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Executive Summary

Tidal and river energy converters can be placed in regions with marine traffic and also floaƟng debris. This introduces sig-
nificant challenges for the structural and mooring design of these systems to handle both tug and barge towline snag and
dynamic impact loading from logs, ice, or other debris.

Dynamics Systems Analysis Ltd (DSA) was tasked with assessing debris impact loads and towline snag effects on floaƟng
turbine systems and related technologies, such as floaƟng debris diverters. To beƩer understand these systems, the work
presented was carried out in three phases of numerical dynamic analysis:

1. Tug and barge navigaƟon through Ɵdal channel in proximity to a hypotheƟcal Ɵdal farm site to assess likelihood of
collision

2. FloaƟng submerged turbine plaƞorm towline snag to qualitaƟvely refine a snag resistant design

3. FloaƟng plaƞorm debris impact for verificaƟon from field test data

The results of the work completed in these phases is intended to informmarine renewable energy standard development by
providing indicaƟons of loads in debris impact and snag scenarios as well as guidance on how to make floaƟng Ɵdal systems
snag resistant. The analysis of tug and barge traffic also provides some reference for assessing potenƟal operaƟng depth and
clearance requirements from marine traffic zones to reduce snag risk. All Ɵme domain simulaƟon analysis were completed
using ProteusDS.

The first phase of analysis was designed to model the barge traffic through Discovery Passage on the east coast of Vancouver
Island. Data on a range of tug, barge, and towline configuraƟonswere provided by SRMProjects andwas used as the basis for
establishing a representaƟve tug and barge system to assess in more detail. This system is characterisƟc of a container barge
traveling to Alaska from SeaƩle and back through the passage. AddiƟonal sensiƟvity studies were completed to examine
the effect of lower towing capacity tugs and varied towline lengths. The depth of the towline throughout the transit was
monitored to gain an understanding of the risk involved with deploying a submerged turbine in this high traffic area. In
order to accurately model this system, hydrodynamically modelled local Ɵdal currents and bathymetry data were supplied
by SRMProjects and Cascadia Coast Research Ltd. In addiƟon, a piloƟng control schemewas developed to ensure the tug and
barge follow desired navigaƟon waypoints through the passage. The maximum towline depth observed was 62.4m when
the tug and barge system travelled south. The associated maximum lateral tug standard deviaƟon from the waypoints, or
intended path through the channel, was 93m. These are extreme results that were produced by the shortest towlines and
also smallest tugs invesƟgated. Small tugs spent more Ɵme navigaƟng laterally across the channel to maintain the desired
track, allowing the barge to driŌ and catch up to the tug. Short towlines allowed the less Ɵme for the barge to catch up
to the tug and either pull it off course or increase catenary depth, parƟcularly with small tugs. Increasing towline length
also showed some correlaƟon with increased catenary sag. In contrast to these more extreme results, a more reasonable
scenario with medium capacity tug with moderate towline length produced a catenary depth of 16.6m andmaximum lateral
deviaƟon of 12.2m. The lateral deviaƟon from path is of the tug and not the barge. These results give an indicaƟon of the
dynamic model capabiliƟes in evaluaƟng potenƟal lateral deviaƟon from a controlled channel for this type of tug and barge
system when gauging marine traffic proximity to a hypotheƟcal Ɵdal farm.

The second phase of analysis uƟlised a submerged floaƟng turbine plaƞorm designed byMAVI InnovaƟons Inc (MAVI). Using
the supplied geometry and mass values, the system was reconstructed in simulaƟon and steady mooring response verified
against expected analyƟcal values. The plaƞorm was subjected to a snag load scenario by a passing catenary line to mimic a
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worst-case scenario of a tug and barge interacƟon with a submerged floaƟng turbine. Several frame designs were tested to
provide some insight on design features that would alleviate snagging. Key results are that convex slopes should be used on
the top porƟon of the frame to prevent the line from catching on the hull. In addiƟon, careful assessment of the center of
gravity and mooring connecƟon point is needed to ensure the plaƞorm can easily Ɵp to allow the line to pass.

The third and final phase of analysis focused on debris impact of floaƟng plaƞorms used for river and Ɵdal turbine systems. In
partnership with Alaska HydrokineƟc Energy Research Center (AHERC) via the University of Alaska, field data of impact loads
from debris on a floaƟng plaƞorm was provided and used for verificaƟon of similar impacts in ProteusDS. Field tests showed
mooring tension peaked at approximately 30kN during debris impact and DSA used this measured data to compare against
a similar floaƟng plaƞorm configuraƟon in simulaƟon. Due limited informaƟon available, only a qualitaƟve comparison to
the field data was conducted. In addiƟon to this, a numerical sensiƟvity study was completed using various floaƟng debris
configuraƟons, masses, and flow speeds to assess the change in impact loads. Generally, the larger the mass and the larger
the flow speed, the larger the impact forces. However, the geometry and buoyancy of the debris has a strong effect as
well: marginally buoyant but large and heavy structures were easily submerged and rolled off the plaƞorm with significantly
reduced impact loads.
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1 Introduction

1.1 Overview

FloaƟng debris is a hazard to Ɵdal and river energy converters. In addiƟon, marine traffic and Ɵdal and river energy converters
are hazards to one another. These hazards can introduces significant challenges for safety as well as the structural and
mooring design of these systems in order to handle potenƟal tug and barge towline snagging or dynamic impact loading
from logs, ice, or other debris.

Dynamics Systems Analysis Ltd (DSA) was tasked with assessing debris impact loads and towline snag effects on floaƟng
turbine systems and related technologies. The work presented here was completed with criƟcal informaƟon provided in
partnership with MAVI Technologies, SRM Projects, and the Alaska HydrokineƟc Energy Research Center (AHERC) at the
University of Alaska.

A key aspect of the research project was to develop contact effects to model towline snag and debris impact and incorporate
it into themarine dynamics analysis programProteusDS. This analysis tool was then used to invesƟgate a number of scenarios
to assess the risk of marine traffic and debris hazards. The results of the analysis completed is intended to inform marine
renewable energy standard development by providing indicaƟons of loads in debris impact and towline snag scenarios as
well as guidance on how to make Ɵdal systems snag resistant. The analysis of tug and barge traffic also provides some
reference for assessing potenƟal operaƟng depth, clearance from marine traffic zones to reduce snag risk, and potenƟal
lateral deviaƟon from the intended transit path.

1.2 Objectives

To beƩer understand these risks and loads associated with tug and barge towlines and debris impact, a research program
was completed to develop funcƟonality to invesƟgate contact effects between floaƟng systems and towlines. These tools
were then used to complete three phases of numerical analysis:

1. Marine traffic dynamics: tug and barge navigaƟon through Ɵdal channel in proximity to a hypotheƟcal Ɵdal farm site
to assess snagging risk

2. Turbine and towline snag dynamics: floaƟng submerged turbine plaƞorm towline snag for the assessment of snag
resistance plaƞorm designs

3. Debris impact: floaƟng plaƞorm debris impact to verify the numerical model with field test data

The load cases considered are not intended to be exhausƟve. The results are intended to provide some basis and guidance
for marine renewable standards development such as but not limited to structural and mooring design.

1.3 Project Type

Project classificaƟon is indicated in Table 1.
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Project Type DescripƟon

� Feasibility Assessing concepts where feasibility and core engineering challenges have
not been idenƟfied. None of the primary risks are known. Concepts are to
be tested to validate proceeding to concept study or FEED stages.

� Concept study / Pre-FEED Analysis and simulaƟon of concepts to idenƟfy feasibility, produce ideas,
and assess pros and cons of implemenƟng those ideas. Typically the
purpose of the project will be to assess wide array of concepts, assess risks,
idenƟfy costs, and loosely dimension system components for budgetary
purposes.

� FEED Support of the development of an iniƟal design which includes ensuring
that components meet safety factor requirements and that the concepts
developed meet safety or classificaƟon requirements.

� Detailed design support and
finalized analysis

SupporƟng the detailed design though analyses which have been finalized
to the degree that the results may be used for construcƟon. All model
inputs are to be documented.

� EPC support SupporƟng engineering, procurement and construcƟon contractors in the
implementaƟon of detailed design plans. Tasks may include installaƟon
analysis, operability assessment or risk miƟgaƟon.

� Owner / operator life cycle
support

Tasks may include operaƟonal support, operability assessment, risk
miƟgaƟon, decommissioning studies.

Table 1: Project classificaƟon

2 Inputs and Setup

2.1 Overview

This secƟon reviews input parameters fundamental to the project. Various currents and current profiles were used but ocean
waves were not considered in the analysis.

2.2 Environmental Conditions

2.2.1 Marine trafϐic dynamics

The hydrodynamic data for Discovery Passage was supplied to DSA by Cascadia Coastal Research. This included a detailed
bathymetry height map and temporal and spaƟal varying current data. The maximum flood (Northern) and ebb (Southern)
Ɵde currents were used in the simulaƟon as a worst case scenario approach. These porƟons of the Ɵdal cycle are shown in
Figure 1 with a single sample point normalized to indicate flow direcƟon in the channel. As tug and barge traffic generally
do not navigate in opposing currents, the analysis was completed with the tug and barge following the current in all cases.
By incorporaƟng the spaƟal and Ɵme varying flow, the forces on the tug and barge system due to hull drag and resistance
are incorporated in the navigaƟon simulaƟon.
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Figure 1: A 24 hour Ɵdal cycle with chosen flood and ebb periods

2.2.2 Towline and turbine snag dynamics

A conƟnuous uniform2m/s currentwas used for the plaƞormand towline snag assessment. Thiswas used as a representaƟve
flow speed during turbine operaƟon as it relates to a typical operaƟonal flow rate for the turbine design and typical flow rates
in Discovery Channel.

2.2.3 Debris impact

ConƟnuous uniform current profiles were used in the debris impact simulaƟons including validaƟon with AHERC data. The
flow speeds considered included 1, 2.5, and 5 m/s.

2.3 Simulation Inputs

2.3.1 Marine trafϐic dynamics

The tug and barge system used for this assessment were modeled aŌer SeaƩle-based Alaska bound container barges. These
were selected as they are the largest vessels of this type travelling throughDiscovery Passage aswell as the length andmass of
the towing arrangement based on data provided by SRM Projects [2]. The larger size also means larger drag forces from Ɵdal
currents and more challenging navigaƟon from the momentum of the system. The maximum depth of the towline will occur
when a connected tug and barge surge close together due to influence of currents and navigaƟon through the channel. It is

www.dsa-ltd.ca Dynamic Systems Analysis Ltd. © 2016 Page 9 of 26



Title Tidal and River Energy Converter Debris Impact Load and Cable Snag Risk QuanƟficaƟon
Revision B Last revised 2016-06-07
DSA project MRC-FTSA Client reference/project
DSA Document DSA-MRC-FTSA Status Release

expected that longer and heavier towing materials will maximize the sag relaƟve to smaller systems. Furthermore, limited
informaƟon was available on smaller local tug and barge systems.

The tug and barge were modeled as rectangular rigid bodies shown in Figure 2 and outlined in Table 2. This approximaƟon
was made to simplify the problem as the dominaƟng effect on navigaƟon in the channel is the hull drag and resistance,
thrust capacity, and mass of the tug, barge, and towline. No wind or waves were considered in the problem and the detailed
seakeeping moƟons of the tug were not required, so a more accurate hull shape for the tug was not necessary.

The towing system was iniƟally modeled with two 30m, 70mm chain bridles and a 250m, 70mm chain towline. A chain
towline is a conservaƟve measure as the greater weight creates a larger catenary depth. The line lengths for these systems
may range from 183 to 311m and this was used as a representaƟve length [2]. Axial elasƟcity of chain is usually higher than
wire rope, but this will not produce any difference in response as the catenary form dominates the dynamic reacƟon loads
from the towline. AddiƟonal sensiƟvity simulaƟons were completed using various lengths of 2 3/8in wire rope for the main
towline. The properƟes of the tow system are shown in Table 3 based on data provided by SRM Projects [2].

The tug was driven by a waypoint controller that applied surge and yaw forces to steer the tug vessel along several paths.
The controller maximum force limit, indicaƟng the navigaƟon capacity of the system or bollard pull, was iniƟally set to 2MN
or 200 tonnes. Preliminary analysis showed this was a reasonable limiƟng capacity to use given the size of the tug and
barge system. This is merely the maximum available bollard pull and does not represent average load the controller uses.
AddiƟonal sensiƟvity runs were completed using various maximum force limits, represenƟng the capabiliƟes of smaller tugs.
Note that the tow line remained fixed length and no dynamic tension control was used on the towline. No relaƟve speed
control was used to match velocity between the tug and the barge. This means that based on the currents in the channel,
the barge may driŌ and catch up to the tug, which is following a course through the channel at a target speed.

The waypoint control algorithm is illustrated in Figure 3.

Figure 2: Tug and barge system showing bathymetry and finite element towline mesh
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Vessel Mass (kg) Length (m)) Width (m) height (m)
Generic tug 1.5e6 40 18 4

Barge 2.8e7 130 30 10

Table 2: Towed barge properƟes

Component Material Diameter (mm) Mass (kg/m) EA (N) Length (m)
Bridle Chain 70 107.3 3.9e8 30x2
Tug line Chain 70 107.3 3.9e8 250
Tug line Wire rope 60 15.5 2.0e8 various

Table 3: Towline properƟes

WAYPOINT

TUG

SURGE

YAW

OBSERVE

RANGE

BEARING

CONTROLCONTROLLER

CONTROLLER

CONTROLLER

&OBSERVE

CONTROL&OBSERVE

Figure 3: Waypoint controller schemaƟc

2.3.2 Turbine and towline snag dynamics

The geometry of the submerged floaƟng MAVI turbine plaƞorm was approximated using simple cuboid shapes as shown in
Figure 4 with mass and dimensions reported in Table 4 and Table 5 [3]. The mooring was modeled using three shots (∼90m)
of 30mm chain at each anchor locaƟon with the remaining mooring length of 120m with 12mm Amsteel Blue (Dyneema)
fiber rope. The mooring material properƟes are reported in Table 6. The MAVI submerged turbine plaƞorm was seƩled at a
depth of∼13m in total water depth of 75m. The anchors located 212m to the north and south. The turbine thrust load is
absorbed by the mooring system and upliŌ on anchors is a limiƟng factor in design of these systems, which is alleviated by
increasing mooring scope. This was selected as a reasonable starƟng point that also considered the available space at the
hypotheƟcal turbine locaƟon in Discovery Passage.

An iniƟal snag analysis was completed using the approximated hull geometry. Refined hull geometry based on the geometry
specified was also used as seen in Figure 5. In addiƟon to this, a conceptual hull design was generated based on the results
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of the iniƟal snag analysis. This geometry is shown in Figure 6. The surfaces of frame above the mooring connecƟon points
are designed to allow any lines in the water to pass over the plaƞorm. Furthermore, MAVI innovaƟons supplied an updated
plaƞorm model shown in Figure 7.

Figure 4: Submerged turbine plaƞorm with approximate hull geometry for contact effects

Plaƞorm part X dimension Y dimension Z dimension Drag coeff.
Top duct 3.36 6.40 1.16 0.77

BoƩom duct 1.70 6.40 0.58 0.91
End plate 2.50 0.22 4.82 0.58

Table 4: Submerged turbine plaƞorm dimensions

Mass (kg) Ixx (kg*m2̂) Iyy (kg*m2̂) Izz (kg*m2̂)
23815 1.21e5 3.88e4 3.46e4

Table 5: Submerged turbine plaƞorm mass and inerƟa

Material Diameter (mm) Mass (kg/m) EA (N)
Chain 30 18.18 7.5e7

Amsteel Blue 12 0.09 4.7e6

Table 6: Submerged turbine mooring parameters
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Figure 5: Submerged turbine plaƞorm using the specified hull geometry for contact effects

Figure 6: Conceptual submerged turbine plaƞorm design
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Figure 7: Updated submerged turbine plaƞorm design

2.3.3 Debris impact

AHERC provided basic parameters for the River Debris Diverter Plaƞorm (RDDP). The plaƞorm was modeled as rigid body
with a freely rotaƟng wheel connected by revolute joint at the bow. A single leg mooring was used to hold the plaƞorm.
An image of the plaƞorm can be seen in Figure 8. The dimensions of the plaƞorm as well as the properƟes of the mooring
are shown in Table 7 and Table 8, respecƟvely. The plaƞorm was placed in several current velociƟes with various objects
floaƟng downstream into the system. Two shapes of debris were assessed, cylinders (to approximate logs) and spheres (to
approximate root balls or ice). The dimensions and properƟes of the debris are shown in Table 9. Only the RDDPwasmodeled
as this corresponded to the field test data provided by AHERC and so no addiƟonal structure or turbine was incorporated.
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Figure 8: ApproximaƟon of RDDP plaƞorm

Plaƞorm part X dimension Y dimension Z dimension Drag coeff.
Pontoon 8.5 1 1 1

Center frame 4 1 0.5 1
Fore frame 3 0.5 0.5 1
Spinner 1 1 1.5 1

Table 7: RDDP plaƞorm dimensions

Material Diameter (mm) Mass (kg/m) EA (N)
Chain 22 9.78 4.0e7

Amsteel Blue 25.4 0.32 1.5e7

Table 8: RDDP mooring parameters

Object Length (m) Diameter (m) Mass (kg)
Cylinder 10 0.8 1000
Cylinder 10 0.8 2500
Cylinder 10 0.8 5000
Sphere - 3 7250
Sphere - 3 11600

Table 9: Debris properƟes

3 Results and Discussion

3.1 Overview

All results for the three phases of analysis are presented in this secƟon. They are separated with headings depicƟng the
individual systems.
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3.2 Marine trafϐic dynamics

The tug and barge systemwas driven up and downDiscovery Passage along four paths of navigaƟonwaypoints. Thewaypoint
paths act as intended paths of the tug and barge system and themarine traffic simulaƟon provides an indicaƟon of howmuch
deviaƟon away from the intended paths occur due to the Ɵdal flow and tow dynamics. InformaƟon provided by SRMProjects
indicated that tug and barge traffic generally prefer mid-channel, which appears to correspond to larger water depths and
avoids Yaculta Bank [2]. The paths and border of a hypotheƟcal turbine deployment area can be seen in Figure 9 [7]. The
most perƟnent regions of the paths are along the middle span of the navigaƟon paths close to the hypotheƟcal deployment
area.
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Figure 9: Tug and barge navigaƟon waypoint paths along Discovery Passage

The tug and barge system was modeled traveling north and south along the shown paths. For each case, the maximum
following current was used to induce maximum towline sag. The largest flow speed in the enƟre region during any transit
was 4m/s or approximately 8knots; this is only a sample point and not the average flow through the channel. This part of
the Ɵdal cycle induces the largest drag loading on the barge pushing it closer toward the tug. The operaƟonal approach is
conservaƟve based on several factors. Firstly, when tug and barges enter passages or narrows, it is standard to shorten the
towline [1]. Secondly, the tow speed would be minimized to reduce the risk of the barge catching up to the barge, typically
6knots in port areas [8] [4]. Another way that tug pilots would avoid the barge catching up is to only transit in slack Ɵde
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[1]. Finally, towing vessels should always leave sufficient reserve power for emergency maneuvers and be able to exceed the
required bollard pull of the operaƟon [5].

For each northern and southern transit, the maximum towline depth and standard deviaƟon of the tug’s distance from
intended path are reported in Table 10 and Table 11. The greatest depth the towline reached was 14.9m. This was when
the system was traveling north along Path 1. The lateral error from intended path was shown to be greater for the southern
transits. This was due to the strictly north/south iniƟal orientaƟon of the tug. When starƟng the south bound transit, the
tug had to make more correcƟons since the path had an eastern direcƟon. In contrast, the north bound transits started with
a more northern path. The level of deviaƟon from intended path could be used as an indicaƟon of how much this type of
system might deviate past a specified navigaƟon channel limit.

Path Max towline sag (m) Tug lateral std dev from intended path (m)
1 14.9 10.3
2 10.8 15.9
3 10.8 18.4
4 11.0 18.7

Table 10: Tug and barge results for Northern travel

Path Max towline sag (m) Tug lateral std dev from intended path (m)
1 10.8 30.2
2 11.0 28.5
3 11.2 26.8
4 11.4 25.2

Table 11: Tug and barge results for Southern travel

3.2.1 Single path sensitivity study

SensiƟvity studies on towline length and tug thrust capacity were completed to beƩer understand the effect on navigaƟon
and catenary depth. The navigaƟon way points for path 2 were used for these studies as shown in Figure 9. The tow line was
modeled as a 2 3/8 inch wire rope connected to the same chain bridle system aƩached to the barge as previously simulated
to more accurately represent typical line types used. The diameter of wire rope was chosen based on a factor of 2.5 of the
bollard pull of the larger tug [6]. Two tug models were implemented with one represenƟng a relaƟvely small tug and one
medium sized. The tug specificaƟons are shown in Table 12. The barge remained the same displacement. The addiƟonal tug
and barge runs are listed in Table 13. NoƟce the changing lengths of the tow line for both Northern and Southern routes.
The perƟnent results from the 12 addiƟonal runs are listed in Table 14. As the length of the tow line increased the potenƟal
for greater sag is increased. However, as shown in the results, with greater tug bollard pull capability the maximum tow line
sag is miƟgated when compared to the same tow line length by beƩer control of the barge. An example of this can be seen
when comparing Case 6 and Case 12.

Two of the twelve addiƟonal runs were unable to complete for various reasons. In case 2, the combinaƟon of the short tow
line, smaller tug, and iniƟal Ɵght turn were enough to send the barge off track and overcome the tug’s bollard pull capacity.
In case 11, the tow line was so long that the barge driŌed off course too far and ran aground. The maximum towline sag
when considering only the transits that completedwas 62.4m. This occurred in the casewith the 250m long towline southern
configuraƟon. In this case, the small tug spendsmore Ɵme navigaƟng laterally in the channel to follow the desiredwaypoints,
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which allows the barge to driŌ with the current and catch up. The maximum tug path deviaƟon was 93m which happened
on the same transit as the maximum towline sag.

The smallest tug appears to be in certain cases unable to control the barge. Extreme tow line lengths can cause problems
if the barge swings wide and runs aground. Case 7 shows the most reasonable towing configuraƟon as depicted by litera-
ture [8][4][1][5]. Using a shorter tow line (75m) and a more capable tug (medium sized) this specific transit configuraƟon
minimized tow line sag and tug deviaƟon from the desired path with catenary depth of 16.6m and path deviaƟon of 12.2m.

RelaƟve size Similar to Bollard pull (MN) Bollard pull (tonnes) Displacement (tonnes)
Small Seaspan Corsair 0.27 27 149

Medium Seaspan Royal 0.93 93 975

Table 12: Tug sizes

Case # Heading Tow line length (m) Tug size
1 North 75 Sm
2 South 75 Sm
3 North 250 Sm
4 South 250 Sm
5 North 400 Sm
6 South 400 Sm
7 North 75 Med
8 South 75 Med
9 North 250 Med
10 South 250 Med
11 North 400 Med
12 South 400 Med

Table 13: SensiƟvity configuraƟons
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Case # Max towline sag (m) Tug lateral std dev from intended path (m) Successful transit
1 21.3 22.9 Y
2 35.1 162.4 N
3 48.6 15.3 Y
4 62.4 93.7 Y
5 24.9 11.6 Y
6 29.8 28.4 Y
7 16.6 12.2 Y
8 14.9 12.4 Y
9 27.5 10.0 Y
10 20.3 19.6 Y
11 19.4 58.2 N
12 20.1 14.6 Y

Table 14: Tug and barge results for the addiƟonal simulaƟons

3.3 Turbine and towline snag dynamics

MAVI provided a submerged turbine design based on their experience in developing floaƟng turbine plaƞorm systems. As
a verificaƟon step, the simulated staƟc mooring configuraƟon of the submerged floaƟng turbine was compared to the ana-
lyƟcal esƟmates based on buoyancy and drag supplied by MAVI. The comparison of results can be seen in Table 15. These
results are for staƟc condiƟon with the turbine not operaƟonal. Once the simulaƟon was verified with the expected loads,
a snag loading scenario was created. To represent a worst case scenario, a horizontal line was dragged directly across the
path of the turbine system. The four frame geometries tested for the Ɵdal plaƞorm are listed below.

1. Block geometry

2. Specified frame

3. Conceptual frame

4. Updated frame

The block frame uses the cuboid hull components used to represent flotaƟon, ballast, and basic frame components. The
specified frame geometry is the minimal structural frame designed by MAVI to contain the turbine components, flotaƟon,
and ballast. The conceptual frame adds addiƟonal components to help shed the snagging line. The updated frame design
was the latest iteraƟon produced byMAVI that takes into account the lessons learned throughout the previous analysis cases.

The resulƟng maximum mooring line tension and Ɵdal plaƞorm pitch induced in each snag scenario for each frame style
can be seen in Table 16. As expected, the block frame exhibited the greatest plaƞorm pitch. The lip at the top of the frame
catches the snag line. However, the iniƟal MAVI specified frame gave the maximum mooring tension. This was due to the
concave shape the bridle lines made with the structure and its alignment with the plaƞorm’s center of gravity. The amount
of force required to pitch the Ɵdal plaƞorm was maximized since the snagging line gets caught in that point. The verƟcal
faces of the block frame allowed the snag line to release earlier than the specified frame design.
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The conceptual frame design was generated to address these effects. The outer frames of the structure were made to be
convex and tapered to the top and boƩom. In addiƟon, the mooring bridle connecƟon point was moved up so that the
snagging line does not get caught in line with the center of gravity of the plaƞorm. These changes were enough to reduce
the peak mooring load and pitch magnitude when compared to the previous systems. An example of the relaƟve pitch for
each plaƞorm design can be seen in Figure 10.

This indicates how simple design modificaƟons can make a significant difference in the plaƞorm moƟon and mooring loads
in a snag event. The lessons learned from the previous three plaƞorm configuraƟons enabled MAVI InnovaƟons to supply
an addiƟonal frame geometry for assessment. The resulƟng maximum anchor line tension and plaƞorm pitch when collided
with a horizontal snagging line are reported in Table 16. The latest frame geometry yielded a slightly larger maximum anchor
line tension that the conceptual design but a reduced maximum pitch. An illustraƟon from the simulaƟon results of the
updated plaƞorm in contact with the snag line can be seen in Figure 11. The amount of tension and pitch was sensiƟve to
the relaƟve height of the plaƞorm compared to the snag line. By lowering the plaƞorm, the possibility of the snag line geƫng
caught is significantly reduced.

Net forces AnalyƟcal value (kN) Simulated value (kN) Error (%)
VerƟcal 79.4 81.7 1.4

Horizontal 46.7 48.8 2.2

Table 15: Predicted and simulated turbine plaƞorm staƟc mooring loads in staƟc configuraƟon

ConfiguraƟon Max mooring tension (kN) Max plaƞorm pitch (deg)
Block frame 668 85

Specified frame 758 34
Conceptual frame 322 25
Updated frame 429 20

Table 16: Simulated turbine plaƞorm dynamic behavior

In summary, key aspects of improving snag performance of floaƟng turbine plaƞorms indicated by the work are:

1. Ensure no concave faces are present; faces should be swept back to allow the line to pass over

2. Move bridle connecƟon points as high above plaƞorm center of mass as possible

3. Lower plaƞorm center of mass as much as possible
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Figure 10: Snag dynamics for each frame design
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Figure 11: Updated plaƞorm snag

3.4 Debris impact

The RDDPwas subjected to debris impact from several types of floaƟng objects in a river environment. The dynamicmooring
tensions caused by the collisions are reported in Table 17 and Table 18. Increased current speed increased impact magni-
tudes and mooring tensions. In addiƟon, as the mass of the objects increased, the mooring tensions generally increased
as well. Contrary to the general behavior, the 5000kg log showed a slight decrease in mooring tensions during a collision
when compared to the 2500kg case. This was because the log was almost neutrally buoyant such that it was able to slide
underneath the plaƞorm where as the 2500kg case the log had to deflect around the plaƞorm. The captured impact data
from an instrumented deployment by AHERC is shown in Figure 12. With a peak measured impact load of approximately
30kN, this matches reasonably well to the simulated 2500kg log in 2.5m/s current case. AddiƟonally, the mean mooring
line tensions also matched fairly well when no impact is recorded, 2.5kN measured and 2.7kN simulated. With limited data
on the actual corresponding debris impact measured by AHERC, this sƟll serves as a qualitaƟve reference for the sensiƟvity
study. Furthermore, the general behavior shown in the demonstraƟon video of a floaƟng log impact provided by AHERC
match that of the 2500kg log case. An example of the simulaƟon can be seen in Figure 13.

Mass (kg) 1 m/s 2.5 m/s 5 m/s
1000 3.5 16.2 46.1
2500 5.1 30.1 154.9
5000 3.7 44.5 103.8

Table 17: Cylinder collision mooring tensions (kN)

Submergence 1 m/s 2.5 m/s
50% 7 10
80% 40 38

Table 18: Sphere collision mooring tensions (kN)
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Figure 12: AHERC collision load cell data

Figure 13: Log impact stages

4 Conclusions

The purpose of this research program was to provide informaƟon to evaluate risk of marine traffic to Ɵdal turbines and to
quanƟfy loads during snag and debris impact events. A key aspect of this project was to develop the contact effects necessary
to simulate towline snag and debris impacts. The load cases considered are not intended to be exhausƟve. SimulaƟons were
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completed using realisƟc Ɵdal flow data, bathymetry, vessel and towline parameters to assess maximum line depth and
lateral moƟon away from intended paths in a real marine traffic corridor that could contain Ɵdal devices in the future. A tug
and barge system was modeled traveling north and south through Discovery Passage on the east coast of Vancouver Island.
The tug was driven through four paths using defined waypoints. For each transit, a following Ɵdal flow current was used to
induce the greatest sag of the towline. The maximum flow speed present in the channel was 4m/s or approximately 8knots.
IniƟally, the towline was assumed to be chain, which was conservaƟve as the heavier weight increases catenary sag. Using
a maximum bollard pull limit of 2MN (200 tonnes) with the tug navigaƟon control, the maximum towline sag was observed
at 14.9m. In addiƟon, the standard deviaƟon of the tug’s lateral offset from the waypoint path was monitored. The greatest
standard deviaƟon from the waypoint path was approximately 30m. Furthermore, addiƟonal simulaƟons were executed
examining varied tug bollard pull and tow line length. Both smaller vessels and excessively long tow lines caused problems
in navigaƟon through the channel. Both situaƟons are not recommended for operaƟng procedure when navigaƟng narrow
channels with Ɵdal currents. Two of the 12 cases were unable to complete due to the barge overcoming the tug’s capacity
for control or the barge running aground. The newmaximum sag was 62.4m due to the barge the tug and the newmaximum
lateral tug path error was 93.7m, from the cases that actually completed, from the barge pulling smaller capacity tugs off
course. The moderately powered tug with shortened towline produced a catenary depth of 16.6m with lateral offset of
12.2m.

A Ɵdal and river turbine developer, MAVI, provided realisƟc design parameters for a submerged floaƟng turbine plaƞorm
as an input to addiƟonal numerical simulaƟons used to quanƟfy the dynamics, moƟons, and resulƟng loads from a worst-
case snag scenario. The snag scenario was conducted on four frame configuraƟons including a simple approximaƟon using
rectangular blocks, using the actual geometry specified by MAVI, a conceptual frame design based on the results of the test
results on the first two configuraƟons, and an updated geometry suppliedMAVI. In order tominimize the amount of plaƞorm
pitch that was created during a snag event, the plaƞorm frame must be smooth with no concave secƟons. Also, to minimize
line tensions, and ulƟmately stress on the system, the snag line needs to be able to slide up and over the plaƞorm easily.
This means that the snag line must be able to slide above the center of gravity of the plaƞorm. The updated frame design
showed reduced mooring tension and maximum plaƞorm pitch in the snag scenario.

Finally, a sensiƟvity study on a debris diverter devicewas completed to assess impact forces andmooring loads in a river envi-
ronment. Parameters for the plaƞormand data onmeasured from real impacts provided by AHERCwas useful as a qualitaƟve
validaƟon of the debris impacts. The debris diverter was modeled in a constant current represenƟng a river environment.
FloaƟng debris was added in various shapes and sizes, including cylinders and spheres, to assess the impact loads. Cylinders
were used to represent logs and spheres were used to represent root balls or ice. Supplied data from AHERC showed the
numerical results were reasonable and videos of log impacts show the same characterisƟc dynamic response throughout
the collisions. The AHERC reported mooring tensions peaking at approximately 30kN where the simulated showed a 30.1kN
mooring tension when struck with a 2500kg log in 2.5m/s current.

5 Future work

Based on thework completed, consideraƟons for addiƟonal analysis were compiled. The impact ofwind on the tug and barge
navigaƟon analysis could be considered: addiƟonal drag loading from the wind could impact the tug’s ability to control the
barge and stay on course. Also, it would be beneficial to understand the implicaƟons of increasing the number of waypoints
used to describe the desired target transit path. Furthermore, currently only the lateral deviaƟon of the tug was tracked;
however, the lateral deviaƟon of the barge should also be considered.

With more design iteraƟons and discussion, the submerged turbine plaƞorm snagging cases can also be updated. As the
problem becomes more refined, beƩer understanding of what is needed to miƟgate damage to both the plaƞorm and snag-
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ging line can be achieved. This could include implemenƟng a local spaƟally varying current speed and headings instead of
the constant current used as well as compleƟng a study on the impact of mooring bridle connecƟon configuraƟon.

Bibliography

[1] Shipowners Club. Loss prevenƟon: Tugs and tows - a pracƟal safety and operaƟonal guide. Technical report.

[2] Hemmera. A marine spaƟal planning study for potenƟal Ɵdal energy development near campbell river, briƟsh columbia.
Technical report, SRM Projects, 2015.

[3] MAVI InnovaƟons Inc. Dsa-tc1114 impact and snagging turbine module properƟes. Technical report, MAVI InnovaƟons
Inc, 2016.

[4] Forth Ports Limited. Towage Guidelines, 2016.

[5] West of England Insurance Services. Loss prevenƟon bulleƟn.

[6] The American Waterways Operators. Responsible Carrier Program, 2013.

[7] SRM Projects. HypotheƟcal locaƟon area for buoyant mid-water-column Ɵdal device deployment. Diagram, 2015.

[8] Henk Henson & Daan Merkelbach & F. van Wijnen. Report on safe tug procedures. Technical report, 2013.

www.dsa-ltd.ca Dynamic Systems Analysis Ltd. © 2016 Page 26 of 26


