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Executive Summary

Early November 2015 two weeks of 3D scale model tests have been carried out at MARIN s Of f shor e
Basin, one of the warlds most renowned test facilities for floating structures. With the test setup it was

possible to simulate barrier lengths of up to 3600m using a prototype length of 360m long, with a scale

of approximately 1/18, leading to a scale model of approximately 20m long. Tests were conducted mostly

in regular waves, as the response in these waves enables to efficiently understand the system dynamic
characteristics and load response Also a number of irregular wave tests have been carried out; one test

that closely resembles a Pacific Oceansea state with long waves and relatively mild current, and one

test that is similar to a North Sea storm condition , governed by short and steep waves with high current.

In order to learn as much as possibleabout the system, various configurations are tested: a low, high
and secondary mooring concept. This indicates the location of the tension wire in the system: placed
underneath the floater, at the ballast weight location or externally, i.e. by usage of an external subsea
wire. Furthermore, the high mooring concept has been tested for increased pretensions, in order to
simulate a boom much longer than the actual barrier in the tank. By considering the model asa section
of a virtually longer barrier span, the loads for this virtual barrier can be derived by simulating the loads
of the adjoining structures by increased pretension in the mooring lines.

This report presents the main results and findings from this test campaign, which was the first model
testing campaign of its kind; wit h a 3D floating barrier subject to waves and currents from various
directions. Before the tests were carried outthere were many unknowns with respect to the 3D motions
of the barrier. For instance, how the system performs in waves do waves run over the harrier
(overtopping) ? Do gaps appear underneath the screen (bridging)? Measurements from the various tests
are used to:

1. Study the:

a. Hydrodynamic Response of a floating barrier system

b. Plastic capturing efficiency (bridging and overtopping occurrences)
2. Calibrate and validate numerical models

This report focusses on understanding the physics of the system, such that in a numerical environment
parametric variation leading to an optimized design can be performed. As such, even though no extreme
Pacific storm has been carried out (this was not feasible in the basin), the situation can be accurately
modelled.

The three mooring configurations behave in terms of hydrodynamics highly similar, especially in waves.
In high current velocities , the low mooring and secondary mooring boom are subjected to higher loads
than the high mooring.

The most important finding of tests is that loads in waves are lower than what was expected. By smart
engineering the forces in a Pacific Ocean barrier in storm conditions can be kept lower than expected,
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reducing the amount of mooring lines required and greatly impacting the costs. In order to realize this,
the system has to be flexible. A flexible system can move along with the 2D wave surface and governing
loads are caused by current.Even more so, a flexible system will also show less overtopping and bridging.
Itis therefore highly recommended that the tension member of the Pacific array in a high or low mooring
system is made out ofstretchable material such asPolyester or Nylon.

The system responds excellent in long waves: no bridging and overtopping is observed and loads are
mild. In the Pacific Ocean 97.5% of the waves are long, promising high workability of the Pacific array.

The wave loading can bedecomposedin a low, wave and high frequent component. The low frequent

phenomena cause the highest loads and is more dominant in low pretensions. It oscillates with a much

lower frequency than the wave frequency. Two types of low frequency motions are observed: transient
motions duri ng wave build-up, and low frequent motions in irregular sea states. Wave frequent loads
remain low, even in higher pretensions. At a certain threshold the system cannot flexibly follow the

waves anymore and wave frequent loads increase. Even though theseohds were found to be higher for
the highest pretension, relative to the current load they are small. A high frequent component (at twice

or three times the wave frequency) is observed in all configurations. It is thought to be caused by a
pitching motion (rotation about the length axis) of the floater. The magnitude of this component is

relatively low: in some cases equal to the wave frequent component, but in most lower. Even though the
magnitude is low, due to the high frequency it may causelocal fatigue damage.This effect should be
investigated, it may be mitigated by installing an additional tension wire on top of the floater.

Effects such as the low frequent and transient motion, which cause high loads and offsets, or the high
frequent pitch, have not been found as such in numerical simulations. The model test campaign has
shown to be of key importance in understanding the dynamics of a floating barrier. Furthermore, the
results provide confidence in further strengthening the feasibility of an ultra -long floating barrier type
of artificial coastline in the Pacific Ocean, in order to retrieve ocean plastics.

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.



CLIENT THE OCEAN CLEANUP MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02 PAGE 4 OF 117
PROJECT FLOATING BARRIER HYDRODYNAMICS CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DOCUMENT TITLE 3D MODEL TEST RESULTS DATE APRIL 10, 2016

TEQCEAN

moceqQan CLEANUP

Tableof Contents

EXECULIVE SUMMAIY .cuiieieiieeiemimmsnassasssssasssssssssssasssanssanssanssanssanssansssnssanssannsnnnsnnnsnnssnnssnnssnns 2
B T 411 e T [ e T o 10
B B ] (Yo B[] {0 2 1= U1 T PSSP 10

1.2 DOCUMENT SCOPE ..uitttieiiieie e sttt et e e et e e st e e e e s e s et e e e e e e s an et bt e e e e e e s s ar e et e e e eeesansantrereeeeeas 12

1.3 REIEIENCES .o et 12

T.3.T EXIEMNAI REIEIENCES ...t 12

L O] 01V ] (o] 1 P PSP U TOUPPTTPPN 13

T TANK 13

T2 MOGBL L 14

2 Model TeSt SetUPD ittt rena s ra s na s na s nassasssaasssmasssnssssRaRRSRRRRRRRRRRR R R R RS RERS 15
2.1 Model & MOOKNG PrOPREITIES .....vieeeiiiieeeie e 15

2.1 MAIN DIMEBNSIONS 11ttt 15

2.7.2  MOOMNG SYSIEM 111ttt 16

2.1.3 MeChaniCal PropEIIES. .. ..vvv e 19

2. PIB NS 0N it 20

2.2 NS UMIENE AL ON . e e 20

2.2.17 Model Based INStrumMENtatioN ......cooiiiiiii 20

2.2.2 Tank Based INStrumentation ........coooiiiiii 21

2.3 EnvIronNmMEntal Criteria.....cocoe e 22

2.3 CUIMBNE . 22

2.3.2 lrregular Waves Environmental CombinationS ........cooviiiiiiiii ) 23

2.3.3 Regular Waves Environmental CombiNations .......ocooviiiiiiiii 24

P oY= To 7 1= U R T UOUPRRRR 24

R T =X o e T T =T 4] oo = 25
L - ¥ =T 1 26
4.1 FrequenCy DOMAIN ANGIYSIS . ... wiie ettt e et e e e et e e e e e e st e e e e e e e et eeeee e e enne 26

4.2 POSt-Processing Of RESUIES .....oiviiiii e 26

4.3 Floating Barrier Response EXPECIAtION .....oiiieiiiiiiieiiiii e 27

4.3.17 HydrodynamiC RESPONSE ... ...iiiiiii 27

4.3.2 Overtopping & BrAGING .. vvvvvii 31

B ReSUILS it ie e e n e NS EA R EA R EAEEEEEEEREEEEAEERERESRESESESESSNSRESESRESESRESES 36

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.



CLIENT THE OCEAN CLEANUP MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02 PAGE 5 OF 117
PROJECT FLOATING BARRIER HYDRODYNAMICS CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DOCUMENT TITLE 3D MODEL TEST RESULTS DATE APRIL 10, 2016

Mocean

5.1 Wave and Current Calibration .. ......uic e e e e e e 36

BT CUITEBNT ONIY Lottt 36

5.1.2 ReguIar WAVES ... 37

5.1.3 IMEQUIAr WAVES ... 40

L =11t | IO 14 =T | PR SOPPRERR 43

5.3 Testsin Regular Waves & CUITENT ....uiuieieieie i ee et e et a e e e s s snnanra e e e e e s nnes 46

D30T MOTONS 47

D302 L OAUS ottt 64

5.3.3 Bridging and OVEMOPDING «....oviiiiii 80

5.4 Testsin Irregular Waves & CUIMENT......uuieieiei it ee et e e s e e e e s s s inrnnre e e e e e s e nnes 81

DT MU ONS 83

D42 L OAUS it 86

5.4.3 Overtopping and DAAGING. ... vvvvii e 93

6 Performance of ConfiguratioNS..c.ccerecsareseresessnsessnsssssssssssssssnssssnnsssnnssnsssnnsnsnnsnsnnnnnnnns 97
7 Conclusion & Recommendations ....ccuciiiereieeeiesarsasassassssasessassssassssassasnsnasnsnasnsnnsnsnnss 100
0% T 10 ) 100

7.2 RECOMMEBNUAIONS .o 101
Appendix A - Stiffness & Weight of the Model ....cuiermrermsnmrmnsmrmsnsensssssssssssssssssssnssnnnns 102
Appendix B - Load Cases (Carried OuUt)...cccrecearemmrsmsmssmssssnssssnssnssssnssssnsnsnnssnnnssnnnnsnsnses 106
Appendix C - Overtopping & Bridging .ecceceerecsesssessssssssssssssssssnsssssssssnssnsnssnsssnnsnsnnsasnns 110
Appendix D - 2 30 o 114

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.



CLIENT THE OCEAN CLEANUP MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02 PAGE 6 OF 117
PROJECT FLOATING BARRIER HYDRODYNAMICS CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DOCUMENT TITLE 3D MODEL TEST RESULTS DATE APRIL 10, 2016

Mocean

Listof Figures

Figure 1-1: Great Pacific Garbage PatCh LOCAtION...........cccoiiiiieiiiiiiiiie e 10
Figure 1-2: Artist Impression of Ocean Cleanup BarTier .........cccoouiiiiiieiiiie et 11
Figure 1-3: The Effects of Ocean Plastic Waste to Marine Life.........cccccccvveve i 11
Figure 1-4: TanK CONVENTIONS.........iiiiiie ittt ettt e ekt e et e e st e e s e e aebe e e nne e e 13
Figure 1-5: Model axiS CONVENTION.........ciciiiiiii e et e e s e e e s e e st ee e e e e s e e e e e srnreeeeesnesnneeeeeaanes 14
Figure 2-1: CroSs SECHON MOUEL.........coiiiiiiiiiiiiii ettt s e e nne s 15
Figure 2-2: High mooring Configuration ... e e 17
Figure 2-3: Low mMOoOoring CONFIQUIALION ........cccoiiiiiiieiiie e e e e e e s r e e e e e e e e e e ae e 17
Figure 2-4: Secondary mooring CONFIGUIALION ...........eiiiuiiiiiiiie et 18
Figure 2-5: Cross section secondary mooring configuration............ccccvvvieiiieeeeeiee e 18
Figure 2-6: High mooring concept with inStrumentation ............cccoviiiiiiiiniiiee e 21
Figure 2-7: Location of wave and current measurement sensors during calibration..................cccvveeee... 22
Figure 4-1: Example frequency domain PlOt...........oouiiiiiiiiiiiieiee e 26
Figure 4-2: EXample fluid VEIOCILY ........coiiiieiiiiiiiieee et e e e e e e e e e s s e e e e e e e aeaeeeaeaaans 28
Figure 4-3: Expected resSponse t0 @ reQUIAT WAVE...........cuiiiiiieiiiiie ettt 29
Figure 4-4: Spectral density of system excursion and Morison load in a regular wave........................ 29
Figure 4-5: System excursion and Morison force in two regular Waves............ccocvverieeenieeeesniiee e 30
Figure 4-6: Spectral density of system excursion and Morison load in two regular waves.................... 31
Figure 4-7: Example of bridging and OVErtOPPRING .......cooii it ee e e e 32
Figure 4-8: Quasi-static vertical load component in system under pretension ..........ccccoecveviieeniiieeeen 33
Figure 4-9: Quasi-static vertical load component in system under pretension for a Stokes wave......... 34
Figure 4-10: Bridging or overtopping expected behaviour example for a single system configuration. 35
Figure 5-1: 0.3m/s current calibrated time signal (upper) and energy density (Iower) ........cccccceeeeveennes 36
Figure 5-2: 1.0m/s current calibrated time signal (uppe r) and energy density (Iower) .........cccccceevneeene 37
Figure 5-3: Regular wave MOAeIlING..........ccciiiiiiirieee e e e e e e e e e e nnreeees 38
Figure 5-4: 225 and 270 degrees SLS wave cases (blue meaied and red theoretical) ............ccccoveee. 40
Figure 5-5: 225 and 270 degrees ULS wave cases (blue measured and red theoretical).....................41
Figure 5-6: Wave spectra at various locations and fluid velocity (REF) for ULS 225 sea state............. 42
Figure 5-7: Decline in fluid velocity (REF) for SLS 225 CaSE.........cccccciiiiiiiiiiee e 43
Figure 5-8: Centre displacement for all configurations ..o, 44
Figure 5-9: Starboard and port side mean tension for all configurations .............ccoccceiienieeninee e, 44
Figure 5-10: Transverse load due to Current (tOtal) ..........cceeeiiiiiiiiie e 45
Figure 5-11: Unit load (transversal load normalized with SPan) .........ccccviiiniiiiniie e 46
Figure 5-12: Drag coefficient (constant area aSSUMPLION).........ooiuuiiiiiiiiiiee e 46
Figure 5-13: 270 degree (parallel to system) regular wave spectral density plots: filter placed at 1.5 rad/s
................................................................................................................................................................. 47
Figure 5-14: Horizontal motion snapshot for 0.3 and 1.0 m/s current cases (equal wave conditions)..48
Figure 5-15: Surge motion time trace of high mooring low pretension regular wave test ..................... 48
Figure 5-16: Low pass surge for high mooring low pretension 3m waves in 0.3 m/s current................ 50

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.



CLIENT THE OCEAN CLEANUP
PROJECT FLOATING BARRIER HYDRODYNAMICS
DOCUMENT TITLE 3D MODEL TEST RESULTS

Mo

MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DATE APRIL 10, 2016

cean

Figure 5-17: Low pass surge for high mooring low pretension 6m waves in 0.3 m/s current................ 50
Figure 5-18: H6 T7.3 180 deg surge for different configurations .............cccoeveriiieiiiniiienieenee e 51
Figure 5-19: H6 T7.3 180 deg surge for different configurations (normalized for starting position to see
differences between CONfIQUIALIONS) .........ciiiiiie i s st e e e snra e e e e s nnnreeeeeans 51
Figure 5-20: H6m T6.5s 225 deg surge for different configurations ............cccocceeiiiiiiiieec i 52
Figure 5-21: H6m T6.5s 225 deg surge for different configurations (normalized for starting position) 52
Figure 5-22: Maximum surge motion for high mooring low pretension cases ...........ccccovcveeviieenieneene. 53
Figure 5-23: Transient MOtioN MAaXiMUIM .......ccoiiiireeiiiiiieesiiirre e e s snie e e e s snre e e e s ssrasereeesssseeeeessseneeesansnnes 53
Figure 5-24: Surge Wave freQUENT FTESPONSE. ........uii ittt e ettt ettt ettt et e e e st bre e s bne e e beeeenees 54
Figure 5-25: Surge high frequent (twice the wave frequUEeNCY) reSPONSE...........uuveeeeeeeeieiiiiciierrcinreeeeeeeas 54
Figure 5-26: Wave frequent surge response for various configurations in 0.3 m/s current ................... 55
Figure 5-27: Wave frequent surge response for various configurations in 1.0m/s current ................... 55
Figure 5-28: Transient motions in 0.3 M/S CUMENT ......c.uiiiiiiiiiee e 56
Figure 5-29: Transient Motions in 1.0 M/S CUMTENE .........cccciiiiiiiiiiee e e e e ee s 56
Figure 5-30: Starboard wave frequent accelerations in X-dir€CtioN ..........cccccceeeviiiiiiiiiiieiiiiieree e 57
Figure 5-31: Starboard high frequent (twice the wave frequency) accelerations in x-direction ............. 57
Figure 5-32: Wave frequent SWay MOLION .........cccuuiiiiiiiieee e er e e e e e e s s s s s aneeeeeaeeeeeannnnnean 58
Figure 5-33: High frequent (twice the wave frequency) sway MOLiON ..........coccueeviiieiiiie i 58
Figure 5-34: Wave frequent accelerations in boom direCtion.............cccceeeeveeeeeiiiic e, 59
Figure 5-35: High frequent (twice wave frequency) accelerations in boom direction ............ccccoocueeennen. 59
Figure 5-36: Pitch motion of CENIre CroSS SECHION .......ccooi i 60
Figure 5-37: Time trace of pitch motion fo r test 802003 (H3m, T5.2s, 270d€Q) .....c.cevvverrireeriineeiineenns 61
Figure 5-38: Mean pitch angle (high mooring, low Pretension) ... 61
Figure 5-39: Mean pitch angle (Ilow mooring, Iow pretension) ...l 62
Figure 5-40: Wave frequent pitch amplitude (high mooring, low pretension) ..........cccccccvviiiieeeeeeennenn. 63
Figure 5-41: High frequent pitch amplitude (high mooring, low pretension) ...........cccccccoevciiiiiereennennen. 63
Figure 5-42: High frequent pitch amplitude for all configurations in 0.3m/s current  .........ccccvcevennn 64
Figure 5-43: High frequent pitch amplitude for all configurations in 1m/s current ...............cccccvvvnennnd 64
Figure 5-44: Unit 1oad for HB T6.5 d@Q225 .......oooiiiiiiiieiit et 65
Figure 5-45: Unit load for H6 T6.5 deg225 (filtered and normalized to start at zero) ..........ccccceveeeeeelld 66
Figure 5-46: Unit 10ad for HE T7.3 A@QL80 ......ooiiiiiiiiiieiiiie ittt 66
Figure 5-47: Unit load for H6 T7.3 deg180 (filtered and normalized to start at zero) ..........cccccecceeeeene 67
Figure 5-48: Transverse wave frequent load component (high mooring low pretension)...................... 68
Figure 5-49: Transversal high frequent load component (twice the wave frequency, high mooring low
130T 01T ] o) PSP PP PP 69
Figure 5-50: Wave frequent transverse load in 0.3 m/s current for various configurations .................. 69
Figure 5-51: Transverse load in 0.3 m/s as a function of the relative wave velocity squared................ 70
Figure 5-52: Wave frequent transverse load in 1.0 m/s current for various configurations ................... 70
Figure 5-53: Transverse load in 1.0 m/s as afunction of the relative wave velocity squared.................. 71
Figure 5-54: Transient transverse peak load in 0.3 M/S CUITENT ........cccoviieiiiiieiiiie e T L

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.

PAGE 7 OF 117



CLIENT THE OCEAN CLEANUP
PROJECT FLOATING BARRIER HYDRODYNAMICS
DOCUMENT TITLE 3D MODEL TEST RESULTS

MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DATE APRIL 10, 2016

Mocean

Figure 5-55: Transient transverse peak load in 1.0 M/S CUMENL .........cociiiieiiiiiiiee e 72
Figure 5-56: Wave frequent unit load amplitude in 0.3 m/s current for various configurations ........... 72
Figure 5-57: Wave frequent unit load amplitude in 1.0 m/s current for various configurations ........... 73
Figure 5-58: High frequency amplitude in port side mooring N .......ccccoeevviiiii e 73
Figure 5-59: Low frequent subsea mooring wire load time traces (225&180 deg waves)..................... 74
Figure 5-60: Wave frequent tension in port side part of submerged mooring line ..........cccceecvvvveeeennen. 75
Figure 5-61: High frequent (twice wave frequency) tension in port side part of submerged mooring line
................................................................................................................................................................. 75
Figure 5-62: Time trace of secondary mooring lines tension (0.3 m/s current, 6m 7.3s 225 deg waves)
................................................................................................................................................................. 76
Figure 5-63: Spectral density load (0.3 m/s current, 6m 7.3s 225 deg WaVES)........ccceeerveernveesnveneenne 76
Figure 5-64: Low frequent load of secondary mooring line 5 time traces (225&180 deg waves)........... 77
Figure 5-65: Secondary mooring line linear amplitude (0 mM/S CUIrent) ........cccoceviiieiinieeiniiiie e 77
Figure 5-66: Secondary mooring line linear amplitude (0.3 M/S CUITeNt) ........coooveeiiiiiiieieeeeeeeeee e 78
Figure 5-67: Semndary mooring line linear amplitude (1.0 M/S CUITeNt) .....coevveeiiiiiiiiiiieieeeceeeeeee e, 78
Figure 5-68: Secondary mooring high freq. amplitude (0 m/S Current) .......ccccocveiiiieiniie e 79
Figure 5-69: Secondary mooring high freq. amplitude (0.3 M/S CUITeNt) .........ccccceeviiiiiiieieeeieiieeeeeeee, 79
Figure 5-70: Secondary mooring high freq. amplitude (1.0 M/S CUMTeNt) .......cccovvriiiiiiiiiniie e 80
Figure 5-71: Snapshot of test showing both bridging and overtopping..........cccccvvvieeeiee e, 81
Figure 5-72: Typical time trace 10adsS iN SPIINGS ......coiiiiiiiiie et e e e e e seree e 82
Figure 5-73: Spectral density of load signal (left) and input wave spectrum (right) 8 ULS 225 degrees
NIGN MOOTING SEIUP ...ttt ettt e e e et e e et e e e et e e e anbe e e anbee e e ennes 82
Figure 5-74: Time trace of starboard unfiltered load, on the left the transient ramp -up time and on the
right the filtered signal including Selected PEAKS .........ccuii i 83
Figure 5-75: Extreme value fit with 95% confidence interval ..., 83
Figure 5-76: Surge motion significant values, including mean current contribution ...............cccceeeee.d 84
Figure 5-77: Surge motion significant values, current contribution rem oved............cccoveeiriieenieneenne 85
Figure 5-78: Comparison of displacement contributions: mean, low, wave and high frequency........... 85
Figure 5-79: Time trace of pitch motion of test 803004 (high mooring, high ballast, medium pretension,
OIS S o =T o ) PSPPI 86
Figure 5-80: 3hr MPM (low frequency) of port and starboard side 10ads ...........ccoocevviiiiiiiininiiiennen, 87
Figure 5-81: Load contributions (POIt SIE) ....oo.eeeiiiiiiiiiei ettt e e 38
Figure 5-82: Normalized 10ads (POIt SIAE) ......veiiiiiie ettt sttt et e e bee e 88
Figure 5-83: Fitted MPM and extrapolated 3hr MPM of low frequent transverse load ................c......... 89
Figure 5-84: Transverse load CONtriDULIONS ..........cooiiiiiiiii e 89
Figure 5-85: Relative tranSVerse I08US. ... ..o ittt e e sanee s 90
Figure 5-86: Time trace of secondary mooring line 3 and 6 in 225deg ULS..........ccccociiiiiiiiienienninen, 91
Figure 5-87: Significant amplitude of secondary mooring lINES ..........cccociiiiiiiniiiie i 91
Figure 5-88: Load components of highest loaded line (number 3) ... 92
Figure 5-89: Load components of port side subsea tension lINe..........ccoceeiiiiii e 92

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.

PAGE 8 OF 117



CLIENT THE OCEAN CLEANUP MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02 PAGE 9 OF 117
PROJECT FLOATING BARRIER HYDRODYNAMICS CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DOCUMENT TITLE 3D MODEL TEST RESULTS DATE APRIL 10, 2016

Mocean

Figure 5-90: Comparison of mean (including pretension) and low frequent 3 hour MPM of subsea

MOOTING [INE TENSION ..ttt ettt s it e e a bt e s i bt e sab b e s be e e sabn e e sanee e s 93
Figure 5-91: High mooring (low pretension) 270 deg ULS .......coociire it snenee s 95
Figure 5-92: Low Mooring 270 deg ULS .......ooiiiiiiiie e e st e e s e e e e e s ntae e e e e nnnae e e e e nnns 95
Figure 5-93: Secondary mooring 270 deg ULS........cooiiii it 96
Figure 6-1: Rough load component ratio in a transient and steady state (irregular seas 1m/s and 6m Hs)
Lo ] 0 To 11T o SRR ORTPRR 97
Figure 7-1: High mooring low pretension 225 deg ULS.........c..ovioiiiiiie et steee e ee e 114
Figure 7-2: High mooring med pretension 225 deg ULS .......c.coo it 115
Figure 7-3: High mooring high pretension 225 deg ULS ... 115
Figure 7-4: Low mMoOoring 225 deg ULS.......uiiiiiiiiiie ettt et 116
Figure 7-5: Secondary mooring 225 deg ULS..........co et r e e e 116
Listof Tables

Table 2-1: Main dimenSiON PrOPEITIES .....ciiiieiiii i e e e e e e e e e e e e ae e e e s s e st rerrreeaaeeesaaaeeaaaans 16
Table 2-2: System mechaniCal PrOPEITIES. .......coiuiii ittt e e e 19
Table 2-3: Pretensions used in MOAel tEST...........oii i 20
Table 2-4: OVErvieW Of CUIMENT CASES ......uviiiiiiiieeieciiiie e e e sttt s ettt e e st e e e s sn e e e e snbeeeeesnntanreeeeas 23
Table 2-5: Irregular Wave PAramELerS ........uciciee e e i eeitie e e et e e e e e s s s st ee e e e e eaeeaeaaaeessasasastaaerreaaaaeeaeens 23
Table 2-6: Regular WaVe Par@mMELEIS..........uuuiiiiiiieeeeiieieiee e sttt e et e e e e e e s s e sa st er e e e eeeaeaeessesnssstsssnnsesneees 24
Table 5-1: Regular wave calibration SUMMEIY..........coouiiiiiiiiiiie e 39
Table 5-2: Irregular wave calibration SUMMAIY .........coooiiiiiiiiiie e 40
Table 5-3: Quality of realized wave spectra at various [0CatioNS.............ovvviiiieee i 42
Table 5-4: Overtopping and bridging events in irregular Waves .............ccccviviiiiieieeieeee e 94
Table 6-1: Configuration hydrodynamic response performancCe .........ccccvevereeeeeeeciieiineesenireesesieeeeeene 98
Table 6-2: Configuration plastic holding performance ............ccceeeveiee e 98
Table 6-3: Pretension hydrodynamic PerforManCe ...........cocueeiuiiaiiiiiiiiiee e 99
Table 6-4: Pretension plastic holding performancCe ... 99

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.



CLIENT THE OCEAN CLEANUP MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02 PAGE 10 OF 117
PROJECT FLOATING BARRIER HYDRODYNAMICS CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DOCUMENT TITLE 3D MODEL TEST RESULTS DATE APRIL 10, 2016

"EQCEAN

moceqQan CLEANUP

1 Introduction

1.1 Project Information

The Ocean Cleanup (TOC) is developing a prmanent floating barrier, to extract harmful plastic debris
from the ocean. The aim of TOC is to install a barrier in the great pacific garbage patch Figure 1-1) in
2020. Pl asti c that does n 6ofthelfive patches, the ldggestpaich today i fouad in
the Pacific gyre. The system is a passive system that relies on the mean surface current to intercept
plastics in the top level of the ocean, seeFigure 1-2. This way, substantial amounts of plastic can be
removed. This way the system acts as an artificial coastline.lt is, as for today, not yet possible to give an
accurate estimation of the total amount of plastics that can be removed as this is determined by: the
total mass of the great pacific garbage patch, the distribution of the debris over the sea surface and the
efficiency of the boom.

“‘California

Eastern Garbage Patch or
N. Pacific Subtropical High

Figure 1-1: Great Pacific Garbage Patch Location

The problem is widely acknowledged, as the consequences for coastal communities, the ecosystem,
marine life and shipping become more and more visible. Examples of the impact of plastics for marine
species are given inFigure 1-3.
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Figure 1-3: The Effects of Ocean Plastic Waste to Marine Life
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1.2 Document Scope

A key aspect to designing of a permanently moored floating barrier is understanding of the
hydrodynamic forces that act on such aflexible system. Previously, model testing has been carried out
for a simplified 2D boom at Deltares. However, 3D aspects play a crucial role inthe motions and loads
occurring in a barrier subjected to current and waves. There exists very limited literature on this subject,
as no other mission of this scaled 100 km long system moored at least 10 year$ has been performed.
Particularly challenging in terms of hydrodynamics, is that the motions of the barrier disturb the flow,
which then again influences the system: the fluid and structure are strongly coupled. In order to better
understand this phenomenon, multiple configurations of a floating barrier have been tested at
Offshore Basin. This basin provides dimensions that can accommodate a 360m section at a scale of 1:18
and has good possibilities to generate different current speeds and wave conditions from different
directions. This document presents measurements and more important interpretation of these results:

I The tension in the boom in transverse current and varying wave parameters
1 The forces in the suspension points
1 The gaps (bridging and overtopping) between boom and water surface

Tests have been carried out for three different configurations: a high, low and secondary mooring. In
the first the system is suspended right underneath the cylindrical floater where a tension line runs, in
the second the ballast weight is used for this purpose. The secondary mooring system decouples the high
loads in current from the dynamic wave induced loads, by having a secondary subsea tension member
that connects to the screen at multiple locations. Furthermore, by subjecting the system to a pretension,
the barrier behaves as it was part of a much longer system, enabling the possibility to simulate a barrier
of more than 2 km with only 360 m boom in the basin. Lastly, the mooring system is not considered in
these tests, as it is not possible to have a sdad 4 km mooring system in the basin and more importantly:
the mooring design is not sufficiently mature for model testing. This test focusses on flexible barrier
hydrodynamics.

The model tests provide understanding of the response of abarrier in waves and current and also serves
to calibrate and validate the numerical hydrodynamic models that are being developed to design the
barrier and its mooring system. Calibrated models are key to designing a permanent system, as they
ensure various sea states can basimulated in order to determine governing loads and motions, which
determine the design of the system.

1.3 References

1.3.1 External References
[ER.1] The Ocean Cleanup Wave and Current Load Model Tests, 28559-0B-2.0
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1.4 Conventions

1.4.1 Tank

Tank conventions are provided in Figure 1-4.

Boom

Figure 1-4: Tank conventions
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1.4.2 Model

Model axes conventions are shown inFigure 1-5. Port side corresponds with the upper part of Figure 1-4
(positive surge points towards the current outlet, sway towards the wave makerside of the basin).

PORTSIDE

O—

Figure 1-5: Model axis convention

Barrier motions are expressed relative toany point on the floater (as the system is flexible and deforms
consequently). In the figure above, the six (6) motion components are indicated as follows:

surge x:  translation along x -axis, positive in positive x direction
swayy: translation along y-axis, positive in positive y direction
heave z: translation along z-axis, positive in positive z direction
r ol | iotation around x -axis, positive with positive y down
p i t c h rotdtion around y -axis, positive with positive x down

= =4 =4 A -—Aa -

y a w T rotation around z -axis, positive x to portside
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2 Model Test Setup

2.1 Model & Mooring Properties

211 Main Dimensions

Three mooring layout or system setups have been tested. The barrier design remains equal, consisting
of a flexible floater, a screen and a ballast weight. Aschematic cross section of the boom is provided in
Figure 2-1

Floater

Tenstion cable
position #1
(suspension
point 1)

Screen

Ballast Weight +
Tenstion cable
position #2
(suspension point 2)

Figure 2-1: Cross section model

The main dimensions (prototype scale) of the barrier (floater diameter, screen length, etc.) are provided
in Table 2-1. The barrier is scaled by Froude law, at a geometric scale of 18.8.
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Table 2-1: Main dimension properties

360 m

Barrier length L
Diameter floater D 1.5 m
Skirt length Ls 2 m

2.1.2 Mooring System
Three different suspensions will be tested:

1. High suspension:  on both ends of the boom a connection is made, with the suspension point
at the screen/floater connection point.

2. Low suspension: alsoon both ends of the boom, however the suspension point is in this ca®
the ballast chain/wire.

3. Secondary suspension: an extra tension cable is suspended to which the lower end of the
boom is connected with a cable, every other 60m.

Schematic representations of these three models are presented on the following pages. The ditance
from the suspension points that are mounted to the basin carriage is also provided in these figures

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
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\4L — Boom

Screen

/

Ballast weiaht

A
\ 4

25m 360m 25m

Figure 2-2: High mooring configuration

Boom

Ballast weight i

A
v
A
A
4

\ Screen
| /
l

25m 360m '

Figure 2-3: Low mooring configuration
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Load cell Load cell

360m

N==> Boom

Screen

A
v

AN\

12.6m

Ballast | weight

Mooring wires

Figure 2-4: Secondary mooring configuration

O

20

Figure 2-5: Cross section secondary mooring configuration
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2.1.3 Mechanical Properties
Mechanical properties of the system can be foundin Table 2-2, taken from reference [ER.1].

Table 2-2: System mechanical properties

ftem | [symbol
Mr

Floater
) Screen Ms See Appendix A -
Unit mass : kg/m
Tension cable Mrc

Ballast weight (submerged) ' Msw 40/120

Floater Elr
) ) Screen Els .
Bending stiffness See Appendix A - kNm?
Ballast weight Elsw
Tension cable Elr
Floater EAF
) ) Screen EAs .
Axial stiffness : See Appendix A - kN
Ballast weight EAsw
Tension cable EAT
Main spring ks 17.7 kN/m
Secondary mooring springs K 668.2, 657.3, ©641.5, 657.3, KN/m
Spring stiffness (PS to SB) s 641.5, 641.5, 651.9
Subsea mooring springs Kem 624.0 / 636.4 KN/

(PS/SB)

The system is seéup such that the bending stiffness is as low as reasonably possible for multiple reasons.
Bending stiffness scales with the scale parameter to the power five. It is very difficult to specify a realistic
material to accurately model the flexible boom. Anot her reason is that the material that will be used for

the floater and other components is still unknown.

Axial stiffness in the tension cable is very large; the actual axial stiffness of the system is modelled with
the two springs on both sides of the model (see previous section). The axial stiffness of other components
other than the tension cable is low in comparison.

Note that the spring stiffness given in Table 2-2 is the spring stiffness of an individual spri ng. The total
system stiffness is given by
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One spring 'Q models half of the total system axial stiffness—.

21.4

Pretension

As described in the previous chapter, by introducing pretension effectively the modelled segment
becomes part of a bigger system. This has been validated using numerical toolsTable 2-3 provides three
lengths of the total section for which the pretension has been computed. Note that this only holds for
high/low mooring, as the secondary mooring interval will be sufficiently small, such that loads are
transferred often and mean tension remains low.

2.2

2.2.1

Table 2-3: Pretensions used in model test

Seotion length
KN

400 1
1000 300
4000 1600
Instrumentation

Model Based Instrumentation

The following properties are measured with respective sensors positioned on the model:

f

Displacement (position): 3 DoF optic position measurements are taken on five points on the
mid -section of the model.

Accelerations: 3&6 DoF accelerations measurements by accelerometers and gyrometers.
Loads: on both sides of the mooring connections of the barrier (3 DoF) and in the secondary
mooring lines (1 DoF) loads are measured.

Angles: the planar orientation of the pulleys that guide the mooring wire to the model is
measured with a potentiometer.

Figure 2-6 shows the location of the sensors in the high mooring concept. In the low mooring concept
the only change is the connection point of the mooring lines. Note that the secondary mooring lines of
the third concept are not shown in this figure.

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.



CLIENT THE OCEAN CLEANUP MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02 PAGE 21 OF 117
PROJECT FLOATING BARRIER HYDRODYNAMICS CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DOCUMENT TITLE 3D MODEL TEST RESULTS DATE APRIL 10, 2016

" OCEAN

MOoCceQN CLEANUP

./ MOORING LINES
’ 3-COMPONENT (X.Y,Z) FORCE TRANSDUCER

2-COMPONENT (X,Z) FORCE TRANSDUCER
O W 1-COMPONENT FORCE TRANSDUCER
3-COMPONENT (XY .Z) DISPLACEMENT SENSOR
ACCELEROMETER
ACCELERO- AND GYROMETER
POTENTIOMETER (PLANAR ORIENTATION)

™ gy

S, 'l/r;,
oy, Mog

Figure 2-6: High mooring concept with instrumentation

The mid segment, that contains most of the sensors, is consequently heavier. This addition is significant
and shall be considered in the validation of the numerical models. Furthermore, a number of wires run
from all these sensors to the carriage, sispended in a catenary to the downstream side of the model. The

wires are partly suspended in the water. It is expected that the cables exert small disturbances to the
motions of the barrier.

2.2.2 Tank Based Instrumentation

The wave and current sensors are plged close to the location of the model. Four more wave sensors are
used in order to calibrate phases of the two wave maker sides for the oblique waves. These sensors are

not shown here, as they were only used to correct phases and not amplitudes. All othersensors are
presented in Figure 2-7.
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Figure 2-7: Location of wave and current measurement sensors during calibration

2.3 Environmental Criteria

Tests are carried outin current and waves. Two types of waves are tested: regular and irregular waves.
Regular waves resemble most a simple sinusoidal waves with a single amplitude and wave
length/period. These types of waves do not exist on the ocean, butenable the hydrodynamics of the
system to be understood much better. Irregular waves resemble sea states and can be thought to exist of
infinite sinusoidal wave components.

2.3.1  Current

Two different current cases will be tested, all having the same relative direction to the model:
perpendicular to the boom. An extreme current speed is taken, in order to amplify any unexpected
behaviour, this velocity is expected to occur in the North Sea in a five year storm, but in the Pacific Ocean
such a speed will not be observed. Also a redtively low current velocity is tested, which is somewhat
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higher than the day-to-day velocity in the Pacific: a too low speed leads to a high noise/error ratio and
is furthermore difficult to produce in the tank. An overview is provided in Table 2-4.

Table 2-4: Overview of current cases

_

0.30
2 1.00

180

2.3.2 lIrregular Waves Environmental Combinations

The system is tested in a umber of irregular sea states. Sea state parameters and corresponding current
conditions are provided in Table 2-5. Note that the ULS resembles a North Sea storm conditions, and

the SLS the longer swell waves thatone would encounter in the Pacific. The steep waves of the ULS are
very unlikely to be encountered in the Pacific Ocean. This condition was with the relatively large scale of

tests the maximum wave height that could be generated.

Table 2-5: Irregular wave parameters

010 [m |lg Jidedl Jimvsl Jideg] |

625 845 270 \ 180

uLs
o 625 845 225 |1.0 180
o 400 13.00 270 |0.3 180
400 13.00 225 |03 180
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2.3.3 Regular Waves Environmental Combinations

In order to find linear system response, and bridging and overtopping characteristics, a number of
regular wave tests are performed. The wave heights, periods, directions and steepness are givemiTable
2-6.

Table 2-6: Regular wave parameters

o | H | 7T [oor | s |
2-3 270

6.000 0.053
2-4 3 5.150 270 0.072
2-5 4.600 270 0.091
3-3 8.500 270 0.053
3-4 6 7.290 270 0.072
3-5 ©.500 270 0.091
5-3 6.000 225 0.053
5-4 3 5.150 225 0.072
5-5 4.600 225 0.091
6-3 8.500 225 0.053
6-4 6 7.290 225 0.072
6-5 6.500 225 0.091
7-4 6 7.29 180 0.072

During testing it was decided to limit the num ber of regular wave tests, as in the longer regular waves
response was predictabléd the system followed the waves well

2.4 Load Cases

An overview of load cases can be found inAppendix B - .
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3  Test Programme

The teststo be carried out are:

Decay tests (in surge only, by giving the model an initial displacement)
Current load tests (no waves)
Regular wave tests (combined with current)

= =4 -4 -

Irregular wave tests (combined with current)
The order of the tests is as follows:
Static load tests (in order to test sensors)

Decay tests (surge)

Regular waves with no current (wave ID 5-4, 6-4 and 7-4)

= =4 4 —a -

1 Irregular wave tests with currents as described inTable 2-6.
The test program is to be carried out with three configurations:

9 High mooring with three pretensions and low spring stiffness
1 Low mooring with pretension corresponding to 360m and low sp ring stiffness
I Secondary mooring with pretension corresponding to 360m

Current tests (no waves) with velocities (0.3 & 1.0 m/s as per Table 2-6) as per Table 2-4.

13 Regular waves fromTable 2-6 with the 2 current velocities from Table 2-6. In total 26 tests.

The total test programme is presented in Appendix B - .Not all cases have been carried out due to time
restrictions. For instance the high mooring with high pretension is not tested in 0.3 m/s currents.
Furthermore, the highest pretension was not realized due to time constraints: a value of approximately

880 kN instead of 1600 kN was realized.
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4  Analysis

4.1 Frequency Domain Analysis

In the post-processing of the results use is made of Fourier transforms, to transform the measured
signals into the frequency domain. This is relevant, as it shows at which frequencies a response is present
and the magnitude of said response. For instance, moored tarkers show a large lowfrequent response
outside of the wave spectra frequencies. This indicates nonlinearity, in this case low-frequent drift due
to a structur eds Rdure4-1shows an exampk iesuencywdaniae plot, where three
signals are shown which shown a peak at approximately 0.8 rad/s, which is also the wave frequency. A
small peak can be seen at twice the wave frequency, indicating a second order harmonic.

10000 T T T T T T T T T

F3
i<l F4
@ 8000 | ro |
N
(7))
=z
= 6000 |- -
>
B
C
3 4000t -
g |
©
2 2000 -
n

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency [rad/s]

Figure 4-1: Example frequency domain plot

Filtering can be performed in the frequency domain, cutting of certain bands of frequencies.

4.2  Post-Processing of Results

In regular sea states amplitudes can be computed straight forward: amplitudes and mean values can be
identified. Inirregular sea states, this is not the case. The maximum event corresponds to the realization
of the spectrum that was used in the tank. Running a different realization, yields a different extreme.
Therefore statistical values are used: significant values and most probable maxima (MPM) that
correspond to the duration of a sea state, commonly three hours.

Most probable maximum values are calculated by using a PeakOver Threshold (POT) method. In this
method indivi dual peaks are identified (one peak per certain cycle, a peak period or mean zero crossing
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period for instance). The peaks are identified if they are over a certain threshold, and a distribution
model is fitted; in this case the most general distribution, the Generalized Pareto. In the tank the
irregular test was limited to one hour, to safe time. The distribution is fitted over the extremes in this

duration and extrapolated to a three hour maximum.

4.3  Floating Barrier Response Expectation

4.3.1 Hydrodynamic Response
As the floating barrier is small with respect to the wave length, it can be expected to behave as a Morison

element. Mo rsieguationdescribes the forces exerted by a flow on a structure and exists ofuadratic
drag and linear added masdinertia:

0 "8 @6 g"aa@os

Where the first term denotes the inertia part and the second a drag term. Furthermore:

bl is the density

1 O isthe inertia coefficient

1 wdenotes the volume

1 o is the derivative of the flow velocity 6
1 6 isthe drag coefficient

1 0 reference area of drag

The system thus responds to the fluid velocity. Therefore it is important to know local particle velocity.
The velocity is measured on a fixed location, below the water line. We expect the horizontal vebcity
components of a regular wave to be fairly of the same characteristic, except if a current is present which
should lead to a mean increase. The horizontal velocities are written as follows, assuming linear Airy
wave theory and deep water:

6 odah AY WDENw1 o
With

0 O3 QYD

Where @is the wave amplitude, ‘Qthe wave number,] the wave frequency, Y current velocity, wand &

the respective horizontal and vertical fixed position, and othe time.

Based on this,we would expect the local velocityin a point located slightly below the free surface, to take
the shape as shown inFigure 4-2.

© Mocean Offshore BV - The contents of this document are property of the originator and may not be brought to the knowledge of any third party neither in
original nor by reproduction in parts or as a whole.



CLIENT THE OCEAN CLEANUP MOCEAN DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
PROJECT FLOATING BARRIER HYDRODYNAMICS CLIENT DOCUMENT NR 15020-TOC-H-AR-001 REV. 02
DOCUMENT TITLE 3D MODEL TEST RESULTS DATE APRIL 10, 2016

PAGE 28 OF 117
HEOQCEAN
Mocean CLEANUP
.,I \\ \ Gurrent+ velocity \'-,I x\
'l,I I".I | Wave velocity ".I \
|III '|II |III Il, |III
|II |II |II ||| \
= | I'l \ I'I II|
E \ \ | | ,I |
S II' I' Current pelocit III _/ I' |
%__I'I____llll___-l'lll___ __y_ll___
s ! f '
(18

—
_—

Figure 4-2: Example fluid velocity

Consequently it is expected that the response shows similar characteristics. Low frequent response can
be expected, although not in the conventional form of drift. It is unlikely that this system reflects waves
that are so much longer than the diameter of the boom and especially due to its flexible nature. However,
a non-linear term is present in the waves: Stokes drift. Stokes drift is a constant velocity that a fluid

particle experiences, in line with the wave heading. This velocity is as a function of the frequency, for a
regular Airy wave the Stokes drift reads:

6 1 ®Q
In the derivation of this results, higher order terms have been neglected. In irregular seas this will lead
to a slowly varying velocity, superimposed of all component loads. In order to prove this statement, a

numerical experiment is carried out. The Morison equation is solved for a light object with high drag
and low stiffness. At the instantaneous position the velocity and acceleration of wave particles is used to
calculate loading on the boom. Note that merely a single DoF g/stem is solved, which can be thought to
be a 2D boom, neglecting 3D effects.

The equation is solved in the time domain using the Newmark-beta method for time integration. First
one wave is taken into consideration, leading to the excursion as shown inFigure 4-3.

original nor by reproduction in parts or as a whole.
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re 4-3: Expected response to a regular wave

to a steady state response. The transient motion originates from
of the excursion and Morison load is shown inFigure 4-4. Higher

order harmonics are seen: notably the largest at three time the wave frequency.
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Figure 4-4: Spectral density of system excursion and Morison load in a regular wave
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Now a simulation is carried out with two waves with equal amplitude, but different frequencies: 0.5 and
0.75 rad/s. The total velocity can now be written as:

wow O0AT w1 o O0AT Mol o

Unfortunately, it is not straightforward to plug this into the Morison equation and find an analytic
solution, due to the absolute value present. Resulting time traces of the displacement andthe Morison
load are provided in Figure 4-5. Also here a similar transient motion is visible. Furthermore, spectral
density plots of said signals are given inFigure 4-6. Note that since the figure is plotted on a logarithmic
axis, small amplitudes are exaggerated. Multiple observances can be made:

1. Two peaks are present at the wave frequencies, in both excursion and loading. These contain
most energy.

2. Asmall peak is obsened at a difference frequency of 0.750.5=0.25 rad/s. Although the energy
is low, if this excites a natural period response can be high. Interestingly, this peak is relatively
low in the Morison load, but due to the low stiffness of the system it yields a significant response.

3. Multiple peaks are found in the Morison load time trace at either multitudes of the wave
frequency or sum frequencies: 1,1.25, 1.5, 2, 2.25, 2.5 rad/sand further on. Most energy is in
the 2 rad/s peak.

A response is found at the following frequencies, in order of magnitude:

TR M1 hgohg 1B

Displacement [m]

0 50 100 150 200 250 300 350 400 450 500

400 T T T T T T T T T

200

-200

Morison force [N]
o

_400 | 1 1 | 1 1 | | 1
0 50 100 150 200 250 300 350 400 450 500

Time [s]

Figure 4-5: System excursion and Morison force in two regular waves
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Figure 4-6: Spectral density of system excursion and Morison load in two regular waves

It can be concluded that responses can be expected at different frequencies than the wave frequencies
in bot regular and irregular waves. It depends on the system characteristics (stiffness, mass, added mass,
etc.) at which frequency largest response is found. However, the following can be expected:

1 Inregular waves response at two and three times the wave frequency, where loading at three
times the wave frequency is higher than two times.

1 In irregular waves both low and high frequency effects are to be expected. This consists of
difference, sum and double frequencies. The difference frequency loading is approximately two
order of magnitude lower tha n the wave frequent loading, furthermore the difference frequency
is again an order lower than the sum frequency loading.

4.3.2 Overtopping & Bridging

Limiting criteria in terms  of plastic capturing are bridging and overtopping. When bridging, the screen
is lift ed out of the water as the floater rests on two wave crests and is not sufficiently flexible to follow
the waves. During overtopping, the system is pulled under water in a wave crest, allowing plastic to wash
over the barrier. An example is provided in Figure 4-7.
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Figure 4-7: Example of bridging and overtopping

Overtopping and bridging are influenced by the following parameters:

1. Buoyancy force: this is the main force that keeps the system afloat. As the system is pulled down,
the buoyancy force increases greatly due to the cylindrical shape of the floater. Once the system
is half submerged, the increase decreases.

2. Static weight: the static weight of the system consists of ballast chain (which may be submerged)
and the weight of the floater. This load is equally distributed over the system and pointing
downwards (if the ballast chain is fully submergedd once it is out of the water the weight
increases).

3. Pretension force: as the pretension increases, the system gets more resistant towards bending.

4. Dynamic forces: drag in the vertical plane and mass cause the system to respond out of phase
with respect to the wave. In a system dominated by stiffness (buoyancy) the dynamicloads will
be low. However, then the load pointing downwards is low as well. Note that in the low mooring
configuration a vertical component is introduced, where the screen pulls the floater down.

An example of the quasi staticvertical loads is presentedin Figure 4-8, where the system is subjected to
the medium pretension (300 kN) and a wave with 6m height and 6.5s period. Note that the bend
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stiffness has been neglected in this case: assuming the bend stiffness much lower than the resistance
to bending due to pretension. The loads have been computed with a finite element numerical model.

20 - I I 1 I T T -
10 .
- = e —
10 F 4
—20 C 1 1 1 1 1 1 -
60 80 100 120 140 160 180
Vertical pretension
component
6000 T T Buoyancy T T
— Weight
Z 4000 - .
3
o 2000
8 o
g -2000 | \/ \/ |
_4000 1 1 1 1 1 1
60 80 100 120 140 160 180
x [m]

Figure 4-8: Quasi-static vertical load component in system under pretension

Two interesting aspects can be observed: if the system is lifted out of the water, at the through, the
buoyancy load is zero and consequently the vertical component of the pretension load is equal to the
constant weight. At the crest, the buoyancy load geeply increases, due to the cylindrical shape of the
floater. In order to maintain statics the vertical pretension component decreases.

If the diameter of the floater is large with respect to the weight, then the plastic capturing limiting
behaviour is bridging. The other way around holds as well: with large weight and small buoyancy, the
system will be pulled into the wave crest easier. Another important aspect is nonlinearity of waves: in
the tank steep waves tend to look slightly moretrochoid shaped than sinusoidal. This implies wave crests
are sharper and higher, and troughs shallower and flatter. The same case as presented ifrigure 4-8 is
ran with a Stokes 53" order wave. Results are presented inFigure 4-9. The vertical loads are larger;
consequently the distance between the wave crest and top of the floater is smaller. It can therefore be
expected in waves that get more nonlinear, the occurrence of overtopping will increase.
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Figure 4-9: Quasi-static vertical load component in system under pretension for a Stokes wave

It is important to be able to compare configurations (span, mooring configuration, dimensions, etc.)
quantitatively in terms of overt opping and bridging. The three most governing parameters for a certain
configuration are: wave steepness, significant wave height and current velocity. Using these parameters
it is envisioned an area of operation can be determined, where no bridging and owertopping occurs.
Indeed, this is not something binary, as plastic might already escape once the screen is lifted a meter out
of the water. Therefore this should be combined with the local plastic capturing efficiency, which is still
being determined numerically and empirically. An example of such a figure can be found in Figure 4-10,
where the coloured area is the area in which can be operatedThis figure can be generated for different
designs (floater dimension, weight, span, etc.) enabling a quantitative comparison and optimizing the

design.
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Figure 4-10: Bridging or overtopping expected behaviour example for a single system configuration
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5 Results

5.1 Wave and Current Calibration

5.1.1 Current Only

Two current velocities have been tested: 0.3 and 1.0 m/s. Current is calibrated without waves and the
obtained signals are used for wave calibration. The time signals and power spectra of these two currents
are presented in Figure 5-1 and Figure 5-2 for the centre line (CL) and reference (REF) locations, as
show in Figure 2-7.

In the 0.3 m/s case the mean of the CL signalis 0.307 m/s, slightly lower than that of the REF signal ;
0.323 m/s. The signals are, as expected, not entirely constant: the standard deviation of both signals is
0.0166 and 0.0375 m/s. This is small, yet significant & for the REF signal the standard deviation is more
than 10% of the mean. In the power spectra a peak can be observed at around 1 rad/s; response of the
system can be expected here as well.

REF
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0.25
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Time [s]
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Figure 5-1: 0.3m/s current calibrated time signal (upper) and energy density (lower)
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Figure 5-2: 1.0m/s current calibrated time signal (upper) and energy density (lower)

5.1.2 Regular Waves

Regular waves without current are fairly straight forward to calibrate and t he error is consequently low.
The combination of waves and current is more complex, especially the oblique waves. A phase difference
occurs between waves propagating fromthe two different wave makers that needs to be corrected.
Therefore the error between nominal and realized (measured) waves in these cases is larger. An overview
of all these cases is presented inTable 5-1.

Steep waves tend to get more nonlinear than relatively long waves. In order to check the nonlinear
effects, three periods for the 6m regular wave are shown and compared with a regular Airy and Stokes
5t order wave in Figure 5-3. The longest wave is approximated best by an Airy wave, however, the
steeper two waves show more nonlinearbehaviour and are better modelled by a Stokes wave.
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Figure 5-3: Regular wave modelling

The nominal values of these signals are not of great important: as there is no clear design case yet and
the goal of this campaign is to understand the response of the system; it is of more importance to know
the exact wave/current input and to be able to compare that to slightly different cases.
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Table 5-1: Regular wave calibration summary

Regular Sea Characteristics
MARIN Wave type noml?nal / Period Pe'?Od Wave
Test No. T direction
measured measured
[m] [s] [s] [deg]
without current
201022 |Wave 2-3 3.0/2.98 6.00 6.016
201035 |Wave 2-4 3.0/3.01 5.15 5.155
201037 |Wave 2-5 3.0/3.12 4.60 4.567 270
201039 |Wave 3-3 6.0 /6.05 8.50 8.509
201025 |Wave 3-4 6.0/6 7.29 7.306
201041 |Wave 3-5 6.0/6.29 6.50 6.500
201043 |Wave 5-3 3.0/3.12 6.00 6.015
201044 |Wave 5-4 3.0/2.88 5.15 5.150
201045 |Wave 5-5 3.0/2.96 4.60 4.569 225
201046 |Wave 6-3 6.0/5.92 8.50 8.504
201047 |Wave 6-4 6.0/6.14 7.29 7.308
201032 |Wave 6-5 6.0/5.82 6.50 6.494
201049 |Wave 7-4 6.0/6.07 7.29 7.305 180
with current 0.3m/s
202041 |Wave 2-3 Case 1 3.0/3.05 6.00 6.008
202042 |Wave 2-4 Case 1 3.0/2.86 5.15 5.156
202045 |Wave 2-5 Case 1 3.0/2.75 4.60 4.566 270
202047 |Wave 3-3 Case 1 6.0/6.28 8.50 8.510
202048 |Wave 3-4 Case 1 6.0/5.71 7.29 7.308
202049 |Wave 3-5 Case 1 6.0/5.28 6.50 6.491
202046 |Wave 5-3 Case 1 3.0/3.14 6.00 6.019
202014 |Wave 5-4 Case 1 3.0/2.93 5.15 5.154
202050 |Wave 5-5 Case 1 3.0/2.97 4.60 4577 225
202035 |Wave 6-3 Case 1 6.0/6.13 8.50 8.502
202037 |Wave 6-4 Case 1 6.0/6.43 7.29 7.303
202039 |Wave 6-5 Case 1 6.0/6.3 6.50 6.498
202051 |Wave 7-4_Case 1 6.0/5.3 7.29 7.306 180
with current 1.0m/s
202059 |Wave 2-3 Case 2 3.0/28 6.00 6.014
202060 |Wave 2-4 Case 2 3.0/2.86 5.15 5.157
202061 |Wave 2-5 Case 2 3.0/2.69 4.60 4575 270
202062 |Wave 3-3 Case 2 6.0/6.15 8.50 8.504
202063 |Wave 3-4 Case 2 6.0/5.95 7.29 7.306
202064 |Wave 3-5 Case 2 6.0/5.48 6.50 6.491
202055 |Wave 5-3 Case 2 3.0/2.48 6.00 6.016
202056 |Wave 5-4 Case 2 3.0/2.43 5.15 5.161
202057 |Wave 5-5 Case 2 3.0/2.43 4.60 4572 295
202065 |Wave 6-3 Case 2 6.0/5.69 8.50 8.504
202053 |Wave 6-4 Case 2 6.0/5.49 7.29 7.310
202066 |Wave 6-5 Case 2 6.0/5.75 6.50 6.505
202058 |Wave 7-4 Case 2 6.0/5 7.29 7.311 180
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5.1.3 lrregular Waves

Two irregular wave conditions are carried out: SLS and ULS (note that these are not SLS and ULS of the
Pacific system, but representative caseswithin the tank capabilities). The wave parameters are shown in
Table 5-2. The theoretical and realized spectra are shown inFigure 5-4 and Figure 5-5.

Table 5-2: Irregular wave calibration summary

Irregular Sea Characteristics Current
JONSWAP Type Spectrum
MARIN Hs Tp
Wave type
Test No. yp nominal / | nominal / Dir. y Dir.
measured | measured Ve
[m] [s] [deg] [ [m/s] [deg]
203007 |ULS 225deg 6.25 8.45 225 10
204005 |ULS 270deg 6.25 8.45 270 10 ) 180
205005 |SLS 225deg 4.0 13.00 225 ’ 03
206003 |SLS 270deg 4.0 13.00 270 ’
WAVE SPECTRUM WAVE SPECTRUM
Measured ‘Jm =398m: Tp = 12435 Measured 1-\,]Im g =38Tm; Tp=12425
—————— “Theoretical (Pierson-Moskawitz) ‘Jm:;-A.GDm: Tp=13.00s —————— Theorstical (Pierscr-Moskowitz) 4 "“;O =4.00m; Tp=1300s
50 5.0
40 4.0
T o a0
(‘E} 7
2
5 20 20
5
’ | \ ) | \
00 s S o0 — .
" do 025 05 075 10 125 15 oo 0325 05 075 10 1.25 15

WAVE FREQUENCY (radis) WAVE FREQUENCY (radis)

Figure 5-4: 225 and 270 degrees SLS wave cases (blue measured and red theoretical)
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Figure 5-5: 225 and 270 degrees ULS wave cases (blue measured and red theoretical)

A number of observations can be made:

1 The SLS condition is a better fit than the ULS
1 ULS contains less energy than theoretical: actually Hs 5.62 m instead of 6.5 m.
1 Less energy is present in the highfrequency range of the ULS spectrum, likely due to wave

breaking at higher frequencies (steeper waves)

3.0

Wave height measurements were carried out at a number of positions (seeFigure 2-7). The spectra for
the ULS at 225 degrees is shown for the various positions in Figure 5-6. The spectra show significant
differences over the width of the tank. The significant wave heights of the various positions are listed in

Table 5-3.
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Figure 5-6: Wave spectra at various locations and fluid velocity (REF) for ULS 225 sea state

Table 5-3: Quality of realized wave spectra at various locations

Position S|gn|f|cant wave height [m

|6 563 4,01
|522 573 404
|5,78 5,86 3,95
Cl | 5,61 565 398

| >III

3,86
3,95
4,04
3,93

Normalized [%]

_
225 [270 225|270 |22

|7,1o%
| -6,90%
13,10%
|0,00%

1,40%
3,70%
0,00%

SLS

225

—0,40% 0,80%

1,40%

-0,90%

0,00%

270
-2,00%
0,30%
2,70%
0,00%

A decline in fluid velocity is observed in the SLS cases (sed-igure 5-7), likely leading to lower response
in the system. This wascommunicated with MARIN, who state that it is a sensor issue and not a physical

observance from the basin.
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Figure 5-7: Decline in fluid velocity (REF) for SLS 225 case

5.2 Tests in Current

The centre displacement for all configurations in current without waves is shown in Figure 5-8.
Unfortunately the results in medium pretension with the original ballast weight were not usable, as the
targets rotated out of view of the optical measurement device.

The offset is an important aspect to the working principle of the barrier, as it should concentrate plastic
to one central point, meaning the plastic has to be able to travel along the barrier. Too much offset
disables this mechanism. A second option is to retrieve plastic at multiple points along the barrier.

The mean excursion reduces as pretension increases. However, as the ballast weight was increased
the high mooring configuration, the screen is pulled down more in 1 m's current leading again to a
higher excursion. The secondary mooring configuration is limited in surge due to the length of the
secondary mooring lines.

Limiting offsets can thus be achieved by increasing pretension, by for instance tensioning the systeam
between two mooring buoys. The downside of this option is that overtopping and bridging will occur
more often. A second option is working with a secondary tension wire that is relatively stiff and
tensioned.
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Figure 5-8: Centre displacement for all configurations

Tensions are measured starboard and portside.The mean tensions for the various configurations are
shown in Figure 5-9. It should be noted that the prete nsion configuration has a significant impact on the
tension of the mooring line.
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Figure 5-9: Starboard and port side mean tension for all configurations

The transverse load, pointing the current direction, is presented in Figure 5-10. The transverse load in
the medium and high pretension is equal to that of the low mooring. As the ballast weight was increased
the high mooring system is more similar to that of the low mooring. In 0.3 m/s loads for all
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configurations are equal. In 1.0 m/s the transverse load almost doubles if the ballast weight is increased
or the connection point fixed at the ballast weight (low mooring). Furthermore, the exposed area of the
boom to current is larger for higher pretensions, this effect is not visible as an increase in transversal
load.
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Figure 5-10: Transverse load due to current (total)

The unit load (distributed load per meter span) for various configurations in current only is shown in
Figure 5-11 The unit load is a useful figure as it allows for quick comparison and calculation of design
loads for a certain length of boom. The unit load is derived by dividing the transversal loads of Figure
5-10 by the span. The span varies per configuration and can be estimated based on the horizontal
azimuth of the two connection points and the elongation of the two springs.

Based on the unit load, an effective drag coefficient can be calculated. This is done with a constant area
assumption: the projected area remains the same. This is not the case as the screen rotates away from
the current in the high mooring confi guration. However, the orientation of the screen is unknown. The
drag coefficient is presented in Figure 5-12.
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Figure 5-11: Unit load (transversal load normalized with span)
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Figure 5-12: Drag coefficient (constant area assumption)

5.3 Testsin Regular Waves & Current

In order to find the linear wave response of the system, a bandpass filter is applied. The low pass
frequency is 0.3 rad/s and the high pass frequency is 1.5 rad/s. The high pass frequency igaken

relatively low because ofhigher order effects occurring at twice the wave frequency. These higher order
effects are visible in Figure 5-13, where spectral density plots are given of the starboard and port side
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loads. In this case even moreenergy is present in the first higher order harmonic than in the wave
frequent component. Note that this frequency domain plot is mad e of the high mooring low pretension
configuration in 270 degree (parallel) waves.

Spectral density [kNZI{radfsj]

Spectral density [I-:sz(radfs)]

Frequency [rad/s]

Figure 5-13: 270 degree (parallel to system) regular wave spectral density plots: filter placed at 1.5 rad/s

In order to study the higher order harmonics a second bandpass filter is applied between 1.5 and 3 rad/s.

5.3.1 Motions
A top view is given for the high mooring and low pretension mean positions in 0.3 and 1.0 m/s current,

in Figure 5-14.
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Figure 5-14: Horizontal motion snapshot for 0.3 and 1.0 m/s current cases (equal wave conditions)
5.3.1.1 Surge

The surge motion of the barrier is presented in the centre position. This value is highly transi ent/ or low
frequent: i.e. the motions are dominated by a component that is not linear with the waves. SeeFigure
5-15for an example time trace, with a low pass filtered signal overlapped. Note the irregularities in the
filtered signal at the beginning and end, which should be ignored. Furthermore, we see a decrease in the
mean excursion of the system in waves with respect to its initial position. In various wave conditions the
low frequent behavior is different. F irst a look is taken to the low frequent characteristics, after which

wave- and high-frequent behavior is studied.
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Figure 5-15: Surge motion time trace of high mooring low pretension regular wave test
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Mult iple wave and current conditions for the high mooring low pretension configuration are shown in
Figure 5-16 and Figure 5-17. An error is present in the 6m 6.5s wave from 225 deg in 0.3 m/s current,
from approximately 600s. Different configurations for equal wave and current conditions are shown
Figure 5-19and Figure 5-21. Note that the initi al position has been set to zero, in order to have an easier
comparison for different configurations, as the initial position differs. Low frequent motions are
observed in all cases and correlations are present:

1 In 225 and 180 deg waves the centre of the gstems moves away from the mean current position
during the first wave occurrences. The motion builds up to a peak from which a slow decline
takes place, which seems to be continuing after the test stops.

i The steep increase and slow decrease of the mean gsition in observed in all mooring
configurations and pretensions. In 0.3 m/s current the decrease is either slower or likely
stagnates. In 1.0 m/s the decrease is to approximately to the position the system started the test
in. In one case (high mooring, med pretension) the decrease is such that the system moves
further back than the position it started in.

1 In 0.3 m/s the transient motion is larger than in 1.0 m/s current, the difference is approximately
a factor 2. In 1.0 m/s the system is subjected to more tension, leading to a higher resistance to
bending. In higher pretensions lower transient motions are observed.

1 In 270 deg waves no increase is observed. Even more so, the system slowly moves in the current
direction. This can be caused by lowering @ the effective drag area of the boom, as thescreen
compresses part of a wave cycle.

1 Possibly the transient loads cause excitation of a very low frequent natural mode.

As these tests were carried out with a regular wave, which consists only of a singlevave component with
a frequency and amplitude, no slow difference frequency drift can be present. It is concluded this is
transient behaviour due to the sudden build -up of waves. It is expected this will not take place in the
same order in ocean waves, aduild -up of waves is much more gradual. However, during engineering
special attention should be paid towards the build-up of a storm in confused seas instead of simulating
merely steady state situations.
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Figure 5-16: Low pass surge for high mooring low pretension 3m waves in 0.3 m/s current
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Figure 5-17: Low pass surge for high mooring low pretension 6m waves in 0.3 m/s current
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Figure 5-18: H6 T7.3 180 deg surge for different configurations
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Figure 5-19: H6 T7.3 180 deg surge for different configurations (normalized for starting position to see differences between
configurations)
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Figure 5-20: HBm T86.5s 225 deg surge for different configurations

Figure 5-21: HBm T6.5s 225 deg surge for different configurations (normalized for starting position)
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