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ABSTRACT

As current attention of the offshore industry is drawn byetteing pilot farms of Floating
Wind Turbines (FWTSs) in shallow-water between 50m and 100nagpkcation of nylon as a
mooring component can provide a more cost-effective desigleed, nylon is a preferred
candidate over polyester for FWT mooring mainly becaofats lower stiffness anda
corresponding capacity of reducing maximum tensions in theingosystem. However, the
nonlinear behaviors of nylon ropes (e.g. load-elongatiopegties, fatigue characteristics, etc.)
complicate the design and modeling of such structukteough previous studies on the
mechanical properties and modeling of polyester may begaog references, those can not
be applied directly for nylon both on testing and modefmgthods. In this study, first, an
empirical expression to determine the dynamic stiffnesa onylon rope is drawn from the
testing data in the literature. Secondly, a practicatleting procedurés suggested by the
authors in order to cope with the numerical mooring analysssemi-submersible type FWT
taking into account the dynamic axial stiffness of nylon sofgoth the experimental and
numerical results show that the tension amplitudeamagnportant impact on the dynamic
stiffness of nylon ropes and, as a consequence, the teasjpponses of mooring lines. This
effect can be captured by the present modeling procedurallyF time domain mooring
analysis for both Ultimate Limit State (ULS) and Fatidumnit State (FLS)is performed to
illustrate the advantages and conservativeness of tlsemirapproach for nylon mooring
modeling.

Key words: Floating Wind Turbine; Numerical Modeling; Dynai@tiffness; Nylon;
Polyester; Mooring Line.

1 Introduction

For shallow-water offshore floating structures suchsasi-submersibles, FPSOs, etc., the
mooring lines are usually constituted of long, large dianatan lines to provida necessary
catenary offset. For deep-water applications, hybrid modineg composed of chain, wire and
fiber ropes (e.g. polyester, HMPE, aramid, etc.) arenafised in order to reduce the weight of
the mooring lines and the mooring cost. For FWTs illelavater, the use of low modulus
ropes such as polyester, nylon can provide a more comphantost-effective design [1] (e.qg.
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the unit length cost of nylon is about half that of chaithwhe same breaking strength).
Obviously, long@r mooring footprints would be required for polyester in orttereduce
extreme tension responses.idtalso interesting to note that due to the higher stiffnéss o
polyester, the tension responses in fatigue conditioralse more critical than for nylon
Consequently, that might result in a critically low date life not only for polyester itself but
also (more importantly) for the chain sections in th@ormg lines.

Unlike rigid material, synthetic material such as polyestgon, etc., exhibit highly nonlinear
and time-dependent load-elongation characteristics. Belsaviors should be determined by
relevant tests before the design and application s&thiber rope components. The tests should
exhibit not only the nonlinear behaviors of ropes as hystaretterials but also the dynamic
loading conditions that ropes undergo during operation t@ngion magnitude, the frequency
of loading, loading history, etc.).

Testing and modeling methods for polyester have been dtbglithe offshore industry since
the early 8’s. The outcomes of several Joint Industry Projec®)(ave been integratedan
offshore standards such as ARR-2SM [2], DNVGL-RP-E305 [3], ABS [4], BV-NI432-
DTO-RO1E [5] Although the above-mentioned methods are very good exartipsscannot
be applied directly on nylon.

In this study, an empirical expression of dynamic stfffnis drawn from the nylon rope testing
data onthe Whitehill’s wire-lay nylon rope [6]. A practical mooring analysis procedisre
suggested by the authors in order to account for the dynaiffiess of nylon ropes on the
mooring line modeling of a semi-submersible type FWT. Tloeguture is inspired from the
original methodology recommended by DNVGL RB95 where we try to improve the DNV’s
procedure in order to capture the tension amplitude effieadynamic mooring analysis of
nylon mooring ropes.

The numerical simulation is performed using Orcaflex [Ainich two mooring systems that
compose of chain-nylon-chain and chain-polyester-chaén @mpared. The empirical
expression proposed by Francois et al. 48H the fiber rope mooring analysis procedure
recommended by DNVGRP-E305 [3] are applied for polyester. The empirical dynamic
stiffness model and the mooring analysis procedure presématein are applied for the
modeling of nylon ropes.

2 An empirical formula for determining the dynamic stiffness of nylon ropes

Offshore standards and researchers have given recontioesd@ar rope testing procedures
and empirical expressions of dynamic stiffness for stithropes. Generally, the dynamic
stiffness of fiber ropes depends strongly on the meanotensioderately o the tension

amplitude and mildly on the frequency of loading, [2P]. Practically, the loading frequency
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and tension amplitude impacts are negligible for polyg8ie Nylon, although seems to have
closely similar behaviors as polyester, its responsesoaind to be more nonlinear than the
latter [11]. Liu et al. [12] also studied the main factiffuencing the dynamic stiffness of
synthetic fiber ropes under cyclic loading. According to tbemclusions, the mean tensisn
the main factor that influences sifgoantly the dynamic stiffness, also the effects ddistr
amplitude and loading cycles can not be ignored. Huang [@B&highlighted the importance
of understanding the changelength properties including creep, hysteresis, recoveffppests
evolution of synthetic ropes.

The DNVGL-RP-E305 [3], Falkenberg et dl14], [15] introduce the concept of the Syrope
model with the following definitions, which are illustratedrig. 1.

The original curve: the tension-stretch curve obtainedduhe very first and quick
loading of the new ropes.

- The original working curve: the lower-bound original curveery slow loading
so that visco-elastic stretch camdbtained without delay.

- Working curves: Tension-stretch curves accounting forhikeorical maximum
tension that the rope has been through.

- Instant-elastic (dynamic) stiffness: A stable stiffn@dter stabilization of working
strain) in response to very fast changes in tensiorrwydéc loading. The dynamic
stiffness results from instant-elastic strain onlyriNally, it will take only 10 to 20
cycles for polyester ropes before the dynamic stiffriescome practically constant
[14].

Original curve

Working curve

Original working curve /
Dynamic stiffness

Tension

Stretch
Fig. 1. The Syrope model.



Falkenberg et al. [14], [15] recommend selecting a pertiwerking curve for static mooring
analysis to determine the floating structure excursioastfie excursions at the equilibrium
position due to mean environmental loads). This working cumveld account for the historical
maximum tension that the rope has been through. DNRBIE305 [3] requires using a correct
dynamic stiffness model to calculate the designed tergisponses. An earlier research by
Bitting [9] reported an important factor of 3 to 4 timesween the dynamic and quasi-static
stiffness of nylon ropes. This, again, highlights the impmeaof using different stiffness
models for structure excursions and tension response snalys

Vecchio [10] and Fernandes et al. [16] proposed an emp@igakssion of dynamic stiffness
for polyester ropeas

S o+ BLm - yLa - dlog(T,) (1)
P
where E: Specific modulus (N/tex); Lm: Mean load G6MBL);
P
La: Load amplitude (%f MBL); To: Period of loading;

a, B, v, 6: Empirical coefficients.

A non-dimensional axial stiffness of ropes can be egpkas

Kr=(La.l)/ (ALMBL) (2
MBL: Minimum Breaking Load La: Tension amplitude (% of MBL)
l: Initial Length of the rope Al: Stretch

Francois et al. [8] proposed empirical expressionguafsi-static and dynamic stiffness for
typical polyester ropes depending on the mean tersidime lines (as mentioned above the
impacts of tension amplitudes and frequency of loading@msidered negligible). These have
been integrated io BV-NI432-DTO-RO1E [5]as

Quasi-static stiffness: Krs =13 to 15
Dynamic stiffness: Krd = 18.5 + 0.38n (3)
for normally stiff polyester ropes.

This model will be used in the following for the modelingoofyester ropes.



i Nylon Dynamic stiffness
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Fig. 2. Dynamic stiffness of the wire-lay nylon rope depegan the mean tension, Lm [6].
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Fig. 3. Dynamic stiffness of the wire-lay nylon rope depegdin the tension amplitude, La

[6].

Based on recent dynamic stiffness tests on a wire-lagaBesnylon rope from Huntley [6], it
is found that the dynamic stiffness of the nylon rope dégstrongly on both the applied mean
tension and the tension amplitude. This is illustratedgnZand Fig. 3.

An expression of dynamic stiffness for nylon can be pedas,

Krd=a.Lm-b.La+c (4)

where a, b, ¢ are determined from a multiple linear regre®n the nylon dynamic stiffness
testing data reported by Huntley [6]. These values (with 8b&pper-confidence limits) are
presented in Table 1.

Table 1. Empirical coefficients for determining the dyimastiffness of the nylon rope.

a b c
0.39 0.21 2.08




3. Analytic catenary equations

For an inextensible, flexible line without bending stiffagthe catenary shape (Fig. 4) is well
known as the static equilibrium configuration of such @ameint. The Orcaflex finite element
model of a line is illustrated in Fig. 5.

The catenary equation for inelastic lines (i.e. trergeconsidered axially un-stretched) can be
expressed as, [17]

xinelaS:T—ha sintt| 2Ya™WS| gt 1V (5)
w Th Th

a a

Th Tv_+ws ? Tv ?
Ziaes™ =1 5 | 4/ T (6)
w Th, Th,

where s is the length from the end A, w is the weightyrerr length, Th and Ty are the
horizontal and vertical tension components at the emégpectably.
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Fig. 4. The catenary shape of mooring line  Fig. 5. Finite element model for a line.

For synthetic materials with large axial elongatibiis then crucial to consider such an elastic
behavior. Therefore, the catenary equations are mddifg17]

Xelas:Xinelas+T_m:T—ha sinh* TVa—"'\NS -sinft TVa 'hTha (7)
K w Th, Th, K

Tv,s ws® Th, Tv, +Wws ’ Tv, ’ Tv,s ws’
Zyoo = Zgas T + = 1+ 22— | -, |1+ + + (8)
K 2K w Th, Th, K = 2K



where K is the axial stiffness of the elastic line conga.

4. A practical modeling procedure for nylon mooring analysis

A mooring analysis procedure considering the dynamic st#frspolyester ropes was
proposed by Kim et al. [18] for a SPAR. Since tensionthé mooring lines of a SPAR are
often dominated by slow drift motions, this procedure eztrbae applied for semi-submersible
type floating structures where first-order wave motiorgsthe dominating ones, Arnal et al.
[19]. Also, Kim’s procedure has its limitation relating the convergent principle since the high
frequency tension component in mooring lines does sattrieom the motion of the SPAR but
more likely from the resonance vibration of the polyesdpe. Tahar et al. [20] extended the
traditional elastic rod theory to allow large elongation and nontisg@ssstrain relationships
for the modeling of polyester mooring lines. The empirgsg@ression for determining the axial
stiffness of polyester proposed by Bosman [21] was adopiadidering a non-constant
stiffness depending on the applied mean load. A similar atteagptnade by Lin et al. [22] for
the modeling of polyester mooring for a SPAR-type flagiivind turbine. The mooring tension
responses were vadited against the Orcaflex software.

The recent standard DNVGRP-E305 [3] and Falkenberg et al. [14], [15] recommend a very
practical procedure for fiber rope mooring analysis includlegfollowing steps.

- Step 1. Perform the mooring static analysis using ppecgriate nonlinear working
curves for each mooring line considering the mean envirotahieads (i.e. if the
mean tension in any of the lines is higher than thegalieg highest working tension
then the working curve for these lines needs to be updated).

- Step 2: Determine the mean tensions, Lm, at the tog@fyththetic lines and update
the model with an axial stiffness depending on the measiote, Lm (the empirical
expression as Eq. (3) can, therefore, be applied withdficudtly). A stress-free
length of the lines corresponds to this stiffness and ttes maxr unit length of the
line are also updated.

- Step 3: Perform static and dynamic analysis with the ugddateoring line
properties.

Since this procedure ignores the tension amplitudeteffean not be applied for the dynamic
modeling of nylon ropes. Based on that, a modified procedw#gigested by the authors for
the numerical mooring analysis of a semi-submersilge fipating wind turbine considering
the dynamic axial stiffness of nylon ropes. The preserntepiare composed of the following
steps that were basically proposed by DNVBP-E305 [3], Falkenberg et al. [14], [15], but



some modifications are added (highlighted in red coloign&:) in order to take into account
the impact of the tension amplitude on the dynamimst#$ of nylon.

- Step 1: Same as above.

- Step 2: Determine the mean tension, Lm, at the top ofsaxthetic line and update
the model with an axial stiffness (determined by the E¢.dgpending on the mean
tension, Lm, and an initial tension amplitude, La (with torresponding standard

e L . .
deviation,o; = TZ), chosen optionally. A stress-free length of thedioerresponds
to this stiffness and the mass per unit length of the linalaceupdated.

- Step 3: Perform static and dynamic analysis with the ugdateoring line
properties. Calculate the standard deviation o2 of the tension response.

- Step 4: Check if the convergent criterion 62 = o1 iS satisfied with a certain tolerance.
If not, go back to step 2 and input a new tension amplitudearnd continue the
procedure iteratively up to convergence.

—

L~ ™ ~

£ : : :
f/ {1 ) Perform static mooring analysis }@

Input wind. current, k
and mean drift force

!
Calculate the axial dynamic stiffness

™ corresponding to the mean tension, Update a  new

(_ 2 \ Lm and an initial tension amplitude |«——| . amplitude La

La (and the corresponding standard )
; =

deviation ;) ]

(/ v = {;\ ///--N"\
Perform static and dynamic analysis — S5

- : : : -
(Input floating  structure Hl i ( a with the wupdated mooring line > o=y 7 \‘-\

T S R properties. Calculate the standard | =
deviation o; of the tension response kS

+
x
r/OIa-

3

. Input 2% order low lﬁ‘ Full WF and LF

frequency motions mooring analysis

Fig. 6. Mooring analysis procedure taking into account the impatension amplitudes on
the dynamic stiffness of nylon ropes.



The idea is to find a convergent dynamic stiffness for eaahstate based on the empirical
expression in Eq. (4) for the specific mean tension thedconvergent tension amplitude
determined for each sea state. As can be seen in Rige Present procedure works as an
iterative process in order to determine a convergent dynaifiness of the nylon rope for the
sea state by comparing the standard deviation of the inpsibbteamplitude with the standard
deviation of the tension response. The compromise ifiedyphowever, by comparing the
standard deviation of a deterministic loading processwitd a constant tension amplitude of
variation) with the standard deviation of a random tensesponse process due to the floating
structure wave-frequency motioris fact, it can be seen that the dynamic stiffness tase
performed for regular loading where the tension ampliisdelated to its standard deviation

asLa:alxﬁ. However, due to the fact that the incoming waves are alyrrmregular
processes, the tension responses must have the Baraeteristics. For that reason, we have
to accept a compromise by choosira= o, x /2 as tension amplitude of the irregular tension
response in order to apply the present empirical dynaififeests model for irregular sea states.
First, for a harmonic signal, the amplitude is equdlae alx\@. Secondly, an irregular

process can be described by the sum of a very large nurhberusoidal processes (with
different amplitudes and phases). Therefore, in our @pjrit seems acceptable to assume a

tension amplitudel,a:azxx/z, to represent the variation of the tension responsedoin e

specific irregular sea state. However, validation wighdf measurements on nylon mooring
lines seems necessary to check the appropriateness agshisiption. Although ones might
also argue that the convergence check in the present pre¢eauré) should be made for both
wave frequency and low frequency motions, we believe that ildvbe difficult and
computationally expensive considering them at the same by using coupled time domain
simulations. Moreover, since low frequency motionssanall compared to the wave frequency
responses for semi-submersible type FWTs (or at leastxisting concepts) which is the
subject of this study, it seems, therefore, acceptabl®ramnsider low frequency motions in
the convergence check. However, the converged dynanfizessf once determined will be
updated in the model in order to calculate the mooring respanssidering the coupled wave
and low frequency motions.

The Power Spectral Density (PSD) of the tension resparsenooring line is presented in the
Fig. 7 showing clear dominance of wave frequency responses.



<108 7 Power Spectral Density

Incoming wave

'4

Res.Period (s

113.649
94.267
8.484

0.05 0.1 0.15 0.2 0.25 0.3
Frequency (Hz)

Fig. 7. Power spectral density of the incoming wave and tlséoteresponse.

5 Dynamic modeling of fiber mooring ropes

The primary objective of this section is to assesstipact of the nylon rope dynamic stiffness
on the dynamic behaviors of mooring lines in real sealitions by applying the suggested
nylon mooring analysis procedure described in Fig. 6 and tipérieat expression of nylon
rope dynamic stiffness in Eq. (4). Dynamic mooring analgsgerformed for both ULS and
FLS cases in order to investigate the impact of the presgon dynamic stiffness model on
both strength and fatigue design of mooring lines.

A chain-polyester-chain mooring system and a chain-rgt@in system are also compared to
study the impact of the different stiffness cases spording to the two synthetic materials on
the design motions and tension responses of the system.

5.1. Floating structure and mooring line properties

The mooring configuration studied in this paper is derived ftben2 MW FWT which is
installed at the SEM-REV test site since 2017 as part dfffTeEU FLOATGEN project. The
French Atlantic test site SEM-REV is located 20 km tb# coast of Le Croisic in Loire
Atlantique, Berhault et al. [23]. The mean water deptihefite is taken as 36 m in this study.
The considered FWT has a total mass of about 5000 t andt afdepiproximately 7 m. The
floater is considered in this study as a square ring avB86 m width, a height of 10 m, and a

21 m wide moonpool. The wind turbine’s nacelle is located 60 m above the free surface. The
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floating structure model is illustrated in Fig. 8. The latyof the mooring system connected to
a semi-submersible type FWT is illustrated in Fig. &Imch a line composed of an upper part
and a touchdown part made of chain, a middle part made af.riylsimilar floating structure
and mooring configuration have been published by Spraul g4dIbased on the publically
available information from IDEOL and the Ecole CentddeéNantes. However, ones should be
aware that the floater and mooring characteristics unst#s study were selected only for the
study purpose and are not representative of the IDEOL’s real floating structure and the
FLOATGEN mooring system.

Body No. 1
Motion Res .Omega (rad/s> Res .Period <(s)

Surge 8.85529 113.649
Sway B8.686665 924 .267
Heave 0.74662 8.484

Fig. 8. Left- The FLOATGEN FWT [25]; Right- The floatimgructure modeled by
HydroStar [26].
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Rear line Starboard 1 Wave direction

-

Top chain Frontline 1 \

Nylon or Polyester /
Bottom chain

Fig. 9. The layout of the floating structure and its hylonmbring lines.

The mooring line properties are presented in Table 2 in whielsame minimum breaking
strength is chosen for all the mooring components.

Table 2. Mooring line properties.

Materials/Properties Diameter Axial stiffness Minimum Breaking
P (m) EA_dynamic (kN) Strength (kN)
Determined by the Eq. (4)
Nylon 0.216 and the procedure Fig. 6 10.000E3
Determined by the Eqg. (3)
Polyester 0.188 and the DNVGL's procedur 10.00E3
Chain/R4S 0.095 1.10E6 9.987E3

5.2. Dynamic mooring analysis

For simplification, wind and current loads are approx@dads a steady contribution included
in the mean tension. The mooring lines dynamic analygerformed using OrcaFlex with a
simulation duration set to 3 hours. The hydrodynamic dag¢abaslculated using HydroSTAR.
The wave-frequency and low-frequency floating-body motiares then computed within
OrcaFlex using a coupled analysis with the mooring systemoddiihno dynamic wind forces
are considered, the wind turbine assembly has an influen¢beomass and inertia of the
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system. Quadratic viscous damping on the structure is @lswl@d in order to achieve realistic
vertical motions.
Table 3. Extreme and moderate sea states at the SEMEEEs site.

Sea state Spectratype Hs (m) Tp(s) Gamma
Extreme -100 year return period  Jonswap 10 15.7 3.3
Moderate - Fatigue Jonswap 2.61 13.8 3.3

The extreme and moderate sea states at the SEMRE¥sta#@d (as presented in Table 3) are
used in the calculation.

5.2.1. Dynamic modeling of nylon mooring ropes

The fiber rope mooring analysis procedure presented in6Fig.applied to determine the
dynamic tensions in mooring lines based on the convedyaramic stiffness determined for
each specific sea state. The procedure starts withrsmmeamplitude, La, that is equal to the
mean tension, Lm, (the lowest realistic stiffness ¢asmur experience) then converges very
quickly after a few iterations. For instance, the dymastiffness case, 30 % +- 15.32 % of
MBL, determined for the ULS case represents the meaioterLm, at 30 % of MBL and the
convergent tension amplitude, La, equals to 15.32 % of MRtermined by the procedure.
The corresponding convergent dynamic stiffness of 10 %9%%0of MBL is found for the
FLS case. The results presented in Table 4 show thetamp@anpact of the tension amplitude
on the dynamic stiffness of nylon and the resulting dyoderision responses in the mooring
lines. The corresponding platform motion statistics are preskeint Table 5.

Table 4. Different dynamic stiffness cases of the nylon empkthe resulting standard
deviation of the tension response.

Mean Tension Axial stiffness Standard deviation
Sea state Tension(% Amplitude EA_dynamic of the tension
of MBL) (% of MBL) (KN) response (kN)
Extreme -100 year 4, 30 74,83 0.571E3
return period
Extreme -100 year 5 26 83.2E3 0.655E3
return period
Extreme -100 year 5 21 93.7E3 0.757E3
return period
Extreme -100 year 5 1532  105.6283 1.083E3
return period
Moderate - Fatigue 10 10 38.&3 0.045E3
Moderate - Fatigue 10 7 45.1E3 0.052E3
Moderate - Fatigue 10 5 49.F3 0.056E3
Moderate - Fatigue 10 0.9 57.91E3 0.064E3
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Table 5. Different dynamic stiffness cases of the nylon emgkthe resulting platform
motions.

Stiffness case / 30 +- 30 % MBL 30 +- 26 % MBL
Motions Mean STD Min Max Mean STD Min Max
Surge (m) -058 584 -254 138 -0.62 6.2 -25.7 14.56
Sway (m) -0.01 0.02 -0.08 0.06 -0.01 0.02 -0.1 0.09
Heave (m) 0.02 253 -993 834 003 253 -9.93 8.31
Roll (deg) 0 0.01 -0.02 0.02 0 0.01 -0.02 0.02
Pitch (deg) -051 258 -889 7.14 -051 257 -8.87 7.13
Yaw (deg) 0.06 0.01 0.02 0.09 0.06 0.01 0.02 0.09
30 +- 21 % MBL 30 +- 15.32 % MBL
Mean STD Min Max Mean STD Min Max
Surge (m) -069 654 -275 15 -0.81 6.98 -30.30 15.40
Sway (m) -0.01 002 -0.12 0.11 -0.01 0.02 -0.16 0.16
Heave (m) 0.03 253 -994 827 004 254 -9.96 8.23
Roll (deg) 0 0.01 -0.02 002 000 001 -0.02 0.03
Pitch (deg) -052 255 -885 701 -053 251 -881 6.68
Yaw (deg) 0.06 0.01 0.01 0.1 0.06 0.01 0.01 0.11
Effective Tension at Fairlead- Front Linel
6.90E+03 ——— 30% +-30% of MBL ~ ——— 30% +- 26% of MBL
. ——30% +- 21% of MBL ——30% +- 15.32% of MBL
Z
£ 4.90E403
‘D
o}
|_
(0]
= 2.90E+03
8
|
9.00E+02
1900 1920 1940_ 1960 1980 2000

Time (s)

Fig. 10. Dynamic tension of a mooring line in ULS caiodi applied the present fiber rope
mooring analysis procedure in Fig. 6.

Effective Tension at Fairlead - Front line1

1.20E406

S L10E+06

: ,

Z 1.00E+06 \\,

5 ,

)

2

5 9.00405

= ——10%+-10% of MBL ~ —— 10% +- 7% of MBL
——10%+-5% of MBL  —— 10% +- 0.9% of MBL

8.00E+05
1900 1920 1940 1960 1980 2000
Time (s)

Fig. 11. Dynamic tension of a mooring line in FLS cowditapplied the present fiber rope
mooring analysis procedure in Fig. 6.
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Fig. 10 and Fig. 11 show the tension time histories atdhkedd point of the front line 1
comparing different cases of stiffness (i.e. with theesamean tension but different tension
amplitudes). It is noted that at the same mean tensidmavawer tension amplitude, the rope
is stiffer, and that results in more severe tensgspanses in the line (both in peak and trough
values). This confirms the important impact of the temsimplitude on the dynamic stiffness
of nylon ropes and the resulting dynamic tension in bivémgth and fatigue conditions.

The maximum design tension of the mooring componestiasen as

. MBL
Tmax design= 9
_design=_c ()]

where MBL - The Minimum Breaking Load of the mooring gament.

SF — The minimum safety factor of the mooring components taeni.67
according to API RP 2SK [27].

ULS

7.00E+03
M 30+-30% of MBL

6.00E+03

5 00E+03 W 30+-26% of MBL
4.00E+03 W 30+-21% of MBL
3.00E+03
W 30+-15.32% of

2.00E+03 MBL

1.00E+03 W Design Breaking

tension

0.00E+00

Fairlead

Maximum Tension (kN)

Fig. 12. Comparison of maximum tensions for differergesaof stiffness with the design
breaking tension (i.e. which considers the safety faufttr67 according to APl RP 2SK [27]).

It can be seen in Fig. 12 that if the tension amplitudaois correctly considered while
determining the rope stiffness, the maximum tension in woring lines can be
underestimated. Indeed, the line is still considered ctyrdesigned for the three stiffness
cases (30 % +- 30 % of MBL, 30 % +- 26% of MBL, 30 % +- 21f9¥BL) whereas it has
already failed if the convergent dynamic stiffness @etermined following the procedure in
Fig. 6), 30 % +- 15.32 % of MBL is considered.

As there is currently limited publically available researchttan fatigue behavior of nylon

ropes, the fatigue analysis will be performed hereafteority the chain section at the fairlead
point. This, however, shows the importance of the predgmamic stiffness model on the
global fatigue responses of the mooring lines.
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The T-N fatigue curve approach according to APl RP 2SKiRdpplied as
N=K.R™ (10)
where N - the number of cycle to failure under a tension range R
K =1000, m = 3 for studlink chain [27]

The fatigue damage accumulation is calculated followind*g@dengrenMiner’s rule,

n 1 1 n
D=~ =YR )
ZN(R) K3
where R- the tension range at tension cycle number i.
FLS
100
80
’gso
>
® 40
=
L
B
Lo
Fairlead
@ 10+-10% of MBL = 10+-8% of MBL
u 10+-5% of MBL W 10+-0.9% of MBL

Fig. 13 Expected fatigue lives for different stiffness cases {#tigue life in each case is
already consider a safety factor of 3 according to RIPI2SK [27]).

The time domain fatigue analysis is performed by Orcaflex. B compares the fatigue life
of the front line 1 at the fairlead point for differecéses of stiffness. It shows that the
convergent dynamic stiffness model gives a more consesvédtigue life estimate. For
instance, the fatigue life considering the dynamic stiffeggsvalent to the case 10 +- 10% of
MBL is about 89 years whereas it is only about 22 yearthieoconvergent dynamic stiffness
case, i.e. 10% +- 0.9% of MBL.

5.2.2. Comparison of chain-nylon-chain and chain-polyester-chain mooring systems

Two mooring systems composing of chain-nylon-chain and gtayester-chain are

compared to study the impact of the different casesiffifess for the two synthetic materials
on mooring line responses. The same MBL (as presenteddle ) and the same mean
tensions in each sea state are chosen for the twongaystems in order to investigate the
required fiber rope lengths and the resulting tension regigohe un-stretched lengths of
polyester and nylon ropes are chosen according to theteresian for each sea state. For this,
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the quasi-static stiffness (as in Eq. (3)) and the statidulus reported Varney et al. [28] are
used for polyester and nylon respectively.

The line characteristics and motion statistics offkating structure are presented in Tables 6
and 7. It can be seen that at the same mean tengificsintly higher stiffness is found for
polyester. Consequently, that results in not only longgrired un-stretched lengths of the lines
but also restricted levels of motions corresponding witbre severe dynamic tension
responses.

Table 6. Mooring line properties

Axial Stiffness

Materials/Properties Mean Tension EA_dynamic Un-stretched

(kN) length (m)

Nylon 30 % of MBL  105.62&3 681.195

Polyester 30 % of MBL 284E3 722.530

Nylon 10 % of MBL 57.93 713.896

Polyester 10 % of MBL 2183 732.362

Table 7. Motion statistics

Stiffness cases/ Surge Sway Heave Roll Pitch Yaw
Motions (m) (m) (m) (deg) (deg) (deg)

Mean -0.81 -0.01 0.04 0.00 -0.53 0.06
Nylon STD  6.98 0.02 2.54 0.01 2.51 0.01

0
30%0f Min 3030 -016 -9.96 -002 -881 0.1

MBL
Max 1540 0.16 8.23 0.03 6.68 0.11
Mean -1.35 0.00 -0.40 0.00 -0.56 0.06
Polyester STD  6.98 1.11 2.55 0.18 2.16 0.47

0,
30%0f  Min -27.80 583 -931 -1.06 -695 -3.39

MBL
Max 16.31  4.82 7.17 1.18 6.54 2.35
Mean -0.04 0.00 -0.01 0.00 0.00 0.00
Nylon STD  0.98 0.00 0.77 0.00 1.43 0.00

0
10%0f  \jin  .403 -001 250 -001 -409  0.00

MBL
Max  2.65 0.01 2.30 0.01 4.13 0.00
Mean -0.30 0.00 -0.08 0.00 -0.14 0.06
Polyester STD  2.07 0.01 0.72 0.00 1.37 0.02

0
1I\SI)B/OLOf Min -6.23 -0.04 -224 -0.01 -3.55 0.01
Max  4.84 0.03 1.87 0.01 3.18 0.13

The tension responses in both ULS and FLS conditiomglao compared in Fig. 14 and Fig.
15. The significant increas@s tension extremes (i.e. peak and trough) is fonnthe chain-
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polyester-chain mooring system. This confirms the adgaménylon for reducing the extreme
tension responses in mooring lines, which is favorablédth extreme and fatigue designs.

ULS
1.00E+04 —— Nylon
Polyester
S 8.00E+03
<
& 6.00E+03
(72}
o
‘> 4.00E+03
=
§ 2.00E+03
L
0.00E+00
1600.0 1650.0 1700.0 1750.0 1800.0
Time(s)
Fig. 14. Tension responses, ULS
FLS
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_ 2 50E+03 Polyester
<
< 2.00E+03
c
_O
2 150E+03
|_
2 1.00e+03
8
i 5.00E+02
0.00E+00
1600.0 1650.0 1700.0 1750.0 1800.0
Time(s)
Fig. 15. Tension responses, FLS
6. Conclusions and discussion

This study focusson the dynamic modeling of nylon ropes in mooring line degiga semi-
submersible type FWT. An empirical expression of dynanifiness for nylon is drawn from
the experimental data in the literature. This confirnas the testing and modeling methods for
polyestercan not be applied directly to nylon. Specifically, unlike palgr, the tension
amplitude effect is important and should not be ignorechytn ropes. A practical mooring
analysis procedure is then suggested by the authors (byyingdihe fiber rope mooring
analysis procedure recommended by DNVGL [3]) in order to cogethis modeling issue
The numerical results show the advantages and cohseness of the present nonlinear
dynamic stiffness model for nylon mooring modeling in both Wd FLS cases. However,
comparison with field measurements on real nylon modniregs or dynamic stiffness tests
under irregular loading are necessary in order to validatéarove our model. Furthermore,
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the coupled aero-hydrodynamic analysis could be of great inmpertar the modeling of FWT
responses but is not considered in this research.

Two mooring systems that compose of chain-nylon-chain amdh-golyester-chain are
compared. The results show the advantage of nylon oningdtiee required mooring line
lengths and tension responses. These are favoraltettoistrength and fatigue design of the
system.

As mentioned above, there has been little researéitigne characteristics of the recent nylon
ropes (i.e. those are integrated with new coating techmsloand fatigue-reducing rope
construction). Ridge et al. [29] studied a 3-strand nylon submegprifactured by Bridon by
applying accelerating fatigue tests. The fatigue analysigitseusing the nylon fatigue curve
proposed by the same research showed a better fatigue dyetiamylon against the chain.
However, whether or not that fatigue testing data can lbapoiated to lower tension levels is
still really a concern. For this, a comprehensive studyttwn critical fatigue damage
mechanisms of nylon should be the topic of future work.
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