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ABSTRACT

Wind farms with shared mooring lines have the potential to reduce mooring costs. How-
ever, such wind farms may encounter complex system dynamics because adjacent wind
turbines are coupled. This paper presents an analysis of the shared mooring system with
a focus on the system natural periods. We first apply Irvine’s method to model both the
shared line and the two-segment single lines. The response surface method is proposed
to replace iterations of the catenary equations of the single lines, and a realistic single line
design is presented for OC3 Hywind. Then, system linearization and eigenvalue analysis
are performed for the wind farm consisting of two spar floating wind turbines, one shared
line, and four single lines. The obtained natural periods and natural modes are verified
by numerical free decay tests. Finally, a sensitivity study is carried out to investigate the
influence of mooring properties. It is found that the shared line has a significant influence
on the natural periods in the surge and sway modes. The natural periods in the surge and
sway modes are also most sensitive to the mooring property variations. Two sway eigen-

modes are identified, and the lower sway natural period varies between 23 s and 88 s in
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the sensitivity study. The present analysis method can be used to identify critical natural

periods at the preliminary design stage of shared mooring systems.

1 INTRODUCTION

A shared mooring system is a novel concept with a potential to reduce the cost of floating
offshore wind farms (FOWFs). By sharing mooring lines between adjacent floating offshore wind
turbines (FOWTSs), the total number of mooring lines is reduced. The number of anchors required
decreases as well, which brings further cost reductions related to anchor installations. In contrast
with conventional spread mooring systems, shared lines couple the motions of adjacent FOWTs.
Therefore, the dynamic characteristics of FOWFs with shared mooring systems need to be inves-

tigated.

Among the early works, Gao and Moan [1] investigated the shared mooring system for wave
energy converters and applied time- and frequency-domain simulations in the analysis. Gold-
schmidt and Muskulus [2] assessed the cost-saving potential and dynamic properties of shared
mooring systems for FOWTs and reported increasing displacements of FOWTs with larger farm
size. Hall and Connolly [3] studied the dynamics of a square-shaped four-turbine FOWF with a
shared mooring system. Their numerical models revealed that shared lines can introduce extra
complexity in restoring properties and a greater tendency for resonance. In a follow-up study [4],
different configurations of shared mooring systems were designed for a four-turbine FOWF con-
sidering different water depths. Recently, Hall [5] performed time-domain analyses of a dual-semi-

submersible FOWF and studied the mooring failure scenario.

These works are interesting, but to the authors’ knowledge, the fundamental dynamic proper-
ties of an FOWF with shared lines have not been clearly shown, and the influence of the shared
line properties on the system natural periods and natural modes is not known. To address these
aspects and to facilitate the design of a shared mooring system, we present a mooring modeling
approach in this paper and demonstrate the approach in a case study for a dual-spar FOWF with
a shared line. In the following, Sec. 2 describes the modeling approach of a shared mooring

system. As the widely-used OC3 Hywind model [6] does not have realistic mooring parameters,
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we present a design of the single lines in Sec. 3. Sec. 4 introduces the dual-spar FOWF and the
sensitivity study. The main results are presented and discussed in Sec. 5. Finally, conclusions
are made in Sec. 6. The contribution of this work is three-fold: 1) an efficient modeling approach
for shared mooring system is presented 2) the single lines of OC3 Hywind are redesigned 3) the

influence of mooring properties on the system dynamics is revealed.

2 METHODOLOGY
2.1 Mooring System Modeling

Mooring systems are station-keeping devices that hold floating structures in position under
environmental loads. As illustrated in Fig. 1, a shared mooring system includes conventional
single mooring lines and shared mooring lines. A single line is connected to an FOWT at one end
(fairlead) and to the seabed at the other (anchor). A shared line connects two FOWTs. Both ends
of the shared line are linked to fairleads. To model a shared mooring system, assumptions are
made such that the bending stiffness, the dynamic effects and the effects of current forces acting
on mooring lines can be neglected. With such assumptions, both the single lines and shared lines

can be modeled by applying the theory of elastic catenary for hanging cable structures [7].

Spar 2 Spar 1

Single line

Shared line

Anchor

Fig. 1: lllustration of a shared mooring system (SWL.: still water level)
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Fig. 2: lllustration of a shared line in the catenary plane

ss 2.1.1 Modeling of the shared line

57 The catenary plane of a mooring line is defined as the vertical plane determined by its catenary
ss shape. The catenary plane of a shared line is illustrated in Fig. 2. The origin of the coordinate
s system is at one of the fairleads, Py;. The modeling method described in [8] is derived for the
e single lines. For a shared line of which two ends can be at different water depths, Irvine’s modeling
st method for hanging cable structures is applicable [7]. Based on Hooke’s law, Newton’s first law
s2 and the principle of mass conservation, the asymmetrically suspended elastic catenary is solved
ss by a Lagrangian approach in Irvine’s modeling method [7]. The modeling method of a shared
s« mooring line is described in [9] and the nonlinear elastic catenary equations for a shared line are

es shown in Egs. (1)-(2):

_Hs H| . .V .
l_EA+w[Smh (H) sinh™(

6 Where [ and h are the horizontal and vertical distance between two ends. H and V are the
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horizontal and vertical components of mooring tension 7" at the fairlead P;;. ¢ is the angle between
the mooring tension T and its horizontal component H. s is the total unstrained length of the
shared line. w is the weight in water per unit length of the mooring line. EA is the extensional
stiffness of the line, with E as the elastic modulus and A as the cross-sectional area.

Given positions of the fairleads, Py, and Py,, mooring tension at the fairlead, 4 and V/, can be

obtained by solving Egs. (1)-(2) numerically.

2.1.2 Modeling of the single line

In practice, multi-segment designs are often applied to single lines in which each segment may
have different mooring properties like material and diameter. The catenary plane of a two-segment
single line is presented in Fig. 3, where the origin of the coordinate system is at the fairlead P;.
The lower segment is fixed at the anchor point P, and connected to the upper segment via the
connecting point P.. L, is the distance between the touchdown point P, and the anchor point P,.
Irvine’s method was used to model a one-segment single line [9] and is extended to model a two-
segment single line here. The hanging parts of segments can be treated as independent lines. By
establishing nonlinear elastic equations for each segment and force equilibrium equations at the

connecting point, the elastic catenary equations for a two-segment single line are shown in Egs.

|_ Pt (I ) h) Pa (Xcat’zcat)

° ®
L Anchor

Fig. 3: lllustration of a two-segment single line in the catenary plane
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where [ and h are the horizontal and vertical distance between the fairlead and the touchdown
point. H and V are the horizontal and vertical components of mooring tension T at the fairlead.
s1 and so are the unstrained lengths of the hanging parts of the lower segment and the upper
segment, respectively. w; and ws are the weights in water per unit length of the lower segment
and the upper segment. E1A; and E> A, are the extensional stiffness of the lower segment and
the upper segment.

If H and V' are known, the position of the touchdown point can be located by solving Egs. (3)-
(4). In practice, the positions of the fairlead and the anchor point are known, whereas the mooring
tension at the fairlead needs to be computed. Because the current forces acting on the mooring
line are neglected, only the submerged weight of the hanging part of a single line contributes to
the vertical mooring tension component H. Therefore, as shown in Fig. 4, an initial guess of L
can be made. The value of [ and h are determined in the catenary plane. By solving Eqgs. (3)-(4)
numerically, the values of H and V' are computed. V is used to update the value of L,. The
calculation is solved iteratively to reach convergence, and the mooring tension at the fairlead is
finally found.

For the single line modeling, the nonlinear catenary equations must be solved in each iteration.
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The response surface method (RSM) is applied to reduce computational costs [10]. The complex
and nonlinear relationship between input variables and outputs is the original response surface
(RS). The RSM approximates the original RS using functions of a specified form, which is called
an RS (approximated). An explicit polynomial function can be regarded as an RS. By sampling
from the original RS and minimizing the error by the method of least squares, the coefficients of
the polynomial function are determined. As shown in Fig. 4, the RSM is applied to approximate
the relations between the positions of fairlead and anchor point, and the mooring tension at the
fairlead. A quadratic approximation is considered as expressed in Eq. (5). The coefficients,
Co, C1, ..., C5, are calculated by sampling in the design space of variables X.,; and Z.,; (see Fig.
3). Then, the mooring tension can be solved by Eq. (5), and there is no need for iteration. The

sampling of the inputs, X .+ and Z..:, should be determined so that a balance can be reached

Xcatv ant known

Initial guess L,

v

Calculate s, | |,
and h )

]
=}
<
)
T
<

______________________________

Solution

Fig. 4: Flowchart of the single line modeling approaches, with and without the RSM
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between the accuracy and the time required to create the RS.

H(orV)=Co+C1-2eat + Co - et + C3 - Zlizat + Cy - zczat + C5 - Teat * Zeat (5)

2.2 Hydrodynamic Analysis

Hydrodynamic properties of the floating bodies are used as inputs to the eigenvalue analysis
of an FOWF and to the time-domain simulation of a single FOWT. Here, hydrodynamic analysis is
performed in the frequency domain using the linear potential-flow program WADAM [11].

For the FOWF, a panel model consists of multiple spar floating foundations placed based on
the initial configuration of the shared mooring system before the mooring static equilibrium is
reached. As the distance of the spars is large (six rotor diameters), the influence of the spar posi-
tions is small on the results. From the analysis, hydrodynamic properties are obtained, including
the frequency-dependent hydrodynamic added mass and radiation damping coefficients and the
wave force transfer functions. The coupled hydrodynamic added mass coefficients and hydrostatic
coefficients are further used in the eigenvalue analysis in Sec. 2.3.

For the FOWT, the panel model only includes a single spar FOWT, and the frequency-dependent
added mass and radiation damping are used to generate the retardation function for the time-

domain analysis in Sec. 3.

2.3 Eigenvalue Analysis

Natural periods of a floating system are important design considerations. To avoid resonance,
the system’s natural periods should be away from major excitation frequencies present in wind and
wave loads. Natural periods of a system can be obtained from eigenvalue analysis. The general
eigenvalue problem of an FOWF with a shared mooring system is formulated in Eq. (6), where
X(w) is the system state vector of the FOWF. We only consider the rigid-body motions of the
FOWTs. Six degrees of freedom (DOFs) are used to describe each FOWT, namely surge, sway,

heave, roll, pitch and yaw. M and A (w) are the system mass matrix and the system frequency-
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dependent added mass matrix. Cg and Cy; are the hydrostatic stiffness matrix and the linearized

mooring stiffness matrix of the FOWF.

[M + A(w)] X (w) + [Cr + Cm] X (w) = 0 (6)

In the dynamic response of a shared mooring system, the mooring stiffness is nonlinear due
to the varying position of the FOWTs and the nonlinear contribution from each line. In our eigen-
value analysis, the focus is on the static position and the mooring stiffness is linearized about the
system’s initial equilibrium position.

The procedure of system linearization is briefly described as follows. Given the initial positions
of the system, an iteration algorithm is developed to obtain the system’s static configuration based
on mooring tension equilibrium. Once the static configuration is found, the system’s mooring
stiffness is linearized by imposing a unit deflection (translation or rotation) in each DOF and by
computing the resultant change in the mooring tension. Originally, the static position calculation
and the mooring stiffness linearization involve repeated calculations of the mooring tension. To
improve computational efficiency, we establish one RS for all single lines sharing the same mooring
properties and initial configuration in the catenary plane.

A frequency range is set to search for solutions to the eigenvalue problem. The search fre-
quency increases stepwise from the lower bound. At each step, the frequency-dependent terms
in the eigenvalue problem are determined, and the eigenvalue problem is solved. If an eigen-
frequency from the solution equals the search frequency, one natural frequency of the system
is found, and its corresponding eigenvector denotes one natural mode of the system. The total
number of natural modes is equal to the total number of DOFs of the system.

Considering that system states might be scaled differently in eigenvectors, modal participation
factors are introduced to correct the scaling in eigenvectors, in which the degree to which each
state participates in each eigenmode is indicated in a metric [12]. The calculation is presented

in Eq. (7), where ‘o’ indicates the elementwise multiplication. ® is a matrix of eigenvectors.
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The number of rows of ® equals the total number of system states. Each column of ® is an
eigenvector and represents an eigenmode. II is the matrix of modal participation factors. The
sum of elements in each row and each column equals 1. Each column of IT corresponds to one
eigenmode. The element 7;; in matrix II indicates the relative participation of the system state z;

in the j-th eigenmode.

3 DESIGN OF THE SINGLE LINES

As the OC3 Hywind FOWT is adopted in the case study of a dual-spar FOWF, the single
line mooring properties are of interest. However, the OC3 report only provides artificial mooring
properties with an equivalent diameter of 90 mm and most literature uses this reference. Such a
mooring design deviates from that of the Hywind Demo [13] and has suboptimal station-keeping
performance in operation or in extreme environmental conditions. For example, the OC3 Hywind
model experiences large horizontal offset and vertical anchor forces in our simulations under ex-
treme wind and wave conditions. To examine realistic dynamics of an FOWF, a proper single line

design is desired for the OC3 Hywind FOWT.

3.1 Environmental Conditions

Table 1: Loading conditions for the dynamic analysis

Environmental parameter Operational Parked (50-yr extreme)

U,, (Hub-height) [m/s] 11.40 42.71
I 0.17 0.12
Hy [m] 2.57 15.50
T, [s] 11.12 14.45
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The water depth of 320 m is kept the same as that specified in the OC3 report [6]. The
environmental conditions of a European offshore site, ‘Norway 5’ [14], are selected. Based on the
joint distributions of the mean wind speed (U,,), significant wave height (H;) and spectral peak
period (7},), one operational loading condition is considered for the wind-dominant case, and one
extreme loading condition is considered for the wave-dominant case. The main environmental
parameters, including the turbulence intensity (7), are listed in Table 1.

For both loading conditions, turbulent wind and irregular waves are simulated. The wind and
waves are unidirectional and in the global surge direction. Turbulent wind fields are generated by
Turbsim [15]. According to the design standards [16, 17], the wind turbine class |-B is chosen,
and the IEC Normal Turbulence Model is used. Irregular waves are generated with random wave
seeds. For the operational condition, the H, and T, are determined as the mean value of the con-
ditional distributions. For the extreme loading condition, a return period of 50 years is considered
according to the offshore standard [18]. With the joint distribution provided in [14], the 50-year
environmental contour surface is obtained. The sea state on the contour surface with the highest
Hy is selected. In the extreme loading condition, the wind turbine is parked (standing still) and the

blades are feathered.

3.2 Design Procedure

For simplicity, a two-segment mooring design is considered for the single lines; see Fig. 3. The
material of the upper segment is sheathed steel wire rope, with a sheath thickness of 10 mm. The
lower segment is made of R3 studless mooring chain. The mooring properties of both segments

are calculated based on offshore standards [19—21] and commercial data. The total unstrained

Table 2: Design space for the single line design

Design variable Sampling range Sampling interval
Chain segment diameter D4, [Mm] [110, 150] 5
Wire segment diameter D,;.. [Mm] [90, 130] 5
Wire segment length L. [M] [400, 560] 10
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length of each single line is increased from 902.2 m of the original OC3 Hywind to 1002.2 m. This
is to ensure that no vertical forces act on the anchors under relatively large horizontal offsets.
Three design variables are considered, including diameters of both segments and length of the
wire segment. Because the total unstrained length of the mooring line remains constant, the
length of the chain segment is dependent on the wire length. The design space of variables is
summarized in Table 2 and the orthogonal sampling method is applied. The design objective is
to minimize the mooring cost. In this study, only the material costs related to the production and

manufacture of mooring lines are considered. The objective function is expressed in Eq. (8):

F = Npoor - (Mchain “ Lenain * Cchain + Muwire © Lwire - Cwire) (8)

where F' denotes the total mooring costs. Ny, IS the number of single lines. M pqi, and Myire
are the mass per unit length of mooring segments. L., and L. are the unstrained lengths
of mooring segments. The cost coefficients, ccnqein and cyire are scaled because of proprietary
reasons. The scaled value, 1 and 1.8022, can be used for c.puin and cyire, respectively. Both the
static analysis and dynamic analysis are performed to find a qualified design of the single mooring
lines.

MIMOSA [22], a program for moored vessel analysis, is used in the static analysis. Stiffness
curves and pretension are checked for each design case. The maximum offset of the FOWT
needs to be limited to maintain structural integrity of the power cable. An offset limit of 20 m is
assumed for the spar FOWT. In the static analysis, an offset of 20 m is applied to the fairlead,
and the catenary line shape is checked to make sure that the mooring line is not strained and the
upper segment (wire) does not touch the seabed.

For the design candidates that fulfill the requirements in the static analysis, dynamic analysis is
performed in SIMA, a simulation tool for marine operations and floating systems [23, 24]. Mooring
lines are modeled in the RIFLEX module of SIMA. Each mooring line consists of segments with

finite elements (FEs). Different cross-section properties are defined and applied to FEs. Both
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the operational condition and the extreme condition are simulated with a number of realizations.
Based on the time histories, the maximum platform offset and the characteristic mooring tension
are obtained. According to the offshore standard DNVGL-ST-0119 [18], the utilization factor, u, is

computed for each mooring line segment. The calculation of the utilization factor follows Eq. (9):

w = ('Ymean : Tc,mean + Ydyn * Tc,dyn) : fs (9)
fm : Smbs

where Tt p,cqan and T, 4, are the characteristic mean tension and characteristic dynamic tension.
Ymean aNd 4y, are the load factors for 1. ,;,can and Tt 4.n, respectively. The consequence class 1
is selected in the design check as FOWTs are unmanned structures. For the ultimate limit state
and consequence class 1, yiean is 1.3 and vy, is 1.75 [18]. f is the non-redundant factor, which
has a value of 1.1 [19]. f,, is the material factor which equals 0.95 [18]. S,.»s IS the minimum
breaking strength of the segment.

For the operational condition, six 1-hour time-domain simulations are run for each design case.
The mean value of 7., ,;,cqn, @and T, 4y, Of the six simulations is used to calculate the utilization factor.

For the extreme loading condition, thirty 1-hour time-domain simulations are performed. The T, 4,5,

Table 3: Properties of the selected mooring design

Mooring property Lower segment Upper segment
Material R3 studless chain  Sheathed steel wire rope
Length [m] 452.2 550

Diameter [mm] 115 90

Sheath thickness [mm] - 10

Mass density [kg/m] 264.50 42.77

Weight in water [N/m] 2385.86 324.00
Extensional stiffness [N] 1.06E+09 7.64E+08
Minimum breaking strength [N] 1.03E+07 8.38E+06
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is fitted by Gumbel distribution [25]. As suggested in [14], the 90 % quantile of the fitted distribution

is used as the characteristic dynamic tension in Eq. (9) to calculate the utilization factor.

3.3 Selection of the Design

The final design is selected among the samples according to the above-mentioned design
objective and constraints. Mooring properties of the chosen design are listed in Table 3.

A simplified top view of the mooring system is illustrated in Fig. 5(a). In dynamic simulations,

wind and waves are in the global surge direction, i.e., along the z4-axis; see Fig. 5(a). The two-

Anchor
Mooring line 1
g — Spar _SWL

Xg 0™ | |Fairlead
Y, AN
<Q—Q Spar Y

. . 7 N . . 25 PR
Mooring line 2_~ ~_Mooring line 3 m Wire~_
- A 550m  ~~._Connection .
< Chain
f Seabed ——_4522m Anchor
Wind / Wave 048 67 M i
(a) Top view of the mooring system (b) Side view of the two-segment single mooring line

Fig. 5: lllustrations for the design of single lines (dashed line: wire, solid line: chain)

) %108

* Simulation result
3 —Fitted distribution

-
(9]

T

C,

dyn, 90% = 1.1522E+06 N

exp(=exp(=(Tcq,n—b)/a))-exp(-exp(b/a))
1-exp(—exp(b/a))
a=2.0613E+05

F= !
1
1
1
b=6.8830E+05 14 16 18 2

Probability density function

2 0 0.2 0.4 0.6 0.8 1 1.2
4 6 8 10 12 14 Toayn (NI %108
T_ gun [NI 10°
c.dyn ) (b) Probability density function of the fitted distribu-
(a) Gumbel probability paper tion

Fig. 6: Dynamic tension fitted by Gumbel distribution, the wire segment of mooring line 2 (see Fig.
5(a))
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Fig. 7: Normalized total mooring cost for the design space

segment single mooring line is sketched in Fig. 5(b). The fitted probability distributions are plotted
in Fig. 6(a) for the wire segment of mooring line 2, where F' stands for the cumulative distribution
function of the stochastic variable T 4,,,. Good fittings are observed in Fig. 6(a). The probability

density function of the fitted distribution is presented in Fig. 6(b) where the 90 % quantile is

Table 4: Results for dynamic design check

Loading condition  Mooring line  Segment Ultilization factor

o Chain 0.13
Mooring line 1
Wire 0.17
i o Chain 0.21
Operational Mooring line 2
Wire 0.27
o Chain 0.20
Mooring line 3
Wire 0.26
o Chain 0.33
Mooring line 1
Wire 0.45
o Chain 0.34
Parked Mooring line 2
Wire 0.44
N Chain 0.40
Mooring line 3
Wire 0.51

15



241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

marked. The normalized total mooring costs are plotted in Fig. 7 for the design space, where the
selected design is marked. As shown in Fig. 7(a), the selected wire diameter is at the lower bound
of the sampling range. To keep the design realistic, wire diameters smaller than 90 mm are not
considered.

For the extreme condition, the selected mooring design almost reaches the offset limit in some
simulations. The results of the dynamic check for the selected mooring properties are presented
in Table 4. For both loading conditions, only one utilization factor is larger than 0.5, indicating
conservatism of the design. The selected design may be further optimized by considering a larger
design space and by reducing the safety margins. Here, the purpose is to present a realistic yet
conservative single line design because of the uncertainties associated with load cases and partial

safety factors [26].

4 CASE STUDY

The analysis method described in Sec. 2 includes modeling of a shared mooring system,
mooring stiffness linearization and eigenvalue analysis of an FOWF. A case study is performed to
apply and verify the presented analysis method. A dual-spar FOWF with a shared line is studied,
and a simplified top view of the system is sketched in Fig. 8. The OC3 Hywind spar FOWT is

considered as the basic unit [6,27].

Anchor

\ Single line 1/
\

\ X Surge

/
/
/
\ /
Shared line
Spar 2 _Q———— Spar 1 Sway
/ Yo \
/ \
\
\
/ \\

Fig. 8: Top view of the dual-spar FOWF (dashed line: wire, solid line: chain)
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4.1 Description of the Dual-spar FOWF

As illustrated in Fig. 8, two FOWTSs, Spar 1 and Spar 2, are connected by a shared line. Each
wind turbine is connected to the seabed by two single mooring lines, and the angle between two
adjacent lines is 120 deg. The depth to fairleads below SWL is 70 m. The distance between the
two FOWTs is 750 m, which is six times the rotor diameter. The turbine spacing is set to have less
aerodynamic interaction between the two FOWTs. To find an optimal turbine spacing, a design of
the FOWF considering different loading conditions is required. The unstrained length of the shared
line is 739.6 m, whereas the unstrained length of single lines is 1002.2 m. The selected mooring
properties in Table 3 are applied to model the single lines. The shared line is a steel wire rope,
and its properties are the same as those of the wire segments of single lines. The additional yaw
stiffness stated in the OCS3 report [6] is added to the system as the delta connection of mooring
lines is not modeled. The dual-spar FOWF with the mooring system described above is referred

to as the baseline FOWF in the rest of this paper.

4.2 Analysis Procedure

The initial positions of the spars, fairleads and anchor points, and the mooring properties are
taken as inputs for the analysis. Due to symmetry, the static position of the system is found based
on mooring tension equilibrium in the global sway direction, i.e., along the y,-axis (see Fig. 8). The
mooring stiffness matrix is linearized about the system static position, and eigenvalue analysis is
performed. The matrix of modal participation factors is computed to identify the dominant system
states in each eigenmode. The same dual-spar FOWF is modeled in SIMA and free decay tests
are performed.

During the decay tests, a pair of constant forces or moments is initially applied to both FOWTs
in the same DOFs to achieve certain displacements in that direction. The forces or moments
have either the same or opposite directions and last for a short duration. The FOWTs will then
experience free vibrations. Due to damping, the vibration decays until the system reaches an
equilibrium position. The system natural periods are estimated from the time histories of platform
motions.

For comparison, eigenvalue analysis and free decay tests are performed for a single FOWT
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as well. Three single lines of the FOWT have the same mooring properties as single lines of the

dual-spar model, and the mooring line configuration is the same as for that of Spar 1 in Fig. 8.

4.3 Sensitivity Study

To investigate the influence of different mooring properties on the system dynamics, a sensi-
tivity study is performed which addresses various mooring properties of the shared line and the

single lines. The investigated mooring properties are summarized in Table 5.

Table 5: Mooring properties investigated in the sensitivity study

Mooring line Design variable Sampling range Sampling interval
Shared line (wire) Dpare [Mmm] [90, 130] 5
. . . Dwire [mm] [90:130] S
Single line (wire)
Loyire [M] [450, 650] 25
. . . Dchain [mm] [95, 135] S
Single line (chain)
Lehain [M] [352.2, 552.2] 25

As presented in Table 5, nine different diameters of steel wire rope are considered for the
shared line. The value varies from 90 mm to 130 mm with an increment of 5 mm. Meanwhile, the

length of the shared line and the mooring properties of the single lines are kept constant.

When mooring properties of the single lines are investigated, the diameters and lengths of
both segments vary simultaneously, as shown in Table 5; the total unstrained length of single
lines and the mooring properties of the shared line are kept constant. Using orthogonal sampling,
eighty-one designs with different segment properties are investigated for the sensitivity study on
both the wire segment and the chain segment. When studying the influence of one segment, the

diameter of the other segment remains fixed.
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5 RESULTS
5.1 Single Line Modeling

In this section, we make two comparisons for the single line modeling. First, Irvine’s method
is compared with the finite element method (FEM) carried out in RIFLEX for the final design of the
two-segment single line (Table 3). The calculated mooring tension components at the fairlead are
summarized in Table 6. As the percentage difference between the two modeling methods is below
2%, a good agreement is found. Therefore, Irvine’s method will be further applied to generate the

RS.

Table 6: Comparison of the two-segment single line modeling

Result  Irvine’s method FEM Relative difference [%]
T [N] 8.62E+05 8.46E+05 1.85
H [N] 7.43E+05  7.29E+05 1.91
V [N] 4.36E+05 4.29E+05 1.64
¢ [deg] 30.40 30.47 -0.22

Table 7: Design space for input variables of the RS

Input variable Initial value Sampling range Sampling interval
Xeat [M] 948.67 [943.67, 958.67] 1.00
Zeqr [M] 250.00 [247.00, 253.00] 1.00

Second, the established RS is verified against the original solution from Irvine’s method. In our
eigenvalue analysis for the baseline FOWF, we apply the RSM rather than Irvine’s method in the
single line modeling. The value of X.,; and Z.,; is calculated based on the initial positions of the
fairlead and the anchor point in the catenary plane. Considering the displacement of the fairlead

when calculating the static position and linearizing the mooring stiffness, the sampling space of
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Table 8: Coefficients of the RS used in single line modeling (see Eq. (5))

Coefficient Co 1 Cy Cs Cy Cs
For H [E+06] 1.1299 -43.0767 -4.4929 40.9035 0.3263 7.0577
For V [E+05] 5.6281 -112.6249 -12.9373 106.9867 1.1938 20.1172

1-R? = 1.52E-05

x10°
) MSE = 1.92E+06 N2
15
Z
I
1
0.5-
253 . : ]
251 T 958
250 ey 4
" sl 950
o o N8
ant [m] 247 944 Xcat [m]
(a) Mooring tension component H
1-R? = 5.66E-05
x10° MSE = 9.97E+05 N2
8
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Z
>
4
2.
253 |
T 958
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(b) Mooring tension component V

Fig. 9: Comparison of single line calculation

sz the RS is determined using Table 7 by orthogonal sampling. For a computer with a theoretical

s performance of 396.8 GFLOPS, it takes 987.6 s to complete the tension calculations for sampling

a4 points and less than 1 s to generate the RS. A better sampling method can be helpful to reduce
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the number of sampling points. The coefficients in Eq. (5) are summarized in Table 8. To verify
the generated RS, 100 testing points are sampled in the design space by the Latin hypercube
sampling method [28]. Statistical values like the R-squared value (R?) and the mean squared
error (MSE) are calculated to assess the quality of the RS. As presented in Fig.9, for the tension
components H and V, the testing points from numerical calculations lie on the RS and the R? is

close to 1. This indicates the satisfactory performance of the RS.

On the same computer, it takes 774.7 s to linearize the mooring stiffness matrix by numerical
calculations, whereas it needs 20.6 s by the RSM. Compared to Irvine’s method, the RSM is more
efficient because iterative calculations are avoided, but a slight modeling error may affect the
linearized mooring stiffness matrices and hence the natural periods. For the baseline FOWF, the
difference of computed natural periods between Irvine’s method and the RSM is smaller than 0.3
s for the surge DOFs and smaller than 0.1 s for all other DOFs. Therefore, it is feasible to model
the single lines by the RSM to facilitate a fast eigenvalue analysis of the FOWF at the preliminary

design stage.

Table 9: Modal participation factors for the baseline FOWF

DOF Surge1 Surge2 Sway1 Sway2 Heave1 Heave2 Roll1 Roll2 Pitch1 Pitch2 Yaw1 Yaw2
1 0.47 0.52 0.00 0.00 0.00 0.00 0.00 0.00 -0.01 0.00 0.00 0.00

2 0.00 0.00 -0.50 0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 -0.01 0.50 0.49 0.00 0.00 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00 0.00 0.00 -0.57 024 -0.19  -0.01 0.00 0.00
5 0.00 -0.01 0.00 0.00 0.00 0.00 0.15 -0.04 -073 -0.06 0.00 0.00
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.58 042
7 0.52 -0.47 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00
8 0.00 0.00 -0.50 -0.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 -0.01 0.49 -0.50 0.00 0.00 0.00 0.00 0.00 0.00
10 0.00 0.00 0.00 0.00 0.00 0.00 -0.21  -0.59 -0.02 0.18 0.00 0.00

—_
—_

-0.01 0.00 0.00 0.00 0.00 0.00 0.07 0.13 -0.05 0.75 0.00 0.00
12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.42 -0.58
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29 5.2 Eigenvalue Analysis of the Baseline FOWF

330 In the eigenvalue analysis of the baseline FOWF, the RSM is applied to model the single lines
a31 while Irvine’s method is applied to model the shared line. After linearization of the dual-spar FOWF,
sz the modal participation factors are calculated and presented in Table 9. The minus and positive

a3 signs from eigenvectors are added and indicate opposite motion directions. Twelve eigenmodes

(a) Surge mode 1 (b) Surge mode 2

Fig. 10: lllustration of eigenmodes in the surge direction (dashed line: initial position, solid line:
mode shape)

(a) Roll mode 1

(b) Roll mode 2

Fig. 11: lllustration of eigenmodes in the roll direction (dashed line: initial position, solid line: mode
shape)
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Table 10: Natural periods of the baseline FOWF

Eigenmode Linearized model [s] Decay test in SIMA [s] Relative difference [%]

Surge 1 76.35 78.37 -2.57
Surge 2 75.62 77.51 -2.45
Sway 1 134.44 138.22 -2.73
Sway 2 47.01 49.88 -5.74
Heave 1 30.74 31.10 -1.17
Heave 2 30.77 31.05 -0.89
Roll 1 29.32 29.66 -1.14
Roll 2 29.33 29.69 -1.22
Pitch 1 29.31 29.59 -0.94
Pitch 2 29.31 29.59 -0.93
Yaw 1 8.27 8.46 -2.29
Yaw 2 8.27 8.46 -2.19

exist for the FOWF. DOFs 1-6 are rigid-body motions of Spar 1, and DOFs 7-12 are of Spar
2. Couplings between the roll DOFs and the pitch DOFs are observed. There are two modes
associated with each direction, e.g., “Surge 1” and “Surge 2”. The mode 1 in all six directions,
e.g., “Surge 1” and “Roll 17, indicates that both spars move in the same direction, as shown in
Fig. 10(a) and Fig. 11(a). The mode 2 in all six directions indicates that two spars move in
opposite directions, as shown in Fig. 10(b) and Fig. 11(b). The identified system natural periods
from eigenvalue analysis are verified by those estimated from free decay tests; see Table 10.
As shown, the maximum relative difference of the natural period is observed for “Sway 2” and
for most DOFs, the difference varies around 2%. The difference in the system’s natural periods
can be attributed to several causes including mooring modeling approaches (FEM versus Irvine’s
method), mass distribution of the FOWT (OC3 report versus SIMA model), ignorance of nonlinear
effects in the stiffness linearization, and uncertainties in the data extraction from the decay test

(only a few peaks).
Eigenvalue analysis and decay tests are performed for the single FOWT. The same RS is used
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Table 11: Natural periods of the single FOWT

Eigenmode Surge Sway Heave Roll Pitch Yaw
Linearized model [s] 77.63 77.66 30.32 29.09 29.10 8.29
Decay testin SIMA[s] 81.08 81.03 30.76 29.39 29.36 8.70
Relative difference [%] -4.25 -4.16 -145 -1.00 -0.88 -4.69

when applying the RSM since the single lines of the FOWT have the same configurations as those
of the baseline FOWF. The results of system natural periods are summarized in Table 11. The
relative difference of the natural periods is around 4% for the surge, sway and yaw DOFs, and
around 1% for the other DOFs. The same causes as for the baseline FOWF are considered to
introduce the difference.

Comparing the natural periods in Table 10 and Table 11, we find that the natural periods in
the sway direction are significantly affected by the shared line. The eigenmode “Sway 2” has a
relatively low natural period less than 50 s. The natural periods in the surge direction are also
influenced. For the other DOFs, the change in the natural periods is relatively small. As the
influence of the shared line is reflected in the mooring stiffness matrix (see Eq. (6)), we plot the

proportions of diagonal terms in the stiffness matrix in Fig. 12. There are two major contributors to

[- Mooring stiffness 3 Hydrostatic stiffness B Additional yaw stiffness\

Proportion in the total stiffness

C11 C22 C33 C44 CSS C66

Diagonal stiffness term

Fig. 12: Comparison of diagonal stiffness terms of the baseline FOWF
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the linearized stiffness matrix, hydrostatic stiffness (Cy) and mooring stiffness (Cag). It is obvious
that the diagonal terms related to the surge and sway DOFs only have a contribution from mooring
stiffness. In contrast, for stiffness terms related to the heave, roll and pitch DOFs, the hydrostatic
stiffness has considerable contributions, which diminishes the influence of mooring stiffness. The
stiffness terms related to the yaw DOFs are governed by the additional yaw stiffness. Therefore,

the influence of mooring stiffness is not significant.

5.3 Sensitivity Study

The results of the sensitivity study are presented in the following sections. In the sensitivity
study, mooring properties of single lines are considered as design variables. The dimensions of
the RS increase and more sampling points are required to generate the RS, which can make it
inefficient to apply the RSM. Therefore, Irvine’s method is used to model the single lines and the

shared line.

5.3.1 Influence of the Shared Line

Nine different diameters are used to model the shared line, and the natural periods from eigen-
value analysis are compared. The influence of the shared line diameter varies for different eigen-
modes. To evaluate the influence quantitatively, the coefficient of variance (COV) of the natural

period is calculated for each eigenmode based on Eq. (10):

cov="2 (10)
I

Table 12: COV of the FOWF natural periods under a varying shared line diameter (90 to 130 mm)

Eigenmode Surge Sway Heave Roll Pitch Yaw
Mode 1 0.0194 0.0211 0.0006 0.0021 0.0021 0.0030
Mode2  0.0196 0.1173 0.0008 0.0021 0.0021 0.0030
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where 1 and o are the mean value and the standard deviation of the natural periods due to the

variation of the shared line diameter. The results are summarized in Table 12.

From Table 12, it is seen that the influence of the shared line diameter is more significant for

eigenmodes in the surge and sway directions, especially the Sway mode 2. The largest difference

of natural period of the Sway mode 2 is 19.57 s for the selected variation range of shared line

diameter. The catenary plane of the shared line is nearly parallel to the sway direction (see Fig.

8). Therefore, changes in the mooring tension of the shared line due to diameter variation can be

directly reflected in the mooring stiffness in the sway direction.
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Here, the natural periods of the baseline FOWF are taken as the reference, and the variation of
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Fig. 13: Influence of varying shared line diameter on the sway natural periods, distance of FOWTs
in static equilibrium condition and the stiffness elements of the FOWF
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natural periods in the sway direction are plotted in Fig. 13(a). An appreciable variation of the natu-
ral period is observed for the Sway mode 2. To investigate the cause, the distance between static
equilibrium positions of two FOWTs in the y, direction is plotted in Fig. 13(b). The stiffness terms
C99 and Cag are plotted against the shared line diameter in Fig. 13(c) and Fig. 13(d), in which the
contributions from singe lines and the shared line are marked with different colors. Because the
coupling between two FOWTs is caused by the shared line, there is no contribution from single
lines in the stiffness element Csg. With an increasing shared line diameter, the natural period of
the Sway mode 1 decreases, whereas the natural period of the Sway mode 2 increases. In the
sway direction (see Fig. 8), the system can be treated as a simple mass-spring system with two
DOFs, i.e., the sway motions of two FOWTSs, by simplifying the FOWTs as masses and the moor-
ing lines as horizontal springs. The natural period of the Sway mode 1 is inversely proportional to
the square root of the sum of stiffness elements, Cy; and Css, and the natural period of the Sway
mode 2 is inversely proportional to the square root of the stiffness difference. The shared line
becomes heavier with an increasing diameter, which draws two FOWTs closer. Due to the change
of the static positions, the single line contribution in Cy, increases slowly whereas the shared line
contribution decreases sharply, which results in a reduction of Css in general. The stiffness ele-
ment Cyg increases with a closer distance. The sum of the stiffness elements increases gradually
and therefore, the natural period of the Sway mode 1 decreases. The appreciable increment of the

natural period of the Sway mode 2 is caused by the dramatic decrease of the stiffness difference.

5.3.2 Influence of the Single Lines

Wire Segment

Table 13: COV of the FOWF natural periods under the variation of wire segment properties

Eigenmode Surge Sway Heave Roll Pitch Yaw
Mode 1 0.0981 0.0920 0.0107 0.0081 0.0081 0.0175
Mode 2 0.0987 0.3339 0.0071 0.0084 0.0081 0.0174
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Eigenvalue analyses are performed for the 81 design cases with different wire segment prop-
erties. The COV of the natural periods is calculated for each eigenmode to measure the fluctuation
caused by the variation of wire segment properties. The results are summarized in Table 13. It is
observed that the natural periods of the eigenmodes in the surge and sway directions are signifi-
cantly affected. In comparison, for other eigenmodes, e.g., heave and roll, the influence on natural

periods is limited. For these DOFs, the hydrostatic stiffness lessens the influence of mooring
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Fig. 15: Influence of varying wire segment properties on the surge natural periods of the FOWF
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Fig. 16: Influence of varying wire segment properties on the stiffness elements of the FOWF

stiffness on the total stiffness. Therefore, the change in system natural periods is small.

The distance of two FOWTs in the y, direction is plotted in Fig. 14. Because steel wire rope
is lighter than mooring chain, a longer wire segment with a smaller diameter leads to a closer
distance of two FOWTs in the static equilibrium condition.

The natural periods of the eigenmodes in the surge direction are plotted against the wire
segment length and the wire segment diameter in Fig. 15. Similar variation trends are found for
the natural periods of these two eigenmodes. The related stiffness elements, Cy; and Cy7, are
presented in Fig. 16(a) and Fig. 16(b), respectively. From Fig. 15 and Fig. 16, the relations
between the natural periods in the surge direction and the corresponding mooring stiffness terms
are revealed. A longer wire segment with a smaller diameter leads to a smaller stiffness element
C11. Though the stiffness element Cj7 is influenced by the variation of wire segment properties,
its magnitude is small compared with C1;. Because the catenary plane of the shared line is nearly
perpendicular to the surge direction, the coupling between two FOWTs in the surge direction is
limited. Comparing Fig. 15 and Fig. 16, it is clear that surge natural periods of the FOWF are
dominated by the stiffness element C1;.

The natural periods of the eigenmodes in the sway direction are plotted against the wire seg-
ment length and diameter in Fig. 17. A significant variation of the natural period is observed for the
Sway mode 2. The stiffness elements related to sway natural periods, Cy2 and Csyg, are presented
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Fig. 18: Influence of varying wire segment properties on the stiffness elements of the FOWF

in Fig. 18. For a longer wire segment with a smaller diameter, the distance of static equilibrium
positions of FOWTs becomes closer in the sway direction; see Fig. 14. The absolute values of
stiffness elements, Cy2 and Cyg, decrease as well. As a result, the natural periods of Sway mode
1 and Sway mode 2 increases. For the actual designs of the dual-spar FOWF, the natural period
of the Sway mode 2 should preferably be placed higher than 20 s to avoid wave excitation. From

Fig. 17(b), this criterion appears to be satisfied for all considered wire properties.
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Chain Segment

Eigenvalue analyses are performed for the 81 design cases with different chain segment prop-
erties. The COV of the natural period is calculated for each eigenmode to capture the fluctuation
due to the variation of the chain segment properties. The results are summarized in Table 14. It is
found that the natural periods in the surge direction and the sway direction are strongly influenced

by the mooring property variation of chain segments.

Table 14: COV of the FOWF natural periods under the variation of chain segment properties

Eigenmode Surge Sway Heave Roll Pitch Yaw
Mode 1 0.1397 0.1287 0.0127 0.0082 0.0082 0.0193
Mode2  0.1398 0.3662 0.0113 0.0083 0.0082 0.0192

In Fig. 19, the distance of static equilibrium positions of two FOWTs in the y, direction is
presented. When the chain segment becomes longer with a larger diameter, the distance between
two FOWTs becomes larger. This is reasonable because mooring chain is heavier than steel wire

rope.
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Fig. 19: Distance of the static equilibrium positions of FOWTs in the y, direction due to variation
of chain segment properties
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Fig. 20: Influence of varying chain segment properties on the surge natural periods of the FOWF

135

: ‘ 135
\ \ \ 7 T8 "49250 Cyq NI Cy7 IN/m]
130+ 5 %, %’06* 56 1 1307

T 2} % o T %,

E1250 & % £125- %

E E Nz \

£ £120. %, -

3 3 N

€ £ 115 ‘;6\ 1

[0} [} 7

£ £ 4

g g110- N

< < 3

s 8105~ > -

K= £

o © % R 2 7 N
100 - > % X %, h

‘ ‘ 95 ‘ ‘ ‘ ‘
3772 4022 4272 4522 4772 5022 5272 5522 3772 4022 4272 4522 4772 5022 5272 5522
Chain segment length [m] Chain segment length [m]
(a) Stiffness element C4; (b) Stiffness element C4~

Fig. 21: Influence of varying chain segment properties on the stiffness elements of the FOWF

The natural periods of the eigenmodes in the surge direction are plotted against the varying
chain segment properties in Fig. 20. Similar variation trends of natural periods are found for these
two eigenmodes. The related stiffness elements, C;; and C;~, are presented in Fig. 21. Similarly,
as for the wire segment, the magnitude of C;7 is small compared with C;;, due to the limited
coupling between two FOWTSs in the surge direction. The natural periods in the surge direction
mostly relies on the stiffness element C1;. A longer chain segment with a larger diameter makes
single lines heavier and results in the increase of stiffness element ;. Therefore, the natural

periods in the surge direction decrease.
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Fig. 22: Influence of varying chain segment properties on the sway natural periods of the FOWF
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The natural periods of the eigenmodes in the sway direction are plotted with respect to the

chain segment length and the chain segment diameter in Fig. 22. A significant variation of the

natural period is observed for the Sway mode 2. The stiffness elements related to the natural

periods in the sway direction are plotted in Fig. 23. The distance between two FOWTs becomes

larger with a longer and heavier chain segment; see Fig. 19, and so do the absolute values of

stiffness elements Cy; and Cag.

As a result, the square root of the sum and the difference of

stiffness elements increase, which leads to a decrease of the natural periods in the sway direction.

From Fig. 22(b), the natural periods of the Sway mode 2 are higher than 20 s for all considered
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6 CONCLUSION

This paper presents an analysis method to investigate the influence of the shared mooring
system. The method consists of Irvine’s method and the response surface method for mooring
line modeling, mooring stiffness linearization and eigenvalue analysis. A design of the single
lines for the OC3 Hywind is presented. The influence of the shared line is investigated in a case
study. Finally, a sensitivity study is conducted to evaluate the contributions from different mooring

properties. The main conclusions of this paper are as follows:

« A realistic but conservative design of the mooring system is made for the OC3 Hywind floating
wind turbine. The design consists of two-segment single lines of wire and chain segments.
The design is used in the analysis of the dual-spar floating wind farm.

* Irvine’s method proves feasible for modeling the two-segment single mooring lines. For single
line modeling, Irvine’s method is applicable, and the response surface method can be applied
to reduce the computational cost.

» The present analysis method of shared mooring system is verified by numerical free decay
tests. The method can be used to efficiently identify the eigenfrequencies and eigenmodes of a
floating wind farm at the preliminary design stage. For floating offshore wind farms with shared
mooring system and other types of floating platforms, e.g., semi-submersible or barges, the
influence of the shared line may vary, but the presented modeling method can still be applied.

» The shared line has a primary influence on the surge and sway degrees of freedom of a dual-
spar floating wind farm. An eigenmode can appear with a low natural period (less than 30 s)
in the sway direction. To avoid resonance issues, great attention should be paid to the surge
and sway degrees of freedom in the design of a shared mooring system.

» The natural periods of the surge and sway degrees of freedom are sensitive to mooring prop-
erties of both single lines and the shared line. The sensitivity study is helpful to investigate
the influence of different mooring properties and to design the mooring systems away from

frequencies of excitation loads.
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