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Abstract: Recently, several experimental and numerical studies have underlined the advantages of
adding clumped weights at discrete positions of mooring lines. To confirm the influence of these
weights, an experimental study was performed for a 1:30 scale model of a mooring line. In this study,
the clumped weight is modeled as a scaled disc placed at different positions along the mooring line.
The series of experiments has been carried out at the CEHIPAR towing tank using a submerged
studless chain both with and without clumped weights. The experiments consist of the excitation
of the suspension point with horizontal periodic motions using different amplitudes and periods,
where the mooring line’s tension at the fairlead is measured using a load cell and a dynamometer,
and the motion of a part of the line is recorded using low-cost submerged cameras. Similarly to
previous experiments, the fairlead tensions increase with higher amplitudes and lower periods, and
a clear pattern in the motions of the line at different depths is found. The dissipated energy and
the fairlead tension is also increased by the addition of the clumped weight, and the variation of
this energy with its position along the line is monitored. The presence of clumped weights is also
implemented into a finite element numerical code, previously validated without clumped weights,
where all the previous experiments with clumped weights are replicated with remarkable accuracy.
This double experimental and computational approach to the problem provides an important dataset
for numerical code validations and opens future discussions about the impact of clumped weights on
floating platforms.

Keywords: mooring line; clump weights; hybrid mooring system; experiments; floating offshore
wind turbines

1. Introduction

Floating wind power is considered one of the most promising sources of sustainable
energy today. The international framework is clearly favorable for offshore wind as a key
technology in meeting decarbonization objectives. The offshore sector is largely being
explored due to its higher wind potential when compared to onshore cases. An important
factor in motivating offshore locations for wind turbines is the problem that onshore loca-
tions are often designated for purposes other than energy production. Classical advantages
justify the installation of offshore wind turbines with respect to onshore locations. The en-
ergy yield of a wind turbine installed in open sea is, in general, above the production of
an onshore location due to higher and steadier winds. The visual and audible impact of
a wind farm is less restrictive for the design for offshore than for onshore wind turbines.
Finally, most of the world’s population is located close to the coastline and transmission
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losses are therefore low. The growing evolution of offshore wind installations in Europe is
quantified in many reports [1], where a tendency toward growth is clearly observed and
the important role that it will play in the future is increasingly likely.

The offshore wind energy industry is as economically promising as it is technical
challenging, due to the aforementioned *intention to place Floating Offshore Wind Turbines
(FOWT) in deeper waters. The reason for this interest is that 61% of US coastal areas, nearly
all of Japan’s, and various European locations, such as the coast of Norway and Spain and
Portugal in the Mediterranean, require floating foundation technology due to the great
depth of the water. Today, the majority of European offshore wind turbines are placed
in shallow waters, where according to experimental research [2] snap loading may occur
more frequently. However, in order to install more offshore farms where better atmospheric
conditions are found, highly reliable mooring solutions are required. The mooring system
designed for these facilities must be ready to withstand the loads applied by the environ-
ment. This imposes the necessity of longer, and therefore heavier and more expensive
mooring lines. Due to this necessity, the cost reduction of this growing offshore technology
demands the optimization of the mooring line system, where the mechanical fatigue and
the extreme and impulsive loads are the most aggressive phenomena for the lines. In order
to prevent accidents and long and expensive repairs, a thorough study of the mooring line
dynamics is necessary, where extreme loads and fatigue loads are adequately modeled.

We can assert that in the context of offshore wind energy, the reduction of motions
allows the turbine to produce power in a wider range of sea states, and lower motions and
accelerations reduce the tension of the lines and related costs, see [3]. Therefore, the dual
goal is to achieve, when possible, a load reduction of both the mooring lines and the
platform motions.

Due to the complex dynamics that govern the mooring line, the presence of snap
loads and tension peaks in the mooring lines have been studied in multiple publications,
i.e., [4,5]. The evolution of the line tension in such an aggressive and chaotic environment,
combined with the fatigue phenomenon and the footprint limitation, makes it necessary to
perform a safe and appropriate mooring design in offshore applications. Today, several
new concepts and alternative designs for FOWT mooring lines are being studied at water
depths greater than 50 m [6]. These modern improvements for mooring systems are to
include point masses (Clump Weights) that provide drag and weight to increase the elastic
range of the line and enhance the damping of the floating system.

2. State of the Art

The research of mooring systems admits several classifications, being one of them
the methodology employed. The most common methodologies are the experimental
ones [2,7] that use scaled models, and the numerical one [8,9] where full-scale models are
able to be employed. Additionally, there is a vast number of published articles where
both approaches are used [10,11]. For each of these methodologies, two types of exper-
iments/simulations have been found in the context of mooring systems, either moored
floating objects/structures are placed in a towing tank and are excited by currents or
waves [12-20], or isolated mooring lines are forced to move the fairlead with prescribed
motion. These last ones can include clumped weights [6,21] or otherwise only the mooring
line [2,7-9,11,22-25]. In this experimental and computational study, we follow the second
approach and we focus on the isolated mooring dynamics with prescribed motion for the
fairlead. The objective of the present study is to extend current research to include the
presence of clumped weights, previously addressed by [6] from a quasi-static perspective,
but using a dynamic finite element model and comparing its results to the experimental
measurements also performed.

The role of the mooring system has a significant contribution to the motion of floating
structures, causing about 80% of the total damping of the structure at 200 m depth [26].
This energy dissipation is basically caused by three terms: drag contribution, friction with
the seabed, and the internal mechanical damping due to the line deformations. Limiting the
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scope of research to that found on forced mooring lines, another interesting classification is
observable depending on whether the authors are more focused on the damping quantifi-
cation of the mooring system [26-28] or the mooring dynamics and the different regimes
found for different kinds of excitation [10]. The computation of the mooring damping
has been computed by quasi-static methods when the mooring line motion is very slow,
see [26]. A simple calculation procedure for the practical estimation of damping due to
mooring lines is presented and verified experimentally in [29]. The most commonly used
method of estimating the total mooring damping is the indicator diagram presented in [28],
which has the advantage of including all dynamic responses of the mooring line.

As most of the experiments performed in moored systems are normally scaled models
of full-scale prototypes, the importance of the scaling laws and the dimensional analysis of
the problem is clear. In [28], one of the first dimensional analyses of the mooring dynamics
was performed and, afterwards, the analysis was applied to the scaling of the damped
energy. A slightly more simplified dimensional analysis was performed in [25], where
the final differential equation that models the phenomenon contains five non-dimensional
parameters. It is also worth mentioning that when the experiment must represent a full-
scale design, not only should the Froude number associated to gravity remain constant
between scales, but also other non-dimensional numbers such as the one associated with
line stiffness should be considered. Some experiments [7,30] added a spring at the anchor
position to try to keep the stiffness of the line in the proper scaling. One important
conclusion of [25] is that even when using a spring connected to the mooring line in order
to have a scaled stiffness, a correct scaling is only obtained at quasi-static level. If perfect
geometrical and dynamic scaling in vacuum is addressed, the chain must be scaled to have
an adequate propagation celerity for longitudinal elastic waves.

Another possible classification comes from the completeness of the differential equa-
tion that models the mooring dynamics. In [11], a numerical and experimental study for
five different scales of chain mooring systems was performed. They compared the different
theoretical approaches to the problem showing the difference to the static case, where no
terms including velocities or accelerations were part of the model; the quasi-static case
where no terms based on accelerations were considered; and finally, the dynamic approach
where accelerations and added mass forces were included.

For the numerical computation of the mooring line, the OPASS [10] code based on
the finite element method is used. Other numerical alternatives such as the Open-Moor
software, similar to OPASS, is explained in [8] and validated against the forced isolated
mooring line described in [25]. An interesting advantage of this latter one is that the time
integration is performed using the generalized a-method that permits larger time steps.

Some experiments are able to measure the trajectories and velocities of different points
of the mooring line. Different techniques are applied to this process: either image processing
methods are applied to snapshots from the camera [2] or sophisticated optical devices such
as Qualysis to directly obtain the point position [7]. During the experiments performed
in [2] in shallow water, the importance of line stretching for damping was demonstrated
also showing that the most critical factors for snap conditions are high pretensions and low
amplitudes and periods. A similar study was performed by [22] but also adding a uniform
current to the surge and heave fairlead oscillations. A sharp increase of the maximum
tension force was observed at large pretension for the mooring line with the surge- and
heave-imposed motions.

The dynamic behavior of different mooring lines and the impact of weight and sea
bottom friction was analyzed in [7]. An original part of this experimental work is the
quantification of the friction coefficients and the effect of the mooring line on the seabed.
This work was complemented by the numerical study performed in [9] where an exhaustive
sensitivity analysis was performed to evaluate the variability of mooring loads because of
inaccuracies in the definition of model inputs.

In [24], the slack-taut regime was searched by numerically changing the initial pre-
tension, amplitude and frequency of the top mooring line excitation were made up of
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three different parts. The results showed that the slack-taut phenomenon, characterized
by maximum tensions several times that of the pretension, would occur beyond a certain
threshold of amplitude, frequency, and pretension.

A nonlinear dynamic model of the mooring-line based on FEM simulations was for-
mulated in [23]. An isolated mooring line was tested for a large combination of parameters:
pretension, amplitude and frequency, diameter and elasticity modulus. They concluded
that the mooring-lines’ stiffness presents a hysteresis behavior which becomes more obvious
as the suspension point frequency/amplitude gets larger.

We should remark that in this kind of research where an isolated mooring line is
studied under forced movement, just a few papers mention the presence of a clumped
weight, especially combining the experimental and computational perspectives. Some com-
putational models analyzed implemented the clumped weight as part of the lumped-mass
approach, where the total mass of the element (chain and clumped weight) is concentrated
in the element’s adjacent nodes, see, for example, [18,31]. A numerical-experimental com-
parison was performed in [21] where a lumped mass computational method was described
and compared to the experiments performed in a towing tank. Both approaches were
performed using a single clumped weight and limiting the study to a single frequency
and amplitude.

The improvement given by the clumped weights was demonstrated in [6] where the
key design parameters of clump weights and their effects on mooring system performance
were investigated from a quasi-static point of view and assuming that dynamical effects
can be neglected. The paper described a methodology of determining the optimum values
of these parameters to improve mooring performance.

Table 1 compares the recent research literature of excited mooring lines and the
innovation of this study.

As can be observed, most of the papers where the forced mooring lines are studied did
not include the clumped weight in the experiment or dynamic numerical simulation. In this
paper, we try to fill this gap and analyze experimentally and computationally what effects
the presence of a clumped weight has on the mooring line. Another innovation developed
for this study is the system designed to track the mooring line kinematics, which is a
low-cost system based on an image processing code and submerged cameras. Additionally,
the simulation tool OPASS, specifically designed for mooring line dynamics now includes
the possibility of clumped weight implementation. Other important conclusions about the
evolution of the geometric stiffness of the line and the energy dissipation when clumped
weights are included, are also important results obtained from this work.

Table 1. Comparison table of the existing research literature of mooring lines forced oscillations and
the present work.

Methodology Results

Use of Clumped
Weights

Current work

Nakajima [21]

Luo [6] Numerical

Azcona [10]

Experimental and
numerical

Experimental and
numerical

Experimental and
numerical

Dynamic analysis of tension response for different
positions of clumped weights, force-displacement

curves, PSD analysis, dissipated energy, trajectories, Yes
numerical validations with experiments,
non-dimensional analysis.

Fairlead tension time series, frequency response

curves of tension. Single frequency and amplitude  Yes
with clumped weights.

Dynamic analysis of tension response for different
positions of clumped weights.

Fairlead tension, force-displacement curves,
trajectories, and numerical validation No
with experiments.

Yes
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Table 1. Cont.

Use of Clumped
Methodology Results Weights
Time series of fairlead tension, trajectories,
. Experimental and force-displacement curve, dissipated energy,
Li [23] . . . . . . No
numerical comparison of maximum fairlead tension with
the static.
Experimental fairlead tension time series
Experimental and comparison with numerics, experimental time series
Barrera [9] perty of the displacement for different points of the line No
numerical . . e .
compared with numerics, sensitivity analysis of the
number of elements and computational parameters.
Bergdhal [25] Experu_nental and Fallrlead tension time series compared No
numerical with numerics.
E i 1 . o
Yan [27] xperimenta and force-displacement curve and energy dissipation. No
numerical
Time series of fairlead tension, fairlead
Barrera [7] Experimental ten510n—d.1splac§m.ent curves, trajectories, . No
accelerations, dissipated energy, sand footprints,
hydrodynamic response with different sea states
Kitney [30] Experimental Force—'dlspla.cement curves and energy dissipation, No
non-dimensional analysis.
Gao [22] Experimental Force-(.ilspla.cemer.lt curve, fairlead tension, and PSD No
analysis, trajectories
Hsu [2] Experimental Force.—dlsp.lacemen.t curve, energy dissipation a?nd No
mooring line velocity vectors of image processing.
Chen [8] Numerical Fa1rle:a1d tens%on tlm? series, validation with No
experiments in the literature.
Qiao [24] Numerical Falrlea.d tension time series and PSD No
analysis, trajectories.
Webster [28] Numerical Force displacement curves and energy dissipation, No

non-dimensional analysis.

This paper is organized as follows: in Section 3, the case of study, the dimensional

analysis, and the experimental setup are presented; in Section 4, the numerical tool used is
described and the modeling and implementation of Clumped Weights on it is explained; in
Section 5, the experimental results are shown; in Section 6, the numerical and experimental
validations are conducted.

3. Experimental Methodology

Among the variety of FOWT designs, the semisubmersible one is receiving particular
attention due to various advantages [32]. The two most remarkable ones are: first, these
platforms can be fully assembled onshore and deployed to their final operational destination
and, second, the mooring systems are widely employed and cost competitive. Recently,
different projects have developed proof of concept designs, such as the OC4-DeepCWind
shown in Figure 1, in order to generate test data to be used in FOWT modeling tools’
validation [33].

Figure 1 shows the OC4-DeepCWind FOWT mooring line arrangement based on three
chains separated by 120°. We study a typical deep water configuration where the platform
is placed at an approximate sea depth of 200 m.
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i Waves 180°
>
Current 180°

>
Figure 1. (Left) OC4-DeepCWind FOWT design. (Right) Top view of the mooring system of the
OC4-DeepCWind FOWT [33].

Wind 180°

Considering the worst case scenario where waves and wind are aligned in the 180 de-
gree direction as shown in the right panel of Figure 1. This situation, where the wave
motion and wind are aligned with the upwind mooring line, provokes the same tension for
the two downwind cables, while the upwind line becomes the most loaded one. It is well
known, see [26], that in this scenario, surge motions of the moored platform will become
very important, and therefore need to be analyzed for the upwind mooring line.

In this paper, three different configurations of mooring line reproducing the upwind
mooring line are analyzed: an isolated scaled mooring line and the same line with the
addition of a single clumped weight at two different positions. The experiments consist of
the excitation of the suspension point, hereafter called fairlead, with horizontal periodic
movements reproducing the platform surge motion.

Depending on the installation site, see [10], when surge motion is considered in normal
operation conditions, these types of platforms typically have periods ranging from 10 to
30 s and amplitudes from 3 to 12 m.

3.1. Dimensional Analysis

In this subsection, we will try to extend the dimensional analysis performed in [28]
to our case where the clumped weight is attached to the mooring line using a line scale
factor A.

Let us start with the analysis of the mooring line equation of motion formulated in
global coordinates. This equation will include the elastic deformation of the chain, internal
mechanical damping of the chain, and external hydrodynamic forces (weight in water, drag,
added mass, and clumped weight). Although the numerical code includes the external
action of the sea bottom and structural damping in this dimensional analysis, neither the
role of the sea bottom nor the internal damping will be considered. Structural damping
is negligible in this kind of mooring dynamics and sea bottom effects are very hard to
scale. Similarly to the analysis performed by [25], no bending is considered and we also
assume that the experiment is performed in calm water, and therefore, no water current is
included in the analysis. When only chains are used as mooring lines, good accuracy is
obtained when bending effects are considered negligible, see [10]. The differential equation
of motion that supports the dimensional analysis for a mooring line element, is:

.. JE Act
vR—(azo)—FD—Fw—ch—FAM_o, M)
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where Fp, Fy, Fcw, Fapm are the drag, weight in water, clumped weight, and added mass
forces to the mooring line, respectively, v is the mass per unit length of the mooring line, R
is the acceleration of the line element and the partial differential term is the tension of the
line element, where ¢ and t are the deformation of the line element and the vector tangential
to the line element, respectively. Bold text denotes vectorial notation.

The list of dimensional parameters involved in the analysis are:

* [y Fairlead tension.

e L Total unstretched length of the mooring line.

e  H Water depth.

¢ D Equivalent diameter of the fictitious mooring line that would result if the structural
cross-section of the chain were to be formed into a solid, cylindrical rod.

*  EA Product of Young’s modulus of the chain by the structural cross sectional area of
the chain.

*  po Water density.

¢ w Chain weight in water per unit volume.

* g Gravity acceleration.

*  Fp Mooring line drag force magnitude.

*  Fjnm Mooring line added mass force magnitude.

*  w Fairlead oscillating angular frequency.

* A Fairlead oscillating amplitude.

*  Fpcw Clumped weight drag force.

*  Fimcw Clumped weight added mass force.

*  Dcw Clumped weight diameter.

*  Lcw Clumped weight length.

*  Wcw Weight in water of the clumped weight.

e tTime.

Performing the typical non-dimensional analysis with the previous list of parameters,
and using H, D, and D¢y as three characteristic lengths corresponding to the water
depth, mooring line diameter, and clumped weight diameter, and /H/g and wHD? /g as
characteristic time and mass, respectively. The list of non-dimensional numbers is very
similar to the one obtained by [25,28] but adding three new parameters due to the clumped
weight’s presence. The non-dimensional numbers are classified into three groups according
to the situation; they can be summarized as:

Related to the mooring line

e I} = L/H Scope of the mooring line.

e Il = ppg/w Ratio between water and line densities.

e I3 =Fp/wHD? Drag force coefficient.

e Tl = Faop/wHD?* Added mass coefficient.

* IIs = w+/H/g Ratio between the oscillating frequency and gravitational time.
e Ils = A/H Ratio between the oscillation amplitude and water depth.

. Il; = t\/g/H Non-dimensional time

o Jlg= Pf/ wHD? Non-dimensional fairlead tension

Related to the mooring line structure

e TIy = EA/wHD? Relative stiffness of the mooring line, but also according to [25],
the ratio between the propagation celerity of longitudinal elastic waves and the
characteristic velocity.

Related to the clumped weight

e Iy = Fpcw/wD2, Clumped weight drag force.
e IIyy = Faprew/ ngW Clumped weight added mass force.
o Il =Wew/ wD%W Lcw Weight in water of the clumped weight.
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A complete dynamic similarity would imply 12 equal non-dimensional numbers,
nine coming from the mooring line plus three from the clumped weight. The first nine
non-dimensional numbers include the five used by [25] and are also part of the list of
Webster [28] who made a similar analysis but also included three more effects due to
bending, water current, and pretension.

In reference [25], it is assumed that two different length scales should be used for
the mooring line, one for the water depth A and another for the mooring line diameter 7.
Additionally, due to the presence of the clumped weights, two more length scales 1 and «
are used. Considering a prototype full-scale size denoted with subindex p and a small-scale
model denoted with subindex m, we can express the scaling ratios mathematically as:

L, Hy
L b))
LP HP
D
D, ! ®)
DCWm
— 4
Devy (4)
LCWp

We assume first that the water density, pg, the chain density p., and gravity, g, are
the same in the model and prototype. Conserving the non-dimensional numbers 115, Iy,
and I1,:

w
Wm
=m—1 7
o ?)

Similarly, conserving the non-dimensional numbers I13, I1y, I1g, Ig, and I1g:

Ffm _ Famm _ Fom _ EAw _ Hu D}

= = = = m g2 (8)
Fr,  Famp Fpp EA, Hy, D}
Am
A, = A )

Finally, conserving the non-dimensional numbers related to the clumped weight I'lyg,
H11 ’ and lei

Famcwm _ Focwm _ 3 (10)
Famcwy — Fpewy

(Wew)p _ (DZw)p (Lew)p _ 5
Wewd (D2 )m Tewm 08 (11)

We note that according to Equations (6) and (9), the Froude number defined as

Fr= % is conserved at both scales. Amplitudes and periods of the fairlead motions are

scaled according to Equations (6) and (9).

Following the general statements of the dimensional analysis, we should try to scale
the maximum number of terms in the differential equations that represent the mooring
line. This implies scaling the dominant hydrodynamic loads apart from the weight of the
mooring line and the inertial loads. However, as the Reynolds number in the experiments is
far from the full-scale value, the hydrodynamic loads due to drag are not scaled according
to the scaling laws.
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As the OC4-DeepCWind is placed at a 200 m water depth and the CEHIPAR calm
water tank has a 6.5 m water depth, a scale factor A = 1/30 is chosen. Table 2 summarizes
the most important properties of the full-scale mooring system.

Table 2. OC4-DeepCWind mooring system properties [33].

Value Units
Number of mooring lines 3 -
Angle between adjacent lines 120 deg
Depth to Anchors below SWL 200 m
Depth to fairlead below SWL 14 m
Radius to Anchors from Platform Centerline 837.6 m
Radius to fairleads from Platform Centerline 40.868 m
Unstretched mooring line length 835.5 m
Mooring line diameter 0.0766 m
Equivalent mooring line mass density 113.35 Kg/m
Equivalent mooring line mass in water 108.63 Kg/m
Equivalent mooring line extensional stiffness 753.6 x 10° N
Hydrodynamic Drag coefficient for mooring lines 1.1
Hydrodynamic added-mass coefficient for mooring lines 1.0 -
Seabed drag coefficient for mooring lines 1.0 -
Structural damping of mooring lines 2.0 %

For the scaled experiments, a 27 m long DIN5685A studless chain was selected as
its properties are close to the OC4-DeepCWind platform’s mooring system when the non-
dimensional ratios of A = 1/30 and 7 = 1/23 are used. The chain used for the dynamic
load test is made of stainless steel, see Figure 2 where the main dimensions are indicated.
In our case, the diameter Dy, of the chain is 7 mm and the length L is 27 m. The length
of the link t;, is 16 mm and the diameter of the chain link d, is 2 mm. The mass per unit
length v of the mooring line is 67.8 g/m.

Figure 2. Principal dimensions of the selected chain.

Conserving the non-dimensional number 11, as expressed by Equation (11), the di-
mensions of the model scale clumped weight are defined as follows. Assuming typical
industrial values of a clumped weight, this is a weight in water of 1Tn, we approximate a
cylindrical shape volume Ve = 2.4 m3 (Dew = 1.5m, Loy = 1.33 m). An example of an
industrial clumped weight is shown in Figure 3.

A scale ratio i = 1/18 is adopted for the clumped weight, not far from the values
used to scale the mooring line length (A = 1/30) and diameter (7 = 1/23). Instead of
using a block shape, in our case, the clumped weight design was modeled as a rigid
circular disc characterized by a length L and a diameter D¢y, in order to maximize drag.
To accomplish this, a length scale factor is fixed to the value & = 1/80, which is slightly
above the other dimensional ratios.
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Figure 3. Typical clumped weight used in the offshore industry.

The chosen values for the scaled clumped weight are collected in Table 3 and the
manufactured device is shown in Figure 4.

Table 3. Involved variables in the design of the scaled clumped weight.

Symbol Value Units
Mass (Mcw) 122.0 g
Volume of displaced water (Vew) 80.0 cm?
Diameter (Dew) 82.3 mm
Width (Lew),, 165 mm

The clumped weight was directly attached to the chain, as shown in Figure 4. The same
line has been used for both configurations of the experimental campaign. Consequently,
to insert the devices, the chain was cut twice, one for each position of the clumped weight.
Special care has been taken to preserve the total length of the line for each configuration.
After the aforementioned procedure, the static tension of the line at the fairlead was
measured before prescribing the imposed motions.

Figure 4. Designed and manufactured scaled clumped weight (left) and snapshot of the clumped
weight installed in the mooring line obtained with the submerged camera (right).

3.2. Experimental Setup

The experimental campaign was conducted in the calm water tank at the Canal de
Ensayos Hidrodindmicos de el Pardo (CEHIPAR), see Figure 5a. The main dimensions of the
tank were 320 m in length, 12.5 m in width, and water depth is kept at 6.5 m. The tank
is equipped with a towing carriage, see Figure 5b, which supports the actuator and the
instrumentation for the data acquisition.
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@) (b)
Figure 5. CEHIPAR facilities. (a) CEHIPAR towing tank. (b) CEHIPAR towing tank carriage.

When the chain is submerged, it acquires a typical catenary shape, see Figure 6.
The fairlead is connected to the moving and measurement devices and the bottom end of
the chain is anchored to the floor. The anchor consisted of a heavy steel plate, 20 times
the weight of the total length of the chain to avoid possible displacements during the tests.
Special care has been taken to place the anchor at 25 m in the horizontal direction from the
initial fairlead position to have the desired pretension for all the configurations.

< 320.0 m >
54
v
g 15.0m 25.0m "4
3 . .
F
G o
[e)
3
S5
35
A
I3 ;
> 0
g
L
\O
A 5 s
25.0m ‘T 7
- 320.0 m

Figure 6. Schematic layout of the top and side views of the experimental setup.

The suspension point was connected to both a load cell and a dynamometer through a
metal ring. The measuring devices where fixed to an aluminum beam. Figure 7 shows the
described connection. The auxiliary aluminum structure was connected to a linear guide
designed to impose surge movements on the water tank when connected to the actuator.

As mentioned, the movement of the suspension point was generated by a mechanical
actuator driven by an electrical motor fixed in the structure above the towing carriage
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shown in Figure 5. The model of the electrical motor is SGMG-44V and its principal
technical characteristics are: 4.4 kW of maximum power, 28.4 Nm of maximum torque, and
25 rps of maximum velocity. The maximum acceleration for the motor—actuator system
was 1.2 m/s?, which is higher than the maximum acceleration required in the test matrix
for this experimental campaign.

To the measure of the axial tension load of the mooring line, the one-component load
cell HBM with an SG full bridge was used. The measured range of the load cell was 0-60 N
and the accuracy of the load cell was £0.179 N. The sampling rate of the load cell was
100 Hz. The time duration of the force measurement for each case was about 180 s to ensure
an acceptable number of cycles in the periodic regime. The connection of the load cell
to the beam attached to the actuator allowed the load cell to freely rotate, as can be seen
in Figure 7. The load cell used permitted measurement of the tension regardless of the
chain rotation. The load cell was covered with a special material to prevent the ingress of
humidity into the device during the experiments. The load calibration and determination
of uncertainties are described in Appendix A.1.

Figure 7. The load cell and dynamometer connection to the aluminum beam attached to the lin-
ear guide.

As it is necessary to simultaneously measure both the horizontal and vertical compo-
nents of the fairlead tension, a 6 DOF dynamometer was also used. The measured range
of the dynamometer was 0-250 N for the x-direction and 0-1000 N for the z-direction.
The resolution of the dynamometer was 0.042 N for the x-direction and 0.125 N for the
z-direction, and the sampling rate was 100 Hz. To measure the fairlead displacement
of the mooring line, a three-component accelerometer HBM with an SG full bridge was
used. The measured range of the accelerometer was —2.5 G to 2.5 G and the accuracy of
the accelerometer was +0.0131 m/s?, and the sampling rate was 100 Hz. The displace-
ment was obtained by a double numerical integration of the signal using the trapezoid
rule. The accelerometer’s calibration and determination of uncertainties are described in
Appendix A.2.

In this facility, neither the side walls nor the bottom of the water tank are made of
transparent material, so a low-cost submerged camera was used to record the mooring
movements. An underwater BARLUS camera to record the evolution of the mooring line
was used. The technical characteristics were a sampling rate of 24 fps, a 3.6 mm lens, and
an image resolution of 5 MP. Special care was taken to place the camera’s line of sight
perpendicular to the plane of the catenary-shaped line. The camera was fixed to an auxiliary
structure to guarantee the same position during the experimental campaign. The distance
between the camera and the line was selected to record the largest area possible in order to
obtain the best image quality with minimal optical error. A first calibration process, not
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described here for the sake of brevity, was addressed to determine the equivalent distance
of a pixel image.

In order to represent the kinematics of a discrete number of points of the mooring line,
equally spaced red marks were distributed along the mooring line. The distance between
two adjacent marks along the mooring line is approximately 27 cm and the exact position
of these markers is provided in Table 4. The trajectories of the marks were obtained by
image processing. This kind of experiments can be found in the literature, see [10] with
isolated chains, but are not frequent when clumped weights are added to the line.

Table 4. Position of the red marks used for capturing the line movements.

Marker Position along the Line Measured from the Suspension Point (m)

Number
1 1.62
2 1.89
3 2.16
4 243
5 2.70
6 297
7 3.24
8 3.51
9 3.78
10 4.05
11 4.32

3.3. Test Matrix

The surge motions of the top of the mooring line are driven by an electrical motor
placed on the top of the carriage. The imposed top-end surge motions are sinusoidal
motions described by Equation (12).

2
5§ = Asin %’f (12)

where J represents the fairlead horizontal displacement with respect to the position where
the pretension is measured, A and T represent the imposed amplitude and period, re-
spectively. The amplitude values used are in the range [0.125,0.225], which correspond to
[3.875,6.975] at real scale, and are presented in Table 5. Model-scale and the corresponding
full-scale periods are presented in Table 6.

Table 5. Amplitudes of the fairlead motions for A = 1/30.

ID Model Scale (m) Full Scale (m)
Al 0.225 6.975
A2 0.200 6.200
A3 0.175 5.425
A4 0.150 4.650
A5 0.125 3.875

A total number of 105 dynamic tests were conducted for the surge motion, and each
test had a duration of 180 s to ensure an acceptable number of cycles. For each amplitude
and period, three configurations have been tested: in the first, no clumped weight is used
and, in the other two, the clumped weight is placed at Ls/3 (Configuration 1) and L;/2
(Configuration 2) from the fairlead, where L; is the suspended length of the line. Figure 8
shows the catenary-shaped mooring line in the three configurations.
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Table 6. Fairlead motions periods in seconds for A = 1/30.

ID Model Scale Full Scale
T1 2.80 15.590
T2 3.00 16.703
T3 3.50 19.487
T4 4.00 22.271
T5 4.50 25.055
T6 5.00 27.839
T7 5.50 30.623
= Catenary without Clumped Weight
6.5 [ |memem Catenary with Clumped Weight (Configuration 1)
Py Catenary with Clumped Weight (Configuration 2) /|
A Clumped Weight L /3
551 W Clumped Weight LS/2 )
5 |- .|
451 h
4+ J
Esst |
N
3 |- .|
25 h
2 |- .|
15 b
1 |- .|
051 h
O 1 1 1 1

0 25 5 75 10 125 15 175 20 225 25
x (m)

Figure 8. All three tested configurations. Note: the three lines are almost overlapping, the catenary
shape is slightly changed in each configuration.

4. Computational Model

4.1. Quasi-Static Modeling

For the quasi-static analysis, the theory developed by [34] is used. The analytical
equations for a line, with a portion of the line resting on the seabed, are:

Ve  Hp, | Vr (vF )2 HpL
Xp—xp=L——+—In|—+/1+ | — + —+
F A Yw  Yw [HF HE EA
, (13)
Cpyw < VF)2 ( Ve Hp ) ( Vr  Hp )
—(L-2E) +(L-E£- MAX(L- £ — ,0
2EA Yw Yw CpYw Yw CpYw
_ Hf Ve 2 V2
ZF —ZA = . lJr(H ) 1 +2EA’Yw/ (14)
and
— Lo
Pc

where L is the total unstretched length of the line, EA is the extensional stiffness, v, is the
apparent weight in fluid per unit length, Cp is the seabed friction coefficient, Hr and Vr are
the horizontal and vertical forces applied at the fairlead, respectively, p. is the density of
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the chain, pg is the density of the water, y apparent mass per unit length of the chain, and g
is the acceleration due to gravity.

A scheme of the mooring line where a clumped weight has been added is illustrated in
Figure 9. We can divide the line into two segments, the first segment going from the anchor
to the position of the point mass, while the second one starts at the point mass location of
the fairlead. The equations of the catenary are applied to each segment before and after the
clumped weight was added and solved together as a nonlinear system of six equations:
four catenary Equations (13), (14), (16) and (17) and two extra equations for the local force
equilibrium at the position of the clumped weight. A Newton-Raphson iterative method is
used to solve the resulting system of 6 nonlinear equations with 6 unknowns: Hy, V4, HF,
Ve, Trs2, Tas1, Thst, Tas2 , Tvst, Tvsa, Xp, zp-

_ Hr Vr Ve )2 Vi — 7l Ve —7l\? HfL
XF xA’Yw{]n|:HF+ 1+<HF) In He +4/1+ H +EA (16)

_ H 1% Ve — 1wl \? 1 Yol?
ZF_ZA*% \/14-(?1:) —\/1+<H7F) +§(VFL+T> 17)
VE
Fairlead
Hp
ZA
Va
Anchor
X HA

Figure 9. Free body diagram of a mooring line with a clumped weight positioned at point P.

Note that the equations are presented slightly differently than in [34] because of the
change in the reference system and the assumption that the chain is modeled as a Morison’s
slender cylinder.

4.2. Basic Dynamic Equations

Using the finite element method, the partial differential Equation (PDE) (18) which
models the mooring line elements is transformed into a nodal system of ordinary differential
equations (ODE). This ODE system is discretized in time and solved by the OPASS code [10].

(OEAet)  (0BEAét)

YR+ Cy(1+e) [R — (R . t)t] T ol —-F-F-F=0, (18)

where 7 is the line mass per unit of mooring line unstretched length, R is the position of
the line element analyzed, t is the vector tangential to the line at the point analyzed, ¢ is
the deformation, EA is the extensional stiffness, C4 is constant for the calculation of the
hydrodynamic inertial force per unit of unstretched line length, 8 is a coefficient for the
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calculation of the structural damping force, and Iy is the location of the point analyzed
along the line.

The external forces Fy, F», F3 are the resultant forces from weight in water, the tan-
gential and normal drag components, respectively, per unit of unstretched length. These
hydrodynamic forces are model-led by Equations (19)—(21).

F1 = —7gk = —%’ygk, (19)

c

where k is the unit vector parallel to the z axis.
The normal and tangential drag forces are modeled by the Morison equation ([35]),
as follows:

1
Fp = EcdtDPO(l +e)Vit (20)

1
Fs = 5 CauDpo(1+¢)Viim, (1)

where the vector V = Vit 4 V;;n denotes the relative velocity between the water and the
mooring line, expressed by its tangential and normal components. Moreover, Cy; and Cy,
are the tangential and normal drag coefficients of the bare line.

Using bar elements for the spatial discretization of the mooring line, linear polynomials
for the elements’ internal interpolation of the line motions, and 0-order polynomials for the
mass and added mass terms, the global equation of motion is condensed into Equation (22)

M-X+C-X+K-X+F=0, (22)

where M is the mass matrix of the system, C is the damping matrix, K is the stiffness
matrix, F is the vector of external forces, and X, X, and X are, respectively, the vectors of
acceleration, velocities, and positions of the line DOF defined at the nodes.

4.3. Clumped Weight Implementation

The presence of a clumped weight modifies the system of Equation (22), where an
additional weight in water, drag, inertia, and added mass due to the clumped weight are
added to the matrix system. We assume a rigid union between the clumped weight and
the mooring line, where all local forces due to the clumped weight are distributed per unit
length. The external forces acting on the mooring line element i are weight in water Fy;,
tangential drag F»; and normal drag F3;, and the added mass Fy;.

The weight of the mooring line element is increased by the weight of the clump weight,
resulting in an external force for that element described in Equation (23), where Wcyy is the
weight of the Clump Weight in water and L; is the length of the chain element.

W
Er——<%g+ fW)k (23)

As described in Section 3.1, the shape of the clump weight is a circular disk represented
as schematic view in Figure 10.

For those elements that include a clumped weight, the tangential drag is modified
according to Equation (24), where the second term is the tangential drag force per unit
length added by the clumped weight. The tangential drag coefficient Cy; ¢y is interpolated
for every time step according to its local clumped weight Reynolds Number. The selected
Cp-Re curve is illustrated in [36].

2
mDeyw 1

T (24)

1 1
5" = EPOCdtD + §P0Cdtcw

Regarding the inertial forces, the implementation of the clumped weight impacts the
mass matrix. The body mass of the element that includes the clump weight is increased,
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and the mass per unit length of line 7 is augmented by the mass of the device per unit
mew

length of the line in a quantity of .

i+1

Figure 10. External forces acting on an element of line.

The added mass force per unit of unstretched line length was calculated in OPASS
based on a normal added mass coefficient Cy;;, for the Morison approach.

2 3
cw _ D~ 1 Dy

The second term of Equation (25) is the well-known theoretical ideal fluid added mass
per unit length of the mooring line element for a circular disk described by [37]. This term
is only considered for those elements that include a clump weight.

(25)

4.4. Computational Parameters Used in the Simulations

The dimensions of the chain where described in Section 3.1. A mass per unit length
7 = 0.0678 Kg/m and a wire diameter of the chain link d;, = 2 mm were measured.
Equation (26) provided by [38] determines the axial stiffness in kN when d,, is in meters of
the chain used in the simulations.

EA = 0.854 - 1084, (26)

As the computational model considers the chain to be a line with a constant circular
section (Morison approach), an equivalent hydrodynamic diameter has to be determined.
Consequently, the diameter of the equivalent circular section was calculated assuming the
same mass per unit length of the chain, see Equation (27). This procedure is based on the
assumption that in catenary mooring lines, the weight in water has a dominant effect on
the motions, loads, and restoring forces.

D= |2 27)
TTP¢

The added mass coefficient Cy;;; of 1.0 is determined following the standards of [39]
and the normal and tangential drag coefficients C;,, and C;; were obtained following the
indications of DNV [40]. For a studless chain, this guideline provides a value for Cy,, of
2.4 and, for Cy;, a value of 1.15; these values correspond to the wire diameter of the chain
link. For the numerical implementation, the values have to be referred to the equivalent
hydrodynamic diameter, and in order to obtain the equivalent drag coefficient, we assume
the same drag force per unit length and proceed as follows:
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_ Cdndw . Cindw
D ’ D

The contact model implemented in OPASS uses bi-linear springs. When a node is in
contact with the seabed, a spring with stiffness K. provides the floor reaction force per
indentation depth and per unit of line length. A damping D, is also included in the model.
The resulting parameters are summarized in Table 7.

Cpn Cpt = (28)

Table 7. Parameters of the computational model.

Value Units
Equivalent hydrodynamic diameter (D) 0.0033 m
Unstretched Length (L) 27.0 m
Line mass density (o) 7850 Kg/m3
Mass per unit length () 0.0678 Kg/m
Axial stiffness (EA) 3.416 x 10° N
Coefficient for the structural Rayleigh damping (B) 0.0007 -
Added mass coefficient (Cy,;) 1.0 —
Normal drag coefficient (Cpy,) 1.445 —
Tangential drag coefficient (Cp;) 0.697 -
Vertical seabed stiffness (Ks) 20.0 N/m?
Vertical seabed damping (Dsc) 0.1 Ns/m?
Tangential friction coefficient (Cf;) 0.0 —
Normal friction coefficient (Cy,) 0.0 —

5. Experimental Results

Once the shape and position of the catenary have been verified, the static tension measured
by the load cell is compared to the theoretical pretension predicted with the formulation
described in Section 4.1 as a function of the offset value, see Figure 11. We define the offset
distance as the horizontal distance between the top end of the mooring line and the anchor
position. We observe that varying the offset value from a typical catenary shape to fully
taut, the pretension of the mooring line also increases. The experimental measures in each
configuration are also included (offset = 25 m), and the largest difference from the numerical
predictions is approximately 0.21%. Before starting the fairlead oscillations according to the test
matrix, a static test was performed to ensure the accuracy and repeatability of these values.

150

T T
| |—&—Without Clumped Weight
140 [ —e—with Clumped Weight (Configuration 1) ]
130 Fl—8—With Clumped Weight (Configuration 2)

120

110

N0
80t 15

i

701 24.98 2499 25 25012502 25.03

Fairlead tension (N)

24 245 25 25.5 26 26.5
Offset (m)

Figure 11. Variation of the tension with offset distance in all configurations. Experimental values are
added to the figure with crossed symbols ‘X’ in the detailed view.
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For the selected offset in the experiments (offset = 25 m), the maximum difference in
the initial pretension is obtained when the clumped weight is placed in Configuration 2,
resulting an increment of 10% with respect to the mooring line without clumped weight.

5.1. Mooring Line Dynamics

The fairlead tension measured by the load cell is represented and compared to the
fairlead displacement for different values of the period T = 2.8, 3.5, 5.5 s and amplitudes
A = 0.125, 0.175, 0.225 m in Figure 12. After reaching a periodic regime and assuming
that the measurements satisfy the ergodic theorem, the tension values are the time average
during 20 periods and the vertical bars represent its standard deviation.

As can be observed, the maximum and minimum values of the fairlead tension
during the cycle are obtained for the minimum displacement with respect to the initial
position. As expected, we observe that for constant amplitudes, smaller periods imply
larger accelerations and tensions. Similarly, for constant periods, larger amplitudes also
imply larger accelerations and fairlead tensions. We clearly observe that the effect of adding
a clumped weight in the first configuration (Configuration 1) to the isolated mooring is to
increase the fairlead tension for all amplitudes and periods.

° Initial Tension without Clumped Weight ] Initial Tension with Clumped Weight (Configuration 1)
T=2.8s without Clumped Weight T=2.8s with Clumped Weight (Configuration 1)
---------- T=3.5s without Clumped Weight sexeseens T=3 55 with Clumped Weight (Configuration 1)
————— T=5.5s without Clumped Weight =====T=55s with Clumped Weight (Configuration 1)
18 r 20 e
— 16 [ —
4 =
= =
c L c L
& 14 o 15
7 B
[= <
12F s
T o
8 g
Loy = 107
‘5 =
T8 I8
8l
6 - ' ' ' ' ' 5 - - ' '
2485 249 2495 25 25,05 251 25.15 24.8 249 25 251 25.2
Fairlead x displacement (m) Fairlead x displacement (m)
(a) (b)
251
Z20}
c
°
g
S 15
-
T
©
210t
=
©
T8
5 -

24.8 24.9 25 251 252
Fairlead x displacement (m)

(0)
Figure 12. Fairlead tension during the fairlead displacement with and without clumped weight for
three different fairlead amplitude values and Configuration 1. (a) A = 0.125m. (b) A = 0.175 m.
() A=0225m.

Similarly, in Figure 13, the fairlead tension for the isolated mooring is also compared
to the clumped weight (Configuration 2) for the same set of amplitudes and periods. We
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can observe that the change of the clumped weight position has an important influence on
the magnitude of the increase of the fairlead tension. The maximum fairlead tension grows
approximately in the same magnitude of the clumped weight in Configuration 1, while the
maximum fairlead tension is increased by almost double of this weight in Configuration 2.
In other words, when clumped weights are present, the maximum fairlead tension is
increased by just 6% in Configuration 1 and by 9% in Configuration 2, with respect to the
isolated mooring line.

Additionally, the maximum and minimum fairlead tension of the complete test matrix
cases is shown in Tables 8 and 9.

o Initial Tension without Clumped Weight ° Initial Tension with Clumped Weight (Configuration 2)
T=2.8s without Clumped Weight T=2.8s with Clumped Weight (Configuration 2)
---------- T=3.5s without Clumped Weight sereenens T=3 55 with Clumped Weight (Configuration 2)
=====T=55s without Clumped Weight =~ ===== T=5.5s with Clumped Weight (Configuration 2)
181 20}
16
z 3
5 14 S15r
5 7
c c
212 2
T -]
b 3
= 10 =10+
‘5 =
|8 'R
8t
6 - * - - - ' 5 - - - '
2485 249 2495 25 25.06 251 2515 24.8 24.9 25 251 252
Fairlead x displacement (m) Fairlead x displacement (m)
(a) (b)
251
Zo0;
[ =
=]
®
c 15}
3
T
©
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©
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5t

24.8 24.9 25 251 25.2
Fairlead x displacement (m)

(c)
Figure 13. Fairlead tension during the fairlead displacement with and without clumped weight for

three different fairlead amplitude values and Configuration 2. (a) A = 0.125m. (b) A = 0.175 m.
(c) A =0225m.
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Table 8. Maximum fairlead tension in N for all the test matrix and configurations. Notation WO CW,
CW1, and CW2 denotes mooring line without clumped weight, mooring line with clumped weight
(Configuration 1) and mooring line with clumped weight (Configuration 2), respectively.

Periods (s)
2.8 3.0 3.5 4.0 4.5 5.0 5.5
15.35 14.88 14.07 13.55 13.2 1296 1280 WOCW
0.125 1630 15.78 1499 1431 1392 13.65 1347 Cwi
16.83 16.31 1537 14.77 1435 14.06 13.87 Cw2
1694 1632 1519 1445 1393 1357 1332 WOCW
0.150 1823 1732 16.07 1522 14.67 1440 14.00 Cwi
18.44 17.74 1656 15.71 1513 15.72 14.42 Cw2
18.68 17.84 1640 15.66 1471 1424 13.89 WOCW
0.175 1986 1893 1729 16.18 1544 1492 1454 CW1
2041 1950 1783 16.72 1594 1541 15.00 Cw2
20.73  19.68 17.80 1650 15.63 15.00 1455 WOCW
0.200 21.88 20.74 1872 1731 1635 15.69 15.20 Cwi
2237 2133 19.60 1812 1710 16.28 15.78 CwW2
2320 21.87 1946 1786 16.72 1595 1533 WOCW
0.225 2431 2283 2035 1859 1744 1658 15.95 Cwi
2524 2396 21.11 1938 1836 17.33 17.05 Cw2

Amplitudes (m)
suonjerngguo))

Table 9. Minimum fairlead tension in N for all the test matrix and configurations. Notation WO CW,
CW1, and CW2 denotes mooring line without clumped weight, mooring line with clumped weight
(Configuration 1) and mooring line with clumped weight (Configuration 2), respectively.

Periods (s)
2.8 3.0 3.5 4.0 4.5 5.0 5.5
7.826 8189 8959 9558 9876 10.14 1034 WOCW
0.125 7.758 8247 9453 10.04 1044 1064 10.90 Cwi
8.151 8.626 9.561 10.18 10.59 10.88 11.09 Cw2
6.601 7.116 8.057 8.693 9.289 9.662 9917 WOCW
0.150 6305 7.064 8282 9.283 9.832 10.21 10.50 Cwi
6.941 7413 855 9359 9874 10.33 10.63 Cw2
548 5935 6.999 7931 8.571 9.04 9379 WOCW
0.175 556 6.147 7.036 8.004 8914 9.578 9.995 CW1
5797 6.311 7.486 8.419 9.10 9.507 10.07 Cw2
4388 4921 6.074 6895 7779 8358 8805 WOCW
0.200 4.626 5.181 6.384 7.163 7961 8.923 9.402 Cwi
4.79 540 6424 7467 8297 8911 9.39 Cw2
3463 393 5115 6116 6912 7655 8194 WOCW
0.225 338 4222 5478 6496 7.326 7.881 8.586 CwW1
3.857 4203 5449 6.519 7452 8117 8.608 Cw2

Amplitudes (m)
suorjeinSyuo))
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A fast Fourier transform (fft) was performed to obtain the power spectra for the
mooring line under the imposed motions. The power spectra of the fairlead tension have
been analyzed for the complete test matrix. As the fft does not change significantly in
our test matrix, a single representative case is presented in Figure 14 for an amplitude of
A =0.175mand T = 3.5s. The 0 Hz frequency value corresponds to the quasi-static case
as mentioned in [41]. In all cases, they are mostly dominated by the first harmonic followed
by the third and second harmonics. As Figure 14 shows, the presence of the clumped
weight along the line does not significantly change the analysis: the power amplitude and
frequency of the dominant harmonics being almost the same in all configurations.

0.25 . . . .
—Without Clumped Weight
—With Clumped Weight (Configuration 1)
0.2 —With Clumped Weight (Configuration 2) |
Z 5l |
> 0.15
©
S
=
=
g 017 iy
<
0.051 iy
0 “"J'L e
0 1 2 3 4 5

for

Figure 14. Spectrum plot of the top-end tensions for an amplitude of A = 0.175s and period T = 3.5 s
for the three tested configurations.

The energy dissipation is computed using the diagram method detailed in [28], where
the dissipated energy of the mooring line is the area enclosed in one cycle by the hystere-
sis loop:

E— f F,-ds, (29)
where F; and ¢ are the damping force and the fairlead displacement, respectively.

The dissipation of energy in a mooring line is mainly caused by structural damping,
drag with possible VIV, and friction with the seabed [42]. In this study, a simplification is

made and the structural damping and friction with the seabed are considered negligible
with respect to drag and are modeled as:

1 .
Fd = FD = EPOCDDLséz (30)

Since the displacement is periodic, 6 = A - sin(wt), the dissipation energy can be
calculated as:

5nlﬂx
E— 4/ F,-ds — gpoDLCDA%Z 31)
0
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The dissipated energy depends on several factors, such as the frequency and amplitude,
as shown in Figures 12 and 13 where the enclosed areas are larger when the frequencies
and amplitudes are increased.

The dissipated energy of the complete test matrix computed in dimensional and
non-dimensional forms according to Equation (29) are shown in Figure 15. The non-
dimensional dissipated energy is obtained by dividing by a reference potential energy,
A -w- H, as performed by [28]. Both the dimensional dissipated energy and the non-
dimensional version present the same tendency, see Figure 15. It can be appreciated that
larger amplitudes implicate larger dissipated energy. This pattern is presented in several
publications dealing with isolated mooring lines, e.g., [7,23,27]. In the same way, smaller
periods increase the dissipated energy. In addition, when clumped weights are present,
the pattern is consistent and the damping in all imposed motions is higher, regardless of
the location along the line.

] I I ! - 6 T | | -
A=0250 ——Without Clumped Weight - _ _
550 i ——Clumped Weight 1/3L A=0250m ——Without Clumped Weight]
——Clumped Weight 1/3L
L ——Clumped Weight 1/2L

A =0.200r

41 A=0475 i
3| A=0150m

A=0.125m
2 ]

25 3 3.5 4 4.5 5 5.5 25 3 3.5 4 4.5 5 55
Period (s) Periods (s)
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Figure 15. Dissipated energy for all the test matrix. Dimensional form (left) and non-dimensional
form (right).

The dissipated energy for the line without clumped weight is plotted against w?A3
in Figure 16 for all the motions of the test matrix. Similarly to [23], a good linear fit is
accomplished for the experimental results. The same linear tendency is also observed when
clumped weights are added in both configurations.
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Figure 16. Dissipated energy under the imposed top-end motions for the mooring line without
clumped weight.

Assuming that the drag coefficient Cp can be obtained from the slope of the fitted
curves, which is %pODLCD, the mean value obtained for the complete test matrix was
Cp = 1.75 for the isolated mooring line, which is a little higher than the standard value
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used for the simulations Cp,, = 1.455, see Section 4.4. The mean values of Cp obtained when
clumped weights are present were 1.82 and 1.90 for Configuration 1 and Configuration 2,
respectively. This increase of the damping coefficient explains why the line dissipates more
energy when clumped weights are added.

The non-dimensional increase of dissipated energy due to the clumped weight is
expressed by Equation (32).

AE AE
Ecw  poA3w?D2,,

(32)

The dimensionless increase of dissipated energy for both clump weight configurations
with respect to the line without clump weight, for each of the different amplitudes and
periods tested, is shown in Figure 17. The amplitude of the motion has more influence than
the period in the increase of dissipated energy, as seen in Figure 17. Configuration 2 has an
evident increase of the dissipated energy, almost two times higher than Configuration 1 for
all cases. The presence of the clumped weights shows a more dominant effect for smaller
amplitudes in terms of dissipated energy.

0.2r

Linestyles

0.18

0.16 -

Colours

0.04 -

0.02 ‘ ‘
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Amplitude (m)

Figure 17. Dimensionless increase of dissipated energy due to the Clumped weights.

5.2. Mooring Line Kinematics

In this subsection, the results of the image processing of the camera recordings will be
presented. The postprocessing of the visual data was performed with MATLAB tools and
consisted of applying a moving method for detecting local outliers according to a specified
window. A Piecewise Cubic Hermite Interpolating Polynomial has been used for replacing
the outliers. Finally, a classical filter for frequencies higher than the third harmonic has
been applied and optical errors have been excluded.

Figure 18 shows the trajectories of markers 2 to 10 for the mooring line without
clumped weight and with clumped weight (Configuration 1). The results show the same
pattern described in previous publications [7,10], where the points near the top of the line
move very similarly to the fairlead, while deeper points move more vertically. Despite the
slightly changed trajectories of the points, the pattern barely changes with the addition of
clumped weights in both configurations. Trajectories of the mooring line with clumped
weight (Configuration 2) has not been added because the similarity in the results overlaps
with the other two configurations with a slight change of the position because of the
different shape of the catenary.
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Figure 18. Trajectories of the tracked points of the mooring line for a top-end motion of an Amplitude
of 0.175 m and periods 3.5 s. Markers 2 to 10 are indicated in the figure.

Figure 19 presents the tracked motions of three mooring line points with and without
clumped weight in Configuration 1, for an amplitude of 0.125 m and three periods of
2.8,3.5,5.5 s. For all points, the ranges of motion in the x- and z-directions of the reference
system in Figure 9 are practically the same, with some changes observed for the shortest
periods, and a slight change in the initial position of the marker due to the different catenary
curves caused by the presence of the clumped weight.

——T = 2.8 without Clumped Weight ——T = 2.8 with Clumped Weight (Configuration 1)
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Figure 19. Cont.
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z (m)

-0.1 -0.05 0 0.05 01

(o)
Figure 19. Tracked motions of three points of the mooring line, for a top-end motion of an Amplitude
of 0.125 m and periods 2.8,3.5,5.5 s. (a) Trajectories of the mooring line lower point of Figure 18
(Marker 9). (b) Trajectories of the mooring line middle point of Figure 18 (Marker 5). (c) Trajectories
of the mooring line upper point of Figure 18 (Marker 2).

6. Numerical Results

The numerical code OPASS has been validated with these new experimental results,
where clumped weights are part of the mooring line. First, the fairlead tension in the ab-
sence of clumped weights has been computed and compared with the experimental results
for three oscillation periods T = 2.8, 3.5, 5.5 s and two amplitudes A = 0.125, 0.225 m
in Figure 20, and for two oscillations periods T = 2.8, 5.5 s and five amplitudes values
A =0.225, 0.220, 0.175, 0.150,0.125 m in Figure 21. As can be observed, the prediction of
the numerical tool approximates the values measured in the experiments for all periods and
amplitudes tested very well. When the clumped weight is added in both configurations,
the prediction of the numerical code is still valid, see Figures 22 and 23 for Configuration
1 and Figures 24 and 25 for Configuration 2. From these figures, a slightly overpredicted
fairlead tension at the maximum tension condition can be observed. This tendency appears
in all the cases tested. In addition, the numerical code can capture the increase of the
fairlead tension in approximately the same proportion as the experimental results shown
in Figures 12 and 13.
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Figure 20. Comparison between the computed fairlead tension values and the experimental measure-
ments of the isolated mooring line for two different oscillation amplitudes A = 0.125, 0.225 m and three
different periods T = 2.8, 3.5, 5.5 s for the isolated mooring line. (a) A = 0.125m. (b) A = 0.225 m.
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Figure 21. Comparison between the computed fairlead tension values and the experimental measure-
ments of the isolated mooring line for two different oscillation amplitudes A = 0.225, 0.220, 0.175,
0.150, 0.125 m and two different periods T = 2.8, 5.5 s for the isolated mooring line. (a) T = 2.8 s.

(b)T =55s.
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Figure 22. Comparison between the computed fairlead tension values and the experimental measure-
ments of the mooring line with the clumped weight in configuration 1 for two different oscillation
amplitudes A = 0.125, 0.225 m and three different periods T = 2.8, 3.5, 5.5 s for the isolated
mooring line. (a) A = 0.125m. (b) A = 0.225 m.
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Figure 23. Comparison between the computed fairlead tension values and the experimental mea-
surements with clumped weight in configuration 1 for different oscillation amplitudes A = 0.225,
0.220, 0.175, 0.150, 0.125 m and two different periods T = 2.8, 5.5 s for the isolated mooring line.
(@)T=28s.(b) T =55s.
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Figure 24. Comparison between the computed fairlead tension values and the experimental measure-
ments of the mooring line with the clumped weight in configuration 2 for two different oscillation
amplitudes A = 0.125, 0.225 m and three different periods T = 2.8, 3.5, 5.5 s for the isolated
mooring line. (a) A = 0.125m. (b) A = 0.225 m.
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Figure 25. Comparison between the computed fairlead tension values and the experimental mea-
surements with clumped weight in configuration 2 for different oscillation amplitudes A = 0.225,
0.220, 0.175, 0.150, 0.125 m and two different periods T = 2.8, 5.5 s for the isolated mooring line.
(@T=28s.(b) T =55s.

The trajectory of part of the mooring line in the absence of clumped weights has been
computed numerically for three oscillation periods T = 2.8, 3.5, 5.5 s and one amplitude
A = 0.125 m, see Figure 26. It can be observed that the prediction of the numerical tool
approximates the values measured in the experiments for all periods and amplitudes tested
very well. When the clumped weight is added, the prediction of the numerical code is still
valid, see, for example, Figure 27 for Configuration 1.

The optical errors have not been corrected in the postprocessing and their effects are
present for the nodes placed at the ends: markers 1 to 3 and 8 to 11. This could be the
explanation for why the trajectories numerically obtained have better agreement with the
experimental results for the central nodes (Markers 4 to 7). This could be improved in the
near future using several cameras instead of only a single one.

5.4 : : . . . . . . .
5.4 : : . . . . . . . -

= o o
—C tational L Computational |
521 omputational i 5.2

| a 7 g
d T J

467 Q Iy 0

0 [l 0
l [ | . [
1! !

(m)

Y

»
"
z (m)

>

S
e

5 A5 9P 0B B P b a5 15 oh N
1T TP 27 P P p® @7 n T T n® e B 0 g R e pf e o
x (m) x (m)
() (b)

Figure 26. Cont.



J. Mar. Sci. Eng. 2022, 10, 676

30 of 34

5.4

5.2

481

461

z(m)
&
=y

42r

38F

3.6

T T T
——Experimental
| | Computational

|

n®

(A

® %
©ak g

'I:L‘E) qfljg ? o
x (m)
()

2P

P

1”3'16

b

Figure 26. Comparison between computed trajectories of catenary nodes and experimental tracked
points for different oscillation periods T = 2.8, 3.5, 5.5 s and amplitude A = 0.125 m for the isolated
mooring line without clumped weight. (a) T =2.8s. (b) T =3.5s. () T =5.5s.
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Figure 27. Comparison between computed trajectories of catenary nodes and experimental tracked
points for different oscillation periods T = 2.8, 3.5, 5.5 s and amplitude A = 0.125 m for the isolated
mooring line with clumped weight (Configuration 1). (a) T = 2.8s. (b) T =3.5s. (¢) T =5.5s.

7. Conclusions

The influence of the clumped weights when added to mooring line dynamics is
studied from a dual point of view: experimentally, using scaled experiments in a towing
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tank, and numerically, using a finite element numerical tool where the action of the clumped
weights has been modeled. The performance of the numerical tool is notably accurate
when its predictions are compared to the experiments for both an isolated line and for the
presence of clumped weights, in terms of fairlead tension and line kinematics.

The first evidence observed is that the geometric stiffness of the mooring line in
the horizontal plane was increased when a clumped weight was added. Consequently,
the disadvantage of this addition is that more rigid systems are more loaded and therefore
require more expensive lines with larger breaking loads. The advantage of the stiffness
increment obtained with the addition of the clumped weights is that the fairlead tension is
increased for the same excursion, and therefore, we should expect a surge motion reduction
of the moored platform in practical applications.

As expected, the experimental results show an increase in the fairlead tension when
clumped weights are present, approximately increasing its value by the weight of the
clumped weight in absolute terms and, in relative terms, increasing it between 6% and 9%
of the maximum fairlead tension with respect to the isolated mooring line.

When the clumped weight is closer to the fairlead, the line dissipates less energy than
when it is placed further away. Therefore, setting the clumped weight farther from the
fairlead with the obvious limitation of seabed contact seems to be an adequate practice
to reduce the surge motion of the moored platform. Keeping in mind that the role of the
clumped weights is also to increase the dissipated energy, the clumped weight’s presence
is more effective in terms of non-dimensional energy dissipation when low amplitude
motions of the fairlead are present.

To track the mooring line kinematics, a low cost system based on an image processing
code and submerged cameras has been developed to search and locate the mooring line
movements. Good agreement between the trajectories obtained after the image postpro-
cessing and numerical counterparts is shown for the central nodes tracked, while the nodes
placed at the ends seem to be affected by optical errors.

Previously validated for an isolated line OPASS code, a simulation tool specifically
designed for mooring line dynamics now includes the possibility of clumped weight
implementation and has been validated against experiments for two different clumped
weight configurations with good accuracy. However, when the fairlead accelerations
grow, and the mooring line excitation is more violent, the numerical approach tends to
overpredict the maximum tension in the fairlead. This could be due to the difficulty of
accurately determining the line drag and added mass coefficients.

Author Contributions: T.L.-O.: conceptualization, investigation, software, formal analysis, data cu-
ration, writing—original draft, writing—review and editing; L.M.G.-G.: conceptualization, methodol-
ogy, investigation, writing—original draft, and writing—review and editing; J.C.-S.: writing—review
and editing; A.M.L.: investigation, experimental setup, experiments; L.S.Y.: investigation, experimen-
tal setup, experiments, and data curation; A.B.B.: investigation, experimental setup, experiments;
N.V.V.: experiments. All authors have read and agreed to the published version of the manuscript.

Funding: This research was founded by the Spanish Ministry of Economy and Competitiveness
(MEC) under grant RTI2018-096791-B-C21 and RTI2018-096791-B-C22 Hidrodindmica de elementos de
amortiquamiento del movimiento de aerogeneradores flotantes.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: All the authors would like to thank to Jon Martinez for his help in the develop-
ment of the Matlab script for tracking motion of the mooring line. The authors would like to thank
Ciaran Stone for his valuable assistance during the preparation of this manuscript.

Conflicts of Interest: All authors have participated in the conception, analysis, and interpretation of
the data, revising the article critically and approving the final version. The authors have no affiliation
with any organization with a direct or indirect financial interest in the subject matter discussed in the
manuscript. The authors confirm that this work is original and has not been published elsewhere.



J. Mar. Sci. Eng. 2022, 10, 676

32 of 34

Appendix A
Appendix A.1. Load Cell Uncertainties

As explained in Section 3.2, before performing the experimental campaign, the load
cell was calibrated with different weights ranging from 0 to 6 Kg. A fitted curve of the
measured data using a linear interpolation val(x) = 0.08992x — 0.0001097, and an R? of
0.9999 was performed, as represented in Figure Al.

The uncertainties were estimated by adding the standard deviation of the residuals o
to the combined standard uncertainty of the instrument U, = 0.001528 mV /V that takes
into account the temperature, deformation, and weight uncertainties.

error = /02 4+ U2 = 1/(0.000196 mV /V)? + (0.001528 mV /V)? (A1)
c

The error in the measurements was estimated according to Equation (A1), resulting in
an error of £0.179 N after correcting with the calibration line, represented in Figure Al.

0.6 T T T |
—fitted curve
* measured data

0.5 val(x) = 0.08992x - 0.0001097 a

(mVIV)

_01 L 1 :; L 1
Weight (Kg)

Figure A1. Calibration curve for the one-component load cell.

Appendix A.2. Accelerometer Uncertainties

As explained in Section 3.2, before performing the experimental campaign the ac-
celerometer was calibrated with different accelerations ranging from —9.81 to 9.81 m/s?
in the x-direction. A fitted curve of the measured data using a linear interpolation
val(x) = —0.09355x + 0.9178 and an R? of 0.9999 was performed, as represented in
Figure A2.

The uncertainties were estimated by adding the standard deviation of the residuals o
to the combined standard uncertainty of the instrument U, = 0.002153 mV /V.

error = \/02 4+ U2 = \/ (0.000683 mV/V)? + (0.002153 mV /V)? (A2)

The error in the measurements was estimated according to Equation (A2), resulting
in an error of £0.0131 m/s? from the acceleration due to gravity after correcting with the
calibration line, represented in Figure A2.
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Figure A2. Calibration curve for the three-component accelerometer in the x-direction.
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