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Abstract— One immediate challenge for the commercial number of the offshore platforms will be moored and
development of floating Marine Renewable Energy Convertersis  anchored to the seabed, as in [1] and [2]. Fibre rope taut
reducing the weight and associated costs of mooring linesin deep  mooring lines represent a new and interesting optiorthier
water (>75m). Synthetic fibre ropes offer already a solution to mooring of Marine Renewable Energy Converters Ba@Rin

the weight problems of using steel linesin deep-water offshoreoil oo \yater (see Fig. ,1put with the counterpart of having
and gasinstallations as they have a very low weight in water.

The present study focuses on the performance of fibre ropes in _exc_luswe _requwements regarding their anchoring systenis
shallow waters, subjected to real sea conditions and the Indicated in [3].

replication of the same loads accelerated in time.

Deter mining fatigue life is one of the most important aspects of
long-term mooring analysis. At present, the fatigue analyses are
usually based on SN or T-N curves that are obtained with
regular loads even when these loads are completely different to
the ones measured at sea by a wave energy converter.

The differences between the standard fatigue test and the real life
of a mooring system are mainly the rate in which the loads are
applied and the profile of the loads. Here, these two elements are
analysed to get the fatigue damage, obtaining important
differencesin this measure.

Keywords— Marine Renewable Energy Converters, taut mooring
system, accelerated testing, fatigue analysis.

Fig. 1 Example taut mooring configuration [4]

I. INTRODUCTION

The oceans are a very important renewable energy sourc@ynthetic fibre ropes offer a solution to the weight
present in various ways: wind, waves, currents and othd¥eoblems of using steel lines in deep-water as they haeey
Due to the high quantity of devices necessary to harness tHgw weight in water. Also, compared to steel, there degge
energy sources, it is expected that it will be necestmrynumber of synthetic fibre material compositions wétlwide
deploy offshore installations located on sea depths le§on range of material properties. A synthetic rope can fberee

meters. This trend implies that in the near future, rgela designed to have properties that match the mooring
requirements.
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There are large differences between the dynamics

I1l. METHODOLOGY

requirements and dimensior)s of a Marine Renewable Energyor the development of the objectives defined in sedtion

fibre ropes have been developed over the past two decades _

Generally, the dynamics @MREC are more variable and in
some cases the loads are completely different. Tegiees
are typically designed for optimal performance theefor
responses close to resonant are possible in one ormuzies
of motion. This has implications in the mooring syste
requirements and in the efficiency of the MREC, g&]n

At present, almost the 100% of the MREC use spread
mooring systems, as in [6]7] and [8] This means thaa
large footprint area is needed for only one device. Although
this could be problematic for arrays comprising of clpsel

spaced devices, very few small-footprint, taut moored systems

have been usetb-date. Due to this fact, there is a lack of
experience within the sector about suitable taut-moored

configurations and which products to use, or even if specialist

components needed to be developed for this application

KP1: Definition of the specifications and base line
load cases, in parallel with the numerical models (see

Fig. 2.

To this is added the fact that there is not too mud-‘fip.Z Example of a numerical model of the buoy and its mooring system [9]

information about real loads and that they are relateshtt
specific design. There are a lot of designs of MREC et
design supports different loads, therefore, a mix of qutsce
MREC-mooring system exist.

To fill this lack, the company WireCoWorldGroup
(Lankhorst-Euronete  Portugal), synthetic fibre rope
manufacturer, along with the Fundacion Centro Tecnoddg
de Componentes (CTC) devetmpthe FIBRETAUT project
(Fibre Ropes for Taut Mooring Lines for Marine Energy
Converters).

[I. OBJECTIVES

The main objective of the FIBRETAUT project was to
acquire real load time series and replicate them &relift
speed rates (same loads but applied in fewer time) in toder
compare the fatigue effect.

In paralle] several technical secondary objectives were
defined:

- Perform tests of the fibre ropes in two environments,
one in real open water conditions and other in a
control environment at the laboratory.

- Determine strength limits and the stiffness and
damping properties of fibre ropes with cycling at
different loads.

- Define the mooring systeto be implemented at the
SWMTF.

- Implement the rope behaviour and model the
mooring system in a commercial FE code (OrcaFlex)

- Validate the model with real data: metocean
conditions and measured loads at sea.

- Verify the applicability of fibre ropes for marine
energy converter applications.

The South West Mooring Test Facility (SWMTF) and the
Dynamic Marine Component (DMaC) facility were selected
as the best candidates to acquire and replicate theingoor
loads respectively.

- KP2: Tests at the SWMTF site and collection of the
data for the real sea conditions with an Acoustic
Doppler Current Profiler (ADCPsee Fig. 3

¥

Fig. 3 SWMTF buoy & Teledyne RDI ADCP

- KP3: Application, at the DMaC, of the measured
loads in the SWMTF at different speeds (see Fig. 4

| | |

Fig. 4 Dynamic Marine Component test facility (DMaC)

- KP4: Validate the numerical model and correlate the
accelerated test in thalkbratory (DMaC) with the
test at sea (SWMTF).
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KP1, 2 and 3 are developed in sectiohé and V, V. TESTPLANS

meanwhile KP4 is developed in sectiéh Before doing the tests, it was necessary to manufacture
only the ropes because all the rest elements were pthe of
standard mooring system of the SWMTF. During May 2014,
The first part of the inveStigation was the definitidrtioe the prepara’[ion and fabrication of three test Saminje$he
mooring system which would be implemented at the SWMTEwMTF site and five test samples for the laboratoristats
site. DMaC were carried out. The only difference between the

According to the specifications of the SWMTF, providedamples was the length: 22 m (SWMTF) and 4 m (DMaC).
by the University of ExetefUoE), a specific mooring system

was designed. The main constraints for the mooring design
were specified by the UoE in terms of maximum design
tension load (maximum strength of the mooring lines), total
mooring vertical pre-tension (maximum load admissible by
the padeye of the buoy) and the maximum elevation angle
between the mooring lines and the seabed at the ancints.po

Most of these restrictions are due to the fact thatthel : '
elements except the fibre ropes were the ones that Hye6 One of the 30 mm diameter polyamide sampled fas DMaC testing
SWMTF already had. . . The SWMTF was deployed on “12lune 2014 with the

Starting from the mformatlon_ prov_lded by Lankhors.tl'ntention of recording line tensions for 30 days.
Euronete Portugal several configurations of the mooring
system for the SWMTF were performed and based on
simulations, an optimal mooring design was obtained.

All the proposed mooring line configurations were
modelled in OrcaFlex and subjected to the real sea state
conditions.

Among all the fibre ropes offered by Lankhorst, Polyamide
was the material chosen for the project due to its high
compliance The final mooring configuration was composed
of three lines with the following elements (from buty
anchor) stud less chain (1m long), polyamide rope (22m long
and 30mm diameter), stud less chain (36m long and 24mm
diameter) and stud link chain (5m long and 36mm diameter) - ==
Fig. 5 and TABLE | show the final design as well as the " s RS
properties of the rope and chains used. Fig. 7 Deployment of the mooring system at the SWMTF site

IV. SPECIFICATIONS AND MODELLING ACTIVITIES

In the case of the DMaC, the test plan is more comple
because different task must be done with a tightexdsdh.

stud less chain In order to fulfil the 10 days of the facility access, the
; following test schedule was defined:
TABLE Il
TESTSCHEDULE AT DMAC
Day 1 Day 2 Day3 Day4 Day 5
Bedding cycles & Real-time dry  Set-up of DMaC
Calibration works testing for wet testing
Day 6 Day 7 Day 8 Day 9 Day 10
Final set-up (filling of DMaC) & Real- Calibration and
3x 1.1 tonne embedmentanchors time wet testing accelerated wet testing
Fig. 5 Final mooring configuratioat the SWMTF site This test schedule can be summarised as follows inetkie
TABLE | three types of tests:
SELECTEDROPE
Mateial  Diameter  Weight VBL Design constraint - Cali.bration: Tvyo br_and—new samples for preliminary
(mm) (kg/m) (kN) testing and calibration of DMaC. _
Polyamide 30 0585 231 - Real-time: Two brand-new samples for real-time
Steel 24 13.5 320 MBL > 207 kN testing. The most loaded line, from the fatigue point
Steel 36 29.091 732 of view, was determined and subsequently a time

series was applied to the samples.
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- Accelerated-time: One brand-new sample for VI. RESULTS
accelerated testing. The load magnitudes applied
were the same as were used for the real-time tedts, Results from SWMTF
but the time vector was modified to accelerate the The data from the SWMTF was collectedtlag¢ planned

load time-series. time, 30 days after deploymemtithough two new load cells
were installed and checked prior to the deployment at
TABLE Il lists all the tests conducted at DMaC. SWMTF, load cell 1 faéd in the fifth day, therefore, the
tension data was only collected for the first five dafshe
TABLE Ill ) : :
DMAC TESTS deployment Owing to th_ls failure, UoE and CTC were
obliged to improvise with the available information to
Sample  Test — Wet/ Code Notes generate realistic line tension time series to use at®Ma
Number Number Dry Due to the SWMTF has a system called MotionPak that
1 3 Dry  SamplelTest3 . measures and stores the accelerations of the buoy, it was
4 Dry SamplelTest4 Real (x1) time- . . . - .
; possible to impose the MotionPak-based displacementse(in th
9 Wet Sample2Test9 series . . .
2 10 Wet  Sample2Test10 6 degree of freedominto OrcaFlex, in order to estimate
13 Wet  SampleBTest13 mooring line tensions during the test period at SWMTF. The
14 Wet SampleBTest14 o method with the MotionPak based-data inputted in Orcaflex
15 Wet SampleBTest15t Calibration  gave reasonable results and a good correlation was adhiev
16 Wet  SampleBTest16 to obtain a representation of the missing data.
3 17 Wet  Sample3Test17 Accelerated (x1,2)  Fig. 9 shows the comparison between the measurechtiata

time-series  SWMTF (recorded when load cell 1 was initially working)

and the Orcaflex simulation results based on displaoésn
Prior to each time series, five bedding in cycles amied derived from the MotionPak data.
to stretch the ropes to a working strain. TABLE IV

summarizes the load and duration time of each bedding ir Tovaion 6 o SRR
cycle. " — T T T T T
z
TABLE IV =4 |
TEST SCHEDULE AT DMAC .;% oot oot
Start Load End Load Duration © 5 10 150 200 250 300 350 400 450 500
Step (N) (N) ( S) B Tenslion LE"??‘(??.. Orcaflex
Bedding in ramp up 2000 46200 150 Z
Bedding in hold 46200 46200 300 54
Bedding in ramp down 46200 2000 150 5 r:.mu FLSRAOPR UL TSR W OPY —
Bedding in hold 2000 2000 300 e T

250
Time (s)

. . Fig. 9 Validation of mooring line tensions using MotionPak-derived
During the scheduled time of 10 days, the sample ropes ' ° displacemgms provided by UC?E

were tested at DMaC according to the Test Plan described in ) ) ) _
TABLE Il. The time series of tension obtained from the Fig. 9 shows a large difference in the mean tension. This

OrcaFlex models were used as input data for DMaC. Figdi§crepancy is due to the tide range wasn't included in the
shows one fully-submerged rope which was tested at DMathulations. This figure also shows the typical high freqye
during the & December 2014. loads of a MREC.

B. Results from DMaC

The results obtained from DMaC were time series of
tension and displacements. The information of thepssn
was processed with Matlab in order to generate plots that
show the behaviour of each sample. As an example the
following figures for Sample 1 are shown:

Fig. 8 Submerged rope sample at DMaC
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x10° Sample1 Test3 - Load (N) vs Time (s) % 10" Samplet Test3 - Load (N) vs Strain ()
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Fig. 10 Sample 1 Test-3Load (N) vs. Time (s), [10] Fig. 12 Sample 1 Test-3Load (N) vs. Strain (-), [10]
T ——— Preliminary tests identified some differences between the
08 T T T . . .
input and output values of tensiofhese differences can be
i 1 seen in Fig. 13, where the output data imposed by DidaC
osfw‘ I | ] lower than the input.
& || ‘ | Load in vs Load out (DMaC)
@ ‘ araa0
047‘ | | 35000
03 1 | 25000
U s
02 : i E 20000
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o [ LA A UL A o AR A L
°r 1 M NAVAVAVANE VAV VIVIV] VARIVAVAVAN
015 03 1 15 2 25 ) ) ) ""'m(s' ) )
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Fig. 11 Sample 1 Test-3Displacement (m) vs. Time (s), [10] Fig. 13 Load in vs. Load out (DMaC) , [10]

Additional tests were carried out to obtain a better
calibration of the DMaC's control system with the aif o
reducing these discrepancies.

In order to validate the obtained results, the output
displacements from DMaC were implementedhe OrcaFlex
models to obtain a comparison in terms of tension. Adgoo
correlation between the DMaC and OrcaFlex output was
obtained. Fig. 14 - Fig. 19 show this correlation for each
sample:

' Output Load OrcaFlex & DMaC
40000 -
30000
Z 20000 |
E 10000 ] : ( |
UAHJO 6500 8500 10500 12500 14500 16500 18500 20500 22500
-10000
Time (s)
—— Qutput Load OrcaFlex —— Qutput Load DMaC

Fig. 14 SamplelTest3. Output Load DMaC vs. Output Load OrcaFlex, [10]
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Output Load OrcaFlex & DMaC

Load {N)

Time (s)

—— Qutput Load OrcaFlex

Output Load DMaC

Fig. 15 SamplelTest3. Detail of Output Load DMaC vs. Output Load OrcaFlex, [10]

Output Load OrcaFlex & DMaC
40000 |
35000 |
30000 |
Z 25000 |
= 20000 | -
8 15000 | i i m | I ‘ R PR
10000 |
5000 | 5 1] 2 n
(i}
4500 6500 8500 10500 12500 14500 16500 18500 20500 22500
Time (s)
——Output Load OrcaFlex ~ ——Output Load DMaC
Fig. 16 Sample2Test9. Output Load DMaC vs. Output Load OrcaFlex, [10]
Output Load OrcaFlex & DMacC
40000
35000
30000
Z 25000
= 20000
E 15000 i -
10000
5000
(i}
5500 5510 5520 5530 5540 5550 5560 5570 5580 5590 5600
Time (s)
——~QOutput Load OrcaFlex =~ —— Output Load DMaC

Fig. 17 Sample2Test9. Zoom of Output Load DMaC vs. Output Load OrcaFlex, [10]

Output Load OrcaFlex & DMaC
50000
40000
Z 30000
=
8 20000
10000
0 e . ST =5 Bl
4500 6500 8500 10500 12500 14500 16500 18500
Time (s)
——Output Load OrcaFlex. ~ —— Output Load DMaC

Fig. 18 Sample3Test17. Output Load DMaC vs. Output Load OrcaFlex, [10]

Output Load OrcaFlex & DMaC

——Output Load OrcaFlex ~ —— Output Load DMaC

Fig. 19 Sample3Testl7. Zoom of Output Load DMaC vs. Output Load OrcaFlex, [10]

In some parts of the simulations discrepancies betteen hysteresis model can be seen in the discharges wtiilg.in7
numerical model and the test occurredFig. 15 a lack in the and Fig. 19 the mean tension is a little bit lower in snead

08B5-3-6



loads. This fact can be answered by two reasons: #ep crthe testing environment. Fig. 22 shows the behaviour of the 3
phenomenon or the smaller axial stiffness of the wieentical samples which only differ in the testing envirentn
conditions than dry conditions. and the speed of load application.

The information contained in the charts Load vs Stnas
transformed to obtain the mean curves of the stiffoégach
sample. During this post-processing, different behaviour of

Load-Strain curves —Samplel, Sample2 & Sample3
35000

the same samples was observed. There are large difsren 20000
between the results obtained during the first and secorsl day| 5000 yay
of testing for each sample. In day 1, there is rouglly-&% = 20000 /// WET
of elongation during initial loading; however, in day 2 the | g o0 =
behaviour is more or less linear. This effect can berobd in ~ 10000 =
Fig. 20 and Fig. 21: 5""2 I >
5000 2 4 6 8 10 12 14 16
Strain (%)
Load-Strain curves —Samplel
35000 ==Sample2_Test9 (day 1) ====Samplel_Test3 (day 1) Sample3_Test17
30000 ) / Fig. 22 Behaviour of the 3 samples, [10]
ﬂZSOOO / /
£ 20000 7 7 Finally, fatigue analysis using the Rainflow method was
s / ) conducted in OrcaFlex in order to determine the fatigue
5000 pd - damage resulting from the DMaC testdg. 23 show the
o 7 fatigue damage of the five tests conducted during the exposure
0 2 4 6 8 10 12 14 time for each sample.
Strain (%)
== Samplel_Test3 (day 1) === Samplel_Test4 (day 2) Damage

Fig. 20 Load-Strain curves for Sample 1 (day 1 and day 2) , [10]

Load-Strain curves —Sample2
60000

<0000 g
WET
g 40000 // | ik 2l Tigl"n Au(ETLEE_nlATED
3 30000 | 000
10000 // Fig. 23 Damage obtained in Fatigue Analysis, [10]
0 - .
0 2 4 6 8 10 12 14 16 Similar levels of fatigue damage were expected, however
Strain (%) different values were obtained. Two differences werainétl.

The first difference is that, in all the cases, titgglie damage
during the second day of testing was higher. These
Fig. 21 Load-Strain curves for Sample 2 (day 1 and day 2) , [10] ~ discrepancies may be due to the differences in the siffne
, ) _.The second difference is that higher values of fatigueage
These differences are due to the previous loadigge gptained in dry testing conditions. A difference @4%
experienced by each sample (bedding in cycles andlday terms of fatigue damage was obtained. This discrepancy
loads). It is standard practice to apply bedding in cyol&s 5y have arisen due to the fact that the same S-N ouase

to testing to enable the rope to be conditioned from {tSeq for all the analysis (wet and dry conditions) the
manufactured state to one to which is known. The end re%ﬁ?ameters used in the counting cycle aigorithm.

of this realignment and viscoplastic deformation isd@si |t can pe concluded that the use of water in the tesis is
strain. Therefore, when applying bedding in cycles to S@Nplgyiermining factor, even though the samples were not fully
for the first time, it is expected that some permangt@nsion  sa¢rated prior to testing; however a notable decreasedh axi
will occur, mainly due to ‘pull-out or constructional giiffness was observed which is typical of wet nylon (e.g.
rearrangement of the rope. From the DMaC test resulni 1)y This difference should be considered when designing
be concluded that Whllst 5 be.ddlng in cycles were selected EC mooring systems comprising nylon ropes. Likewise, it
to the length of test time available, the samples wetéully \ a5 deducted that accelerating the application of loadsause
bedded in. ) , a small increase in the axial stiffness of the rope. Whilsas

In a study of larger diameter nylon ropes, an increméntpeen noted that a mild effect of load rate on axidinsts
strain of around 6% after bedding in was noted [11]. before in previous tests conducted by the UoE, furthentgsti

_ Another result achieved from the analysis of thgoyg pe required before firm conclusions could be drawn.
information provided by DMacC is related to the influence of

=== Sample2_Test9 (day 1) === Sample2_Test10 (day 2)
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Intuitively it makes sense; the sample has less timectoves
between each load cycle.

At present, the MARINET post-access reports are availa
at the web site of MARINET as FibreTaut#1 and FibraTaut#2
[13].

VII. CONCLUSIONS

The main and secondary objectives set at the beginning of VIII. - FURTHER WORK
the project were met in full. On the other hand, the pagts The decommissioning of the ropes is scheduled to be
were met, since the definition of the base line loagsasnd performed after the winter season (Summer 2015). The ropes
the development of numerical models based on the ropi# be sent to Lankhorst-Euronete Portugal to be subjected to
properties have been achieved. Also, despite the unexpedtether testing and analysis in order to consolidate the
drawbacks, (the failure of a load cell), the tests aBWBMTF conclusions reached so far and even to develop some more.
and the data collection for the real sea condition® warried
out.

The main conclusions of the tests carried out in thetls
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The present study summarizes the main results of the

West Mooring Test Facility (SWMTF) are:

"Fibre Ropes for Taut Mooring Lines for Marine Energy

Although load cell 1 failed after some days and th@onverters" (FibreTaut) project, funded by th&call of FP7
tension data couldn't be measured, due to the SWIMRARINET Project.

has displacement sensors on board it could beThe project has been funded by the Marine Renewables
possible to generate the line tensions throudhfrastructure Network for Emerging Energy Technologies
simulations, although this means an extra effort @MARINET) who aims to provide support to the marine

data processing.

energy sector through a Transnational Access and Netvgorki
The response characteristics of a MREC result jpmogramme.

This programme enables researchers and

higher frequency loads than an Oil & Gas platforncommercial developers to access infrastructures & tiasili

so this must be taken into account carefully.

which are not necessarily available in their home member

The accelerated tests at DMaC based on the real loed catate.
obtained in the test site in open water were conducted and thThe authors acknowledge the support of the MARINET
validation d the numerical model and the correlation of thgroject.
accelerated tests in thabbratory (DMaC) with the test at sea
(SWMTF) were accomplished.

The main conclusions of the tests carried out in tlig
Dynamic Marine Component Test Facility (DMaC) are:

The behaviour of the ropes has been obtained for
random loads, what is not easy to obtain for ropg
manufacturers.
A good correlation between the measured DMaC
output and OrcaFlex time-series was observed.
The numerical model of the rope behaviour has been
validated and (after further validation) could be used
in commercial projects.
Prior load history is very important. The standarti]
bedding in cycles didn't achieve full conditioning o
the samples.
Different behaviour of the ropes in dry and wefl
conditions was demonstrated. The use of water is
very important in this type of tests, necessitating)
samples to be fully saturated prior to testing.
A decrease in axial stiffness was noted for tHél
samples tested in wet conditions in comparison ]
those tested in dry conditions.

[10]

In the long-term, it is expected that cost-effecfilsee rope

taut mooring

lines in deep water applications will b

developed for the emerging MREC industry. This will provide
a new market for rope manufacturers and help advance the
MREC industry further into deeper and more energetic wakél
environments.

(13]
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