrotational flow is obtained from Bernoulli’s equation,
as given in Equation (17):

P
ρ
+ gη +

∂φ

∂t
+

1
2

{(
∂φ

∂r

)2
+

(
1
r

∂φ

∂θ

)2
+

(
∂φ

∂z

)2
}

= 0; f or r ≥ a; z = η(x, y, t) (17)

Considering the above equations, we obtain the dynamic pressure distribution, the
hydrostatic pressure distribution and the transient pressure distribution. Mathematically,
these are as follows:

(a) The dynamic pressure distribution is given by Equation (18), where ρ is the density
of the fluid, U f is the velocity of the fluid, which fluctuates as a result of pressure
distributions within the fluid, and Q f is the speed of the fluid at a given point, f :

Pd =
1
2

ρ
(

U f
2 −Q f

2
)

(18)

(b) The hydrostatic pressure distribution is given by Equation (19), where P0 is the
hydrostatic pressure, g is acceleration due to gravity, ρ is the density of the fluid and z
is the water depth above the level z = 0:

P0 = −ρgz (19)

(c) The transient pressure distribution is given by Equation (20), where ρ is density of
fluid, φ is the velocity potential while t is the time function:

Pt = −ρ
∂φ

∂t
(20)

The total of these pressure distributions acting on a stream of fluid is given by
Equation (21). From ∇2φ in Equation (22), we can obtain the pressure distribution as:

P
ρ
+ gη +

∂φ

∂t
+

1
2
{(∇φ)2} = 0; f or r ≥ a; z = η(x, y, t) (21)

P
ρ
+ gz +

∂φ

∂t
+

1
2
{(∇φ)2} = 0 (22)

The derivatives for the fluid velocity is given by the scalar function φ(x,y,z) with the
following relations presented in Equation (23):

u =
∂φ

∂x
=

∂x
∂t

, v =
∂φ

∂y
=

∂y
∂t

, w =
∂φ

∂z
=

∂z
∂t

(23)
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From Equation (21), the total derivative with respect to time, t, can be obtained as:

d
dt
(

P
ρ
) + g

dη

dt
+

d
dt
(

∂φ

∂t
) +

1
2

d
dt
(∇φ)2 = 0; f or r ≥ a; z = η(x, y, t) (24)

By considering the condition for the fluid domain at time, t, with the speed of the fluid,
Q = (u,v,w), we can obtain Equation (25):

d
dt
(

P
ρ
) + [

∂2φ

∂t2 + g
∂φ

∂η
] +

d
dt
(∇φ)2 +

1
2

Q∇(∇φ)2 = 0; f or r ≥ a; z = η(x, y, t) (25)

When the pressure is equal to the atmospheric pressure, P = Pa;

d
dt
(

Pa

ρ
) + [

∂2φ

∂t2 + g
∂φ

∂η
] +

d
dt
(∇φ)2 +

1
2

Q∇(∇φ)2 = 0; f or r ≥ a; z = η(x, y, t) (26)

At constant atmospheric pressure, Pa; the first term in Equation (26) limits to zero:

∂2φ

∂t2 + g
∂φ

∂η
+

d
dt
(∇φ)2 +

1
2

Q∇(∇φ)2 = 0; f or r ≥ a; z = η(x, y, t) (27)

From Equation (27), using only first- and second-order terms in the variable ϕ, we get:

− ∂

∂t
(∇φ)2 =

∂2φ

∂t2 + g
(

∂φ

∂z

)
(28)

Lighthill [90] showed that a combination of the two Equations will produce Equation (28).
Using polar coordinates, the pressure of the fluid can be obtained from the linear Bernoulli
equation in an unsteady state, as given in Equation (29):

P(r, θ, z, t) = −ρ
∂φ(r, θ, z, t)

∂t
(29)

2.6. Characteristic Value

Characteristic value situations have been used in the past to solve stability problems
associated with hydrodynamics. From the equations for the system idealized for the
Boundary Value Problem (BVP), it is observed that nonlinearities in the system have been
simplified mathematically in the boundary conditions in Section 2.3. This presents the
following order for each of the terms in their respective order. The characteristic values can
be used to represent each of the terms to simplify the complex situation. The characteristic
value problem, or the eigenvalue problem, is shown in Equation (30), where T is the
characteristic value of φ and λ is the characteristic vector of T:

φT = λδ (30)

Let us assume that the characteristic wave time period = T, the characteristic wave-
length = λ, the characteristic velocity potential = φ and the characteristic water depth = δ. By
considering the first boundary condition given as Equation (9) in the Cartesian coordinate
system, we have the following:

∂φ

∂t
+ gz +

1
2

{(
∂φ

∂x

)2
+

(
1
r

∂φ

∂y

)2
+

(
∂φ

∂z

)2
}

= 0; (31)

Applying the characteristic values for the individual components in Equation (32):

φ

T
: δ

λ

T2 :
φ2

λ2 :
φ2

λ2 :
φ2

λ2 (32)
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Multiply each term by T2/λδ, we have the following:

φ

T
.

T2

λδ
: δ

λ

T2 .
T2

λδ
:

φ2

λ2 .
T2

λδ
:

φ2

λ2 .
T2

λδ
:

φ2

λ2 .
T2

λδ
(33)

Simplifying this further, we get the following:

φT2

Tλδ
: 1 :

φ2T2

λ2λδ
:

φ2T2

λ2λδ
:

φ2T2

λ2λδ
(34)

φT2

Tλδ
: 1 :

φ2T2

λ3δ
:

φ2T2

λ3δ
:

φ2T2

λ3δ
(35)

φT2

Tλδ
: 1 : (

φ2T2

λ3δ
)

3

(36)

If we take φT
λδ = 0 (1), which means that φT = 0(λδ), and φ2T2 = 0

(
λ2δ2), this can be

expressed in this form:
φ2T2

λ3δ
= 0

(
λ2δ2

λ3δ

)
(37)

0
(

δ

λ

)
= 0(ε) (38)

By considering Equation (31) in the Cartesian coordinate system:

∂φ

∂z
=

∂z
∂t

+

(
∂φ

∂x

)(
∂z
∂x

)
+

1
r2

{(
∂φ

∂y

)(
∂z
∂y

) }
(39)

∂φ

∂z
=

∂z
∂t

+

(
∂φ

∂x
∂z
∂x

)
+

(
∂φ

∂y
∂z
∂y

)
(40)

Thus, applying the characteristic values, we have the following:

φ

λ
:

δ

T
:

δφ

λ2 :
δφ

λ2 (41)

Multiply each term by λ/φ, we have the following:

1 :
δλ

Tφ
:

φ

λ
:

φ

λ
(42)

Recall that we can take λδ
φT = 0 (1), which means that λδ = 0(φT) and

λ2δ2 = 0
(
φ2T2); therefore, we can have it in this form:

1 : 1 :
φ

λ
:

φ

λ
(43)

1 : 1 : ε : ε (44)

However, the wave number is k = 2π/λ and the wave amplitude is δ = H/2. Hence,
the constant ε can be approached as real, with the following relationship:

ε =
kH
2

where ε ≤ 1 (45)

Comparing Equations (15) and (16), there is a pattern that is consistent for the nonlinear
terms in Equations (43) and (44). For each of the boundary conditions, the order e shows a
small quantity that is less than or equal to 1, as depicted in Equation (45).
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2.7. Perturbation Method

Considering the perturbations (disturbances) in the system, we can represent their
sources using the Perturbation method. Thus, the ordinary equations can by represented
by ηl , φl and Pl , while the quadratic solutions can be represented by ηq, φq and Pq:

φ = φl + φq + . . . (46)

η = ηl + ηq + . . . (47)

P = Pl + Pq + . . . (48)

The Perturbation method is, thus, applied to solve these BVP as in Section 2.3. The
complete form of the equations is first presented, and then we assume that the solution
can be represented in the form of a small parameter ε. This is solved using the power
series expansion method. In that vein, we expand the terms η, φ and P, in the power of ε.
Therefore, these can be represented as:

φ =
∞

∑
n=1

εnφn (49)

η =
∞

∑
n=1

εnηn (50)

P =
∞

∑
n=1

εnPn (51)

Consider the condition at free surface, z = η(x, y, t) from Equation (8). We can
substitute the value for free surface condition in the Equation (52):

φ(x, y, z, t) = φ(x, y, η(x, y, t), t) (52)

Applying the Taylor Series Expansion when the sea depth is z = 0 and atmospheric
pressure is Po = 0:

φ(x, y, z, t) = φ(x, y, (0), t) + η(
∂φ

∂z
)

z=0
+ P(

∂φ

∂z
)

z=0
+ . . . (53)

φ(x, y, z, t) = (φl + φq + . . .) +
(
ηl + ηq + . . .

)
(

∂φl
∂z

+
∂φq

∂z
+ . . .)

z=0
+ . . . (54)

φ = φl + φq + η(
∂φ

∂z
)

z=0
. . . + HOT (55)

where HOT refers to the higher order terms in the relationship, in the form of φl for
first-order terms and [φq + η( ∂φ

∂z )z=0] for the second-order terms. Following the earlier
expressions for the Laplace Equation, the differential equations for the potential and
pressure terms are obtained:

∇2φ =
∂2φn

∂x2 +
∂2φn

∂y2 +
∂2φn

∂z2 = 0 (56)

∇2η =
∂2ηn

∂x2 +
∂2ηn

∂y2 +
∂2ηn

∂z2 = 0 (57)

∇2P =
∂2Pn

∂x2 +
∂2Pn

∂y2 +
∂2Pn

∂z2 = 0 (58)
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Following the same steps for the Taylor Series expansion, Equation (40) can be ex-
panded to obtain the first-order and second-order expressions:

∂φ

∂z
=

∂φl
∂z

+
∂φq

∂z
+ ηl

∂

∂z
(

∂φl
∂z

)
z=0

+ . . . (59)

∂2φ

∂z2 =
∂2φl
∂z2 +

∂2φq

∂z2 + ηl
∂

∂z
(

∂2φl
∂z2 )

z=0
+ . . . (60)

2.8. Velocity Potential

Let us consider the fluid domain around the submarine hoses as illustrated in Figure 2.
Assume we have sectioned the regions of fluid domain around the CALM buoy by dividing
it into three sections denoted by Ω1, Ω2 and Ω1. The velocity potential φ, which satisfies
the boundary conditions given in Section 2.3, is given by the expression:

φ(r, θ, z) = ∑ ∞
p=0εp ipcosp θ.φp

l (r, z) (61)

where ε0 = 1, εp = 2 and m ≥ 2
In the outer region, we may represent the velocity potential as follows:

φ(r, θ, z) = Jp(iµ0r)cos(µ0z) + Ap0
H(1)

p (iµ0r)

H(1)′
p (iµ0r)

cos(µ0z)

+
∞
∑

p=0
Apq

H(1)
p (iµ0r)

H(1)′
p (iµ0r)

cos(µ0z)
(62)

φ(r, θ, z) = Jp(iµ0r)cos(µ0z) + Ap0
H(1)

p (iµ0r)

H(1)′
p (iµ0r)

cos(µ0z)+

∑∞
p=0 εp ipcos pµ θ.φp

l (r, z)µ + Hp(iµ0r) + cos(µ0z)
(63)

3. Materials and Methods

The numerical modeling aspect has been presented in this section on the materials
applied in this numerical model and the methodology. The materials include the buoy,
submarine hoses, mooring lines and floats, as discussed in the subsequent sub-sections.

3.1. Buoy and Skirt Model

The details for the buoy considered in this research are presented in Table 1. The
hydrodynamics, hydrostatics and motion response of the CALM buoy was carried out
for the cylindrical buoy (CB). The buoy’s geometry was numerically developed using
a Computer-Aided Design (CAD) software called Solidworks 2021 (Dassault Systèmes
SOLIDWORKS Corporation, Waltham, MA, USA). The description of the buoy geometry
for the first concept of the CALM Buoy and skirt, showing (a) an isometric view and (b) a
plan view, is shown in Figure 4. This research also included a comparative study between
different geometrical concepts and skirt concepts, but this paper is limited to one concept,
as described herein, to present the advantage and justification. One vital use of this includes
aiding designers in the consideration of design parameters. The description for the buoy
geometry shows the diameters, heights and locations of each part. It includes the CALM
buoy body diameter DB and the CALM buoy skirt diameter DS, the height of the buoy, HB,
the height of the skirt, HS, and the height from the keel to the underneath of the skirt, HK.
The model of the CALM buoy in Orcaflex is shown in Figure 5.
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Table 1. Parameters of the buoy.

Description Value Unit

Buoy Height 4.50 m
Draft 2.40 m

Water Depth 100.00 m
Buoy Mass 19,883,400 kg

Diameter of Buoy body 10.00 m
Diameter of Buoy Skirt 13.90 m
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3.2. Submarine Hoses

The modeling consideration on the offshore submarine hose design were for an
operation application with pressure rating of 19 bar (1900 KN/m2). The offshore submarine
hose was developed and modeled for two cases—Lazy-S and Chinese-lantern configuration,
as illustrated in Figure 2a,b. In each case, the two (2) submarine hose-strings are connected
to the base of the buoy at the top and the Pipeline End Manifolds (PLEMs) at the bottom.
The hoses are designed using existing current practices by hose manufacturers and industry
end-users on oil fields [18,19,40–49]. For the Chinese-lantern configuration, the length of
both submarine hose-strings was 25.90 m per hose-string, as presented in Table 2. For the
Lazy-S configuration, the length of each submarine hose was 162.065 m, as presented in
Table 3. The hose was assumed to be filled up and to contain completely full fluid content.
For the fluid content, it was tested with sea water with a density of 1025 kg/m3 and with
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heavy oil with a density of 825 kg/m3. Details of the parameters for the submarine hose
considered is given in Table 2. The section profile for the submarine hose in Orcaflex 11.0f
is depicted in Figure 6.

Table 2. Parameters for the submarine hose for Chinese-Lantern configuration with section details ar-
rangement.

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
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-

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

Table 3. Parameters for the submarine hose for Lazy-S configuration with section details arrangement.

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
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3.3. Mooring Lines

The mooring arrangement is 6 mooring lines positioned strategically at 60◦ separation
distance apart, to avoid line clashing. The schematic for the two configurations investigated
are presented in Figures 2 and 7. Details of the mooring line parameters are detailed in
Table 4. Each of the mooring lines have the same stiffness. They are deployed as catenary
mooring lines. For the arrangement, each mooring line is made up of two sections of steel
chains. Two different materials were investigated on the mooring lines using steel chain
and polyester mooring lines. Additionally, two different configurations for the section
ratio were used: 150:195 and 50:175. The 2.5” mooring chain has a mass per unit length
of 0.088 te/m (te: metric tonne). In Orcaflex [127–129], the bending stiffness is set to zero
for both the studlink and the studless chains. In Table 4, Cm denotes the inertia coefficient,
which is related to Ca, the added mass coefficient, using the empirical relationship in [127],
as Cm = 1 − Ca.
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Table 4. Parameters for the mooring lines.

Description Value Unit

Coefficient of Drag, Cd 1.00 -
Coefficient of Inertia, Cm 1.00 -

Section Lengths Ratio for the first config. 150:195 -
Section Lengths Ratio for the second config. 50:175 -

Poisson Ratio 0.50 -
Mass Per Unit Length 0.088 te/m

Contact Diameter 0.229 m
Nominal Diameter 0.120 m
Bending Stiffness 0.00 N·m2

Axial Stiffness, EA 407,257.00 kN
Separation Angle between lines 60 Degrees (◦)

3.4. Buoyancy Float

With a float incorporated as part of the hose line, the buoyancy connection on the
hoses was designed. The design of the float materials is constructed as shown in Table 5,
in accordance with the OCIMF (Oil Companies International Marine Forum) industry
requirements [19,34–36]. The buoyancy of the submarine hose line is obtained by designing
a series of floats arranged together, as depicted in Figure 8.

Table 5. Parameters for the buoyancy floats.

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
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In principle, submarine hoses are classified as slender bodies, and the floats are usually
attached on them. The damping for the submarine hose can be evaluated by applying the
modified Morison Equation [78], given in Equation (3), where D is the diameter of the body,
V is the volume of the body, Vr is the relative velocity of fluid particles, A is the area of
the body, Ca is the added mass coefficient, Cd is the drag coefficient and Cm is the inertial
force coefficient:

F = ρV
.

u + ρCaDA(Vr) +
1
2

ρCd A(Vr)|Vr| (64)

However, for the floats, the principle of hydrodynamic equivalence is applied. With
the application of the equivalence principle of the hydrodynamic loads per unit length and
buoyancy load for the buoyancy section, as presented in [131], the expression for the equiv-
alent float weight we, equivalent float outer diameter De, and equivalent hydrodynamic
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coefficients Cde and Cτe for the buoyancy section can be presented as in Equations (66)–(68),
where w is the weight per unit length of riser, lf is the length of float, vf is the volume of float,
Sf is the float pitch, ρf is the material density of buoyancy block, mf is the mass of float line
considered, Fd f is the damping force of float, mfh is the mass of attached rigging hardware
of buoyancy float block (such as bolts, fixing clamps, etc.), Dol is the outer diameter of the
derived hoseline and Cτn is the tangential drag coefficient acting on the cross section of
buoyancy float block. The equivalent normal and tangential added mass coefficients for
the buoyancy section can refer to the equivalent process of drag force coefficients [127–129].
The drag force per unit length of the derived hoseline, Fd f , when the flow is normal to the
line’s axis along the local x-direction is given by Equation (65):

Fd f =
1
4
[ρ f V2

f Cd f (D2
f − D2

o)] (65)

De =

√(
D f

2 − Do2
)

.(L f/S f ) + Do2) (66)

Cde =
Cd

DeS f

[
D f L f + Do

(
S f − L f

)]
(67)

Cτe =
1

DeS f

[
Cτn

4

(
D f

2 − Do
2
)
+ CdtD f L f + CdtDo

(
S f − L f

)]
(68)

The mass of each float, m f , can be obtained by using the following expression in
Equation (69), where ρf denotes the density of the float:

m f = v f ρ f + m f (69)

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

m = ml +
m f

S f
(70)

The volume of a single float, v f , can be calculated using the following equation:

v f =
π

4

(
D f

2 − Do
2
)

.L f (71)

The volume per unit length of the hoseline with floats, vl f , is obtained using the
following equation:

vl f =
π

4
Dol

2 +
v f

S f
(72)

3.5. Analysis Method

The methodology applied in this numerical modeling is based on the utilization of
commercial software tools for offshore ocean modeling and some semi-empirical calcula-
tions, as well as comparative sensitivity studies. The methodology for the analysis in this
research is conducted in stages, as presented in Figure 9. The first set of studies were on
the buoy analysis-mesh convergence, hydrostatics and hydrodynamics. Next is the buoy
motion study for the 6DoFs. It was used to obtain the motion characteristics of the motion
RAOs, added mass, radiation damping, first-order wave exciting forces and second-order
drift forces. It was then followed by the hose analysis for the sensitivity studies. After that,
a comparative study on the coupled modeling of ANSYS AQWA and Orcina’s Orcaflex
11.0f was conducted. The study also involved both static and dynamic analysis in the
method for the analysis. It was performed by carrying out the hydrodynamic analysis of
the floating buoy using ANSYS AQWA R1 2021. The amplitude values for the motion called
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motion RAOs are then loaded into Orcaflex 11.0f. The results of the numerical investigation
and the sensitivity analysis are presented in Section 4.
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3.6. Hose Load Cases

For the investigation, the full time for fully developed sea of 10,800 s (3 h) in real
time was used for each simulation run in the Orcaflex analysis, with early hose disconnect
also considered, as seen in the higher curvature results for extreme cases. For the hose
analysis, the numerical investigation is conducted using the mooring load cases in Table 6.
Based on global loadings, operational conditions were first considered. In this study, the
submarine hoses are connected to the CALM buoy, and the six (6) mooring lines are utilized
to moor the CALM buoy to the seafloor, as shown in Figure 5. The research aim focuses on
two conditions—operating and survival. The complete operation conditions-loading and
offloading cases are not included in this study. Figure 10 is an illustrative description for the
mooring conditions with the load cases applied in the hose analysis, showing (a) damaged
mooring line 01, (b) damaged mooring line 06 and (c) intact mooring lines. The operation
case considered is the third case, whereby the moorings are intact and in a healthy condition.
The whole operation, including the connection of the oil tanker to the CALM buoy and the
hawser lines, is not considered in this study, as the study is limited to buoy motion and
submarine hoses. The worst-case scenario for harsh conditions is calculated using the buoy
offsets, mooring configuration and key environmental heading. For both wind and current,
the 100-year extreme wind condition is taken into account. The combination of the wind,
current and wave conditions are shown in Figure 10.

Table 6. Load case for hose analysis.

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
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Table 6. Cont.

Condition Mooring Tanker Heading Configuration

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
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3.7. FEM Modeling

The Finite Element Model (FEM) for the CALM buoy hose system was designed in an
ocean environment. Irregular waves under fully developed sea were utilized. The design of
the hoses is based on simple beam theory, and later using Orcaflex line theory in Orcaflex
version 11.0f [127–129]. Orcaflex applies line theory considers line elements and lumped mass
at each section nodes, as shown in Figure 11a–c. For submarine hoses, the element type that
it also applied is lines. Basically, this type of element is flexible with permissions for force
displacements in bending, torsion and tension. Details on the principle of line theory used in
the FEM of the submarine hose lines and the mooring lines are presented in [127–129]. Table 7
presents the details for the ocean. The system was tensioned using a mooring configuration
consisting of six (6) moorings. It was then affixed to the anchor and attached to the body of
the buoy skirt. Catenary equations were used to compute the statics of the mooring lines and
the submarine hoses (see Section 3.11). The finite element model for the CALM buoy model,
as depicted in Figure 12a,b, shows different components in Orcaflex.

Table 7. Parameters for the ocean and seabed.

Item Value Unit

Ocean Temperature 10 ◦C
Ocean Kinematic Viscosity of Ocean 1.35 × 10−6 m2 s−1

Density of Water 1025 Kg m−3

Wave Amplitude 0.145 m
Seabed Stiffness 7.5 kN m−1 m2
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Table 7. Cont.

Item Value Unit

Seabed Shape Direction 0 ◦

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

Seabed Friction Coefficient 0.5 -

Seabed Model Type Elastic Linear and Rigid Nonlinear Soil
Models -J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 20 of 48 

 

 

 
Figure 11. The Orcaflex line theory depicting (Adapted, courtesy of Orcina; Source: [127,128]). 

 
Figure 12. CALM buoy finite element model of (a) Chinese-lantern and (b) Lazy-S configurations. 

3.8. Environmental Conditions 
The modeling for the floating buoy is for operation in an ocean environment. The 

buoy is acted upon by some loadings, including waves, currents and other hydrodynamic 
forces. It was modeled according to recommendations of industry standards [132–135]. 
The environmental conditions for the three sea states considered for the global loading 
and this analysis are presented in Table 8. Figure 13 shows the JONSWAP (Joint North 
Sea Wave Project) wave spectrum for the (a) first sea state and (b) third sea state consid-
ered in this investigation. It shows that the input wave conditions with different wave 
periods have different peak frequencies. The wave heading with a description of the wave 
angles is presented in Figure 14. For the load estimation, a uniform current profile was 
considered, and wind loads were added to the CALM buoy model. The current speed 
employed was 0.5 m/s, while the wind speed was 22 m/s, respectively. The current profile 
for the surface current and seabed current in the X-Y axes is detailed in Table 9. The wave 

Figure 11. The Orcaflex line theory depicting (Adapted, courtesy of Orcina; Source: [127,128]).

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 20 of 48 
 

 

 
Figure 11. The Orcaflex line theory depicting (Adapted, courtesy of Orcina; Source: [127,128]). 

 
Figure 12. CALM buoy finite element model of (a) Chinese-lantern and (b) Lazy-S configurations. 

3.8. Environmental Conditions 
The modeling for the floating buoy is for operation in an ocean environment. The 

buoy is acted upon by some loadings, including waves, currents and other hydrodynamic 
forces. It was modeled according to recommendations of industry standards [132–135]. 
The environmental conditions for the three sea states considered for the global loading 
and this analysis are presented in Table 8. Figure 13 shows the JONSWAP (Joint North 
Sea Wave Project) wave spectrum for the (a) first sea state and (b) third sea state consid-
ered in this investigation. It shows that the input wave conditions with different wave 
periods have different peak frequencies. The wave heading with a description of the wave 
angles is presented in Figure 14. For the load estimation, a uniform current profile was 
considered, and wind loads were added to the CALM buoy model. The current speed 
employed was 0.5 m/s, while the wind speed was 22 m/s, respectively. The current profile 
for the surface current and seabed current in the X-Y axes is detailed in Table 9. The wave 

Figure 12. CALM buoy finite element model of (a) Chinese-lantern and (b) Lazy-S configurations.



J. Mar. Sci. Eng. 2022, 10, 120 21 of 48

3.8. Environmental Conditions

The modeling for the floating buoy is for operation in an ocean environment. The
buoy is acted upon by some loadings, including waves, currents and other hydrodynamic
forces. It was modeled according to recommendations of industry standards [132–135].
The environmental conditions for the three sea states considered for the global loading
and this analysis are presented in Table 8. Figure 13 shows the JONSWAP (Joint North Sea
Wave Project) wave spectrum for the (a) first sea state and (b) third sea state considered
in this investigation. It shows that the input wave conditions with different wave periods
have different peak frequencies. The wave heading with a description of the wave angles is
presented in Figure 14. For the load estimation, a uniform current profile was considered,
and wind loads were added to the CALM buoy model. The current speed employed
was 0.5 m/s, while the wind speed was 22 m/s, respectively. The current profile for the
surface current and seabed current in the X-Y axes is detailed in Table 9. The wave spectra
adopted for the investigation is the JONSWAP spectrum. This spectrum accounts for any
imbalance in the energy flow within the wave system. Equation (73) is the JONSWAP
spectrum [136–140], where ω is the angular frequency, ωp denotes the peak angular fre-
quency, g denotes gravitational constant for gravity, η denotes the incident wave amplitude
and σ denotes the peak enhancement factor, while the other parameters σ, σ1 and σ2 are
the spectral width parameters. These are also dependent on the significant wave height, Hs,
and the zero-crossing period, Tz. According to findings in literature [127–129,140], using
Equations (73)–(77), σ1 = 0.07 and σ2 = 0.09 are constants for sigma:

Sη(ω) =
αg2

ω5 exp

[
−5

4

(
ω4

p

ω4

)]
γa (73)

Sη(ω) =
αg2γa

ω5 exp

[(
−5

4

ω4
p

ω4

)]
(74)

a = exp
[
− 1

2σ2

(
ωp

ω
− 1
)

2
]

(75)

σ = σ1 for ωp ≤ ω (76)

σ = σ2 for ωp > ω (77)

These are also dependent on the zero-crossing period, Tz, and the significant wave
height, Hs. The JONSWAP spectrum is modified from the Pierson–Moskowitz spec-
trum [141], to take care of regions that have geographical boundaries so as to limit the fetch
as regards the wave generation. With modifications made to the JONSWAP equation, better
capturing was made in regions with geographical boundaries that had a limit on the fetch
during the generation of waves.

Table 8. Wave parameters for the three load cases.

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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Table 9. Wind and current parameters.

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 Kg m−3

Kinematic Viscosity of Air 0.000015 m2 s−1

3.9. Buoy Hydrostatics

The details for the buoy hydrostatics are given in Table 10. The local cartesian co-
ordinate system was considered in the numerical model. Since the floater behavior is
represented by the RAOs with buoy hydrostatics, the motion characteristics from the RAOs
generated were loaded into the Orcaflex model. The hydrostatic aspect of the numerical
model was applied in the buoy for the coupled dynamic analysis using Orcaflex 11.0f.
The AQWA hydrodynamics/panel model of the buoy was free, without any mooring line
and hoses attached to it, as similarly applied in other offshore structures. Details of the
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stiffness matrix for the buoy are presented in the literature [1]. In obtaining the RAOs,
the mooring lines and hoses were not included in the ANSYS AQWA model. The models
are validated in Section 3.11. Then, it was used in conducting sensitivity studies with the
validated numerical model of the CALM buoy hose system. Figure 15 depicts the model
ocean view of the CALM buoy in free-floating mode for hydrodynamic and hydrostatic
analysis. The dimension for the sea model box is 150 m × 150 m, as the box illustrates the
X and Y directions of the sea conducted under fully developed sea conditions.

Table 10. Parameters for the buoy hydrostatics.

Item Value Unit

Buoy Area 438.49 m2

Buoy Volume 344.98 m3

Ixx (Moment of Inertia) 433,137,937 kg m2

Iyy (Moment of Inertia) 448,667,411 kg m2

Izz (Moment of Inertia) 433,137,937 kg m2

CoG (Centre of Gravity) −2.20 m
Bf (Buoyancy Force) 196,750,000 N
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3.10. Mesh Convergence

An extensive mesh convergence analysis in the diffraction study in ANSYS AQWA
R1 2021 was conducted to validate the numerical model. A value of tolerance considered
is 0.01 m and the highest element size considered was 1.25 m. In order to confirm that
the study was conducted using the best effective element size in meshing, the range of
the elements selected were from 1.25 m to 0.225 m. The mesh study was investigated by
utilizing the panel model. This was conducted on the CALM buoy under ocean environ-
ment to study the tension, surge displacement and bending in the surge motion. The RAO
values were obtained from the hydrostatic parameters, such as potential damping and
added mass. For the convergence study in Figure 16, a single wave angle 0◦ was considered.
Table 11 shows the results obtained from the effect of the maximum surge RAO that acts
along the 0◦ incidences. From the statistical analysis, the maximum RAO variance and
maximum RAO deviation were taken from 0.225 m mesh size. The study showed very
small deviations in the RAOs obtained from the maximum at 0.25 m element size. Surge
RAO is dimensionless, with the unit being m/m, as seen in the convergence plot. Precisely,
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it is much less minimal, and much less than 3%, as observed in Table 11, which implies that
the tolerated deviation considered in this analysis will save computational resources and
also be sufficient and acceptable, validating this study.
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Table 11. Convergence study using surge RAO.

Mesh Size Nodes Elements Surge RAO
(m/m)

Max. RAO
Variance from

0.225 m

Max. RAO
Deviation from

0.225 m

0.225 38,572 38,570 0.90610 0.000000 0.00000%
0.25 31,554 31,552 0.90605 0.000000 0.00004%
0.35 16,464 16,462 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%

3.11. Model Validation

The validity of this model was carried out by a comparison of theoretical and numerical
computations on the marine hose models. The catenary method was utilized in the statics
calculation for computing the submarine hose and that of the mooring lines. An illustration
of the catenary line with the global coordinate system in X-Z plane is given in Figure 17.
Using the notations on the sketch in Figure 17, the catenary equation is considered as
expressed in Equation (78), where H is the horizontal tension component of the system,
w is the weight per unit length, z is the catenary line parameter for the distance from the
seabed to the top of the line and x is the section length:

z =
TH
ws

[
cosh

(
xws

TH

)
− 1
]

(78)

To obtain the curvature at sagbend, the tension components are required. The shape
of the catenary can be obtained by calculation [60], using the expression in Equation (73).
However, to compute the maximum curvature of the hoseline or mooring line at touch
down point (TDP), Equation (79) can be applied:

1
R

=
ws

TH
(79)

where ws is the submerged weight per unit length of hose-string or mooring line, x is the
section length from TDP, Th is the horizontal force acting at the seabed and z is the height
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above seabed. Note that h and z can be used to depict vertical heights for the top section
and TDP, respectively. In this case, z is considered for uniformity.
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To obtain the vertical force, Tv, and the horizontal force, TH, acting at the topmost
hose-end, the expressions given in Equations (80) and (81) are the relationships for TH and
Tv obtained theoretically as the centenary equations [60,142–145], where s denotes the hose
arc-length, θ denotes angle along the horizontal plane, ws denotes the submerged weight
and z denotes the height above the seabed:

TH =
z·ws

(tanθ)2 ·(1 +
√
[1 + (tanθ)2]) (80)

Tv = s·ws (81)

The arclength for the hose top tension, stop, and the arclength at the hose TDP (touch
down point) tension, sTDP, which relate to the arclengths in the horizontal and vertical
components, can be obtained using Equations (82) and (83), respectively:

stop = h·√(1 + 2· TH
h·ws

) (82)

sTDP = z·√(1 + 2· TH
h·ws

) (83)

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

tan θ =
TH
Tv

(84)

For the second validation regarding the coupling of ANSYS AQWA + Orcaflex ap-
proach, the validation part is certainly important. Since the present paper does not report
on the experimental results, this validation needs to be included in the present study. Com-
parisons between analytical and numerical results are acceptable with more perspectives
considered. In an earlier study [146], validations of marine hoses were conducted using the
maximum tensions in horizontal and vertical components. In the present study, bending
moments and stress deformations are used, as these generally reflect structural stiffness, for
instance, pipeline deformation along the arc length during S-laying, although forces can be
directly correlated to the deformations. In the present study, the results of the comparative
study between the coupled model and the uncoupled model for two submarine hoses
(Hose1 and Hose2) under 0◦ flow angle is presented in Figure 18. As observed in the
comparisons in Figure 18, the first model case represents the uncoupled model, while
the second model case represents the coupled model. The global loadings considered are
the environmental data presented in Section 3.8. Comparisons were made between both
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models in the validation study via numerical and statistical investigation. The result of the
validation study and the computation is given in Table 12. It was recorded that the bending
moment from the coupled model is 2.78 times greater than the uncoupled model. For each
case of the coupled model, there were additional hydrodynamic RAO loads, which induced
more responses in the bending moment and hose curvature. The uncoupled model has a
lower bending moment and the average ratio from the statistical average ratio computed
was found to be 0.53% for the bending moment component. From the comparisons on both
component forces, it can be observed that both parameters considered agreed well, and
thus, the study is validated.
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Figure 18. Validation study using the bending moment of the submarine hose, comparing the
uncoupled and coupled models.

Table 12. Validation study using the bending moment of the submarine hose.

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
Hose1_Case2 87.54206 188.5113 0.464386273
Hose2_Case2 93.11749 298.8106 0.311627131
Hose1_Case3 153.9478 270.7054 0.568691278
Hose2_Case3 137.3706 379.3597 0.362111737

Total 726.17265 1612.8207 2.778662673

The third validation is based on the application by considering some models studied on
existing theoretical marine hose models [96–100] and experimental hose models [147–150].
These models were compared to that of this present study and showed effective similarities
in hose behavior. In addition, an application of existing Orcaflex marine pipeline models
on marine hoses validated using tension were conducted using the Chinese-lantern config-
uration [146] and catenary S-lay marine pipes conducted with full scale ocean tests [151].
Furthermore, deeper mechanism analysis was carried in addition to the current discussion,
mainly focusing on the influence of certain parameters on the structural response. This
includes studies on the shape effect, the methods for optimizing the designs from the re-
sults obtained and using effective design suggestions. The consideration for the validation
includes the key parameters investigated on the marine hoses, and the bending moment
was selected. These considerations were conducted to confirm the model’s validity.

3.12. Dynamic Amplification Factor (DAF)

The comparison on computations led to the additional investigation on the response
behavior based on design factors and guidance values that could be generated from this
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study. Parametric studies conducted on the hoses included the bending moment, effective
tension and hose curvature. DAF investigations were also performed on these hose param-
eters investigated. The dynamic amplitude factor or dynamic amplification factor (DAF)
is depicted simply as the response factor for the dynamic response amplitude versus the
static response amplitude. In that respect, the relationship for the Dynamic Amplification
Factor of hose (DAFhose) is given in Equation (85). The static response amplitude is the
response amplitude operator obtained during static analysis. More fundamental studies on
DAF are available in the literature [152,153].

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

(85)

In real environmental ocean conditions, accurate prediction of the amplitude motion
of the offshore structure must be performed before any offshore operation is carried out, as
specified in design guidelines. This first design analysis is conducted initially in the static
stage. Based on the DAF studies carried out, some DAF values were recommended for the
submarine hoses; however, these are relative to the submarine hose position on the seabed.

4. Results and Discussion

In this section, the results from the numerical studies on the motion response of
the CALM buoy are presented. The results from the sensitivity studies includes some
parametric studies obtained from the numerical studies. The influence of hydrodynamic
loads on CALM buoy submarine hoses has been observed to have an influence on the
hose-string curvature, effective tension and the bending moment.

4.1. Results of Hydrodynamic Studies

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

4.1.1. Results of the Coupled and Uncoupled Models

The coupled and the uncoupled models are studied in this section. The bending
moment profile showing Hose1, Hose2, three sea states and five wave angles utilized in
the uncoupled model is shown in Figure 19, while that for the coupled model is shown in
Figure 20. From Figure 19, it can be observed that different wave angles reflect a different
profile on the bending moment without added RAO wave loads; however, they are closely
related. The 0◦ wave angle has the highest profile among the five cases in this study. It
shows that at 0◦ incidences, the bending moment per hose case is higher than that of 30◦,
60◦, 90◦ and 120◦ incidences. Additionally, the Hose1_Case2 and Hose2_Case2 have the
highest distribution of 153.95 kN and 137.37 kN, respectively. This implies that the extreme
environmental loadings have a direct impact on the hydrodynamic characteristics of the
submarine hoses. It can also be seen that the minimum values for each hose case occurred
at 90◦ in Case1 and Case2 but not in Case3. This implies that based on the earlier cases,
the hose characteristics is induced at higher environmental loadings. Also, the hose wave
incidence at right angles will induce higher diffraction on the hose. Thus, there is a higher
response due to the shape of the hose and the wave–current interaction that it undergoes
at that time period. This implies that there are highly sensitive responses from higher
time periods by the hoses. In Figure 20, it was recorded that the coupled model (having
the addition of hydrodynamic RAO wave loads) had higher distributions compared to
the uncoupled model (without addition of hydrodynamic wave loads) in Figure 19. The
results in Figure 20 shows that at 0◦ incidences, the bending moment per hose case is
higher than that of 30◦, 60◦, 90◦ and 120◦ incidences. Additionally, the Hose1_Case2 and
Hose2_Case2 have the highest distribution of 270.71 kN and 379.36 kN, respectively. Next
to the 0◦ cases are the 30◦ cases, which showed a closer profile relationship to the 0◦ cases.
However, it can be observed that the hose bending moments at Case3 in Hose1_Case3 for
30◦ (360.01 kN) is higher than the hose bending moments at Case3 in Hose1_Case3 for 0◦

(270.71 kN). This implies that the higher time period also has an effect on the hose at that
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wave angle. A similar higher profile is observed in 120◦, which is about a quadrat turn
through of 30◦ incidence. The comparison between the uncoupled and the coupled models
in Figures 19 and 20, respectively, shows that the coupled models generally have higher
bending moment than the uncoupled models.
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4.1.2. Results of the Hose Curvature Sensitivity

The curvature profiles for the marine hose under Lazy-S and Chinese-lantern con-
figurations showing the cases including loadings from hydrodynamics and excluding
loadings from hydrodynamics are, respectively, presented in Figure 21a–d. A number
of deformations were observed in the hose occurs where the MBR is high. Similarly, a
number of curvature distributions are observed from the behavior of the submarine hoses
via dynamic analysis. As observed in the Figure 21a–d, the 0◦ flow angle models have the
highest curvature via arc length of the hose in both configurations. However, the 90◦ flow
angle models reflected minimal curvature via the arc length of the hose. Damping is one
method to minimize hose curvatures, in addition to the inclusion of the hydrodynamic
loads. It was also observed that the hoses subjected to cross-flow directions in the cases for
0◦ in both Lazy-S and Chinese-lantern configurations presented greater curvatures, which
further developed on inclusion of the hydrodynamic loads. While the curvature plot in
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the Lazy-S configuration cases sag, cases are hugging in the Chinese-lantern configuration.
Additionally, the curvature profiles for the Lazy-S configurations have higher curvatures at
the top connections, which can be attributed to the weight from the longer length of the
hose-string at its connection point to the manifold on the CALM buoy.
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load in Chinese-lantern config. (d) Hose Curvature excluding hose hydrodynamic load in Chinese-
lantern config.

4.1.3. Results of the Hose Effective Tension Sensitivity

The effective tension profiles for the marine hose under Lazy-S and Chinese-lantern
configurations showing the cases, including the loadings from hydrodynamics and ex-
cluding the loadings from hydrodynamics, are, respectively, presented in Figure 22a–d.
The tension profiles present a steady distribution running through the arc length of the
hoses. However, the comparative studies on both configurations shows that there are
higher distributions recorded in the Lazy-S case than the Chinese-lantern case, but the
Chinese-lantern case has more fluctuations than the Lazy-S case. This is attributed to the
result from bending in response to waves and currents. The distribution recorded on the
effective tension profile is not undulating or fluctuating like that of the bending moment
profiles presented in Figure 23. The reason is that hose tensions are not always a function
of the flexural stiffness, but due to nonlinearities in the hose material properties. It was
also observed that the cross-flow model cases, in particular 0◦, exhibited greater tensions
in comparison to 90◦. Thus, it can be deduced that an increase in the effective tension can
be induced by increasing the hydromantic loads of the hose. In addition, the points of
attachment of the hoses to the PLEM and to the manifold underneath the CALM buoy both
exhibited maximum effective tensions that were of high magnitudes. Thus, the angle of
inclination of design for the manifold is recommended to be at about 30◦, as this manifold
angle enhanced better results, but it is also subject to the manufacturer’s choice, the en-
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vironmental conditions and the marine hose properties. Lastly, the hose-string recorded
highest flexural stiffness and highest axial stiffness that resulted from the end-restrictions,
but other sections are relatively flexible. More flexible hose sections with fewer bending
moments may be used to withstand hydrodynamic loadings, and the float type for the
hoselines used may require more inertia properties.
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4.1.4. Results of Hose Bending Moment Sensitivity

The sensitivity of hose bending moment was also investigated in this research. As
observed in Figure 23, the curvature of the hose from the bending moment is within
the design limit, as stipulated in OCIMF [34]. Wave and current loads, as well as other
hydrodynamic loads, induce the hose curvature. The bending moment profiles for the
marine hose under Lazy-S and Chinese-lantern configurations showing the cases including
the loadings from hydrodynamics and excluding the loadings from hydrodynamics are,
respectively, presented in Figure 24a–d. As is evident in Figure 24c,d, there are significantly
greater bending moments recorded at both ends of the marine hose. However, the bending
moments for the arc length located within the middle and in between end sections have
minimal bending moments recorded. The bending moment profiles recorded at the two
ends of the marine hoses under the cases including the hose hydrodynamic loads. However,
the hose sections that lie in between have significantly larger moments, with the exception
of 90◦. The bending moment behavior resulted from the twisting of the hose. From the
comparative studies on Lazy-S and Chinese lantern cases, more undulations are observed
in the lazy-S cases than the Chinese-lantern cases, which is due to the longer length of
the submarine hoses, and the floats attached on the submarine hose-string in the Lazy-S
configuration. During twisting, the hose deformations were observed to also be a function
of the wave and the buoy rotations. Thus, larger moments from the twisting induced at 90◦

for the Lazy-S configuration is different from that of the Chinese-lantern configuration. In
terms of energy dissipation, higher energy magnitudes are released during twisting than
during bending. This, in turn, results in relatively lesser stiffness of the buoy on the system.
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4.1.5. Results of DAF of hose (DAFhose) Sensitivity

The sensitivity studies on the DAFHose for marine hoses are calculated by considering
one submarine hose-string, Hose1, as presented in Figure 25a–f. The comparisons of
the curvature profiles for Lazy-S and Chinese-lantern configurations showing the cases
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including the hydrodynamic loads and excluding the hydrodynamic loads are shown in
Figure 25a,b by the curvature DAFHose. The behavior of submarine hoses is subject to the
buoyancy of the hose and the attached floats. However, with some flexibility in the hose-
string under waves and current loadings, the hose-string is also designed to be resistant to
such forces and moments, which can result to high curvatures. As a result of that, the floats
are positioned at strategic positions; however, the locations having maximum bending
require additional reinforcements. In the Lazy-S configuration in Figure 25a, high curvature
profiles are observed in 0◦, similar to the result obtained during accidental operation
(disconnection), as that presents the most threatening scenario. However, the average hose
curvature DAFHose is not that high. In the worst cases of hose disconnection, the DAFHose
could have such high values of 2.5; however, the guidance value of 1.5–2.0 for curvature
DAFHose is advised here, as seen Figure 25b in the normal operation with Chinese-lantern
configuration. In Figure 25c,d, the profiles of effective tension DAFHose on the submarine
arc length. According to the presented analyses, a guidance value of 1.0–2.0 is suggested
for effective tension DAFHose and bending moment DAFHose. In offshore field practice, the
determination of significant tensions is at the touch down zone (TDZ), and connection to
PLEM and at the buoy manifold. This might be as a result of higher responses from the
wave frequency motion, affected by damping, induced by the wave drift and perturbed
by the seabed parameters. As such, the effective tension may be uniformly distributed
along the hose arc length, but varying bending moments. This behavior is also due to the
effect of the hydrodynamic coefficients of the buoyancy floats on the hose body. From the
DAF curves, it can be observed that the connections had the highest bending moments.
This can be attributed to some drag occurrence on the floating buoy. In principle, there is
viscous drag resulting from friction between the surface of the buoy’s body and the fluid
particles. Thus, reducing both the coefficient of drag and the coefficient of damping is one
method that is recommended to offset this phenomenon. Another method is to increase
the reinforcement along such locations of high bending. The DAFHose for the bending
moment distributions throughout the hose for Lazy-S and Chinese-lantern configurations
showing the cases including hydrodynamic loads and excluding hydrodynamic loads arc
length is presented in Figure 25e,f. In a similar fashion, the design recommendation for the
bending moment DAFHose is a guidance value of 2.0. It is also recommended that accidental
conditions are investigated in further studies based on hose disconnections, to predict the
structural effect on the structure’s integrity and ascertain safety guidelines for improving
operations on CALM buoy-hose systems.
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(f) Bending Moment DAFHose for the hose in Chinese-lantern config.

4.2. Results of the Wave–Current Interactions

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

4.2.1. Results of the Current on Buoy Motion RAOs (Response Amplitude Operators)

The effect of the current velocity on the CALM buoy motion RAOs have been presented
in this section. From the literature review, the effect of current velocity for the wave forces
acting on the CALM buoy motion has not been presented in literature, but there are exciting
works on other floating structures, such as semisubmersibles [55–58,154]. It should be
noted that the CALM buoy has 6DoFs; however, the results of the surge, heave, pitch and
yaw presented in Figure 26 are to show the influence of wave–current interaction and the
effect of current velocity on the floating buoy. This investigation was conducted using
three current profiles: 0.5 m/s, 1.0 m/s and 1.5 m/s. The RAOs were obtained under
irregular waves using the environmental condition for extreme cases. It was recorded in
Figure 26a that the higher the current velocity, the lower the surge profile. However, from
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Figure 26b–d, it was recorded that the higher the current velocity, the higher the heave,
pitch and yaw profiles. Furthermore, this confirms that variation in the current velocity
affects the buoy under different motions by displaying unique response characteristics.
Thus, recommendations include that CALM buoy hose systems should be practically
well monitored using real-time monitoring systems, such as Offshore Monitoring Systems
(OMS), Buoy Monitoring Systems (BMS) and Hose Monitoring Systems (HMS). Secondly,
findings on the CALM buoy motion are with respect to the environmental conditions, and
not representative of all sea conditions. However, the CALM buoys respond to both regular
and irregular waves, as well as currents, depending on its collinearity.
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4.2.2. Results of the Current on First-Order Wave Forces from CALM Buoy Motion

The effect of current velocity on the CALM buoy motion RAOs have been presented
in this section. From Figure 27, it can be observed that the current has some effect on
first-order wave forces for the different motions of the CALM buoy. This investigation
was conducted using three current profiles: 0.5 m/s, 1.0 m/s and 1.5 m/s. The first-order
wave forces were obtained under irregular waves using the environmental condition for
extreme cases. It was recorded in Figure 27a that the higher the current velocity, the lower
the surge profile. Contrary to this, in Figure 27b, the higher the current velocity, the higher
the heave profile. In Figure 27c,d, the higher the current velocity, the lower the pitch profile
and the lower the yaw profile, respectively. This shows that the current velocity has a direct
relationship with the motion behavior. This makes some contribution to its hydrodynamic
characteristics, but further research is required.
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Figure 27. Influence of current velocity on the first-order forces for the CALM buoy, showing (a) surge,
(b) heave, (c) pitch and (d) yaw.

The motion response is also a function of the ocean current, azimuthal direction,
system acceleration, system velocity and the relative position of the attached hoses and
mooring lines. The first-order wave forces on this system for the three different current
velocities present similarities in form and profile. Additionally, they have different peaks
on the surge, heave, pitch and yaw, but at the same natural frequency range for the system.
The effect of the current velocity on the yaw motion is least or almost negligible, as observed
in Figure 27d. However, due to the resonating frequency, the effect of the current velocity
is relative to the motion—if translational, such as surge and heave, or rotational, such as
pitch and yaw. In the case of the heave, the frequency profile is higher from 0.299 Hz to
1.223 Hz, unlike in the surge motion where the frequency profile is 0.179 Hz to 0.278 Hz.
This behavior shows a relationship between first-order wave forces and the three current
velocities investigated. However, further investigation is also recommended by considering
the effect of CALM buoys with different draft sizes. Based on studies on Boundary Element
Methods [155–158], waves and currents impact floating bodies. These earlier studies found
that wave energy is absorbed, including elevated bodies and deformable bodies. Unlike the
submarine hose, the CALM buoy is considered an elevated body that floats on the surface
of the sea, across its draft line. This study also shows a variation in the effect of current
velocity from different motion characteristics.
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4.2.3. Results of the Seabed Current and Surface Current Sensitivity on Hose

The sensitivity of current was investigated for both the seabed current and surface
current on the nonlinear seabed model in the Lazy-S configuration. The surface current
velocity has a pertinent function in designing CALM buoy systems for loading and offload-
ing operations. To investigate its influence, some surface current values are used: 0.45 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
bend radius (curvature) decreases, the bending moment decreases and the effective tension
increases, as in Figure 28a,b. Considering the seabed currents, the seabed current velocity
parameters considered are as follows: 0.35 m/s, 0.45 m/s, 0.75 m/s and 0.9 m/s. For the
same surface current velocity, an increment on the seabed current velocity has correspond-
ing reduced effective tension and reduced bending moment, as shown in Figure 28c,d.
An increase in seabed current velocity gives a reduced bend radius (curvature) and an
increased effective tension and bending moment.
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4.2.4. Results of the Current Attack Angle Sensitivity on Marine Hose

The sensitivity of the current attack angle investigated on the submarine hoses in
Lazy-S configuration was investigated for the following: 60◦, 90◦, 120◦, 150◦ and 180◦, as
presented in Figure 29. It shows that the current attack on the hose-string was highest at
60◦, close to the TDZ. Similarly, the 60◦ hose had highest effective tension at the top of
the submarine hose at 123.91 kN, but had lowest tension of 3.52 kN at TDZ. Due to the
nonlinear seabed profile, the effective tension may have constant distribution along the
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hose arc length, but varying bending moment. This is due to the effect of the buoyancy
hose on the hoses. However, the 60◦ model had the least amount of curvature at the top of
the submarine hose.

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 37 of 48 
 

 

arc length, but varying bending moment. This is due to the effect of the buoyancy hose on 
the hoses. However, the 60° model had the least amount of curvature at the top of the 
submarine hose. 

 
Figure 29. Influence of current attack angle on bending moment (a,b), effective tension (c,d) and 
curvature (e,f) on hose. 

4.2.5. Results of the Time Response Sensitivity for the CALM Buoy System 
The extent of the values largely depended on flow angle. A series of snapshots from 

the simulation in Orcaflex for Chinese-lantern configuration at 0° flow angle at Hs = 1.87 
m, Tz = 4.10 s and Tp = 5.27 s is presented in Figure 30. It depicts the time response on the 
hose curvature behavior, as observed at different times, as recorded. It can be observed 
that the hose has snaking behavior with the highest curvature observed at time t = 2.998 
s. As such, it is recommended to increase the reinforcement at such locations. 

Figure 29. Influence of current attack angle on bending moment (a,b), effective tension (c,d) and
curvature (e,f) on hose.

4.2.5. Results of the Time Response Sensitivity for the CALM Buoy System

The extent of the values largely depended on flow angle. A series of snapshots from
the simulation in Orcaflex for Chinese-lantern configuration at 0◦ flow angle at Hs = 1.87 m,
Tz = 4.10 s and Tp = 5.27 s is presented in Figure 30. It depicts the time response on the hose
curvature behavior, as observed at different times, as recorded. It can be observed that the
hose has snaking behavior with the highest curvature observed at time t = 2.998 s. As such,
it is recommended to increase the reinforcement at such locations.
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5. Further Discussion

Detailed numerical investigation on CALM buoys with submarine hoses was carried
out in two configurations: Lazy-S and Chinese-lantern. It was designed under irregular
waves for a cylindrical CALM buoy. The hydrodynamic panel was developed in ANSYS
AQWA and solved using diffraction theory and JONSWAP Wave Spectrum for the three
environmental conditions used. The boundary conditions considered for the submarine
hoses were attached on the PLEM and hose manifold underneath the CALM buoy. This
investigation presents the sensitivity studies on CALM buoy hose systems with improved
modeling techniques on the offshore marine industry.
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The offshore hose system has been modeled analytically and numerically. It was
validated by considering the results of the numerical model and typical CALM buoy hose
models. This study presents hydrodynamic characteristics of bending, axial force loads
and the snaking phenomenon. It has been established that the contribution from each
of the mooring-hose loads to the CALM buoy system influences the system’s load effect.
This is also a function of the ocean current, system velocity, system acceleration, azimuthal
direction and the relative position of the mooring line.

From this presented investigation, the following observations were made:

1. A number of deformations were observed in the hose occurs where the MBR is
high. Similarly, some curvature distributions are observed from the behavior of the
submarine hoses via dynamic analysis. The models of the 0◦ flow angle have the
highest curvatures via the arc length of the hose in both configurations. However,
the 90◦ flow angle models reflected minimal curvature via the arc length of the hose.
Damping is one method to minimize hose curvatures, in addition to inclusion of
the hydrodynamic loads. It was also observed that the hoses subjected to cross-flow
directions in the cases for 0◦ and greater curvatures developed on inclusion of the
hydrodynamic loads.

2. In comparing the models for Lazy-S and Chinese-lantern configurations, while the
curvature plot in the Lazy-S cases sag, the plot in the Chinese-lantern cases is hugging.
Additionally, the curvatures in the Lazy-S appear to have higher curvatures; however,
this can be due to the profile length of the hose-string and the azimuthal direction
of the hose. However, the comparative studies on both configurations in effective
tensions show that there are higher distributions recorded in the Lazy-S case than
the Chinese-lantern case, but the Chinese-lantern case has more fluctuations than the
Lazy-S case. This is attributed to emanate from bending in response to waves and
currents. The bending moment behavior resulted from the twisting of the hose. For
the bending moment cases, more undulations are observed in the Lazy-S cases than
the Chinese-lantern cases, which is due to the longer length of the submarine hoses,
and the floats attached on the submarine hose-string in the Lazy-S configuration.

3. It was also observed that the cross-flow model cases, particularly the case 0◦ and case
180◦ exhibited greater tensions in comparison to the case 90◦. Thus, it can be deduced
that an increase in the effective tension can be induced by increasing the hydromantic
loads of the hose. In addition, the points of attachment of the hoses to the PLEM
and to the manifold underneath the CALM buoy both exhibited maximum effective
tensions that were of high magnitudes. Thus, the angle of inclination of design for
the manifold is recommended to be at about 30◦, as this manifold angle enhanced
better results, but it is also subject to the manufacturer’s choice, the environmental
conditions and the marine hose properties.

4. The sensitivity of the soil characteristics shows a high significant influence on the hose-
line behavior and seabed resistance on the lower end of the hose, the PLEM and any
attached submarine pipeline. An increase in the soil mudline shear strength increases
the seabed resistance rises steadily. This means that if submarine hoses are attached to
the PLEM, there will be a noticeable dynamic lay effect. As the shear strength gradient
increases, the submarine pipeline embedment will have a corresponding dynamic
lay effect.

5. The sensitivity of seabed resistance on the hose-string shows that the highest soil
shear stiffness of 100 kN/m/m2 had the least bending moment, and the least effec-
tive tension under nonlinear seabed model, which shows the influence of variation
or nonlinearity due to the rate of penetration, seabed soil resistance and uplift on
the seabed.

6. As the surface current velocity increases, the bend radius (curvature) decreases, the
bending moment decreases and the effective tension increases. Considering the seabed
currents, the following seabed current velocities were considered: 0.35 m/s, 0.45 m/s,
0.75 m/s and 0.9 m/s. For the same surface current velocity, an increase in the seabed
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current velocity has a reduced effective tension and reduced bending moment. An
increase in the seabed current velocity gives a reduced bend radius (Curvature) and
an increased effective tension and bending moment.

7. The surface wave is highly significant in the dynamic responses of the hose-line, the
buoy stability and the seabed resistance. The most critical wave direction is the follow-
ing sea (0◦ flow angle) and followed by the stern-quartering seas (30◦ and 60◦ flow
angle). Naturally, an increase in wave height increases the submarine hoses’ dynamic
responses and seabed resistance. However, we suggest that future studies investigate
the approximations analytically for the moving boundary of submarine hoses and
the description of the moving boundary of submarine hoses, as such formulation is
necessary for further understanding the stability and dynamics behavior.

8. This study also shows that there is a variation in the effect of the current velocity
from different motion characteristics due to the resonating frequency, the effect of
the current velocity is relative to the motion—if translational, such as surge and
heave, or rotational, such as pitch and yaw. In the case of the heave, the frequency
profile is higher from 0.299 Hz to 1.223 Hz, unlike in the surge motion where the
frequency profile is 0.179 Hz to 0.278 Hz. This behavior shows a relationship between
first-order wave forces and the three current velocities investigated. Similar findings
were observed when current velocity was investigated for the motion RAOs of the
CALM buoy.

6. Concluding Remarks

Some investigations on marine bonded hoses connected to CALM buoy have been
presented on hydrodynamic characteristics, wave–current interaction and sensitivity anal-
ysis. The models were conducted for the application in shallow water and deep-water
conditions. The RAO values generated from ANSYS AQWA were directly coupled to the
FEM-Orcaflex model developed based on the Orcaflex Line theory. This Orcaflex line theory
uses the nodes along with the hoses and mooring lines but applies some discretization for
the CALM buoy. This technique aids researchers by utilizing less computational time and
fewer resources. The model was validated using numerical and theoretical methods as an
engineering application of the system. Different environmental conditions, mooring line
conditions and hose load cases were considered in developing the model. Comparisons
and sensitivity of various parameters were also conducted in this study. The investigation
has also given trends and profiles for marine hoses under wind, waves and current.

The model highlights firstly include some studies on wave–current interaction, cur-
rents effects, soil strength, time response and wave loads on marine bonded hoses. Secondly,
they include sensitivity analysis based on a coupled approach using the RAO from ANSYS
AQWA inputted unto Orcaflex in the dynamic process. This concept has been applied to
flexible risers, steel catenary risers (SCRs) and pipelay analysis. This proposed method
saves computational resources, is cost-effective and has high accuracy. Thirdly, they include
the global response analysis on the effect of wave angle, soil characteristics and current on
the submarine hoses, which were considered under different ocean conditions. Fourthly,
they include the sensitivity from the application of DAF on the offshore submarine hoses
for Lazy-S and Chinese-lantern configurations with the proposed DAFHose values based on
the effect of hydrodynamics loads from the buoy response on the tension of the submarine
hoses based on the present study. Lastly, the model presents the motion scenario by ana-
lyzing the bending and deflection, which has an advantage in predicting the behavior of
submarine hoses.

This study shows hydrodynamic characteristics of CALM buoy hose systems under
wind, waves and current. It also indicates limits of tensile bending from different hose
parameters on the marine hose-string, the hose behavior and the hose configuration from
the sensitivity study. It discusses that these parameters influence the submarine hose
configuration by providing unique curvature and tension distributions. The results of
this study will also aid hose manufacturers in solving the challenge of large deformations
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experienced during service operations of marine bonded hoses. Additionally, it presents
an understanding of the issue of high curvature profiles experienced on marine hoses that
lead to their failures. This study also contributes to the knowledge of buoy hydrodynamics
under low/high amplitude waves. From this investigation, recommendations are made
that will aid the improvement of buoy-hose performance. However, it is recommended
that more experiments are conducted on the marine hose systems using model tests for
CALM buoy systems.
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Abbreviations

ρ Density of water
ω Angular frequency
ωp Peak angular frequency
γ Peak enhancement factor
η The incident wave amplitude
λ Wavelength
θ Angle to the horizontal axis
3D Three Dimensional
6DoF Six Degrees of Freedom
ABS American Bureau of Shipping
BEM Boundary Element Method
BM Bending Moment
BVP Boundary Value Problem
CAD Computer-Aided Design
CALM Catenary Anchor Leg Mooring
CB Cylindrical Buoy
CCS Cartesian Coordinate System
CFD Computational Fluid Dynamics



J. Mar. Sci. Eng. 2022, 10, 120 42 of 48

CMS Conventional Mooring Systems
DAF Dynamic Amplification Factor
DAFhose Dynamic Amplification Factor of hose
DNVGL Det Norkse Veritas & Germanischer Lloyd
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
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
MSL Mean Sea Level
OCIMF Oil Companies International Marine Forum
OD Outer Diameter
PCSemi Paired Column Semisubmersible
PLEM Pipeline End Manifold
QTF Quadratic Transfer Function
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
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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