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In response to Florida’s growing energy needs and drive to develop renewable 

power, Florida Atlantic University’s Center for Ocean Energy Technology (COET) plans 

to moor a 20 kW test turbine in the Florida Current.  No permanent mooring systems for 

deepwater hydrokinetic turbines have been constructed and deployed, therefore little if 

anything is known about the performance of these moorings.  To investigate this 

proposed mooring system, a numeric model is developed and then used to predict the 

static and dynamic behavior of the mooring system and attachments.  The model has been 

created in OrcaFlex and includes two surface buoys and an operating turbine.  Anchor 

chain at the end of the mooring line develops a catenary, providing compliance.  Wind, 

wave, and current models are used to represent the environmental conditions the system 

is expected to experience and model the dynamic effects on the system.   
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The model is then used to analyze various components of the system.  The results 

identify that a mooring attachment point 1.25 m forward of the center of gravity on the 

mooring buoy is ideal, and that the OCDP and turbine tether lengths should be no shorter 

than 25 and 44 m, respectively.  Analysis performed for the full system identify that the 

addition of the floats decreases the tension at the MTB attachment location by 26.5 to 

29.5% for minimum current, and 0.10 to 0.31% for maximum current conditions.   
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1. INTRODUCTION 

1.1 Florida’s Energy Need and Ocean Current Resource  

The state of Florida is almost entirely reliant on other’s fuel supplies, of which 

approximately eighty five percent of the electricity generation capacity uses natural gas, 

coal, and petroleum (Figure 1).  Natural gas is primarily imported via two main pipelines 

– from Texas through the Florida panhandle and on to Miami, and from the Florida 

Current pipeline – from Mississippi to central Florida.  Compared with other states in 

2007, Florida was ranked sixth nationally for natural gas consumption.  Coal is shipped 

from Kentucky, Illinois, and West Virginia; and, having no oil refineries of its own, 

Florida also relies on marine shipment of petroleum products for energy production (EIA 

2009).  Florida ranked third nationally for petroleum consumption during 2007, while 

du`ring June of 2009 Florida consumed 38.2% of the US’s petroleum used for electricity 

generation.  This is primarily a result of the large tourist industry and residential sector 

consumption (EIA 2009).   

 
Figure 1:  Electricity generation capacity for the state of Florida for 2007 (EIA 2009). 

Southeast Florida is home to the fastest continuously flowing ocean current in the 

world, while also having the largest load centers and utility substations within the state of 
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Florida (Driscoll 2008).  The fastest current velocity for the Florida Current is located 15 

miles offshore in relation to the South Florida coastline with the strongest flow near the 

surface.  Estimates have identified that extracting four percent of the total kinetic energy 

available (nearly 25 GW) in the form of an array of hydrokinetic devices, could provide 

as much as 1 GW (VonArx 1974) (Section 3.5), approximately four percent of Florida’s 

power consumption per year (EERE 2005).  The seabed depth in this area is 

approximately 330 m deep creating unique design challenges as the strongest current is 

located at or near the surface.  Existing current turbine designs that are installed on fixed 

structures cannot be directly used; instead, deep water mooring systems will likely be 

used as the method for keeping systems geostationary.  These designs exist conceptually, 

but no real work has been done for the Florida Current.   

1.2 COET’s Ocean Current Turbine and Mooring System 

In an effort to respond to South Florida’s need for energy solutions, engineers at 

Florida Atlantic University’s Center for Ocean Energy Technology (COET) are 

conducting research and developing infrastructure to help industry harness Florida’s 

renewable marine resources. Part of this work includes developing a testing and 

evaluation range that includes a mooring system to evaluate prototype ocean current 

turbines in the Gulf Stream.  This system is designed to enable testing and evaluation of 

the COET’s ocean current turbine prototype, as well as, future testing for prototypes from 

industry affiliates.   

Developing mooring systems for deepwater applications is challenging for a 

variety of reasons.  There is a mixture of environmental conditions that the system is 
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exposed to including:  wave loading on surface buoys keeping this part of the system in 

constant motion, current velocities which may cause cabling to become taut, and most-

often calm conditions at the sea bed.   It is therefore required that the connective cabling 

handle and disperse high loadings over long distances.  Cables may also be subject to 

slacking and snap-loading as a result of wave motion if they are not properly designed.  

Anchoring devices must remain in a fixed position.  Other critical conditions include 

resonance conditions and vortex-induced vibrations which can severely affect the ‘wear 

and tear’ and overall life span of the system (Curic 2003).  Ocean current turbines 

challenge even the most robust mooring systems:  they generate high drag loading on 

towlines while in operating conditions, must have access to the surface for pilot projects 

thereby experiencing coupling effects, all the while deeply moored for the Florida 

Current.  

This system will include two surface buoys referred to as the lead buoy or 

Mooring and Telemetry Buoy (MTB), and an Observation, Control, Deployment 

Platform (OCDP) (Figure 2).  The MTB will be semi-permanently moored with a wire 

rope that will be anchored using a gravity or drag embedment anchor.  This buoy will 

house several environmental sensors to record data at the test site such as current and 

wind data, etc.  To reduce chaffing on the bottom in slack conditions, flotation devices 

may be positioned along the mooring line.  Chain will be used at the end of the mooring 

cable to develop a catenary, keeping the pull on the anchor tangential to the ocean floor, 

while providing compliance (Driscoll et. al 2008).   
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Figure 2:  Depiction of ocean current turbine mooring system and the COET 20 kW prototype 
turbine (Driscoll et. al, 2008a). 

The OCDP is used for transportation, launch, and recovery of the turbine.   The 

OCDP is the main operations platform, and currently the specific design characteristics 

for this buoy are under review.  This surface buoy will also be used to house topside 

instrumentation that will be used to control and analyze prototype turbines.  The original 

design is a twin pontoon with an A-frame for launch and recovery, and this design is used 

for the purpose of this analysis (Figure 2).  Unlike the MTB, the OCDP will not be 

permanently moored as it is reserved for housing the turbine when towed to the test site.  

Upon its arrival to the test site, it will be tethered to the MTB with synthetic lines.  

A flounder plate is the primary loading connection for the turbine when 

submerged, and it is positioned along the mooring line, 9.14 m below the MTB.  The 

nose of the 20 kW turbine nacelle will be able to rotate freely into the flow and is 

connected to a long towline.  This allows the heaving motion of the flounder plate to 

dissipate along the line, contributing only small vibrations to the turbine’s movement.   
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The 20 kW ocean current turbine will be moored in the Florida Current off the 

coast of South Florida.  The purpose of this three-bladed axial-flow turbine is to advance 

the knowledge and understanding of open-ocean in-stream hydrokinetic devices 

operating in the Florida Current, bringing industry closer to producing energy from the 

Florida Current.  FAU’s first generation ocean current turbine has a 3 m diameter and a 

3-bladed rotor with an expected 20 kW output.  Its turbine design is a horizontal, axial 

flow with an estimated max rpm of around 47 (Driscoll et. al, 2008a). 

1.3 Numeric Modeling Tools for Offshore Projects  

Prior to deployment for this deep water project, several unresolved questions for 

the mooring system needed investigation and analysis.  Utilizing a numeric model, 

COET’s prototype turbine and mooring system are evaluated to determine the effect the 

turbine will have on the mooring system, and how the mooring system will behave as a 

testing platform for prototype turbines.  

By numerically predicting dynamic performance, modeling tools can offer 

answers to many questions about a system’s performance in a safe and cost-effective 

manner.  This approach is commonly used in the offshore oil industry, as deployed 

projects are often quite costly and the failure of such systems can have major 

consequences.  Little is known about the physical behavior of the mooring system and 

turbine conjointly, and a numerical approach to the overall system can provide answers to 

many unknowns including specific questions about components of the mooring system, 

and the affects modifications will have on the collective system.  
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1.3.1 Numeric Calculations for Cable Dynamic Problems 

Most time-domain numeric models solve marine cable dynamics problems as 

discrete models rather than continuous models because they do not require linearization 

techniques to obtain solutions.  Continuous models are limited to stationary sea states, 

while discrete models can estimate the response of cables transitioning from slack to taut 

conditions even though the system behaves non-linearly (Driscoll 1994).  They are also 

able to model non-linear conditions such as quadratic drag and vary temporal/spatial 

properties.  By numerically integrating the equations of motion, the time domain response 

of a cable is able to be determined for either explicit or implicit integration procedures 

(Radonovac 2002).   

1.3.2 OrcaFlex Numeric Modeling Tool 

The basis for the analysis is the software program OrcaFlex, which is an industry 

accepted finite element based design and analysis tool.  It is used to develop the 

numerical model and simulate the system response and global performance.  This 

numeric modeling tool solves cable dynamics problems in the time domain and is 

commonly used in the offshore industry, in particular with oil and gas projects.  A few 

validations with real world testing are available showing close agreement with this 

modeling tool.  Comparisons with standard cable problems with industry accepted results 

from the American Petroleum Institute also identify results within the expected ranges for 

deflection and bending stiffness (Section 3.6.1).   
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1.4 Analysis of the Existing System 

Full scale tow-testing has been performed on the MTB, while numerical analysis 

using blade element momentum modeling tools for the 20 kW prototype have been used 

for the turbine to validate the numeric models generated in OrcaFlex.  However, several 

areas of the mooring design needed investigation.  The two surface buoys are 

implemented into the model along with the rotating turbine with specified airfoil sections.  

The cabling and chain expected for deployment for the tethers and mooring line are used 

in the model.  

1.4.1 Overview of the Numeric Model Developed in this Thesis 

In this thesis a detailed model is developed of the COET’s mooring component 

that is designed to test prototype ocean current turbines, including the mooring chain, 

mooring line, flounder plate, tow lines for the turbine and OCDP, the MTB, the rotating 

turbine using blade estimated airfoils, and the OCDP (Figure 3).  The simulation includes 

wind, wave, and current models used to emulate the environmental conditions that the 

system is expected to experience.   

 
Figure 3:  OrcaFlex numeric model of ocean current turbine mooring system components and global 
coordinate system. 
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1.4.2 Purpose of this Numeric Model 

This investigation includes: 1. sensitivity analysis of the elemental convergence to 

determine the best elements, element sizes, and time steps; 2. exploration and 

quantification of the design space of the system to determine recommended values for the 

mooring point connection location for the MTB, mooring components and best line 

lengths, etc. that will increase system performance and increase survivability; and 3. 

evaluation and quantification of the response characteristics of the system for a wide 

range of environmental conditions, including expected and extreme. 

Prior to any component specifications, the best element selection and element 

sizing is determined from sensitivity studies for the surface buoy and turbine models.  

Analysis of the MTB determines an appropriate location to attach the mooring line.  This 

component affects the stability, performance, and survivability of the MTB, contributing 

to both lateral and longitudinal stability.   

Attaching the turbine to the flounder plate below the MTB, along the mooring 

line, is done to reduce the transfer of motion from surface elements moving in the waves.  

This also reduces other factors such as loads in the mooring and the size of surface 

handling equipment.  The selection of the length of line between the flounder plate and 

turbine is critical because of its effect on reducing the coupled transfer of motions 

between the surface buoys.  Determination of the line length is a delicate balance, as the 

longer the line, the less motion is typically transferred.  On the other hand, the longer the 

line, the larger the horizontal deviations between the OCDP and the turbine due to 
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differential wind and wave loading. The consequential tradeoff of using different lengths 

of cables is performed so that the most appropriate cable length can be chosen. 

After achieving appropriate design characteristics, an overall system evaluation is 

conducted for both operational modes and system survivability in extreme conditions.  

Mooring line loading and towline loading are important for understanding the safety 

factors associated with the mooring system under a range of expected loadings and 

environmental conditions.  The buoy dynamics associated with various environmental 

scenarios including current, wind, and waves on the relative position of the OCDP and 

the turbine over a range of expected conditions is also reviewed.   After these analyses, 

the best line length for the mooring line is determined by comparing line loading, and 

resulting buoy positions for seven mooring scopes.   

1.5 Contributions 

This thesis has five primary contributions that are valuable to the COET’s 

mooring system development and the deep water ocean current industry as a whole.  

These contributions are: 

• developing a numerical model of the full system using the modeling tools in 

OrcaFlex including the MTB, OCDP, turbine, lines, and chain expected for 

deployment;   

• determining the best mooring attachment point location for the MTB to guide the 

system into the current for the MTB in both free and OCDP/turbine operational 

modes under operational scenarios; 
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• calculating the best towline length to ensure flounder plate heaving motion 

dissipates along the line before reaching the turbine, 

• determining the best line and anchor chain lengths for the mooring line, and 

identifying how much flotation is needed and placement to ensure the mooring 

cable does not contact the bottom, under the minimum current conditions; 

• characterizing the mooring line and towline loading under a range of expected 

current, wind, and wave conditions; and 

• offering a global perspective of the entire system and its attachments to be used 

for future testing and analysis for other prototypes. 
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2 BACKGROUND ON ORCAFLEX AS A MODELING TOOL 

OrcaFlex is a static and dynamics analysis tool specifically designed to model 

marine and offshore structures.  It is one of the leading software programs for structures 

in marine environments because it allows the user to:  1. construct virtually any type of 

offshore structure out of simple elements, 2. evaluate this structure in various 

environmental conditions, and 3. observe the dynamic behavior numerically and through 

a graphical interface.  OrcaFlex performs analyses of catenary systems quickly and 

accurately and may also be operated in a batch mode allowing several simulations to be 

run simultaneously, utilizing individual processors for each simulation, if multiple 

processors are available on the computer (OrcaFlex 2009).  Simple element types may be 

used to represent complex structures, such as multi-line moorings, rigid and flexible 

marine risers, and towed systems.  OrcaFlex uses a finite element approach, modeling in 

the 3 DOF non-linear time domain and also using a lumped-mass element approach to 

significantly reduce mathematical calculations (OrcaFlex 2009). 

When working with numeric modeling software, it is important to assess the 

assumptions associated with the software itself, in order to quantify the overall 

assumptions associated a particular model.   In turn, this will make the model applicable 

to other modeling software programs, and ensure that the system is modeled properly. 
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2.1 Modeling Environmental Conditions 

OrcaFlex allows the user to specify various environmental factors such as wave 

spectrums, currents, density profiles, and wind properties.  A variety of options are 

available including yet not limited to:  pre-defined wave spectrums, which vary with user 

input; current and density profiles, which may be varied horizontally, vertically, and 

temporally; and wind spectrums, which can account for the effects of the free-surface.   

Wave forces on elements, as described by Morison’s equation (Section 2.2), 

include a combination of an inertial term, the Froude-Krylov force, and a drag-induced 

term.  If the object is moving, a fluid inertia term or hydrodynamic mass force accounts 

for the effects of the element’s acceleration on the surrounding flow.  It is a function of 

the mass of the fluid displaced by the element, an added mass coefficient accounting for 

the “dragged” fluid, and the relative acceleration of the element to the fluid with respect 

to the global coordinates.  The Froude-Krylov force is a function of the flow’s 

acceleration and mass displaced by the object.  The drag term is a function of the relative 

flow velocity squared, drag coefficient associated with the body, object geometry, and 

density.  These forces in combination with hydrostatic forces applied to an element result 

in the translations and/or moments, if not restricted by the element’s properties 

(Dynamics 2002).  

The total hydrodynamic forces are dependent upon the wave spectra, currents, and 

density profile selected by the user.  The horizontal fluid velocity on a body at specific 

depths is dependent upon the velocity of wave spectra and current profiles at those 

depths.  The wave velocities decay with depth at different rates depending upon which 
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type of wave spectra is chosen.  Several wave spectrums may be applied to the model at 

one time with user-specified propagations, periods, and wave heights, etc; JONSWAP, 

ISSC, and Stokes’ fifth order are just a few examples of available spectra.  Fluid orbital 

velocities and accelerations at specific locations are a combination of four contributing 

factors:   the spectrum selected, ancos term, Airy (linear) wave theory, and kinematic 

stretching (OrcaFlex 2009).  The wave frequency spectrum is determined by the type of 

spectrum used and individual parameters inputted such as the period, significant wave 

height, etc.  The directional spreading of the waves is determined from the ncos  term, 

where n  is even and may be selected by the user, and a higher n indicates a smaller 

spreading.  The orbital velocity decay with depth is determined from Airy (linear) wave 

theory.   

Above the water surface, or the mean water line, the Airy function may be 

extended using kinematic stretching to account for the free-surface effects on wind above 

the surface.  Altering wind parameters affects only a few elements of the model 

including:  lines or pipe elements, and wings which are attached to buoys.   Specific to 

this model, only the line or pipe elements constructing the surface buoys including the 

MTB, modeled as a series of pipes, and OCDP, whose two pontoons are each modeled as 

a pipe, experience wind effects unless wings are added above the free surface.  Wind 

parameters may be modeled as constant in time, or “varying randomly” with time as 

prescribed by the American Petroleum Institute Spectrum or by the Norwegian Petroleum 

Directorate Spectrum (OrcaFlex 2009).  The chosen mean wind speed should be the 
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estimated value for 10 m above the surface, and the wind decay with height varies as a 

result of the spectrum chosen.   

The JONSWAP spectrum is chosen as the best selection for this study, because it 

is a modified version of the Pierson-Moskowitz spectrum developed for the North 

Atlantic.  The primary difference is with propagation as over time the waves continue to 

grow and the peak wave height is more pronounced (Hasselmann 1966).  In OrcaFlex the 

specified user inputs include the significant wave height, the wave period, the wave 

origin and time origin, the spreading component, and number of wave directions, while 

other values may be calculated by the software.  A vertical current profile may be created 

via interpolated methods which use a specified three-dimensional velocity profile with 

variable speed and direction, or by power law methods which use exponential decay.  The 

density may be assumed to be constant for the entire depth, or a density profile may be 

inputted by the user (OrcaFlex 2009).   

2.2 Element Types 

All of the components of the ocean current turbine and the mooring system are 

modeled using at least one of these four elements:  three degree-of-freedom (3 DOF) 

buoys, six degree-of-freedom (6 DOF) lumped buoys, winches, and line elements such as 

wire ropes, synthetic ropes, chain, and homogeneous pipes.  The turbine is modeled using 

multiple 6 DOF buoys, some of which have wings attached for modeling the rotor, and 

multiple homogeneous pipes, a specific type of line element.  The MTB is modeled using 

one 6 DOF buoy that models the system’s inertial characteristics and is rigidly attached to 

a large number of homogeneous pipes that are used to model buoyant and hydrodynamic 
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forces.  The OCDP is modeled using: a 6 DOF buoy that models its inertial 

characteristics, homogeneous pipes modeling the twin pontoons for hydrostatic and 

hydrodynamic purposes, and a winch, for launch/recovery of the turbine.  For the 

purposes of this study the winch element is not used in that the specifics of the OCDP are 

currently under review.  The flounder plate is modeled as a 3 DOF buoy, while the 

mooring line, turbine towline, OCDP towline, riser chain, and anchor chain are modeled 

using the line element.    

2.2.1 Three Degree-of-Freedom Buoys  

Three degree of freedom buoys may be partially submerged and are most-often 

used for line junctions.  Within the developed numeric model of the mooring system 

these buoys are used to model the flounder plate, and the bridle connections at both the 

MTB and OCDP.  Forces experienced by 3 DOF buoys include buoyancy, gravity, added 

mass, and drag; each of these forces with the exception of gravity is applied only to the 

submerged portion of the buoy.  These buoys do not experience moments resulting from 

hydrodynamic forces, and therefore should only be used when rotation is unimportant.  

Several factors involved in hydrodynamic and hydrostatic force calculations are 

inputted by the user including:  object geometry, drag areas, drag coefficients, added 

mass coefficients, and fluid acceleration force coefficients for each of the Cartesian 

coordinates.  The hydrodynamic and hydrostatic forces vary with submergence of the 

buoy because they are a function of the submerged volume and submerged area.  To 

accommodate this, the proportion wet (Wδ ) is used to approximate the instantaneous 

percentage of the buoy that is below the water surface.  This value is computed from the 
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variation in depth of the submerged center of volume ( VCOd ), and the depth of the center 

of volume ( COVd ) (OrcaFlex 2009): 

  
2
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 The wetted proportion is multiplied with each of the hydrodynamic inputs, so that 

they are applicable to only the submerged portion of the buoy.  This value is calculated as 

a linear function of the buoy’s height (h) in relation to the depth of submergence.  

Rearranging terms from Equation (1) the proportion wet is defined as:  
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All forces are applied at the center of gravity for 3 DOF buoys.  Buoyancy is a 

function of the mass of the fluid displaced by the submerged portion of an object for an 

instantaneous water height.  This value is multiplied with the gravitational constant, and 

applied at the buoy’s center of gravity.  Buoyancy therefore increases with submergence 

according to:    

gVF WB ρδ= ,  (3) 

where V  is the volume of the buoy for total submergence. 

Hydrodynamic loading for 3 DOF buoys is allocated by Morison’s equation, 

originally developed for calculating wave loading on fixed vertical cylinders.  There are 

two components in this original equation:  an inertia force from the relative acceleration 

of a fluid particle (added mass), and a drag force that is a function of the relative fluid 

velocity.  For moving objects, modifications are made accounting for the body’s velocity 

at the hydrodynamic center, or the center of gravity for 3 DOF buoys.   
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The hydrodynamic forces are a function of the three terms given in (4) whereVρ  

is the mass of the fluid displaced by the body, uɺ  is the fluid acceleration vector relative 

to the Earth and referenced to the center of buoyancy, aC  includes the added mass 

coefficients for each coordinate, νɺɺ  is the acceleration vector of the body, DC  includes 

the drag coefficients relative to the body-fixed coordinates, A  represents the drag areas 

for each coordinate for complete submergence, u  is the fluid velocity vector relative to 

the Earth, and νɺ  is the velocity vector of the body relative to the Earth (OrcaFlex 2009).  

For these equations, bold, non-italicized fonts indicate a vector quantity, and vertical 

lines represent the magnitude of a quantity.  The first term of the wave equations is 

known as the Froude-Krylov force and may be determined with the instantaneous term 

proportion wet by (1), while the second term is called the fluid inertia force (2), and a 

drag force term accounts for the relative velocity (3): 
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The induced drag term is a function of the relative velocity squared; therefore, in order to 

apply direction to this force the magnitude of the relative velocity vector ( || νɺ−u ) is 

multiplied with the relative velocity vector ( νɺ−u ).  The instantaneous total wave forces 

are: 

||)())(( 2
1

ννν ɺɺɺɺɺɺ −−+−+= uuACuCuF ρδρδ DWaWW V .  (6)  

As mentioned previously the horizontal current velocity and acceleration is 

determined from the wave spectra and current profile selected by the user.  The buoy’s 

instantaneous velocity and acceleration are calculated from the equations of motion and 

past and present forces applied to the buoy. 
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2.2.2 Six Degree-of-Freedom Lumped-Mass Buoys  

 Calculated positions for six degree-of-freedom buoys are determined from the 

instantaneous displacement, velocity, and acceleration, where velocity and acceleration 

are determined from past and present positions, forces, and moments on the buoy with 

respect to the body-fixed coordinate system.  Six DOF buoys are used for modeling rigid 

bodies subject to rotations and translations.  External hydrodynamic forces on these 

buoys are modeled using Morison’s equation shown in Equation (6).  The proportion wet 

value described in this equation is a limiting factor for this buoy in that it is considered to 

always be vertical, neglecting the buoy’s orientation and excluding the changes that 

might occur if a partially submerged buoy is tilted.  Unlike 3 DOF buoys, 6 DOF buoys 

have a center of volume prescribed by the user, which is the hydrodynamic center.  

Within the developed numeric model these buoys are used for modeling most of the 

inertial properties for the turbine and all of the inertial properties for the surface buoys.   

 Hydrodynamic moments for 6 DOF buoys are determined from the proportion 

wet, the added inertia coefficients ( am CC +=1 ), a hydrodynamic inertia term (hydroI ) 

determined from Newman which describes the rotations of spheroids (Newman 1977), 

the rotational fluid acceleration relative to the earth ( E
fωɺ ), the unit damping moment 

( kM ), the rotational fluid velocity with respect to the buoy’s center of volume (B
fω ), the 

seawater density, the drag coefficient for rotation DrC , and the area moment (mI ) with 

respect to the m  axis.  There are three terms associated with hydrodynamic moments 

applied to buoys.  The first is the fluid inertia term, the second is the damping term, and 

the third is the drag term: 
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The surge, sway, heave, roll, pitch, and yaw positive rotations and translations are 

identified in Figure 4.   

 
Figure 4:  Positive buoy rotations and translations (Ibrahim 2010). 

Of the hydrostatic forces, buoyancy is applied at the center of volume, and is 

modeled essentially as a spring or a single telescoping rod.  The instantaneous proportion 

wet value linearly approximates the submerged portion of the buoy, in effect, causing the 

buoyancy to be a linear function of the height.  Gravitational forces are applied at the 

center of gravity.  

Another limitation with this type of buoy is that lumped buoys are not calculated 

with respect to a specific geometry, providing limited accuracy with free surface effects.  

However, line elements and wings may be added to enhance the ability of this buoy to 

more accurately calculate the hydrodynamic and hydrostatic forces.   

2.2.2.1 Wing Sections for 6 DOF Buoys 

To model lift and additional drag forces, simple rectangular wing sections may be 

applied to 6 DOF buoys.  Rigidly attached to 6 DOF buoys, wings may be used to 

represent flat plates or airfoil shapes.  Lift and drag coefficients are selected according to 
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incidence angles (α ) for any increment ranging from -90 to 90 degrees.  Wings are 

simple elements which experience lift/drag forces, and drag moments as a result of the 

pressure differential between the physical center of the wing and the center of pressure.  

The rectangular shape of the wing element is a function of the span or the length of the 

wing perpendicular to the incoming flow, while the chord length is positioned with an 

incidence angle to the incoming flow (Figure 5).  For partially submerged wings, 

hydrodynamic forces and moments are scaled down depending on the wetted proportion.  

Planing and wave slamming effects are not modeled. 

 
Figure 5:  Illustration of six degree of freedom buoy rectangular wing element. 

2.2.3 Line Elements 

To model the complete offshore testing and evaluation mooring system, line 

elements are used to model mooring lines, stiff line elements such as pipes, and in some 

cases, are used in the development of surface buoys to more accurately model surface 

effects.  The local coordinate systems are referenced to each node with the normal nodal 

directions perpendicular to the axial direction 1N  and 2N , and a third coordinate which 

points along the segment’s axial direction, A .   
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A finite element method approach is used for modeling systems made up of 

multiple line elements, where each line element is divided into nodes, and segments that 

are predefined by the user.  Nodes are treated as point masses or short straight rods with 

body-fixed coordinate systems (Figure 6), and internal and external forces and moments 

on the line are applied at these locations.  Five types of loads are applied at connecting 

nodes:  1. tension forces, 2. bending moments, 3. shear forces, 4. torsion moments, and 5. 

total loads which include all calculated loads and externally applied loads (OrcaFlex 

2009). 

2.2.3.1 Internal/Structural Forces 

Segments are treated as two telescoping straight rods that model torsion and axial 

properties, attached to a node at both ends.  Each node connects two half segments 

together, except for the end nodes where only one half segment is attached (Figure 6).  

Each rigid section along the line has three local or body-fixed coordinate systems:  two 

nodal coordinate systems and one segment coordinate system.  

 
Figure 6:  Line node and segment representations (OrcaFlex 2009). 
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The effective tension on the line is:  
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where the axial stiffness is EA, the total mean axial strain is 
o

o

L
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λ
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instantaneous length of the segment is L , the expansion factor of the segment is λ , the 

unstretched length of the segment is oL , the Poisson ratio is v , the internal and external 

pressure are iP  and oP  respectively, the internal and external cross-sections are iA  and 

oA , and the damping coefficient for the line is in seconds (e), which is determined from 

the target axial damping automatically from the inputs.  The effective tension is 

considered compression if its value is negative.   

The bending moments are identified following effective tension calculations.  

Applying to each side of a node are springs and dampers that spread along the node’s 

axial direction and the segments’ axial direction (Figure 7).  These springs and dampers 

each apply a bending moment to the node depending upon the angle (α ) between the 

segment and node axes.   
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Figure 7:  Line structure springs and dampers used for line element calculations (OrcaFlex). 

For the case of linear isotropic bending stiffness, the bending moment is 

calculated from the bending stiffness (EI ), the quantity of curvature || C , and the 

segment’s bending critical damping value ( 00 mEILLDC = ), where m  is the segment 

mass, and the target bending damping is denoted by λ :  
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Of this equation, the bending stiffness and target bending damping are selected by the 

user, while the rest is either designated or calculated if necessary by the software itself. 

The shear force is calculated from the moments at each end of a segment, where 

1M  represents the moment experienced at the top end of the segment, and 2M represents 

the moment experienced at the bottom end of the segment.  The shear force is therefore 

the difference between the moments at these nodes:   
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Torsion moments are determined from the segment’s axial orientation at either 

end by rotating the node coordinate system until its z-direction aligns with the segment’s 

z-direction.  The torque (Q ) is determined from the torsional stiffness (K ), the segment 

twist (τ ), the rate of twist ( )τɺ , the torsional damping coefficient of the line (C ), and the 

unstretched length of the segment: 
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The torsional damping coefficient is determined from a target torsional damping 

coefficient (c ) selected by the user: 

100

2

0

c

L

KI
C z ⋅= .  (12) 

The total loads are then determined from the combination of the tension force, 

bending moments, shear forces, and torque moments for each node and the hydrodynamic 

loading due to drag forces, added mass or inertial forces, buoyancy, and gravitational 

forces.   

2.2.3.2 External Loads 

The external hydrostatic and hydrodynamic forces and moments for fully 

submerged lines are applied at the nodes, with the exception that weight may be applied 

at an offset.  Lines attached to 6 DOF buoys can experience rotations and translations as a 

result of a buoy’s movement.  Similar to buoys, for surface piercing segments a 

proportion wet term is used (Section 2.2.1) so that the hydrodynamic forces are only 
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applied for the wetted portion of the line.  This value is calculated from the intersection 

of the mean water surface with a line drawn from the highest dry point on the line to the 

deepest submerged point on the line (Figure 8).  As the segment’s axes passes through a 

horizontal position the diagonal line switches to the corners on the opposite side 

(OrcaFlex 2009).  Therefore, with varying pitch or roll of the line, the intersection 

continuously changes, providing very accurate results for narrow line elements.  The 

hydrodynamic forces are applied at the appropriate submerged location or node.   

 
Figure 8:  Proportion wet term used for calculating partially submerged line segments (OrcaFlex 
2009). 

The hydrodynamic forces on each node are modeled using a modified version of 

Morison’s equation where for long cylinders, the added inertia coefficient vector and 

added mass coefficient vector are related by am CC +=1 .  The velocity vector for the 

line relative to the earth is a combination of the two normal velocities and the axial 

velocity: 

][ 12 NNAl νννν ɺɺɺɺ = . (13) 

The fully submerged volume of the line is 
4

2lD
V

π= , the normal, fully submerged cross-

sectional areas [ ]DlDlDll π=A , and the axial cross-sectional area is for total 
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submersion.  The instantaneous submerged volume and submerged area are calculated 

using the proportion wet (wδ ) (Figure 8) from the diameters and lengths of the line 

specified by the user.  The fluid flow velocity is the flow experienced at the nodal 

locations.   

The Froude-Krylov (1) and inertia terms (2) are referenced to the global 

coordinate system while the drag-induced term (3) is determined locally and referenced 

to the global coordinate system: 
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where the acceleration of the body relative to the earth is lνɺɺ .  The normal hydrodynamic 

forces on a node are calculated similarly: 

||)( 2
1
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 If the line element is used as a pipe and filled with contents of a different density 

and the mass flow rate is not zero Coriolis effects and centrifugal forces are also included 

in calculations.  If desired, wind drag may also be calculated for lines above the water 

surface. 

 

2.3 Numeric Calculation 

2.3.1 Static Calculations 

Prior to running dynamic calculations, OrcaFlex calculates a static solution to 

determine the expected shape of line elements, and secondly to determine a static 
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equilibrium position for line and buoy elements.  Initial static solutions may be calculated 

using catenary, quick, or even by prescribing a specific line shape, followed by a full 

static solution.  The commonly used catenary method calculates hydrostatic and most 

hydrodynamic forces including: gravitational, buoyancy, axial elasticity, drag due to 

current or wind, touchdown at the seabed, and friction (OrcaFlex 2009).  Employing the 

quick method essentially assumes that the starting shape of the line is reasonable.  This 

method is usually followed by the full statics method, which calculates all forces modeled 

in OrcaFlex, most-importantly bending stiffness.  For simulations using the turbine, 

statics are run without current so that a static equilibrium may be determined.  For some 

buoy cases the static calculations are quite cumbersome and time intensive, therefore 

statics are restricted and subsequent calculations are used for determining their 

equilibrium positions.   

2.3.2 Dynamic Calculations 

The dynamic calculations are time simulations run for specific time lengths and 

stages that are defined by the user.  This is important for numerically predicting how a 

system will behave with time-varying external forces, such as wave spectra, that are not 

possible to achieve in static calculations.  These simulations are run after static 

equilibrium positions have been determined and have specific time stages, and may have 

specified timed events such as releasing of lines or suspended objects and winch pay out 

as defined by the user.   

Dynamic simulations may be run using implicit or explicit integration schemes 

with fixed or variable time steps.  Explicit integration is usually much slower because it 
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often involves using very short time steps, and the instantaneous values for dependent 

variables are determined from the equations of motion for the previous time step.  

Implicit integration uses the Generalized-α integration scheme by calculating the forces, 

moments, damping, etc. the same as for the explicit scheme and then solving the system’s 

equations of motion by the end of each time step (OrcaFlex 2009).  An iterative solution 

method is required because momentum, acceleration, and velocity are unknown at the 

end of each time step.  This may make the calculation time longer for each time step; 

however, implicit integration is often stable for much longer time steps than for explicit 

integration. 
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3 DEVELOPING A NUMERIC MODEL 

For the numeric model of the ocean current turbine mooring system, each of the 

components of the system is numerically represented using one or more of three types of 

Orcaflex elements:  3 DOF buoys, 6 DOF buoys, and line elements such as wire rope, 

synthetic rope, chain, and homogeneous pipes.  This chapter identifies the methodology 

by which the numeric model of the COET’s mooring system and turbine is developed and 

sensitivity studies of the components, where necessary, along with the specifics of the 

implemented environmental model.  The environmental models used for the simulations 

presented in this thesis includes maximum, minimum, and mean current profiles 

determined from measurements from Acoustic Doppler Current Profilers, expected 

maximum survivability conditions for the MTB, and maximum operational modes for the 

entire system suggested by the COET.   

3.1 Modeling the Ocean Current Turbine  

The ocean current turbine is modeled using homogeneous pipes, 6 DOF buoys 

including lumped mass and one spar buoy, and lumped mass buoys with attached wing 

elements.  The inertial properties of the turbine, excluding the rotor blades, are given to a 

6 DOF lumped-mass buoy located at the center of gravity for the turbine assembly, while 

the rotor mass is distributed between the three rotor blades.  All other elements 

composing the ocean current turbine structure contribute to the hydrodynamic and 
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hydrostatic properties, and are modeled with negligible mass.   

The cylindrical parts of the turbine, i.e. the nacelle and buoyancy compensation 

modules, are modeled using solid homogeneous pipes.  The rotor is constructed of one 6 

DOF spar buoy, a buoy element by which a moment may be applied, positioned along the 

axis of the turbine nacelle.  Three 6 DOF buoys, each having multiple wing sections 

attached, are used to represent the blades.  Each blade is composed of nine rectangular 

wings which vary down the blade by chord length, span, incidence angle, and drag and 

lift coefficients relevant to the airfoil section.  These buoys are rigidly attached to the 

nacelle body and are able to rotate freely about the nacelle body axis.  Blade estimates 

approximate the NACA type foil shape along the blade, and geometric sizing for the foil 

sections.   

3.1.1 Turbine Coordinate System  

The coordinate system used for the ocean current turbine is fixed to the front of 

the main pressure vessel (254 cm in front of the center of the rotor).  In observation of the 

right hand rule, this local coordinate system has the x -axis pointing towards the bow, the 

y -axis towards port, and the z -axis upwards.   

3.1.2 Mass and Inertia Properties 

The mass and inertial properties for the ocean current turbine are determined from 

a combination of the mass and location of each turbine element used in the physical 

prototype.  These are calculated using measurements, weight, and factory specifications 

for the individual components, and are assumed to remain constant during the entire 

simulation.  The inertial properties calculated for the turbine are presented in Table 1.  To 
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achieve static equilibrium, the mass of the central 6 DOF buoy is reduced from 1723.65 

kg to 1595 kg.  A SolidWorks model of the turbine developed by COET is used for 

determining the mass and mass moments of inertia of the turbine, along with COET 

spreadsheet data. 

Modified Turbine Mass 1595 kg 

Center of Gravity ( x ) -1.078 m 

Center of Gravity ( y ) 0 m 

Center of Gravity ( z ) 0.272 m 

Mass Moment of Inertia (x ) 486 kg-m2 

Mass Moment of Inertia (y ) 1449 kg-m2 

Mass Moment of Inertia (z ) 963 kg-m2 

Blade Mass (Each) 47.94 

Blade Mass Moment of Inertia (x ) 5.947 kg-m2 

Blade Mass Moment of Inertia (y ) 76.397 kg-m2 

Blade Mass Moment of Inertia (z ) 0.773 kg-m2 

Blade Center of Mass (x ) 0.773 m 
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Blade Center of Mass (y ) 0.018 m 

Blade Center of Mass (z ) 0.005 m 

Table 1:  Turbine mass, centers of gravity, and mass moments of inertia with respect to the nacelle 
nose. 

3.1.3 Hydrostatic and Hydrodynamic Calculations 

The hydrodynamic and hydrostatic calculations for the rotor, turbine nacelle, and 

buoyancy compensation modules are detailed in this section, and more information is 

provided about the methodology used for developing the turbine model.   

3.1.3.1 The Rotor  

The rotor hub used for the simulations is modeled using a 6 DOF spar buoy with 

neutral buoyancy.  The rotor blades are modeled as three 6 DOF buoys located along the 

axis of the turbine nacelle, each with wing elements attached (Figure 9).  The mass of the 

blades is given to these 6 DOF buoys.  To enable axial rotation, these buoys are attached 

to the rotor hub, which is attached to the nacelle body.  The only method to permit 

rotation solely about the pipe axis is to allow the pipe or nacelle to rotate freely.  The 

nacelle was therefore given a near zero bending and rotational stiffness at both ends to 

permit this rotation.  To control the rate of rotation, a fixed torque is implemented about 

the rotor axis by applying a moment to the rotor buoy at a specified time period.    
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Figure 9:  Numeric model of 20 kW ocean current turbine prototype.  

Wing attachments are permitted only to contribute to forces and moments in terms 

of lift, drag, and drag moments (Section 2.2.2.1), therefore the mass of the rotor blades 

and mass moments of inertia are given to the 6 DOF buoys to which the wings are 

attached.  Blade lift and drag coefficient estimations approximate the NACA type foil 

shape along the blade, and geometric sizing along the blade.  From the hub to tip the 

airfoils modeled are:  NACA 4412, NACA 4415, NACA 4418, and NACA 4421 

(Vanrietvelde 2009).  The three dimensional lift and drag forces coefficients associated 

with these rotor blades are given in Figure 10. 
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Figure 10:  Lift and drag coefficients used for modeling the turbine blades according to NACA 
airfoil. 

The added mass term for the rotor is assumed to be similar to a wind turbine rotor 

and is distributed evenly between the three 6 DOF buoys (Burton 2008): 

7067.175/128 ==aC . (16) 

The total added mass is also distributed evenly between the three 6 DOF buoys: 

kgmmkgRCM aadded 30.5909)5.1()/(9.10257067.1 333 =⋅⋅== ρ , (17) 

where R  is the blade radius. 

3.1.3.2 Turbine Nacelle 

The main body is divided up into two sections when calculating the 

hydrodynamic and hydrostatic forces.  These two sections are the foam section behind the 

rotor and the approximately cylindrical section starting 0.1 m in front of the rotor and 

extending to the forward most section of the main body.  The back section has a length 
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and maximum diameter of 0.5 m.  The front section has a length of 2.805 m and an 

average diameter of approximately 0.5 m.  OrcaFlex allows the user to select normal and 

axial drag coefficients for the pipe section. The user defined drag coefficients are used to 

calculate the force from the normal and axial flow by Equation (14).  The drag area 

vector is summarized in Section 2.2.3.2. 

The normal drag coefficients used for both of these sections are 2.1=NC , the 

default value suggested by OrcaFlex.  For typical pipe elements, the forces at the end of 

the pipes are often neglected.  This is because for most pipe applications, the element is 

very long, thus end drag is often considered insufficient in comparison with skin drag.  

The axial coefficients are a combination of end and skin drag for the back and front 

sections and are calculated as: 
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where the skin drag coefficient is represented by SC , the end drag coefficient is EC , the 

back axial coefficient B
AC , and the front end axial coefficient FAC .  The added mass for 

the main body also uses the default value for a cylinder for both axial ( 0=A
aC ) and 

normal added mass ( 1=N
aC ). 
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3.1.3.3 Buoyancy Compensation Modules 

The buoyancy compensation modules (BCMs) are ellipsoid bodies with a length 

of 2.34 m and a maximum diameter of 0.53 m. Since it is desirable to use a single 

element with a constant diameter, the BCMs are modeled as having a length of 2.34 m 

and a constant diameter of 0.482 m, giving the pipe section the same buoyancy as the 

actual BCMs.   

The normal drag coefficient chosen for the BCMs are also 2.1=NC , which is the 

default value given by OrcaFlex. The axial coefficient is chosen so that it accounts for 

skin drag, SC , and end drag, EC .  The skin drag coefficient is selected from the default 

value in OrcaFlex ( 08.0=EC ).  To account for this drag the following coefficient is 

chosen: 

0338.0
924

98.18
08.0008.0
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The default properties for axial ( 0=A
aC ) and normal added mass ( 1=N

aC ) for a 

cylinder are used for the BCM’s because they are essentially cylindrical in shape. 

3.2 The Mooring and Telemetry Buoy 

The Mooring and Telemetry Buoy or MTB is modeled using multiple 

homogeneous pipes and one 6 DOF buoy.  The inertial properties of the MTB are given 

to the small 6 DOF buoy located at the center of gravity, while the pipes are used for 

modeling the hydrodynamic and hydrostatic forces.  After initial testing using up to 64, 

six DOF buoys to model the hydrodynamic forces, and subsequent recommendations by 
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Orcina, it was identified that modeling this small buoy using narrow pipe elements was 

the best method for modeling the surface behavior of the MTB.  These pipes model the 

buoyancy a great deal more accurately than multiple 6 DOF buoys which assume 

buoyancy to be a linear function of the buoy’s height.  In addition, sensitivity studies 

identified convergence with much less element sections than for the initial modeling 

technique. 

3.2.1 MTB Coordinate System 

The origin for the local coordinate system is fixed to the centerline of the top of 

the MTB’s transom with the positive x -direction towards the bow or front end of the 

MTB, the positive y -axis towards the port side of the buoy, and the local z -axis 

pointing upwards in accordance with the right hand rule.   

3.2.2 Element Selection 

The 6 DOF buoy (Section 2.2.2) is rigidly attached to a series of horizontal 

homogeneous pipes or line elements (Section 2.2.3), with multiple wing sections (2.2.2.1) 

modeling the fixed-rudder.  This 6 DOF buoy is used for mass and connective purposes, 

has negligible size, and is located at the center of gravity, while the pipe elements model 

the geometric, buoyant, and hydrodynamic properties of the buoy.  These line elements 

lie horizontally from transom to bow (Figure 11 and Figure 12).  A set of wing elements 

is added to model the fixed rudder. 
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Figure 11:  Side depiction of MTB numeric model in OrcaFlex. 

 
Figure 12:  Bow depiction of numeric model of MTB in OrcaFlex. 

3.2.3 Hydrostatic Calculations 

Specific properties of the MTB are taken from a SolidWorks model compiled by 

the Center for Ocean Energy Technology.  Table 2 identifies properties for the buoy in its 

entirety.  It should be noted that these properties take into account the modifications to 

the MTB up to July 6, 2010.  The gravitational force is modeled as acting at the center of 

the 6 DOF buoy, which is located at the center of gravity of the MTB.  The pipes and 

wing sections are used for hydrodynamic and buoyancy modeling only and therefore are 

given negligible mass.  The length of the MTB is 6.43 m, and the beam is 3.00 m.   
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m  4158.87 kg 

Surface Area 157.97 m2 

V  0.61 m3 

ρ  6806.67 kg/m3 

COGx  2.43 m 

COGy  0.01 m 

COGz  -0.45 m 

xxI  13868.23 kg·m2 

yyI  13718.06 kg·m2 

zzI  4048.17 kg·m2 

Table 2:  MTB characteristics used for developing numeric model. 

Of the 1016 evenly spaced pipes composing the geometric structure of the MTB, 

each of the lengths were individually specified to match the SolidWorks model of the 

MTB.  The 0.05 m diameter pipes give the model a slightly smaller total displaced 

volume than in reality when the MTB is fully submerged.  To resolve this, the diameter 

given to all the pipes is altered such that the total volume is equivalent to the actual MTB: 

m
l

V
D

i
i

05672.0
4
1016

1

==
∑

=
π

. (21) 

where il  is the length, V  is the displaced volume for complete submergence, and D  is 

the pipe diameter.   
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3.2.4 Hydrodynamic Calculations 

The total drag force on the MTB is broken into residual and frictional drag forces.  

The residual drag areas are the cross-sectional areas perpendicular to the drag directions, 

and these are determined from a SolidWorks model of the MTB.  The residual drag 

coefficients are determined from tow-testing performed by Florida Atlantic University’s 

Harbor Branch Oceanographic Institute (HBOI) in which the MTB was towed from the 

bow only, and also from experimental drag coefficients measured by Blevins for the 

residual heave and sway drag coefficients.  From the HBOI testing, the total drag force is 

assumed equivalent to the tension on the line, and this force is broken into residual and 

frictional/skin drag.  This skin drag is applied to the entire surface area of the MTB and is 

calculated using a standard ITTC formula (Newman 1977).   

3.2.4.1 Summary of Drag Areas 

The MTB drag areas include the axial drag area (AA ) and two normal drag areas 

( 1NA  and 2NA ), and these are with reference to the local coordinate system identified in 

Figure 13.  The local coordinate system has a normal heave direction ( 1N ) pointing 

upwards, a normal sway direction (2N ) pointing from starboard to port on the MTB, and 

an axial direction (A ) pointing along the centerline.  
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Figure 13:  MTB faces and coordinate system used for calculating the drag coefficients. (Note this is 
not an accurate representation of the buoy length). 

The drag areas of Figure 13 (1NA , 2NA , AA ) are determined with respect to the 1N , 

2N , and A  coordinates (Table 3) in order to calculate the residual drag forces in surge 

( AF ),  heave ( 1NF ), and sway ( 2NF ) directions.  These areas correspond to various faces 

identified in Figure 13.  The frictional drag areas ( SA ) are used to calculate the axial skin 

friction forces and are equivalent to the total area for each face.   

The 1NA  column of Table 3 depicts areas for the top and bottom parts of the MTB, 

while the 2NA  column depicts the areas for the projected side areas.  The AA  column 

depicts the projected areas for the bow and aft sections.  In the full scale model, a thin 

vertical section extends from the transom to the bow along the centerline, where it is 

considered a fixed-rudder, to a small vertical section at the bow.  The drag area for the 

keel is modeled as a wing, and is therefore not included in these calculations.  

Differences in the sums for the top and bottom areas shown in Table 3 occur because a 

sliver is removed from the bottom section that accounts for the keel.  As a result of 

removing this section from the SolidWorks model there is a smaller surface area on the 

bottom side of the MTB, thus, a slight difference exists between the sums of the top and 
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bottom sections.  The TA column depicts the total area for the entire MTB, where the total 

area is the total surface area of the buoy: 

( ) ( ) ( )22

22

2

11
Stern

E
Bow

E
Stbd

N
Port

N
Bot

N
Top

NT AAAAAAA +++++= .  (22) 

Here, Top
NA 1  is the top area of the MTB perpendicular to the heave direction, while 

Bot
NA 1  is the bottom area perpendicular to this direction.  Port

NA 2  is the port area 

perpendicular to the sway direction, and Stbd
NA 2 is the starboard area perpendicular to the 

sway direction.  Bow
EA  is the bow area perpendicular to the surge direction, and Stern

EA is 

the transom area perpendicular to this direction. 

Face 
Top

NA 1  
Bot

NA 1  
Port

NA 2  
Stbd

NA 2  Bow
EA  

Stern
EA  TA  

1 10.807 0 0 0 0 0 10.807 

2 4.915 0 0.856 0.856 0 0 5.205 

3 0 0 1.527 1.527 0 0 3.054 

4 0 4.915 0.856 0.856 0 0 5.205 

5 0 9.202 2.471 2.471 0 0 10.446 

6 0 0 0.505 0.505 0.632 0 1.191 

7 0 0 0.583 0.583 0.72 0 1.37 

8 0 1.432 0.385 0.385 1.194 0 2.017 

9 0 0 0 0 0 2.572 2.572 

Sum 15.723 15.55 7.183 7.183 2.546 2.572 

Total = 

41.868 

Table 3:  Summary of drag areas used for MTB drag calculations. 
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3.2.4.2 MTB Drag Coefficients 

The following sections identify the different formulas used for determining the 

surge, heave, and sway drag coefficients using the actual areas off the MTB.  For the case 

of the surge drag coefficients the drag coefficient is determined from the full-scale tow 

testing results performed by HBOI, while results from experiments performed by 

Blevins, et. al are used for the surge and sway coefficients.   

3.2.4.2.1 Surge Drag Coefficients 

The axial drag is broken into the frictional drag and the residual or end drag.  The 

total axial drag force, made up of skin drag and residual drag, is calculated from the 

tensions obtained by Harbor Branch Oceanographic Institute from full scale tow-testing 

with the MTB.  Note that at the time that the tow tests were conducted the length of the 

MTB was 5.207 m and not the current 6.426 m length. These tensions were obtained by 

towing the MTB from the bow at four different speeds while recording the tension on the 

towline.  The average cable tension is assumed equivalent to the total drag force of the 

buoy.  These tests showed that the tow speed significantly affected the depth of 

submergence, or the waterline of the MTB as shown in Figure 14, with increasing 

submergence occurring at faster tow-speeds.  The approximate waterlines measured from 

the lowest part of the MTB were 0.65 m for the maximum tow-speed and 0.405 m for the 

lowest tow-speed.  These waterlines were used to approximate an average waterline of 

0.56 m.  This waterline is used for estimating the average submerged surface area 

=WS 13.53 m2, which is used for calculating the frictional coefficient FC , and also the 

submerged frontal drag area ( =WA  0.59 m2).  
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Figure 14:  MTB full scale tow-testing for minimum tow-speed (1.543 m/s) (Left) and maximum tow-
speed (3.087m/s) (Right). 

The residual and frictional drag coefficients are calculated for each of the tow-

speeds (U ), using the seawater density (ρ ), the total drag force or total averaged tension 

( avgT ), the average submerged surface area, the submerged frontal area, and the Reynolds 

number (
υ

WUl=Re ); where the submerged length is Wl = 5.57 m and the kinematic 

viscosity is υ =1.2 E-6 m2/s.  The values used in these calculations are summarized in 

Table 4. 

U  [m/s] T  (N) avgD TF =  ρ  [kg/m3] Re  

1.543 444.82 to 889.64 667.23 1025.9 7.17E+06 

2.058 1334.47 to 1779.29 1556.88 1025.9 9.56E+06 

2.572 3113.76 3113.76 1025.9 1.20E+07 

3.087 4448.22 4448.22 1025.9 1.43E+07 

Table 4:  Axial residual drag coefficients determined from full-scale tow tests. 

The total drag forces are calculated as a function of the residual drag force and the 

frictional drag force as suggested by Newman for ship resistance (Newman 1977): 
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 )(Re,(Re))(Re, FnFFFnF RFT += . (23) 

Residual resistance along the axial direction is calculated using the projected area: 

WRR AUCF 2
2

1 ρ= . (24)  

Conversely, the frictional resistance is applied to the wetted surface area: 

WFF SUCF 2
2

1 ρ= . (25)  

The frictional drag coefficient is determined from the ITTC formula (Newman 1977): 

2
10 )2Re(log

075.0

−
=FC . (26) 

The total drag force along the axial direction is therefore: 

WFWRT SUCAUCF 2
2

12
2

1 ρρ += . (27) 

This equation can be solved for the axial residual drag coefficient:  

W

WFT
R AU
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2
2

1

2
2

1

ρ
ρ−= .  (28) 

Table 5 summarizes the residual drag coefficients along the axial direction and the skin 

friction calculated values for the MTB for various tow speeds. 

U  [m/s] FC  RC  

1.543 3.181E-03 0.847 

2.058 3.060E-03 1.137 

2.572 2.944E-03 1.478 

3.087 2.853E-03 1.467 
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Table 5:  Frictional drag and residual axial drag coefficients. 

For normal operating conditions COET has identified that at the test site the 

average surface current velocity is 1.689 m/s.  Therefore, a constant frictional drag 

coefficient of 03-3.181E=FC  and a residual drag coefficient of 847.0=RC  are used 

when calculating the axial coefficients applied to the pipe elements as they most closely 

resemble the tow speed.   

For the model, the instantaneous frictional drag areas are the submerged surface 

areas of the MTB.  These coefficients are applied to the various faces of the buoy, and 

only experience drag forces when fully or partially submerged.  The bow and transom 

submerged frontal areas are the drag areas used for the residual drag, and its coefficient is 

halved to distribute the force evenly between the bow and transom sections.  This is 

further described in Section 3.2.4.3.   

3.2.4.2.2 Sway and Heave Residual Drag Coefficients 

A coefficient of 1.05, the drag coefficient for a cube suggested by Blevins, et. al is 

used for both the vertical residual drag and the horizontal residual drag (Blevins 2003).  

The coefficient for the normal vertical drag (1NC ) is halved to split the drag evenly 

between the top and bottom drag areas, while the coefficient for the normal horizontal 

drag ( 2NC ) is split evenly between the port and starboard side (Section 3.2.4.3).  Also, 

similar to the residual drag along the axial direction, the 1.05 coefficient is a total drag 

coefficient, and therefore also includes skin friction.  The skin drag coefficient is 

subtracted from this value and the heave and sway residual drag coefficients are therefore 

1.047. 
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3.2.4.3 Pipe Drag Coefficients 

To implement the drag coefficients into the OrcaFlex model the pipe drag areas 

along each face are first compared with the actual face drag areas for the MTB.  Only the 

outside sections of the MTB should experience drag forces and to account for this, only 

outside pipes are given coefficients and end pipes are assigned to represent the bow and 

transom face areas.  The drag coefficient for the pipes is determined by setting the 

product of the drag coefficient and area for each face equal to the product of the drag 

coefficient and sum of the pipe areas for each respective face.    

As mentioned in Section 2.2.3 for submerged lines or pipe elements, 

hydrodynamic forces are applied at the nodes of each segment.  Each segment has two 

nodes, and if multiple segments are used, the drag is distributed equally among the 

submerged nodes.  For single pipes this is an appropriate method for modeling; however, 

because wake field modeling is not included in OrcaFlex, multiple overlapping/touching 

pipes are unaware of the presence of other outside pipes, especially in cases where outer 

pipes may actively shield inner pipes from contact with the water.  To account for this, 

inside pipes are assigned a value of zero for the drag coefficients, so that drag forces are 

not applied.  Massless end pipes of 1cm length are placed at the ends to approximate the 

skin friction and residual drag on the bow and transom sections of the MTB.   

The residual drag coefficient is split evenly between the transom and bow 

sections.  To account for the lacking observation of other “shielding” pipes, the 

coefficient is divided evenly between the bow and transom end pipes.  This is also done 

so that the model reasonably represents the location of the drag forces, regardless of the 
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direction of the axial flow.  This concept is similarly used for halving the heave/sway 

drag coefficient application to pipes though this coefficient is simply given to the outside 

pipes. 

3.2.4.3.1 Axial Residual Pipe Drag Coefficients  

For pipe application, the axial residual drag coefficients are modified to account 

for differences in areas between the pipes and MTB.  As identified in Section 2.2.3 the 

axial drag coefficient is applied to the surface area of the pipes.  For the purposes of this 

model axial residual drag is only applied at the front and back short end pipes. 

The axial residual drag coefficients for the front and back (1 cm) end pipes are 

calculated using Equation (30) with the results given in Table 6.  These coefficients are 

applied for each of the 1 cm pipes making up the bow and transom sections (Faces 6-8).  

The total sums of the pipe areas (pA ) for the residual drag along the axial direction are: 

( ) ( )
AAp lDA ∑∑ = π . (29) 

Using these areas the residual drag coefficients along the axial direction for the end pipes 

are: 

( )
Ap

E
AAp A
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CC
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2
1 .   ( 30) 

The resulting drag coefficients are presented in Table 6 with faces 1 through 5 excluded 

from this table because they do not have a projected area with respect to the axial 

direction.  Note that all areas for this section and proceeding sections 3.2.4.3.2 and 

3.2.4.3.4 are in squared meters.  These coefficients are directly applied to the relevant 
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pipes in the OrcaFlex model (Section 3.2.4.3.4).  The furthest right columns verify that 

the pipe coefficient correctly models the drag.  

Face EA  

Number of 

Pipes ∑ pA  pC  ppAC  
EAAC2

1  

6 0.632 202 0.090 2.976 0.268 0.268 

7 0.72 308 0.137 2.223 0.305 0.305 

8 1.194 490 0.218 2.317 0.506 0.506 

9 2.572 1016 0.453 2.408 1.090 1.090 

Σ Front     1.079 1.079 

Σ Back     1.090 1.090 

Table 6:  Residual drag along axial (A) direction. 

3.2.4.3.2 Residual Drag Application to Pipes:  Heave and Sway  

The normal drag area for the vertical direction is determined from the sum of the 

rectangular cross-sections of the outside pipes, found from the pipe diameter and sum of 

the pipe lengths.  This includes the 1 cm pipes added to the bow section.  The pipes’ 

heave residual drag coefficient is determined from the ratio of the normal vertical drag 

area for each face, the sum of the pipe areas for each face, and the normal vertical drag 

coefficient for each face ( 1NC ).  The sums for the pipe areas for the 1N  direction are 

equivalent to: 

( ) ( )
11 NNp lDA ∑= .  (31) 

The residual drag coefficients for the 1N  direction are calculated using these areas and 

halved to distribute the force evenly between the top and bottom part of the buoy: 
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( ) ( )
1
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CC = .  (32) 

Table 7 summarizes the values used to determine the pipe coefficients for the 1N  

direction along with the calculated pipe coefficients.  The last two columns verify that the 

pipe coefficient correctly models the drag.  

Face ( )FaceNA 1  

Number  

of Pipes ( )
1N

l∑  ( )
1NpA  ( )

1NpC  ( )
1NppAC   

11 NN AC  

1 10.807 36 216.428 12.276 0.461 5.657 5.657 

2 4.915 24 98.160 5.568 0.462 2.573 2.573 

3 0 0 0 0 0 0 0 

4 4.915 22 108.070 6.130 0.420 2.573 2.573 

5 9.202 38 177.579 10.072 0.478 4.817 4.817 

6 0 0 0 0 0 0 0 

7 0 0 0 0 0 0 0 

8 1.432 490 4.900 0.278 2.697 0.750 0.750 

9 0 0 0 0 0 0 0 

ΣTop           16.459 16.459 

ΣBottom            16.278 16.278 

Table 7:  Residual drag heave (N1) coefficient used for pipe application. 

The normal drag area for the horizontal direction is determined from the sum of 

the rectangular cross-sections of the outside pipes.  The pipe coefficients are determined 

from the ratio of the normal horizontal drag areas according to the face ( )
2NpA , the sum 
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of the pipe areas for each face, and the normal vertical drag coefficients for each face 

( 2NC ) by: 

( ) ( )
22 NNp lDA ∑= , (33) 

( ) ( )
2

22
1

2
Np

E
NNp

A

A
CC = . (34) 

The values used to determine the pipe coefficients for the N2 direction are 

calculated using (33) with the resulting values summarized in Table 8.  These coefficients 

are directly applied to the relative pipes (Section 3.2.4.3.4).  The last two columns verify 

that the pipe coefficient correctly models the drag. 

Face 2NA  

Number 

of Pipes ( )
2N

l∑  ( )
2NpA  ( )

2NpC  ( )
2NppAC   

22 NN AC  

1 0 0 0 0 0 0 0 

2 0.856 4 18.110 1.027 0.436 0.448 0.448 

3 1.527 6 24.044 1.364 0.586 0.799 0.799 

4 0.856 4 17.651 1.001 0.447 0.448 0.448 

5 2.471 10 49.194 2.790 0.464 1.294 1.294 

6 0.505 101 1.01 0.057 4.615 0.264 0.264 

7 0.583 154 1.54 0.087 3.494 0.305 0.305 

8 0.385 245 2.45 0.139 1.450 0.202 0.202 

9 0 0 0 0 0 0 0 

Total           3.760 3.760 

Table 8:  Sway residual drag (N2) coefficient used for pipe application. 
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3.2.4.3.3 Skin Friction Coefficient Application to Pipes 

To implement skin frictional coefficients into OrcaFlex, the skin friction must be 

divided up according to x , y , and z  components.  These pipe areas ( xpA )( , ypA )( , and 

zpA )( ) are the same as those used when calculating the residual drag forces on the pipes.  

This is because OrcaFlex only uses one equation with a combined drag coefficient to 

calculate drag forces.  For this reason 2)( Nyp AA =  and 1)( Nzp AA = .  Since the pipe area 

was not used for the residual drag sections along the axial direction for sections 1-5 of the 

MTB, these areas are presented for the first time in this section: 

 ( )∑∑
==

+




 +=

10

6

5

1

2
2

2
1)(

j
jA

i i
NNxp AAAA π . (35) 

The skin frictional coefficients ( xpC )( , ypC )( , and zpC )( ) for the pipes are then 

determined from the total drag coefficient, the total drag area, and the skin drag area for 

each component: 

xp

TF
xp A

AC
C

)(
)( = , (36) 

yp

TF
yp A

AC
C

)(
)( = , and (37) 

zp

TF
zp A

AC
C

)(
)( = . (38) 

The values used to determine the pipe coefficients for the skin friction are calculated 

using Equations (36) – (38) with the resulting values summarized in Table 9.  These 

coefficients are directly applied to the relative pipes (Section 3.2.4.3.4).   
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Face xpA )(   xpC )(  ypA )(   ypC )(  zpA )(  zpC )(  

1x2 38.566 8.916E-04 0 - 12.276 2.801E-03 

2x2 18.644 8.882E-04 2.054 8.061E-03 5.568 2.974E-03 

3x2 8.568 1.134E-03 2.727 3.563E-03 0 - 

4x2 20.258 8.174E-04 2.002 8.271E-03 6.130 2.701E-03 

5x2 36.174 9.187E-04 5.580 5.956E-03 10.072 3.299E-03 

6x2 0.090 4.212E-02 0.115 3.309E-02 0 - 

7x2 0.137 3.178E-02 0.175 2.496E-02 0 - 

8x2 0.218 2.940E-02 0.278 2.310E-02 0.278 2.309E-02 

9x2 0.453 1.808E-02 0 - 0 - 

Table 9:  Frictional drag coefficients used for pipe application. 

3.2.4.3.4 Total Drag Coefficient Application to Pipes 

The total drag coefficients are calculated in the local coordinate system.  The skin 

drag is broken up into the local x , y , and z  components, and these are combined with 

the residual drag coefficients for each direction.  The pipe drag coefficients along the x -

direction are the sum of the x -frictional component and the residual axial drag 

coefficient.  The drag coefficient for each face along the y -direction is the frictional 

component along the y -direction and the residual sway drag coefficient.  The drag 

coefficient for each face along the z -direction is the residual heave drag and the skin 

friction component in this direction.  

ApxFxp CCC )()()( += ,  (39) 



 

54 

2)()()( NpyFyp CCC += , and (40) 

1)()()( NpzFzp CCC += . (41) 

The total drag coefficients for the pipes are indicated in Table 10 from the combination of 

the skin drag and the coefficients determined from 1N , 2N , and A  using Equations (39) 

– (41).   

Face xC  yC  
zC  

1 8.916E-04 0 0.461 

2 8.882E-04 0.444 0.465 

3 1.134E-03 0.586 0 

4 8.174E-04 0.456 0.422 

5 9.187E-04 0.470 0.482 

6 3.018 4.648 0 

7 2.255 3.519 0 

8 2.347 1.473 2.720 

9 2.408 0 0 

Table 10:  Total drag pipe drag coefficients. 

Note that with regards to the OrcaFlex data form xC  is a function of heave,  yC  is a 

function of sway, and zC  is the axial term for a pipe lying horizontally with its axis lying 

along the x axis.   
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3.2.5 MTB Fixed Rudder 

Modeled as a flat plate, the lift and drag coefficients for the rudder are determined 

from AirFoil Prep; a spreadsheet used to calculate blade characteristics created by 

Hansen.  This spreadsheet asks for a specific aspect ratio (AR), which is used to 

determine appropriate drag and lift coefficients (Hansen mod. 2009).  This value is 

determined from the span and the wing area (Abbott 1949).  The fixed rudder size was 

unknown at the time of this analysis therefore the span (b ), is determined from the span 

average for all of the suggested span lengths ( ∑
=

=
6

1
6
1

i
iavg bb ), or vertical lengths.  The 

wing area is also determined from the average of the wing areas ( ∑
=

=
6

1
6
1

i
iavg SS ).  The 

aspect ratio was determined using this averaging to be:   

898.0
449.0

)635.0(
2

22

===
m

m

S

b
AR

avg

avg .  (42) 

The lift and drag coefficients using AirFoil Prep are determined using this aspect ratio in 

Figure 15.   
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Figure 15:  Lift and drag coefficients for the MTB rudder, determined from AirFoil Prep software 
(Hansen mod. 2009). 

3.2.6 Sensitivity Analysis 

A sensitivity study was performed to determine the number of segments that 

should be used for each pipe making up the physical structure of the MTB.  The number 

of segments used for each pipe was varied from one to eight, and the MTB was subjected 

to maximum operational environmental conditions environmental conditions to determine 

an appropriate number of segments, and the overall effect on the dynamic response.   

The simulations were each run for 60 s with a variable, maximum time step of 0.1 

s.  The environmental conditions included the mean current, 1.689 m/s on the surface and 

0 m/s at -325 m depths.  Waves were modeled using the JONSWAP spectrum with three 

wave directions, a spreading component of 24, with a significant wave height of 1.859 m, 

a period of 7.2 s, and were angled at a 10 degree offset to the MTB’s southward heading 

to facilitate movement in the horizontal directions.  The wind is modeled using the API 

spectrum with a mean speed of 9.26 m/s from the southerly direction propagating 
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northward.   To reduce the simulation run time, the MTB is moored with a rope of 30 m 

length with 30 segments.  The MTB is modeled for the purposes of this study without the 

fixed rudder, and the OCDP and turbine were not included in this study.  

Power spectral density plots are used to identify the differences in displacement 

and rotation between the various line segmentations.  These types of plots describe how 

time series signals are distributed with respect to frequency.  The signal is converted into 

the Welch spectrum and then converted into power spectral densities as a function of the 

sampling frequency (10 Hz), which is assumed to be the inverse of the sample logging 

interval (0.1s).  These spectral densities are then plotted with respect to the Welch 

sampling frequency.   The plots depict spectral density spikes, which are used to 

determine variations in the MTB’s movement for different segmentations. 

Spectral density plots for the x -displacement reveal virtually no difference for 

one to eight segments (Figure 16).  This is also the case for two to eight segments for the 

z -displacement.  For x  the power spectral density for three segments is 55.8 m2/Hz, 

while the power spectral density for eight segments is 56.4 m2/Hz.  Plots of the y -

displacement show only small differences between three to eight segments.  The peak 

spectral density for the y -displacement for three segments is 0.44 m2/Hz, while the 

power spectral density for eight segments is 0.64 m2/Hz.  In terms of z -displacement, 

power spectral density plots depict essentially no difference between all segments.  The 

power spectral density for one segments is 0.62 m2/Hz, while the power spectral density 

for eight segments is 0.64 m2/Hz. 
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Figure 16:  x , y , and z  spectral density (PSD) plots for the MTB represented in terms of number 

of MTB segments. 

In terms of roll rotation, five segments have virtually the same spectral density as 

eight segments (Figure 17).  For five segments the peak spectral density is 4.1 deg2/Hz, 

while eight segments have a spectral density of 5 deg2/Hz.  In terms of pitch rotation, four 

segments have essentially the same spectral density as eight segments with four segments 

having a peak at 30 deg2/Hz, and eight having a peak at 25 deg2/Hz.  For pitch rotation 

one segment behaves significantly different (approximately 80° higher) than the other 

segments and two segments is also nearly 10° higher than the other segments.  For yaw 

rotation, five segments have relatively insignificant changes from eight segments.  For 

five segments the peak is at 920 deg2/Hz, while for eight segments the peak is around 

1020 deg2/Hz. 
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Figure 17:  Roll, pitch, and yaw rotation power spectral density (PSD) represented in terms of MTB 
segments. 

This study identified that there is relatively no difference in terms of x  and z  

displacements, and only small scale variations for sway movements.  For pitch rotation 

three to eight segments behave virtually the same.  While there are small differences for 

three to eight segments for yaw, and fairly small variations between these segments for 

roll rotation.  The MTB’s movements behave similarly for three to eight segments, and in 

order to reduce the amount of time to run 60 s simulations by as much as four hours, 

three segments are used for the rest of this analysis.    

3.3 The Observation, Control, and Deployment Platform 

The following sections describe the methodology used for numerically modeling 

the Observation, Control, and Deployment Platform (OCDP) in OrcaFlex.  This platform 

is modeled using pipe elements to represent the pontoons and a 6 DOF buoy to connect 

all elements, along with a winch element and A-frame for lowering the turbine (Figure 
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18).  As mentioned previously in Chapter 2, the original OCDP that is modeled in this 

thesis is in the design review phase and is not necessarily final in design. 

 
Figure 18:  Depiction of OCDP numeric model in OrcaFlex. 

3.3.1 OCDP Coordinate System  

The local coordinate system for the OCDP is fixed to the body and references the 

positive x -direction towards the bow, with the positive y -axis towards the port side of 

the buoy, and the local z -axis pointing upwards in accordance with the right hand rule.  

The origin of this coordinate system is along the centerline at the leading edge of the 

yellow platform in Figure 18. 

3.3.2 OCDP Inertial and Hydrostatic Properties 

The OCDP pontoons (Figure 18) are modeled using two homogeneous pipes of 

1.067 m diameter and 7.874 m length, which are rigidly attached to the 6 DOF buoy.  The 

inertial properties are given to the 6 DOF buoy located at the center of gravity and are 

taken from a spreadsheet compiled by COET, which details the mass and inertial 

properties of the OCDP.   The total mass of the OCDP is 4.1002=Tm kg.  The location 
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of the center of mass for the OCDP and center of volume with respect to the origin, and 

the mass moments of inertia with respect to the center of gravity are summarized in Table 

11.   

Property x  y  z  

Center of Mass (m) -2.387 0 -2.07 

Moments of Inertia (kg·m2) 1067 2613 3559 

Center of Volume (m) -3.16 0 -0.642 

Table 11:  Inertial and hydrostatic properties of the OCDP. 

3.3.3 Hydrodynamic Properties 

The drag forces for the pontoons are broken into drag for the normal heave and 

sway directions, and drag along the axial (surge) direction.  Similar to the MTB 

methodology, the axial drag is broken into skin and residual drag.  In order to apply the 

residual drag at the ends of the pipes, thin end pipe sections are added to the front and 

back of each pontoon so that the residual drag forces are applied at the correct locations.  

Because the pontoons are modeled as line elements, the hydrodynamic forces are applied 

at discrete nodes along the pipe, and therefore a sensitivity study is performed to 

determine an appropriate number of segments for the pontoons (Section 3.3.4).  The 

default property for added mass is used for the pipe elements.   

3.3.3.1 Drag Forces 

OrcaFlex allows for only three terms to be added into OrcaFlex to define the drag 

coefficients.  These are the total drag coefficients in terms of surge (A ), sway ( 2N ), and 

heave ( 1N ).  The drag forces from these coefficients are applied at the nodes of the line, 
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and the areas they reference are the wetted surface area for surge, and the rectangular 

cross-sectional area for heave and sway.  The total drag coefficient for heave and sway is 

applied at the appropriate location, and evenly distributes the frictional and residual drag 

forces.  However for the surge, the total drag is distributed evenly among the nodes.  This 

is accurate for residual drag distribution for one segment, but inaccurate for finer 

segmentation.  Thin end pipe sections are applied at the ends of the pontoons to confine 

the axial residual drag to the pipe ends for cases of more than one segment. 

3.3.3.1.1 Total Drag Force for Heave and Sway 

The total drag force is determined from the second term in Equation (14), where 

the total drag force is:   

||2
1

rrlWDD ννACF ɺɺρδ= , (43) 

where the drag coefficients are [ ]12 NNAD CCC=C , and the drag areas for fully 

submerged lines are determined from the pontoon lengths and diameters by 

[ ]DlDlDll π=A .   

 The normal drag coefficients’ value chosen for the heave and sway motion of the 

pontoon is 2.121 == NN CC , which is the default value given by OrcaFlex.  For the heave 

and sway directions the frictional drag is lumped in with the residual drag and not 

separately calculated (Section 3.3.3.1). 

3.3.3.1.2 Drag Forces for Surge 
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For the surge direction, the total drag force is divided into frictional and residual 

drag forces.  The purpose of this is to apply the end drag and skin drag at the appropriate 

locations along the pipes.  The total drag force along the axial direction is: 

πννρδ lDCF AAAWA ||5.0 ɺɺ= .  (44) 

Hoerner compared axial drag coefficients for cylinders in relation to length to diameter 

ratios (Figure 19).  For a blunt cylinder with a length to diameter ratio equivalent to the 

pontoons ( 380.7=d
l ) the total drag coefficient is 0.82 (Hoerner 1958).  This coefficient 

is used to determine the appropriate residual drag coefficient once the skin drag portion 

of this coefficient has been removed.   

 
Figure 19:  Axial total drag on cylinders (Hoerner 1958). 

3.3.3.1.2.1 Skin Drag Force for Surge 

The frictional drag coefficient for the longitudinal pipes is selected from the 

OrcaFlex default value for pipe elements ( 008.0=SC ).  The frictional drag along the 

axial (surge) direction is calculated from the wetted surface area of the pipes ( πδ lDW ), 

the axial relative velocity (Aνɺ ), and the seawater density: 

πννρδ lDCF AASWS ||5.0 ɺɺ= .  (45) 
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3.3.3.2 Residual Drag Forces 

The total axial drag coefficient is 0.82, and is a combination of the residual drag 

coefficient ( RC ) and the skin drag coefficient (SC ).  The frictional coefficient used is 

0.008, the default skin drag coefficient for pipes.  The residual drag coefficient is 

therefore the difference of the two known values (0.812).  The 1 cm end pipes have no 

knowledge of the existence of one another; therefore, the end drag coefficient is divided 

in half to apply the residual drag forces at both ends of the pipes.  For application to the 

pipes, the pipe coefficient is related to the residual drag coefficient by the equivalence 

relation: 

( )
EppEE lCDAC π2

1= .  (46) 

The end drag area is the circular cross-sectional area, therefore the pipe drag coefficient 

is: 

( ) 83.10
8

==
l

DC
C E

Ep

π
.  

This coefficient is greater than one as a result of the areas differing by a second order of 

magnitude. 

3.3.4 Sensitivity Study 

A sensitivity study was performed for the longitudinal pipes making up the 

pontoons of the OCDP by evenly dividing evenly along the length.   The number of 

segments was varied from one to ten, and the OCDP was subjected to environmental 

conditions to determine an appropriate number of segments, and the overall effect on the 
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dynamic response.  To decrease the number of variables associated and possible coupling 

effects, the OCDP was attached to a fixed line.  The applied environmental conditions 

included the maximum operating conditions including:  JONSWAP waves with 1.859 m 

significant wave heights with 7.2 s periods, applied at a 10 degree offset to the initial 

southward heading of the buoy, and a northerly API wind spectrum with a mean speed of 

9.26 m/s.  The mean current profile was selected with a horizontal velocity of 1.689 m/s 

at the surface and 0 m/s at the seabed. 

Similar to the MTB sensitivity study (3.2.5), sensitivity plots are used to identify 

differences between the displacements and rotations for the various segmentations.  The 

time series signal is converted into a power spectral density using the Welch method, and 

a sampling frequency equal to 10 Hz or the inverse of the simulation logging time (1 

sample per 0.1 s).  The spikes from these plots identify the variations in behavior of the 

different segmentations.  

Spectral density plots identify that the OCDP behaves relatively the same for five 

to ten segments (Figure 20).  For the x -displacement there is virtually no difference 

between three to ten segments.  The power spectral density plot peaks for three segments 

at 5.7 m2/Hz, while the spectral density peaks at 5.5 m2/Hz for ten segments.  Power 

spectral density plots for y -displacement reveal only small variations between five to ten 

segments:  the power spectral density plot peaks for five segments at 131 m2/Hz, while 

the power spectral density for ten segments peaks at 165 m2/Hz.  In terms of z -

displacement, power spectral density plots depict essentially no difference between two 
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to ten segments.  The power spectral density plot peaks for two segments at 41.4 m2/Hz, 

while the power spectral density for ten segments peaks at 41.5 m2/Hz. 
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Figure 20:  x , y , and z  spectral density plots represented in terms of pontoon segments. 

Spectral density plots for the roll rotations reveal virtually no difference between 

three to ten segments (Figure 21).  The peak spectral density for three segments is 1.25 

deg2/Hz, while the power spectral density for eight segments is 1.22 deg2/Hz.  Power 

spectral density plots for pitch rotation identify only small differences between three to 

ten segments.  The power spectral density for three segments is 17.5 deg2/Hz, while the 

power spectral density for ten segments is 15.0 deg2/Hz.  In terms of yaw rotation, power 

spectral density plots depict essentially no difference from five to ten segments.  The 

peak spectral density for five segments is 57 deg2/Hz, while the power spectral density 

for ten segments is 65 deg2/Hz. 
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Figure 21:  Roll, pitch, and yaw spectral density (PSD) presented in terms of pontoon segments. 

This study identifies that primary differences in rotation and displacement occur 

for less than five segments.  Because the time required to run the simulations is 

essentially equal for five to 10 segments, 10 segments are used for further analysis.    

3.4 Line Components of the Mooring System 

The line components of the system are primarily composed of wire rope and 

chain.  In some cases synthetic line is used for the purposes of having floating lines, or 

providing more elasticity.  The mooring line and turbine towline is composed of wire 

rope with a wire core (6 x 19), because this line type can handle high tensile loadings, 

with minimum elasticity.  This line must be able to handle continuously variable 

compression and tension and its length will be from three to five scope, where one scope 
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is equivalent to the 330 m depth at the test site.  The mooring line will be connected to a 

two inch stud link chain to the anchoring device of one shot (9.14 m) to three shot (27.43 

m) length.  The turbine towline is also composed of synthetic 8-braided line.  The OCDP 

towline is composed of polypropelene line, a buoyant line that floats on the surface.  This 

property is ideal for the mooring configuration, so that when slack the OCDP towline will 

not come in contact with subsurface turbine components.   

The line element in OrcaFlex is used to model the mooring line, anchor chain, 

riser chain, and turbine towline of the mooring system.  For the mooring line three 

different scopes are used within the simulations: 3 to1, 4 to 1, and 5 to 1 for a depth of 

330 m.  The anchor chain also uses three different lengths: 1, 2, and 3 shots of chain 

where one shot is equivalent to 27.4 m (90 ft).   

3.4.1 Geometry and Mass Components 

The turbine towline is composed of wire rope and synthetic double braided line 

with a fiber core and polyester cover.  The riser chain or the connection between the 

MTB and the flounder plate is galvanized chain, while the anchor chain is studlink.  The 

Pontoon bridle, like the OCDP towline, is made of 1” Samson (Figure 22).  Connecting to 

the MTB bridle, the OCDP towline has a 5/8” chain.  The MTB bridle is made of wire 

rope.   
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Figure 22:  Numbering for line components of mooring system. 

Figure 22 identifies the line components described in Table 12.  This table 

identifies the line types used for the mooring system and input into OrcaFlex.  Properties 

described include the line type, the diameter or bar diameter for the case of chains, the 

minimum breaking strength (MBS), and the mass per unit length (0m ).   

  Line Component Line Type D [cm] MBS [kN]  0m [kg/m] 

1 Anchor chain Galvanized Stud Link 5.1 1.34E+10 56.516 

2 Mooring line Wire Rope with Wire Core 1.6 1.60E+05 1.005 

3 Riser Chain Galvanized Stud Link 1.9 2.11E+05 7.948 

4 Turbine Towline Wire Rope with Wire Core 1.3 1.02E+05 0.643 

5 Turbine Towline Synthetic Double-Braided 1.11 2.10E+04 0.98 

6 MTB Bridle Wire Rope with Wire Core 1.3 1.02E+05 0.643 

7a Pontoon towline Chain 1.6 1.48E+05 5.015 

7b Pontoon towline 8-braid Polypro 2.5 6.84E+04 0.292 
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8 Pontoon bridle  8-braid Polypro 2.5 6.84E+04 0.292 

Table 12:  Geometry and mass for mooring system line components. 

3.5 Environmental Conditions  

The Florida Current is one of the world’s most reliable and strongest currents.  

Known as the official beginning of the Gulf Stream, it reliably flows northward situated 

in the Straits of Florida – east of Florida and west of the Bahamas – and flows to Cape 

Hatteras (Figure 23).  The Florida Current is fed by two main currents, the Loop Current, 

a northern flowing current that travels between Cuba and the Yucatan Peninsula, and the 

Antilles Current bringing warm water from the Northern Equatorial current (Gyory, 

Rowe, Mariano, and Ryan).    The Loop Current is the primary contributor to the Florida 

Current (NOAA 2001).   

 
Figure 23:  Depiction of the Florida Current (NOAA 2001). 

Contributing 20% of the mass flow for the Gulf Stream, the Florida Current is on 

average 31.9E6 m3/s with a standard deviation of 4E6 m3/s (Leland 2009).  At 26°N as 

measured from the cruise ship Explorer of the Seas over a five year period with two hull-

mounted acoustic doppler current profilers (ADCPs) (Beale 2008).  Later measurements 

from the Explorer of the Seas taken at 26°N determined the mean transport to be 30.8 ± 
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3.2 m3/s, having seasonal amplitudes of 2.9 m3/s (Roussett 2009).  Other measurements 

using undersea cables and taken at 27°N by a Pegasus profiler found transports between 

30.1E6 and 31.7E6 m3/s with standard deviations on the order of 3E6 m3/s.  The Florida 

Current experiences variability, which is primarily related to wind stress with seasonal 

effects only contributing 14% (Leland 2009).  The Explorer of the Seas transects 

determined the highest mean volumetric flow rates to occur from May-July with 

minimum transports in January (Roussett 2009).  In relation to the Florida coastline, the 

axis of the Florida Current is usually found 25 km from shore.  The western edge is 

located around 10 miles from shore of south Florida with the maximum current at the 

surface, decreasing with depth (Driscoll 2008).   

The power flux calculated over a cross-section of the Florida current yields 2.25 

kW/m2 near the surface at 32 km (20 mi) off the coast of Florida (Figure 24).  It has been 

estimated that the Florida Current could provide as much as 25 GW of power, and by 

extracting 4% of this energy, an array of turbines in a staggered formation across 20 km 

could provide as much as 1 GW of power on a 24 hr a day, year round basis (Von Arx 

1974), or 3.88% of Florida’s power consumption per year (EERE 2005).  In July of 2009, 

Florida generated 22 GWh of electricity (EIA 2009). 
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Figure 24:  Florida Current power flux with increasing depth (Von Arx 1974). 

The testing site for FAU’s ocean current turbine will be located off the coast of 

South Florida where the Florida Current flows northward.  ADCP data compiled by the 

Center for Ocean Energy Technology identify maximum surface currents of 2.556 m/s, 

mean surface currents of 1.689 m/s, and minimum surface currents of 0.447 m/s.  The 

velocity measurements were made at 30 minute intervals with a 75 kHz ADCP, and 

identify an approximately linear decrease in velocity for the mean current speed over the 

325 m water depths over a period of 13 months (Figure 25).  The profiles identified in 

Figure 25 are used for all simulations unless otherwise noted. 

0 0.5 1 1.5 2 2.5 3

-300

-250

-200

-150

-100

-50

0

Current Speed (m/s)

D
ep

th
 (m

)

 

 

Min

Mean

Max

 
Figure 25:  The maximum, average, and minimum ocean current speed measured off the coast of Ft 
Lauderdale, Fl from COET’s moored ADCP data. 
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Similar results were found by Raye for 18 months of data measured every 15 minutes 

with 2.5 m/s maximum and 1.6 m/s mean surface velocities (Raye 2002).  Averages for 

the surface current are approximately 1.6 m/s (Figure 26), with a maximum of 2.5 m/s, 

and minimum of 0.25 m/s (Raye 2002).  Summer surface velocities may be as much as 20 

cm/s greater than winter speeds (Beal 2008).   

 
Figure 26:   A Florida Current velocity profile cross-section of northward flow (Beal 2008). 

The Straits of Florida are geographically protected on the southern, eastern, and 

western boundaries, thus South Florida’s waves are typically a result of onshore 

(easterly) winds, but winds from other directions also occur less frequently.  Swell can 

also enter the Straits from the northern boundary where it is open to the Atlantic.  To 

reduce the amount of simulations to the most probable conditions, two directions are used 

for wind and waves:  north, or southward propagating, and east, or westward propagating.  

Only two scenarios are used because it is assumed that the symmetrical mooring system, 

excluding the turbine blades, will behave symmetrically for eastern and western 

components.  Both wind and wave conditions are assumed identical for the purpose of 
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this study.  The JONSWAP spectrum is used to model the waves, while the American 

Petroleum Institute’s (API) spectrum is selected for modeling the wind as opposed to the 

NPD spectrum (Section 2.1).   

COET has developed an initial draft recommendation for the maximum 

survivability conditions for the MTB, and maximum operating conditions for the 

complete system.  The maximum survivability conditions for the MTB moored by itself 

include a significant wave height of 11.887 m with a period of 14.2 s, and an average 

wind velocity of 44.242 m/s.  The maximum operating conditions when the OCDP and 

turbine are connected include a significant wave height of 1.859 m with a period of 7.2 s, 

and an average wind velocity of 9.26 m/s.  The maximum operational conditions and 

survivability conditions are of principle interest for the loadings on the system and are 

used for this analysis.   

3.6 Model Comparisons and Validation 

An essential part of any numerical model is simulation validation preformed by 

comparing simulated results with those found using physical prototypes, or at least by 

comparison with other model results.  Software validations for a variety of mathematical 

models developed in Orcaflex are compared with physical prototype responses and 

industry accepted solutions for several simple problems such as beam deflections for 

risers fixed above and below the surface with waves applied.  Studies comparing 

OrcaFlex with other software programs such as Flexcom, Riflex, and Flexriser show 

good comparison.  Real world results, though not widely available are of the utmost 

importance, and have proven within 0.2% for example for curvature of a line lifted from 
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the seabed (OrcaFlex 2007).   

For the MTB model, accuracy is determined from comparisons with full scale tow 

test results.  Mimicking these tests in OrcaFlex, the effective tension is recorded from the 

towline used for towing the MTB behind a simulated vessel.  These simulations are 

performed with no applied current and for the same tow speeds experienced in full scale 

testing.  For the turbine, a blade element momentum rotor model is used for validating 

the rotor forces.  This model is presented in detail by (Vanrietvelde 2009) using 

methodologies that are typically used for predicting the forces on wind turbines.      

3.6.1 OrcaFlex Software Validation 

An important factor for simulating software is that the software models real world 

cases as accurately as possible or if results are unavailable, close comparisons with 

industry accepted cases.  For this reason, Orcina routinely produces results validating its 

software with real world cases and bulletins published by the American Petroleum 

Institute including industry accepted solutions to problems.   

The API published expected catenaries for several cases with lines suspended 

above, below, and at the calm water surface.  For almost all cases, OrcaFlex produced 

results (shown in red) in between the maximum and minimum (shown in grey) results as 

depicted in Figure 27.  Using API test cases for different likely operating conditions such 

as a riser which starts at the seabed rising up to an operating vessel, to which is connected 

approximately 15 m above the free surface.  
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Figure 27:  OrcaFlex comparison with API expected cable deflection for case of line suspended above 
the free surface and connected to seabed (Left).  OrcaFlex modeling comparison with API expected 
results for bending stress calculations for line suspended above free surface and connected to seabed 
(Right) (OrcaFlex Validation 2007). 

 Though not readily available to the public, studies carried out by Orcina/Seaflex, 

BP, Dunlop, Brasnor, SBM, NOS/Orcina, and Wellstream/Orcina showed close 

comparison with software programs:  Riflex, Flexriser, Fenris, Flexcom 3D, and Ariane.  

For the Troll Olje project OrcaFlex was used for 330 m deep water depths for 

configurations of two export lines.  These lines were laid in straight configurations 

parallel to each other and 170 to 240 m to one side of the export riser base. These lines 

were raised together off the seabed using airbags, and comparisons of the beam 

deflections experienced in actual testing and in OrcaFlex had a maximum difference of 

less than 0.2% (OrcaFlex Validation 2007).   Quite often the results from real world 

results are proprietary and not made available to the public, but this was one published 

case.   

3.6.2 MTB Model Validation 

The MTB numeric model results are compared with the results obtained from full 

scale tow-testing performed on the original MTB length of 5.207 m (Section 3.2.4.2) by 

FAU’s Harbor Branch Oceanographic Institute (HBOI).  In OrcaFlex the numeric model 
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of the 6.246 m MTB (new length of the MTB) was simulated as if it were towed behind a 

vessel at three tow speeds (1.543 m/s, 2.058 m/s, and 2.572 m/s) (Section 3.2.4.2.1).  The 

simulations were run for 60 s with no applied environmental conditions so that the forces 

would converge closely to equilibrium values.  The tow speed linearly increased for each 

simulation until reaching the final tow speed at 40 s at which point the tow speed was 

held constant for the subsequent 20 s.  The mean tensions for each node along the towline 

are compared for each of the tow speeds after reaching the final tow speed, when the tow 

speed was held constant from 40 to 60s.   

For 1.543 m/s tow speeds, the average tension at the tow point was 887.98 N 

within the range tested by HBOI (444.82 to 889.64 N).  The average tension for the 2.058 

m/s tow speed was 1554.09 N also within the tension range experienced in actual tow-

testing (1334.47 to 1779.29 N).   For the 2.572 m/s tow speed the tension was 2441.95 N, 

of which HBOI tested 3113.76 N.  The drag coefficients applied to the model were 

derived from low tow speed results, and this result is therefore expected.  These results 

identify that for maximum current speeds (2.556 m/s) the drag forces will be slightly 

lower for maximum current velocities; however, for medium and minimum horizontal 

flow velocities, the drag force is within the range experienced in tow testing.  The mean 

tension along the towline from the MTB attachment to the vessel attachment is 

represented for the 1.543 m/s, 2.058 m/s, and 2.572 m/s speeds in Figure 28.  
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Figure 28:  Average towline testing for simulated tow tests conducted in OrcaFlex. 

These results identify that for maximum current speeds (2.556 m/s) the drag 

coefficients should be scaled up; however, for lower and medium horizontal flow 

velocities, the drag forces are within the range experienced in tow testing.  

3.6.3 Turbine Model Comparison 

To compare the developed model with a commonly used modeling method, the 

turbine model is compared with the numeric model presented in Vanrietvelde.  Two cases 

are compared in this section: fixed blade and the rotor rotating at a constant RPM. The 

current speeds investigated for the non-rotating case include:  1 to 3 m/s in increments of 

0.5 m/s.  To investigate the equilibrium power, torque, and thrust for RPMs above the 

maximum torque RPM, simulations were first performed to determine the maximum 

axial torque on the rotor when it is rotating at a constant RPM for 1 m/s current speeds.  

After this a series of simulations were performed to determine the rotational velocity of 

the turbine with varied amounts of torque, as well as, the corresponding turbine drag.   
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3.6.3.1 Torque Due to Turbine Startup Rotation  

To determine the start-up torque for the turbine, the torque is represented as a 

function of the current velocity.  The fixed case is examined because this is the operating 

mode when the turbine is deployed and recovered and because a torque may need to be 

applied to start rotor rotation especially in the case of low current.  To simulate startup 

rotation, the shaft is given a high bending, and rotational stiffness of 1.0E5 N-m/deg.  

The run time was 60 s for current speeds of 0.25 m/s, 0.5 m/s, 1 m/s, 1.5 m/s, 2 m/s, 2.5 

m/s, and 3 m/s with no wind or waves applied.  No other components of the system were 

included other than the rotor, rotor blades, and nacelle body.   The torque is determined 

from the values experienced after the current has reached its final velocity, and the rotor 

has essentially achieved equilibrium.  Compared with a best fit polynomial, the measured 

mean torque is within 4.35%.  Compared with the BEM Model the OrcaFlex model under 

predicts the mean torque by nearly half for 3 m/s flow speeds in Figure 29.  For the BEM 

model torque is proportional to the velocity squared by the relationship (Vanrietvelde 

2009): 

2173 UTBEM ⋅= . (47) 
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Figure 29:  Startup torque represented as a function of current speed for OrcaFlex model compared 
with BEM model of the 20 kW prototype turbine (Vanrietvelde 2009). 

3.6.3.2 Turbine Comparison with BEM Model 

The axial drag on the entire turbine is presented as a function of rotational velocity 

(Figure 30). These results are compared with the numerical simulation of the same 

turbine where a blade element momentum (BEM) rotor model.  More accurate results are 

expected with a BEM model, because the effect of the rotor on the oncoming flow cannot 

be modeled in OrcaFlex using standard elements.   The BEM model takes into account 

the effect of the rotor on the surrounding fluid, while the OrcaFlex model does not.  

Differences between the models occur, because of this effect.  Assuming that the rotor 

does not affect the flow, as OrcaFlex does, causes an increase in the calculated torque and 

drag on the rotor as is apparent in Figure 30.  It will also alter the angle of attack of the 

rotor for the same RPM causing the peak torque and drag to appear at higher RPMs. 

However, the OrcaFlex model does produce somewhat reasonable thrust and drag 

estimates, and allows the influence of a blade rotating in various environmental 

conditions to be simulated.  The rotor torque for the OrcaFlex model is nearly 64% 
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greater than the BEM model, though the models become closer for higher RPM differing 

by roughly 40%. For low rotational velocities (39 RPM) the total drag force on the 

turbine is approximately 42% lower for the BEM model.  The total drag force on the 

turbine is approximately 50% lower for 61 RPM.   
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Figure 30:  Model comparison of torque and total drag force with BEM model of turbine prototype 
(Vanrietvelde 2009). 

The drag on the entire turbine or axial thrust produced from the rotor’s rotation is 

determined from the tension on the turbine towline.  For the OrcaFlex model, the most 

drag (4.43 kN) is generated for a torque of 850 N-m applied to the turbine for a rotational 

velocity of 39 RPM.  For the BEM model, the turbine produces a force of approximately 

3 kN on the towline when the rotor blades are rotating at a constant rate near the RPM 

where maximum power is produced (Vanrietvelde 2009).   
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4 RESULTS 

The developed numeric model is used to investigate motions of the system during 

maximum expected operating conditions and the impact of potential design changes on 

the system as a whole.  The simulation is also used in this chapter to evaluate the 

proposed mooring system to ensure that all the components are properly scaled to survive 

the designated design conditions.  Unless otherwise indicated, the current heading is from 

the south for each analysis, while the wind and waves are applied from the north, south, 

and east. 

In section 4.1 a design study is conducted that includes determining an optimal 

mooring attachment location for the MTB, as the tensile forces due to this component are 

a significant factor in aligning the collective system with the current.  A range of towline 

lengths for the turbine and OCDP are also tested to determine optimal towline lengths to 

limit the transfer of motions from surface buoys to the turbine.  A numerical evaluation is 

used to determine optimum float positioning along the mooring line, to ensure minimal 

contact with the Miami Terrace.   

Draft survivability conditions suggested by COET are used to evaluate the MTB 

when these conditions are from the north, east, and south directions.  After this, the 

drafted maximum operating conditions suggested by COET are applied to the full system 

with and without flotation added to the mooring line.  Finally the maximum 

environmental conditions for conducting operations are applied to the full system without 
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flotation to determine the minimum scope required for the mooring line.  

4.1 Mooring Component Trade Studies 

This section covers the optimization of the following ocean current turbine testing 

platform mooring components:  the mooring attachment point location on the MTB, the 

tether line lengths for the turbine and OCDP, and the addition and number of floats to be 

used on the main mooring line along with quantification of the line loadings.   

4.1.1 MTB Mooring Attachment Point 

As with most moored platforms that are not symmetric about the xz and yz 

planes, the directionality of the Mooring and Telemetry Buoy is important.  For this 

system, the MTB is designed to operate with its bow into the current.  The MTB is 

designed to align itself with the current using four principle factors: the lift and drag 

forces from the fluid flow along the fixed rudder, the drag along the MTB, the tension 

experienced at the bridle from the OCDP towline (if the ODCP is attached), and the 

tension at the mooring attachment location.  Various potential mooring line attachment 

points are evaluated numerically using the developed simulation to analyze its effect on 

both the heading and pitch of the MTB.  Starting at the center of gravity (2.46 m in front 

of the transom) and finishing 2 m forward, 9 attachments are evaluated at intervals of 

0.25 m.  The location of this attachment point must be far enough back to ensure that the 

bow does not suffer from nose-diving effects.  However, for yawing stability, the point 

must be far enough forward to align the system with the current.  Thus, for each of the 

trials the calculated values for pitch and yaw rotations are compared. 
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4.1.1.1 Mooring Attachment Point for MTB with Initial Rotat ion (No Wind or 

Wave Conditions) 

The MTB attachment point is first examined with only the application of a mean  

current velocity as an environmental loading factor.  This current velocity has a speed of 

1.556 m/s at the surface.  To eliminate other variables, the MTB is tested by itself with 

the mooring line fixed to the seafloor.  The tensile force from the OCDP bridle is 

disregarded for this analysis, because it increases the stability of the MTB and will not 

always be attached to the system.  For each test, the MTB was initially rotated 30 degrees 

with respect to the current direction (Figure 31).   
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Figure 31:  Yaw rotation for MTB with varying moori ng attachment point. 

Within the first five seconds for each simulation, the MTB heading was within 5° 

of the current direction (Figure 32).  The MTB converged into ±0.1° of the current within 

60 s for each attachment point location.  The dotted line in this figure represents the 

desired equilibrium heading, and the best attachment points converge fastest along this 
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line.   
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Figure 32:  Yaw rotation from 5 to 60 s for varying attachment points. 

Each of the attachment points initially overcorrect their heading by crossing into 

the current direction within 6.8 to 8.9 s.  The second pass through the 0 degree current 

heading time for each attachment point varies from 15.1 s for the furthest forward 

attachment point to 52 s for the attachment point closest to the center of gravity. 

The pitch of the MTB is also a function of the attachment point.  This angle is 

also important in determining an attachment point, as increasing the pitch angle increases 

the submergence of the bow.  As indicated previously, these simulations were run with no 

waves.  The pitch of the MTB over time for each of the attachment point locations for the 

simulations is shown in Figure 33.  The further forward attachment points achieve steady 

state pitch much quicker than the attachment points closer to the center of gravity.  

Starting with 0.75° for the maximum steady state pitch value for the 2 m attachment 

point, the pitch angles decrease incrementally by approximately 0.25° for every 0.25 m 

that the attachment point is moved towards the center of gravity (moving from the bow to 

the stern).  The attachment point 1 m in front of the center of gravity is the attachment 
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point that produces a steady-state pitch value of approximately 0°. 

 
Figure 33: Pitch rotation corresponding to attachment point location measured from the MTB center 
of gravity forward. 

During these simulations the pitch of the MTB varied over time.  The smallest 

range in pitch values is 1.58° for the 1.5 m attachment point, though the 1.25 m and 1.75 

m attachment point experience similar pitch value ranges of 1.65°.  The greatest range in 

pitch values is 3.8° experienced by the MTB with the attachment point located at the 

center of gravity  (Figure 34).  The average pitch angle for the attachment point at the 

center of gravity is -0.22°,while the furthest forward attachment point has a mean pitch of 

0.62°, and at the center of gravity the average pitch angle is -1.08°.  The 1.25 m 

attachment point has an average pitch closest to zero with a mean pitch value of -0.01°. 
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Figure 34:  Maximum, mean, and minimum pitch angles for each attachment point. 

From this analysis all attachment points converge into the current heading within 

0.1° during the 60 s simulations.  The attachment point with a steady-state pitch value of 

approximately 0° is 1.25 m forward of the center of gravity.  The greatest pitch ranges are 

experienced for the attachment point closest to the center of gravity (3.8°), while the 

smallest ranges are experienced by the MTB with a 1.25 to 1.75 m attachment point 

(roughly 1.6°).   

4.1.1.2 Mooring Attachment Point for MTB Evaluated in Maxim um Operating 

Wind and Wave Conditions 

A second set of simulations investigate the relationship between the MTB 

mooring attachment point and the MTB’s motions when operating in waves.  These tests 

were run for 60 seconds with no initial rotation for the MTB, the mean current velocities, 

and waves from the east for maximum operational conditions:  a significant wave height 

of 1.859 m and a peak period of 7.2 s (Section 3.5) with a mean wind speed of 9.26 m/s.  

This sea state was selected because it is the maximum operating conditions for the entire 

system, and easterly wind and waves are most common at the test site.  For significant 
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wave heights greater than these, the turbine and OCDP will be detached from the MTB 

and towed in from the test site.  While the other components are not included in this 

analysis, the MTB’s stability plays a crucial role for the system’s behavior and aids in 

turbine performance.   

The rotations of the MTB are compared for the various attachment points.  The 

roll angles range from approximately -7 to 10° during the simulation and are quite similar 

for the MTB for each attachment point with the further forward attachment points 

causing the MTB to experience slightly less significant roll angles.  The maximum 

downward pitch during these simulations ranges from 2.49° to 3.74°; with the furthest 

forward attachment point having the greatest value, and the attachment point closest to 

the center of gravity having the smallest maximum (Figure 35).  This is an expected 

result if considered in terms of moments, i.e. the further forward the attachment point, the 

greater the moment arm and thus the larger the moment.  A smaller moment arm in this 

case, produces a lesser moment and therefore less downward pitch rotation.  For this test 

the pitch motions are nearly identical only shifted incrementally, 0.25°, to a slightly 

higher value for each 0.25 m the attachment point is moved forward from the center of 

gravity.  The reader is reminded that for pitch rotation, negative values indicate an 

upward tilt and decreased bow submergence. 
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Figure 35:  Roll, pitch, and yaw rotation over time corresponding to MTB mooring attachment point 
location measured from the center of gravity forward. 

The standard deviations are very similar for each of the attachment point locations 

for roll and pitch.  For pitch the standard deviations has a maximum value of  1.12° over 

all of the evaluated attachment points, while the roll is even less affected by the 

attachment point with the standard deviation only varying by as much as 0.04° over all of 

the evaluated attachment points.  The yaw standard deviations are within 3.06 to 5.26° 

with the greatest standard deviations in yaw occur with the attachment point closest to the 

center of gravity (5.26°).  The attachment point located 2 m from the center of gravity 

produces the smallest standard deviation in yaw angle.  
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Attachment Location 

from MTB COG (m) Roll σ2 Pitch σ2 Yaw σ2  

0 3.75 1.1 5.26 

0.25 3.74 1.12 4.71 

0.5 3.73 1.12 4.27 

0.75 3.72 1.09 3.91 

1 3.71 1.07 3.62 

1.25 3.71 1.07 3.4 

1.5 3.72 1.06 3.25 

1.75 3.73 1.07 3.14 

2 3.75 1.08 3.06 

Table 13:  Standard deviation for roll, pitch, and yaw rotations of the MTB according to attachment 
point location measured from the center of gravity forward. 

The attachment point that causes the MTB to experience the greatest range of 

pitch values, 6.31°, is located 0 m from the center of gravity, while the attachment point 

resulting in the smallest range of pitch values for the MTB, 5.50°, is 1.5 m from the 

center of gravity (Figure 36).  This behavior compares closely with the resulting pitch 

rotations in Section 4.1.1.1.  For roll angles for the MTB the greatest range of values is 

18.71° for the 0 m attachment point, and the smallest range is 16.90° for the 1.75 m 

attachment point.  For yaw rotation the greatest range is 18.97° for the 0 m attachment 

point, while the smallest range is 13.82° for the 2 m attachment point.  The attachment 

point producing an average pitch angle closest to zero is 1.25 m (-0.02°).  The desired 

pitch angle results in a rotation closest to 0°, therefore the 1.25 m attachment point is 
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ideal in terms of pitch rotation for these environmental conditions. 

The mean roll rotation is approximately 0° for each of the attachment points, 

while the smallest range in roll occurs for the 2 m attachment point in Figure 36.  The 

greatest downward pitch rotation (positive pitch) occurs for the 2 m attachment point, 

while the greatest upward pitch rotation occurs for the attachment point at gravity, an 

expected result identified in Section 4.1.1.1.  The greatest range in yaw rotation occurs 

for the 0 m attachment point, while the least range in yaw rotation occurs for the 2 m 

attachment point.  The mean yaw rotation for each of the attachment points is also very 

near 0°. 
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Figure 36:  Maximum, mean, minimum, and standard deviation of pitch, roll, and yaw rotation for 
each MTB attachment point. 

4.1.1.3 Mooring Attachment Point Selection 

The results from Sections 4.1.1.1 and 4.1.1.2 show that the MTB tracks into the 

current for each of the evaluated attachment points tested when the OCDP is not attached.  

With no added environmental conditions other than current, all attachment points 

converge into the current heading within the 60 s simulation time period.  With current 

and easterly wind and waves applied to the system, each of the attachment points have an 

average heading near 0° even with the wind and waves’ perpendicular heading to the 
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system.  The attachment point located 1 m forward of the center of gravity (3.43 m from 

the transom) has a steady-state pitch rotation of 0° for current only with no applied waves 

and wind conditions, while with easterly wind and waves, the 1.25 m attachment point 

has a mean pitch rotation of approximately 0°.   

To reduce downward pitch, the mooring line should be attached as close to the 

center as possible, but this can increase the misalignment between the MTB heading and 

the current.  The variability of the pitch and yaw in waves and without waves is important 

for the system and turbine performance.  The variability of pitch is least for the 1.25 m 

and minimizing this angle is an important consideration for the MTB. 

For current only and an initial MTB rotation, the attachment point located 1.5 m 

from the center of gravity of the MTB produces the best response in terms of smallest 

range of pitch angles with no waves.  The 1.25 m attachment point produces the smallest 

range of pitch angles with easterly wind and waves.  With waves applied to the MTB, the 

1.25 m attachment point is the closet to having an average pitch value of zero.  The 1 m 

attachment point is selected because it creates a slightly upward pitch for the MTB, while 

most closely comparing with the 1.25 m attachment response in waves.  The standard 

deviation of pitch and roll with wind and waves are all relatively similar for the different 

attachment points.  This is because the pitch rotations are all essentially the same except 

shifted higher with increasing attachment point distance from the center of gravity.  This 

mooring attachment is selected for all proceeding simulations.   
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4.1.2 Turbine and OCDP Tether Lengths 

The turbine towline length is a critical component of the mooring system used for 

reducing and damping the transfer of motions from surface buoys to the turbine.  The 

length for the ocean current turbine towline has not yet been determined, and to further 

investigate the effect of the towline’s length on transferred forces and motions, the 

system is evaluated for several different towline lengths when operating in the maximum 

operating wind and wave values from the north and east directions.  For this analysis the 

entire system was subjected to the maximum environmental conditions for turbine 

testing, including a significant wave height of 1.859 m, a wave period of 7.2 seconds, and 

mean wind speed of 9.26 m/s, over a period of 600 s (Section 3.5).  The mean current 

speed of 1.556 m/s at the surface was selected for this analysis.     

The turbine towline is designed to position the turbine behind the OCDP when 

surfaced (Driscoll 2008), and therefore the OCDP towline length should be adjusted 

according to the turbine tether lengths so that the turbine is located 15 m behind the 

ODCP.  Though not directly connected to the turbine in these simulations, the OCDP is 

towed by the MTB and plays a role in the dynamically coupled behavior of the MTB and 

turbine, via the flounder plate.  The heave of the flounder plate is of primary concern for 

the turbine performance, as this is the main loading connection for the turbine (Figure 

37).  It is therefore important that the motions experienced at this location, due to the 

surface buoy movements, have minimal impacts on the turbine’s position.     
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Figure 37:  Flounder plate heave for east and north wind and wave conditions for various tether 
length combinations. 

A shorter towline is ideal for keeping the turbine at the desired operating depth 

should the buoyancy of the prototype turbine be slightly positively or negatively buoyant.  

Ideally the OCDP will sit directly in front of the turbine for the purposes of observation 

and power/data transmission in order to reduce the length of cabling required.  This is a 

second and possibly the most important reason for using short tethers.  Therefore, the 

shortest tow line where the motions of the MTB are only minimally transferred to the 

ODCP and turbine via the cable tension is strongly desired.   

4.1.2.1 Turbine Towline Length 

The turbine towline length is a critical component in reducing the transfer of 

motions from the MTB to the turbine.  The length for the ocean current turbine towline 

has not yet been determined, and to further investigate this, comparisons are made for the 

forces on the turbine and towline for northerly and easterly wind and wave directions.  

The turbine towline is expected to be made up of two types of lines:  wire rope, spanning 

the majority of the towline, and a double-braided synthetic rope at the turbine connection 
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of 3 m length (Section 3.4).  For this analysis, the synthetic line length is held constant, 

while the wire rope is varied in length.  The evaluated total towline lengths are 25 m, 44 

m, 63 m, 82 m, and 101 m.  

In this analysis the maximum expected operational conditions for wind and waves 

are applied to the full system including a 1.859 m significant wave height with a peak 

period of 7.2 s, and an average wind speed of 9.26 m/s, while the mean surface current 

speed of 1.689 m/s is used.  For each simulation the MTB approaches a steady-state value 

in terms of surge at or before approximately 200 s identifying that the mooring line 

catenary shape has been established (Figure 38).  Tether tensions, rotations of the turbine, 

and translations of the turbine are therefore all analyzed from 200 to 600 s.   
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Figure 38:  Turbine tether tensions throughout simulation time period. 
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For easterly wind and wave conditions the mean tensions range from 4.05 to 4.08 

kN for the evaluated tow line lengths, with each towline having a standard deviation of 

approximately 0.5 kN, and the maximum tensions range from 5.46 to 5.69 kN (Figure 

39).   For northerly wind and wave conditions the standard deviation for tension increases 

with increasing tether length from 0.64 to 1.08 kN, along with the maximum tensions 

increasing with increasing length from 6.31 to 8.55 kN.  The mean tension for these 

environmental conditions differs only slightly for each of the tethers from values of 4.01 

to 4.03 kN (Figure 39).  Each of the tethers experience similar tension values over the last 

400 seconds of the simulation except for the spike that occurs around 420 s for the 

northerly wind and wave directions, corresponding to a large wave. 

The increasing variation in standard deviation and maximum tension for northerly 

wind and wave tensions is likely due to the increasing slack in the cable with increasing 

towline length.  The waves’ opposition in heading to the current direction pushes the 

turbine closer to the flounder plate, increasing the slack and tether tension as a result of 

the cable weight.  A near zero value of tension occurs around 430 s for the northerly wind 

and wave conditions likely due to slacking of the line as the MTB heaves downward 

when going down a wave.  This corresponds with the heave motion of the flounder plate 

in Figure 37. 
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Figure 39:  Maximum, mean, and minimum turbine tether tension presented as a function of tether 
length. 

The turbine’s standard deviation about the mean for surge for each of the tether 

lengths is within 0.48 m, and the heave has a maximum displacement of 2.7 m from the 

initial starting location 9.14 m below the surface. 

East Wind and Waves Surge (m) Heave (m) 

Turbine Tether (m) σ
2 Max 

25 0.16 2.08 

44 0.17 2.5 

63 0.17 2.57 

82 0.17 2.1 

101 0.17 1.13 

North Wind and Waves Surge (m) Heave (m) 

Turbine Tether (m) σ
2  Max 
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25 0.42 2.11 

44 0.41 2.53 

63 0.48 2.67 

82 0.44 2.19 

101 0.42 1.2 

Table 14:  Standard Deviation of surge and maximum heave for the ocean current turbine evaluated 
for different turbine tether lengths.  The maximum heave is with respect to the initial starting 
position.   

The maximum, mean, and standard deviation for pitch and roll rotations are 

compared for the turbine’s rotation for the different tether lengths.  All standard 

deviations are within 1.4° for the pitch and roll rotations for each simulation.  For both 

wind and wave conditions the roll rotation for the turbine is relatively insignificant, 

identifying that the towline length does not play a large role in the roll rotation of the 

turbine.   

For easterly wind and wave conditions the mean roll rotation of the turbine is 

approximately -1.2° for each of the tethers, with maximum roll angles from 1.83 to 2.56°, 

and standard deviations ranging from 1.2 to 1.36° (Table 15).  For northerly wind and 

wave conditions the mean roll rotation of the turbine is approximately -1.2° for each of 

the tethers, with maximum rotations ranging from 0.23 for the shortest tether to 1.24° for 

the longest tether, and standard deviations ranging from 0.41 to 0.82°.  The results 

identify that the tether length does not significantly affect roll rotation. 

For easterly wind and wave conditions the turbine pitch is very small with a mean 

pitch of approximately 0.7° for each of the tethers, with maximum rotations of 1.22 to 

1.5°, and standard deviations ranging from 0.19 to 0.26°.  For northerly wind and wave 
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conditions the turbine pitch rotations are approximately 0.7° with standard deviations 

ranging from 0.83 to 1.03° for each of the tethers, and maximum rotations ranging from 

3.0 to 4.35°.  The results identify that the line length does not significantly affect pitch.   

East Wind/Waves Roll (°) Pitch (°) 

Turbine  

Tether (m) Mean Max σ2  Mean Max σ2  

25 -1.24 1.83 1.30 0.70 1.50 0.26 

44 -1.24 2.16 1.36 0.69 1.46 0.25 

63 -1.24 2.34 1.36 0.69 1.34 0.23 

82 -1.24 2.64 1.28 0.70 1.22 0.21 

101 -1.23 2.56 1.20 0.71 1.28 0.19 

North Wind/Waves Roll (°) Pitch (°) 

Turbine Tether (m) Mean Max σ2  Mean Max σ2  

25 -1.22 0.23 0.41 0.74 4.35 1.03 

44 -1.22 0.58 0.56 0.73 3.84 0.99 

63 -1.22 1.18 0.72 0.71 3.35 0.92 

82 -1.22 1.28 0.81 0.70 3.18 0.89 

101 -1.21 1.24 0.82 0.70 3.00 0.83 

Table 15:  Standard deviation, mean, and maximum turbine rotation corresponding to tether length. 

The simulation results identify that for northerly wind and wave conditions the 

standard deviation and maximum tension increase with increasing tether length, from 

0.64 to 1.08 kN and 6.31 to 8.55 kN respectively, until reaching 84 m tether lengths.  For 

easterly wind and wave conditions the mean tension ranges from 4.05 to 4.08 kN for the 

evaluated tow line lengths, with each towline having a standard deviation of 
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approximately 0.5 kN, and the maximum tensions ranging from 5.46 to 5.69 kN.  The 

tether length for both easterly and northerly wind and wave conditions has a most 

significant impact on the mean yaw rotation for both easterly and northerly wind and 

wave conditions, and on the standard deviation about the mean for the roll rotation.   

4.1.2.2 OCDP Towline Length 

The turbine and ODCP towlines are designed to position the turbine behind the 

OCDP when the buoy is surfaced, and therefore the OCDP towline length should be 

lengthened proportionately to the turbine towline (Section 4.1.1.3).  This towline has two 

bridle connections:  one composed of wire rope located at the stern of the MTB, and the 

second is made from eight-braid polypropylene line and is attached to the front ends of 

the pontoons.  The MTB bridle is connected to a 9 m chain.  The line between this chain 

and pontoon bridle is an eight-braid, polypropylene line (Section 3.4).  The MTB and 

pontoon bridles and 9 m chain are kept the same length during this analysis, while the 

polypropylene line length is varied.  Five towline lengths are evaluated numerically in 

this analysis with total lengths of 10 m, 25 m, 44 m, 63 m, and 82 m.   

The data in this section is taken from the simulations run for Section 4.1.2.1 as 

both the turbine and OCDP tethers were varied incrementally for each of the simulations.  

As with the previous section, the results presented here are taken from the last 400 s of 

the simulation time.  The mean towline tension is approximately 1.05 kN for each of the 

evaluated tether lengths for easterly wind and waves. The maximum recorded tensions 

for each tow length range from 2.4 to 6.0 kN, decreasing with increasing length, and the 

standard deviations range from 0.3 to 0.5 kN (Table 16).  For northerly wind and wave 
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conditions the mean tension is approximately 1.1 kN for each line length and the 

maximum tensions range from 10.4 to 16.8 kN for the 25 to 82 m tethers. The shortest 

tether has a significantly higher maximum tension of 379.0 kN (Figure 40).  This is a 

result of slacking and snap loading of the tether caused by the MTB and OCDP’s 

movements being out of phase.  This large value also greatly increases the standard 

deviation of the 10 m tether to 10.77 kN, compared with approximately 1.5 kN for other 

tethers.  Comparing the tether tension values for mean, maximum, and standard deviation 

observed for the different tether lengths identifies that the shortest tether length performs 

significantly worse than the other evaluated tow lengths, especially for northerly wind 

and wave directions.   
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Figure 40:  Maximum, mean, and standard deviation of tether tension for the OCDP presented as a 
function of tether length for east and north wind and waves. 

The standard deviation of surge for each of the tether lengths is approximately 0.2 

m for easterly wind and wave conditions (Table 16).  For northerly wind and wave 
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conditions the standard deviation for surge ranges from 0.87 to 1.04 m, increasing with 

increasing tether length.  This shows that the tether length has minimal impact on the 

standard deviation for surge for northerly wind and wave conditions.   

East Surge (m) Tension (kN) 

OCDP Tether (m) σ
2  Mean Max σ

2  

10 0.21 1.01 5.99 0.47 

25 0.21 1.03 3.15 0.31 

44 0.20 1.05 2.73 0.28 

63 0.21 1.07 2.44 0.30 

82 0.21 1.09 2.70 0.31 

North     

OCDP Tether (m) σ
2  Mean Max σ

2  

10 0.87 1.11 379.03 10.77 

25 0.97 1.07 16.77 1.51 

44 0.92 1.11 12.65 1.46 

63 0.99 1.13 10.38 1.42 

82 1.04 1.15 12.29 1.49 

Table 16:  Standard deviation, mean, and maximum OCDP rotation and translation corresponding 
to OCDP tether length  

For easterly wind and wave conditions the OCDP’s pitch rotations have 

maximum values of around 2.5° and standard deviations ranging from 0.68 to 0.74° 

(Table 17).  For northerly wind and wave conditions the pitch standard deviations are 

approximately 2.6°.  This shows that the tether length has minimal impact on the pitch 
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rotation.  For easterly wind and wave conditions the OCDP’s yaw rotations have mean 

values of 0.3° with maximum values of around 2.5°, and standard deviations ranging 

from 1.16 to 1.77°.  For northerly wind and wave conditions the OCDP has a mean yaw 

rotation ranging from -0.71 to -1.07° with standard deviations ranging from 2.2 to 4.4°.  

These results show that tether line length does impact the yaw rotation, and the 25 and 44 

m tether lengths provide the best results for this rotation. 

East Wind/Waves Pitch (°) Yaw (°) 

OCDP Tether (m) Mean Max σ
2 Mean Max σ

2 

10 0.34 2.60 0.74 0.34 2.60 1.77 

25 0.31 2.52 0.68 0.31 2.52 1.30 

44 0.31 2.56 0.72 0.31 2.56 1.16 

63 0.30 2.40 0.69 0.30 2.40 1.20 

82 0.31 2.51 0.69 0.31 2.51 1.26 

North Wind/Waves Pitch (°) Yaw (°) 

OCDP Tether (m) Mean Max σ
2 Mean Max σ

2 

10 0.37 9.01 2.63 -0.93 14.32 3.59 

25 0.35 10.2 2.63 -0.94 7.67 2.05 

44 0.34 9.01 2.66 -0.93 6.1 2.15 

63 0.33 11.11 2.64 -1.07 9.37 4.05 

82 0.34 8.74 2.68 -0.71 14.59 4.39 

Table 17:  Standard deviation, mean, and maximum pitch and yaw rotation for the OCDP with 
varying tether length. 
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The resulting tension values indicate that the tether line should not be less than 25 

m in length.  A 10 m tether length has significantly greater mean and maximum tensions 

due to the slacking and snap loading of the line especially for the northerly wind and 

wave conditions, where the current heading is opposite the wind and waves.  The 25 and 

44 m tether lengths provide the best results in terms of yaw rotation; however, this is of 

secondary importance to the tension results. 

4.1.2.3 Turbine and OCDP Tether Length Conclusions 

The results identify that snap loads occurring for the OCDP tether lengths will 

play a dominant role in the determination of an appropriate combination of tether lengths.  

These snap loading effects due to the OCDP’s response in waves puts a lower limit on the 

length of cables that should be used.  For the OCDP, a 10 m tether causes occasional snap 

loading caused by the slacking and tensing of the tether when the MTB and OCDPs’ 

motions become out of phase.  There are relatively small differences in the turbine’s 

rotation, translation, and tension for the evaluated tether lengths.  For easterly wind and 

waves the mean tension increases with increasing length, while for northerly wind and 

waves the mean tension decreases slightly with increasing tether length.  The standard 

deviation and maximum turbine tether tensions increase with increasing length for the 

northerly wind and wave conditions.  

Due to the possibility of navigational hazards occurring when the surface buoys 

are far apart, such as boats interfering with the towlines by traveling in between the 

surface buoys, it is ideal that the tethers be as short as possible.  Secondly, the cabling 

between the OCDP and turbine also presents a reason for using minimal tether lengths as 
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the separation between the ODCP and turbine can increase with increasing cable length.  

Therefore it is suggested that a minimum towline of approximately 25 m be selected for 

the OCDP corresponding with a 44 m tether for the turbine.  

4.1.3 Mooring Line Flotation 

To reduce scour on the seafloor and chafing on the cable, floats are commonly 

added to mooring lines that would otherwise contact the seabed, a factor that is desirable 

for ecological conservation and for the longevity of hardware.  For the test site it is 

important to keep the mooring cable beneath the surface and away from ship traffic at all 

times.  It is also desirable that the majority of the cable and cable floats are beneath the 

surface currents when strong current exists.  For this reason the cable floats are sized and 

placed such that they remain at least 50 meters below the surface in the minimum 

measured current.  

A preliminary study is conducted using the numeric model to determine the 

amount of flotation required to keep the mooring line off the seafloor, and the appropriate 

positioning of these floats along the mooring line (Figure 41).  A scope of three for the 

mooring line is used for this study for the 330 m depth.  To keep the pull of the anchor 

chain tangential to the sea floor, and position the mooring line at least 50 m away from 

the surface, the floats begin 150 m from the anchor chain.  The floats have a diameter of 

0.5 m and a length of 0.5 m and are positioned 10 m apart along the wire rope.  These 

floats are each 0.36 kN positively buoyant including additional hardware as calculated by 

the software.  To support the 960 m mooring line, weighing a total of 8.24 kN in water, 

the float section of the line must be 230 m in length or have approximately 23 buoys 
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(Section 3.4.1).   

 
Figure 41:  Schematic of mooring system with added flotation to the mooring line. 

To compare the mooring line loading with and without floats added, simulations 

were run for 600 s with no waves or wind.  Minimum current profiles with surface 

currents of 0.447 m/s at the surface, and maximum current profiles with 2.556 m/s 

surface current velocities (Section 3.5) were applied to the system with no wind and wave 

conditions. 

This analysis shows that the midpoint of the float section is 60.82 m below the 

surface for the minimum current conditions and 215.63 m from the surface for maximum 

current conditions (Table 18).  For maximum current speeds, the floats are positioned 

well below the depths containing the strongest currents, as the current decreases with 

depth.   

For maximum current conditions the mooring line is nearly linear with and 

without the added flotation.  For the maximum current conditions the mooring line 

position with and without flotation differs by only 12.45 m.  However, minimum current 
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conditions the mooring line extends in the horizontal direction ( || mx ) 593.642 m with 

added flotation for minimum current conditions and 781.284 m without flotation.   

With no added flotation, the cable remains on the sea floor for even maximum 

current conditions.  For maximum conditions the cable on the ground reduces from 3.42 

m to no cable on the ground when the floats are added.  For slack conditions the amount 

of cable on the ground without floats reduces from 573.42 m to no cable on the ground 

with the addition of floats.  The total anchor chain used for these simulations was one 

shot (27.43 m).  Table 18 identifies the amount of chain and cable on the ground (TDl ), 

and the percentage of chain on the ground (CGl% ).  The flotation devices reduce the 

amount of anchor chain on the ground from 100% to 38.79% for maximum current 

conditions and 78.79% for minimum current conditions.  While it is ideal to have as 

much anchor chain on the seabed as possible and as little cable on the ground as possible, 

even for the strongest current there is still tangential pull on the anchor.  

Current 

Flotation 

Added Fh  [m] || mx  [m] TDl  [m] CGl%  

Min Yes 269.18 593.642 21.614 78.79 

Max Yes 114.37 939.155 10.641 38.79 

Min No N/A 785.284 600.856 100.00 

Max No N/A 926.706 30.856 100.00 

Table 18:  Equilibrium line positioning with and without flotation, length of mooring line on the 
seafloor, and percentage of anchor chain on the ground with and without flotation . 

Investigation of the line loading identifies that the addition of floats increases the 

tension at the bottom end (touchdown and anchor point) of the mooring line and reduces 
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tension at the flounder plate (Table 19).  The addition of the floats to the mooring line 

induces vertical loadings on the system at the anchor chain and bottom cabling.  For a 

scope of three as used in the simulations under strong current conditions, the ratio of 

horizontal to vertical distance for the MTB and anchor point will be at greatest 2.8:1.  

Therefore, the surface buoys provide greater horizontal loadings to the system.  Vertical 

loadings translate to the anchor chain and bottom cable only under taut conditions when 

heaving motions occur at the surface.   

For maximum current conditions the addition of flotation reduces the loading at 

the flounder plate from 21.35 to 18.77 kN.   The tension at the anchor chain (AT ) is 

greater with floats for both conditions and at the touchdown point (TDT ).  At the flounder 

plate, the tension is reduced by 2.58 kN for maximum current conditions.  At the anchor 

point the tension is 2.88 kN greater at the touchdown point with the floats added, and 

3.25 kN greater at the anchor point with the added flotation.  In minimum current 

conditions the loading for the mooring line at the flounder plate ( FT ) is reduced from 

3.93 kN without floats to 3.11 kN with floats.   

Current 

Flotation 

Added FT  [kN] TDT  [kN] AT  [kN] 

Min Yes 3.194 2.113 1.384 

Max Yes 18.769 21.549 21.461 

Min No 3.979 0.751 0.114 

Max No 21.345 18.673 18.216 

Table 19:  Mooring line loading with and without added flotation. 
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At the flounder plate, the tension is reduced by nearly 12% for maximum current 

conditions with the addition of floats.  The tension increases with the addition of floats at 

the touchdown point by 15% and by 17% at the anchor point for these conditions.  For 

slack conditions, the tension at the flounder plate is reduced by nearly 20%. 

4.2 MTB Survivability, Maximum Operational Conditions, and 

Minimum Scope 

This section examines the MTB’s behavior for the survivability conditions drafted 

by COET, the behavior of the system subjected to maximum operational conditions 

drafted by COET, and identifies a minimum recommended scope for the maximum 

loading conditions for the system.  The results from the MTB survivability conditions and 

the maximum operational conditions identify a maximum loading the system will likely 

experience, and this loading is used for the scope analysis.  The loading and effective 

tensions at the anchor point are calculated for scopes of 1.5, 1.75, 2, 2.5, 3, 4, and 5 to 

ensure that the pull at the anchor is tangential to the seafloor and to quantify the anchor 

loading for each mooring line length.  

4.2.1 MTB Survivability 

The mooring system presented in this thesis is designed such that the ODCP and 

turbine system are only attached in relatively calm environmental conditions.  For 

extreme conditions, the turbine and OCDP are taken into shore, while the MTB remains 

at the test site.  Therefore, for extreme conditions, the mooring system should be 

evaluated with the MTB attached and without the ODCP and turbine.  To investigate the 
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behavior of the mooring system and MTB for the draft survivability conditions suggested 

by the COET, the system (excluding the turbine and OCDP) is subjected to the design 

wind and wave conditions from the easterly, northerly, and southerly directions.  These 

waves have an 11.89 m significant wave height with a 14.2 s peak period, while the mean 

wind speed is 44.24 m/s.  For this analysis the wind and wave directions are co-axial for 

each simulation.  The minimum (0.47 m/s) and maximum (2.556 m/s) surface current 

speeds were used in the simulation for each of the three wind/wave conditions resulting 

in six environmental conditions.   

To compare the system’s response and loadings for each of the conditions, the 

mean waterline as well as standard deviation, maximum, and mean rotations of the MTB 

are compared.  The mean, standard deviation, and maximum tensions along the mooring 

line and at the anchor chain along with the standard deviation, maximum, and mean chain 

and cable on the ground are also quantified.  The simulations are each run for 600 s, and 

the last 300 s are used for the analysis.  The initial 300 s of the simulation are not used for 

the analysis because the system has not yet converged in the global x -direction, or north 

location.   

By analyzing the mean proportion wet for the outside end pipes, an estimated 

average freeboard was determined for the MTB.  Estimates were made by averaging the 

submergence at the ends of the port and starboard pipes over the final 300 s.  For 

maximum current simulations, the MTB has 0.29 m of freeboard for northerly conditions, 

0.11 m of freeboard for easterly conditions, and 0.03 m of freeboard for southerly 

conditions.  For the minimum current simulations, there is 0.29 m of freeboard for the 
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southerly direction, 0.17 m for the easterly condition, and 0.34 m for the northerly 

direction.  The bow section of the MTB was on average almost completely submerged for 

the south wind and waves as evident in the small amount of available freeboard.   

The time histories of the tension in the main mooring line at the flounder plate 

and anchor point are compared for both current conditions and the three wind and wave 

directions (Figure 42).  These results show that the loadings encountered during 

survivability conditions are much greater for the maximum current conditions than for the 

minimum current. 
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Figure 42:  Time history of tension at the anchor point and MTB attachment point for maximum and 
minimum current and north, east, and south wind and waves. 

The easterly wind and waves provide the greatest mean, maximum, and standard 

deviation of tension for the anchor point and at the MTB during minimum current 

conditions, and the southerly wind and waves provide the greatest tension values for 

maximum current conditions.  At the MTB attachment point the mean tensions are at 
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least 6.4 kN greater for maximum current conditions than the mean tensions measured for 

minimum current conditions which range from 5.1 to 6.18 kN.  The mean tension at the 

anchor point is at least 5.84 kN greater at the anchor point for maximum current 

conditions as opposed to the mean tensions for minimum current conditions, which range 

from 2.51 to 12.28 kN for all environmental conditions (Table 20).   The greatest tension 

experienced at the MTB attachment point is 55.68 kN, while the greatest anchor loading 

is 51.57 kN. 

Env. Conditions MTBT  (kN) AT  (kN) 

Min Current Max Mean  STD Max Mean STD 

N Wind/Waves 17.37 5.10 2.58 12.46 2.51 1.77 

E Wind/Waves 28.48 6.61 5.09 24.65 4.44 4.40 

S Wind/Waves 22.95 6.18 3.67 18.14 3.37 2.99 

Max Current             

N Wind/Waves 40.02 11.50 7.35 35.97 8.35 6.95 

E Wind/Waves 37.20 14.29 7.59 34.37 12.06 7.32 

S Wind/Waves 55.68 15.60 10.21 51.57 12.28 10.02 

Table 20:  Maximum, mean, and standard deviation of tension at the anchor point and MTB 
attachment point during minimum and maximum current conditions for three different wind and 
wave directions. 

The MTB has the greatest roll angle for easterly waves (16.9° and 15.6°) with 

maximum values at least 13.61° greater than the other wind and wave directions for both 

the minimum and maximum current conditions (Table 21).  The standard deviation and 

mean values are also greatest for easterly wind and wave directions with the greatest 
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standard deviations occur for the minimum current conditions ranging from 0.79 to 5.68°, 

while ranging from 0.72 to 4.99° for maximum current conditions.       

The northerly wind and waves conditions have the greatest mean pitch rotations 

for minimum current conditions, and the easterly wind and waves have the greatest mean 

value for maximum current conditions (Table 21).  The maximum pitch angles range 

from 6.42 to 14.35° for the minimum current conditions and 4.25 to 13.99° for maximum 

current conditions.  The standard deviation of pitch is greatest for the northerly wind and 

waves for both current conditions.   

For the MTB the greatest mean values for yaw, or misalignment with respect to 

the current, occur for the northerly wind and wave direction for the minimum current 

conditions; however, this is a result of the MTB achieving steady-state with the bow 

facing into the waves, or 180° to the current heading (Table 21).  The greatest standard 

deviation (29.37°) for the yaw rotation is experienced when the MTB is subjected to 

easterly wind and waves during minimum current conditions.  These results identify that 

the MTB experiences the most significant rotations in minimum current conditions, likely 

a result of the smaller restoring force as the tension at the mooring attachment point is 

significantly less.  The mean yaw ranges from 0.01 to 5.15° for the maximum current 

conditions with standard deviations ranging from 1.69 to 11.69°.  The easterly conditions 

have the greatest mean and standard deviation for yaw.  Note that for the maximum 

current conditions and northerly wind and waves the MTB achieves steady-state facing 

into the current heading unlike the minimum current conditions.   
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Env. Conditions Roll (°) Pitch (°) Yaw (°) 

Min Current |Max|  |Mean| STD |Max| |Mean| STD |Max| |Mean| STD 

N Wind/Waves 2.36 0.3 0.8 13.24 0.69 5.12 105.16 178.51 6.74 

E Wind/Waves 16.9 1.72 5.68 6.42 0.41 1.34 92.85 51.06 29.37 

S Wind/Waves 1.86 0.27 0.79 14.35 0.55 4.98 7.39 0.94 2.35 

Max Current                   

N Wind/Waves 1.87 0.26 0.79 15.44 0.66 5.67 8.14 0.01 2.72 

E Wind/Waves 15.62 3.26 4.99 4.25 0.67 1.38 30.38 5.15 11.69 

S Wind/Waves 2.01 0.22 0.72 13.99 0.07 4.81 5.18 0.13 1.69 

Table 21:  Maximum, mean, and standard deviation of roll, pitch and yaw rotation for the MTB 
during minimum and maximum current conditions according to wind and wave direction. 

The mean positions of the mooring line over the 300 to 600 s time period for the 

evaluated environmental conditions are presented in Figure 43.  The black points from 0 

to 27.4 m along the horizontal axis represent the anchor chain.  The entire anchor chain 

remains on the ground for each of the environmental conditions.  The minimum current 

with easterly wind and wave conditions has the least amount of cable on the ground, and 

though not apparent in the figure, this is because it has a large y -displacement.  

Conversely, the minimum current for northerly wind and waves has the greatest amount 

of cable on the ground. 
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Figure 43:  Magnitude of the northward component and vertical component of the mooring cable 
represented as function of maximum and minimum current conditions for northerly, easterly and 
southerly wind and wave directions (denoted by W&W in the legend). 

Table 22 indicates the minimum percentage of cable on the ground for each 

of the environmental scenarios.  For the minimum current conditions the northerly 

wind and waves have the most significant percentage of cable on the ground, 

nearly 5.5% greater than east and south waves.  For the maximum current 

conditions the percentage of cable on the ground is significantly reduced and is 

greatest also for northerly wind and wave conditions by as much as 15.2%. 

Min Current Min Percentage of Cable 
on the Seafloor (%) 

N Wind/Waves 57.52 

E Wind/Waves 51.67 

S Wind/Waves 51.99 

Max Current  
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N Wind/Waves 36.23 

E Wind/Waves 24.07 

S Wind/Waves 21.03 

Table 22:  Minimum percentage of cable on the ground according to environmental condition. 

These results identify that the southerly wind and wave conditions provide the 

greatest tensions at the flounder plate for maximum current conditions (55.68 kN) and the 

easterly wind and wave conditions provide the greatest tensions for minimum current 

conditions (28.45 kN).  These conditions also result in only 0.03 m of available freeboard 

for the MTB, and nearly complete submergence for the bow section.  The same is true at 

the anchor point where the maximum loading is 51.57 kN for southerly wind and waves 

with maximum current, and 24.65 kN for easterly wind and wave conditions with 

minimum current conditions.  At the MTB attachment point the mean tensions are at least 

6.4 kN greater for maximum current conditions, and at the anchor point the mean 

tensions are at least 5.84 kN greater for maximum current conditions as opposed to 

minimum current conditions.  The northerly wind and wave conditions have the greatest 

amount of cable on the ground for both minimum and maximum current conditions.  The 

amount of cable on the ground ranges from 21.0 to 57.5% for all environmental 

conditions during the maximum survivability conditions for the MTB.   

4.2.2 Maximum Operational Conditions 

To determine the maximum loadings when the entire system is operating during 

maximum operation conditions, with and without the addition of flotation to the mooring 

line, the full system is subjected to maximum and minimum measured currents with wind 
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and waves from the north, east, and south.  The maximum expected operational 

conditions were applied to the system, including a 1.859 m significant wave height with a 

period of 7.2 s, and a 9.26 m/s average wind speed (Section 3.5).  The results are 

compared for the final 300 s of simulation time, when the transient effects of the initial 

starting location are insignificant.  Each of the full system results for the evaluated 

environmental conditions are compared to determine the maximum, mean, and standard 

deviation of tension at the flounder plate and anchor point along the main mooring line, 

as well as the tension in the lines that attach the turbine to the flounder plate and the MTB 

to the ODCP.   

The tensions in the main mooring line at the flounder plate average approximately 

22 kN for maximum current conditions, while the tensions in the main mooring line at the 

anchor average roughly 20 kN for maximum current conditions (Figure 44).  For the 

minimum current these tensions decrease, averaging between 3.25 and 4 kN at the 

flounder plate and 1.5 kN at the anchor point.  
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Figure 44:  Time history of tension for the last 300 s of simulation time at the flounder plate and 
anchor point connection for north, east, and south wind and waves and minimum and maximum 
current with and without flotation added to the mooring line. 

The mean tension in the main mooring line at the flounder plate ranges from 3.03 

to 4.21 kN for minimum current conditions, and 18.89 to 22.26 kN for maximum current 

conditions (Table 23).  The addition of floats reduces the mean tension at the flounder 

plate by as much as 1.01 kN for minimum current conditions and by as much as 2.69 kN 

for maximum current conditions.  The greatest standard deviations in tension along the 

mooring line at the flounder plate and anchor location are encountered when the system is 

operated in the southerly wind and wave conditions.  The greatest mean tensions at the 
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anchor point and flounder plate are also experienced during the south wind and waves.  

The maximum tensions at the flounder plate are reduced by as much as 5.41 kN 

(maximum current for easterly wind and waves) with the addition of floats.   

At the anchor point the mean tension is greatest for southerly wind and wave 

conditions for all evaluated environmental conditions (Table 23).   For minimum current 

conditions the mean tension ranges from 1.04 to 1.9 kN, while for maximum current 

conditions the mean tension ranges from 18.47 to 22.26 kN.  The mean tension at the 

anchor point is reduced by as much as 0.75 kN at the anchor point in minimum current 

conditions, and is increased by as much as 3.16 kN for maximum current conditions with 

the addition of floats to the mooring line.   

 Environmental Conditions   Flounder Plate Anchor Point 

Min Current Floats  Max Mean σ2 Max Mean σ2 

North Wind/Waves No 8.01 3.75 0.53 2.38 1.50 0.13 

East Wind/Waves No 6.21 3.95 0.52 1.86 1.28 0.03 

South Wind/Waves No 6.60 4.21 0.58 2.26 1.90 0.03 

North Wind/Waves Yes 4.54 3.03 0.32 1.11 1.04 0.03 

East Wind/Waves Yes 4.63 3.07 0.33 1.20 1.12 0.03 

South Wind/Waves Yes 4.27 3.20 0.35 1.51 1.38 0.05 

Max Current               

North Wind/Waves No 27.02 21.54 1.84 24.15 18.47 1.87 

East Wind/Waves No 28.63 21.65 2.45 26.09 18.58 2.47 
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South Wind/Waves No 30.72 22.26 2.55 27.70 19.17 2.59 

North Wind/Waves Yes 23.58 18.89 1.28 25.99 21.63 1.14 

East Wind/Waves Yes 23.22 18.97 1.64 26.08 21.71 1.49 

South Wind/Waves Yes 25.85 19.57 1.79 28.02 22.26 1.57 

Table 23:  Maximum, mean, and standard deviation of tension in the main mooring line at the 
flounder plate and anchor point for different environmental conditions. 

For maximum current conditions the average tension in the line that connects the 

MTB to the ODCP at the OCDP bridle connection is much less than at the riser 

chain/MTB attachment and turbine tether connection. However, the range of tension is 

much more variable, varying from 0 to 17 kN, as opposed to 5 to 12.5 kN for the turbine 

tether connection, and 10 to 25 kN for the MTB mooring attachment location (Figure 45).  

For minimum current conditions the average tension at the OCDP is approximately 0.2 

kN, while for the MTB the average tension is approximately 4.5 kN, and at the turbine 

tether is approximately 0.5 kN.   
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Figure 45:  Time history of tension for the last 300 s of simulation time at the OCDP bridle point, 
MTB mooring attachment point, and turbine tether connection for north, east, and south wind and 
waves and minimum and maximum current with and without flotation added to the mooring line. 

The maximum, mean, and standard deviation of tension at the MTB attachment 

point, OCDP bridle point, and turbine tow point are quantified for the minimum and 

maximum current conditions for the different wind and wave headings for the mooring 

line with and without floats (Table 24).  At the MTB attachment point the mean tension is 

greatest for the southerly wind and waves for each of the current and float scenarios.  The 

addition of floats reduces the mean tension by at least 0.77 kN in minimum current 

speeds and by at least 3.73 kN for maximum current speeds.  For all three of the locations 

where the tensions are evaluated the greatest standard deviations occur for the southerly 

wind and wave conditions. 
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At the OCDP bridle point the mean tension ranges from 0.05 to 0.23 kN for 

minimum current conditions, having greatest mean and maximum tensions for southerly 

wind and waves.  The northerly wind and waves have the second greatest maximum 

tensions, but the lowest mean tensions for all scenarios due to the wind forces opposing 

the current forces on both the MTB and ODCP.  The addition of floats shows little 

variation for the tension at the OCDP bridle point by increasing the mean tension at 

greatest 0.04 kN for minimum current conditions and only 0.01 kN for maximum current 

conditions.   

The mean tension at the turbine towline for minimum current conditions is 

identical for the easterly and northerly wind and waves without floats and is 0.05 kN less 

for the northerly wind and waves (Table 24).  The greatest mean tensions for the turbine 

connection are for south wind and waves for all scenarios.  With and without floats the 

mean tensions for maximum current range from 9.71 to 9.86 kN and for minimum current 

conditions range from 0.31 to 0.49 kN.   

The addition of floats reduces the mean tension at the MTB attachment point 

between 17.4 and 23.1% for all environmental conditions.  At the OCDP tether point the 

addition of the floats increases the mean tension for minimum current conditions and 

slightly changes the tension for maximum current conditions (±0.4%).   

Env. Conditions 
MTB OCDP Turbine 

Min Current 
Max Mean σ2 Max Mean σ2 Max Mean σ2 

N Wind/Waves, 
No Floats 

8.80 4.42 0.56 0.28 0.05 0.02 0.87 0.31 0.15 
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E Wind/Waves, 
No Floats 

7.01 4.59 0.56 0.22 0.10 0.02 0.56 0.36 0.04 

S Wind/Waves, 
No Floats 

7.27 4.83 0.62 0.77 0.19 0.09 1.16 0.36 0.20 

N Wind/Waves, 
Floats 

5.42 3.65 0.37 0.19 0.08 0.03 1.02 0.44 0.20 

E Wind/Waves, 
Floats 

5.40 3.65 0.38 0.23 0.13 0.02 0.67 0.47 0.06 

S Wind/Waves, 
Floats 

4.96 3.73 0.39 1.14 0.23 0.14 1.19 0.49 0.24 

Max Current 
         

N Wind/Waves, 
No Floats 

20.41 16.17 1.48 16.79 2.13 2.33 14.10 9.71 1.82 

E Wind/Waves, 
No Floats 

21.69 16.22 1.88 4.76 2.15 0.59 12.61 9.78 1.02 

S Wind/Waves, 
No Floats 

25.55 16.63 2.38 17.00 2.41 2.24 13.73 9.85 1.36 

N Wind/Waves, 
Floats 

16.74 12.44 1.12 17.72 2.14 2.30 13.37 9.74 1.43 

E Wind/Waves, 
Floats 

15.69 12.45 1.21 4.33 2.14 0.54 11.68 9.80 0.67 

S Wind/Waves, 
Floats 

18.81 12.89 1.66 17.49 2.40 2.28 13.19 9.86 1.28 

Table 24:  The maximum, mean, and standard deviation of tension at the MTB attachment point, 
OCDP bridle connection, and turbine tether point with and without floats according to 
environmental conditions. 

This analysis identified that the greatest loadings are experienced during south 

wind and waves for maximum current.  The maximum loadings for minimum current 

occur at the flounder plate for north wind and waves (8.01 kN) without flotation on the 

mooring line, and the maximum loadings for maximum current also occur at the flounder 

plate, but for south wind and wave conditions (30.72 kN) without flotation.  At the 

anchor point the maximum loadings occur for southerly wind and wave conditions with 

flotation attached to the mooring line (28.02 kN).  This analysis also identified that the 

OCDP during maximum conditions experiences the greatest variability in tensions and 

motion.  The addition of floats reduces the tension at the flounder plate and increases the 
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tension at the anchor point.  The greatest loadings for the system are experienced at the 

flounder plate. 

4.2.3 Minimum Mooring Line Scope 

To investigate the effect that mooring line scope has on the mooring system, main 

mooring line scopes of 1.5, 1.75, 2.0, 2.5, 3.0, 4.0, and 5.0 are evaluated.  As identified in 

Section 4.2.2, the greatest loadings on the main mooring line for the full system occurred 

with maximum current conditions and southerly wind and waves.  The full system is 

therefore subjected to these conditions for this analysis.  These conditions include a mean 

wind speed is 9.26 m/s, the waves have a significant wave height of 1.859 m with a 

period of 7.2 s, and the surface speed for the current is 2.556 m/s.  

Simulations were run for 600 s for each scope and during these simulations each 

system experienced transient effects as a result of the chosen starting location which 

dissipated within the first 150 s.  Therefore the results are compared from 150 to 600 s to 

remove the initial transient response of the system.   

One of the primary concerns with shortened mooring lines is the amount of chain 

on the ground during high loading conditions.  To determine the amount of chain on the 

ground for these loading conditions the mooring line touchdown location is analyzed for 

each mooring scope.  The longest cable length (scope of 5:1) has approximately 560 m of 

line on the ground for the majority of the simulation, while the shortest cable length 

(scope of 1.5:1) ranges from 0 to 3.0 m of chain on the ground, averaging 0.01 m during 

the evaluated time period.  The anchor chain length is 27.43 m long and lies entirely on 
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the ground throughout the simulations for the four and five scope mooring lines, and 

almost entirely on the ground for the 3:1 scope (Figure 46).   
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Figure 46:  Time history of the amount of the simulated amount Cable and Chain on Ground over 
from 150 to 600s.  Spikes Occur because a Finite Number of Elements Construct the Chain and 
Cable. 

Comparing the average percentage of chain on the ground during the last 450 s, 

the 1.5:1 scope has 0.05% of chain on the ground, the 1.75:1 scope has 19.33% chain on 

the ground, the scope of two has 42.17% of the chain on the ground, and the 2.5:1 scope 

has 67.66% of the chain on the ground (Figure 47).  The average percentage of chain on 

the ground for the four and five scopes is 100%, while the average percentage of chain on 

the ground for the scope of three is 87.09%.   
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Figure 47:  Average percentage of chain on the ground represented as a function of mooring line 
scope. 

Results from this analysis are presented to show the tension along the main 

mooring line using: the mean tension, minimum tension, maximum tension, and standard 

deviation of tension (Figure 48).  The largest mean, maximum, minimum, and standard 

deviation of tension occur for the 1.5:1 scope, while the least values occur for the 5:1 

scope.  The mean tension at the flounder plate is essentially the same for the four and five 

scopes, and the scope of three only differs by 0.3 kN at the top end of the mooring line.   
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Figure 48:  Mean, minimum, maximum, and standard deviation of tension according to scope along 
percentage of mooring line, starting with anchor point and finishing at the flounder plate. 

In Figure 49 as the scope increases the mean tension at the flounder plate 

approaches 21.3 kN.  With increasing scope the mean tension at the touchdown point 

approaches 18.9 kN.  In terms of mean tension, the three, four, and five scopes perform 

very similar in comparison with the 2.5:1 and smaller scopes.   

Figure 49 shows that as the scope increases the mean tension at the flounder plate 

decreases from approximately 29 to 22 kN.  With increasing scope the mean tension at 

the touchdown point also decreases with values from 22 to 18.9 kN.  In terms of mean 

tension, the three, four, and five scopes are very similar, while 2.5:1 and smaller scopes 

vary significantly for each evaluated scope 
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Figure 49:  Maximum and mean tension at flounder plate, at touchdown point, and at anchor point 
according to mooring line scope. 

The smallest standard deviations at the flounder plate, touchdown point, and 

anchor point occur for the system with the mooring line scope of five, while the 

maximum standard deviations at each of these points occur for the system with the 1.5 

scope.  The standard deviations at the flounder plate range from 1.49 to 2.93 kN.  At the 

touchdown point the standard deviations range from 1.62 to 2.88 kN, and at the anchor 

point the standard deviation ranges from 0.94 to 2.70 kN.   

Scope 
2

Fσ [kN]  2
TDσ  kN] 2

Aσ  kN]  

1.5 2.93 2.88 2.86 
1.75 2.43 2.36 2.35 
2 2.65 2.58 2.57 
2.5 2.71 2.73 2.70 
3 2.40 2.47 2.42 
4 1.76 1.87 1.65 
5 1.49 1.62 0.94 

Table 25:   Standard deviation of tension on the mooring line at the MTB attachment, touchdown 
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point, and anchor point. 

As mentioned in Section 3.4.1, the nominal strength or catalog strength for the 

wire rope mooring line is 162.8 kN and the minimum breaking strength (MBS) for the 

wire rope mooring line is 158.7 kN.  By comparing the maximum tension (maxT ) for each 

of the scopes with the minimum breaking strength, it is found that the maximum tension 

never exceeds the breaking strength and is at greatest 28.3% of the minimum breaking 

strength.  The results in Table 26 identify that the maximum tensions from scopes of 

three, four, and five range from 17.3 to 19.2% of the minimum breaking strength for the 

flounder plate and 25.0 to 28.3% of the minimum breaking strength at the touchdown 

point.  The 1.5:1 to 2.5:1 scopes range from 20.7 to 27.8% of the minimum breaking load 

at the flounder plate, and 19.4 to 23.4% at the touchdown point.   

Scope Flounder  Plate    Touchdown Point 

  maxT  [kN]  100*max

MBS

T
 [%] 

maxT  [kN]  100*max

MBS

T
 [%] 

1.5 44.18 27.83 37.19 23.43 

1.75 35.92 22.63 30.94 19.49 

2 34.49 21.73 30.77 19.38 

2.5 32.8 20.66 30.26 19.07 

3 30.43 19.17 28.28 17.82 

4 27.79 17.51 26.36 16.6 

5 27.39 17.25 25.04 15.78 
Table 26:  Maximum tension compared with breaking strength of the mooring line. 

Comparing the safety factors and minimum breaking strength for the mooring line 

using DNV standards, the dynamic and mean safety factors and tensions are related to the 

minimum breaking strength by: 

0≥−− −− dyndyncmeanmeancc TTS γγ , (48) 
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where the characteristic strength of the line segment is a reduced minimum breaking 

strength ( MBSSc *95.0= ), taking into account a material factor.  Other terms include 

the dynamic line tension induced by waves (dyncT − ), and the mean tension (meancT − ) (DNV 

2009).  The mean (meanγ ) and dynamic (dynγ ) safety factors for Class 2 systems, mooring 

systems that present a risk in that failure of the mooring could result in sinking, are scaled 

up by a factor of 1.2:   

68.12.14.1 =⋅=meanγ . (49) 

52.22.11.2 =⋅=dynγ . (50) 

The dyncT − is determined by dividing the tension observed at each time step by the mean 

and then taking the maximum of these values.  Rearranging terms in Equation (48) the 

characteristic strength of the line should always be greater than: 

dyndyncmeanmeancc TTS γγ −− +≥ . (51) 

Using a shorter notation for the right hand side:   

dyndyncmeanmeancc TTT γγγ −− += . (52) 

Equation (51) is always true for all of the evaluated mooring scopes as identified in Table 

27.  γcc TS −  is the amount of force that the line strength exceeds the dynamic and mean 

safety factors and tensions.  It therefore should always exceed 0 kN, otherwise stronger 

cabling is required. 

Scope Flounder [kN] TD [kN] 
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  meancT −  dyncT −  γcT  γcc TS −  meancT −  dyncT −  γcT  γcc TS −  

1.5 29.04 1.52 52.62 106.08 21.94 0.39 37.19 121.51 

1.75 25.73 0.20 43.73 114.97 20.66 2.21 30.94 127.76 

2 23.89 1.44 43.77 114.93 20.02 1.54 30.77 127.93 

2.5 22.25 2.77 44.35 114.35 19.36 2.98 30.26 128.44 

3 21.59 4.14 46.70 112.00 19.09 4.75 28.28 130.42 

4 21.31 3.70 45.11 113.59 18.90 4.89 26.36 132.34 

5 21.32 5.28 49.14 109.56 18.92 4.24 25.04 133.66 

Table 27:  Safety factor and minimum breaking strength for mooring line comparison for tension at 
flounder plate and tension at touchdown point. 

The results presented in this section show that the maximum calculated tensions 

for each of the evaluated scopes are within the allowable range for the wire rope mooring 

line.  The scope of 2.5 experiences the greatest standard deviation in comparison with 

other scopes, while the scope of 1.75 experiences the greatest mean, maximum and 

minimum tensions.  These results also show that when scopes of three, four, and five are 

used similar mean tensions occur.  These results suggest that a minimum scope of 

between three and four would be best for the system for the evaluated environmental 

conditions.  Because these are the strongest conditions, and they will occur only 

occasionally, a three scope mooring line would be the smallest recommended mooring 

line length.   
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5 CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

A numeric model is developed to model the ocean current turbine mooring system 

using simple elements in OrcaFlex.  Using this numeric model, system optimization was 

performed for the MTB mooring attachment point, tether line lengths for the OCDP and 

turbine, and the best location for flotation placement along the mooring line.  After 

optimizing these components, the complete mooring system was evaluated. The 

maximum survivability conditions were evaluated for the MTB as well as the maximum 

operational conditions for the full system.  Finally, the complete system was evaluated 

for the environmental condition where maximum loadings occurred to quantify the 

loadings for several different mooring scopes and a mooring scope was recommended 

based on this analysis.   

The numeric model of the mooring system is developed including the two surface 

buoys, and a turbine with rotating rotor blades, and the lines and chain expected for 

deployment.   This numeric model was then used to optimize and evaluate the various 

components of the mooring system.   

Various mooring attachment locations were tested for the Mooring and Telemetry 

Buoy to determine an appropriate location.  With only mean current applied as an 

environmental loading factor to the MTB and an initial rotation of this surface buoy, the 
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best mooring attachment location is 1.5 m from the center of gravity.  The 1.25 m 

attachment point is the best selection with the introduction of maximum operational, 

easterly wind and waves because this attachment point produces the best response 

showing the smallest variability in pitch angle and an average pitch angle closest to zero.  

Because upward pitching is in some ways beneficial, the 1 m attachment point is selected 

because it creates a slightly upward pitch for the MTB, while most closely comparing 

with the 1.25 m attachment response.   

The OCDP and turbine tether line lengths were varied to determine an appropriate 

combination of tethers for the system.  The analysis indicated that a minimum towline of 

approximately 25 m be selected for the OCDP corresponding with a 44 m tether for the 

turbine.  This is because for shorter tethers snap loading occurred between the OCDP and 

MTB tether.  Selecting minimum tether lengths is done to reduce the possibility of 

navigational hazards occurring when the surface buoys are far apart.  This could include 

events such as boats interfering with the tethers by traveling in between the surface 

buoys; therefore, it is ideal that the tethers be as short as possible.  Another reason for 

using minimal tether lengths is that less power cabling will be required between the 

OCDP and turbine as less horizontal variation will occur between them.   

The addition of flotation devices to the mooring line was also tested to determine 

an appropriate location for the floats, and the variation in loadings that would occur with 

this modification.  With the addition of floats the tension at the flounder plate is reduced 

by nearly 12% for maximum current conditions without wave or wind effects.  The 

tension at the touchdown point and anchor point is increased by 15% and by 17% at the 
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anchor point for these conditions.  For slack conditions without wind or waves applied to 

the system, the tension at the flounder plate is reduced by nearly 20%.  The flotation 

devices reduce the amount of anchor chain on the ground from 100% (573.42 m of cable 

on the ground) to 38.79% for maximum current conditions.  For minimum conditions the 

chain on the ground is reduced from 100% (30.85 m of cable on the ground) to 78.79% 

chain on the ground with the addition of the floats.   

The MTB was subjected to the maximum survivability conditions drafted by 

COET to determine the maximum loadings the system will likely experience.  These 

environmental conditions included an 11.887 m significant wave height with a 14.2 s 

peak period, and average wind speeds of 44.242 m/s along with minimum (0.447 m/s) 

and maximum current speeds (2.556 m/s).  For the maximum survivability conditions for 

the MTB, results identify that the maximum calculated loads are for southerly wind and 

wave conditions as these provide the greatest tensions on the mooring line for both 

minimum and maximum current conditions.  These conditions are the harshest for the 

MTB in that on average only 0.03 m of freeboard is available, and the bow is barely 

above the surface.  At the MTB attachment point the mean tensions are at least 6.4 kN 

greater for maximum current conditions, and at the anchor point the mean tensions are at 

least 5.84 kN greater for maximum current conditions as opposed to minimum current 

conditions.  The northerly wind and wave conditions have the greatest amount of cable 

on the ground for both minimum and maximum current conditions.  The least percentage 

of cable on the ground that occurs during the last 300 s for all maximum survivability 

conditions for the MTB tested ranges from 21.0 to 57.5%; therefore, the anchor chain 

remained on the ground for all tested environmental conditions. 
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The full system including the MTB, OCDP, and turbine was analyzed in 

maximum operational conditions for the mooring line with and without the addition of 

floats.  The application of maximum and minimum current conditions identified that the 

greatest loadings are experienced during south wind and waves with maximum current 

speeds.  It also identified that the OCDP during maximum current conditions experiences 

the greatest variability in tensions.  The addition of floats reduces the tension at the 

flounder plate and increases the tension at the anchor point.  The greatest loadings for the 

system are experienced at the flounder plate.  The maximum tension at the MTB 

attachment point (25.55 kN) occurs during southerly wind and waves for maximum 

current conditions without flotation added to the mooring line.  The maximum tension for 

the turbine tether (13.73 kN) occurs during the same environmental and conditions and 

also without flotation on the mooring line.  The maximum tension at the OCDP tether 

point is 17.72 kN, and this is for northerly wind and waves with flotation added to the 

mooring line.   

To determine an appropriate scope for the mooring line, the full system including 

the MTB, OCDP, and turbine was subjected to maximum operational conditions for 

several mooring line scopes.  Applying the greatest loading conditions for maximum 

operational conditions to the system, south wind and waves with maximum current 

velocities, the results identify that each of the scopes present maximum loading 

conditions within the allowable range for the wire rope mooring line.  The scope of 2.5 

experiences the greatest standard deviation in comparison with other scopes, while the 

scope of 1.75 experiences the greatest mean, maximum and minimum tensions.  The 

three, four, and five scopes experience similar mean tensions.  A minimum scope of 
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between three and four would be best for the system for the evaluated environmental 

conditions.  Because these are the strongest conditions, and they will occur only 

occasionally, a three scope mooring line is the smallest recommended mooring line 

length.   

5.2 Future Work 

5.2.1 Software Limitations 

For this application of OrcaFlex, a few software limitations exist.  In most cases 

modifications have been made to account for these limitations such as using line elements 

to model surface buoys, etc.  However, for the purpose of modeling the turbine, the 

software does not take into account the effect the turbine has on the surrounding flow 

field, particularly on the field in front and behind of the rotor blades.  For this reason, the 

turbine rotor often has much greater RPMs than would be expected.  Secondly, if a field 

of turbines were to be implemented into the model, there would also be no account for 

the affects each turbine has on the flow field and the modifications that would occur.  

OrcaFlex does have a method for wake modeling; however it is most often used for well-

documented cases such as the effect an upstream cylinder has on downstream cylinders; 

this would therefore have limited accuracy. 

The amount of time to run a simulation was significantly affected by the number 

of elements composing the MTB.  For example, using the original MTB model composed 

of eight 6 DOF buoys attached to a central 6 DOF buoy and running with maximum 

survivability conditions for 300 s took approximately 5 minutes to run, as opposed to 
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roughly 3 days for the MTB pipe model.  Future work could include modeling the buoy 

using larger overlapping pipes, as these are still the most accurate method for modeling 

surface piercing effects for small buoy applications in OrcaFlex.    

5.2.2 Specifics of the System 

The developed numeric model could be used to investigate several possibilities 

with the mooring system.  Future development of the model will include incorporation of 

Blade Element Momentum algorithms to include the effects the turbine rotor blades have 

on the surrounding flow field.  Once the design review has been completed for the 

Observation, Controls, and Deployment Platform, these modifications should be 

implemented into the model.  Validation with real world data is of great importance for 

numeric models.  The introduction of wave buoy time series data would contribute a 

great deal to the motions of the surface buoys and their loading affects on the system.  

Full scale tow testing results of the turbine and OCDP could contribute a great deal to the 

knowledge of the overall loadings expected for the system, and calculated coefficients 

from these results could be implemented into the model similar to the method used for 

the MTB.  

Using a single point mooring for deepwater mooring systems is not very common 

in the application of offshore structures.  The single point mooring is used for this project 

to encourage the system to veer into the flow.  It may be advantageous to investigate 

using an asymmetric, three point mooring to ensure that in the case of a failure along the 

mooring line, surface buoys and turbines would have secondary connections.  The test 
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site on the Miami Terrace for COET’s testing platform is an area exposed to traffic from 

large ships, and waves from these ships could present harsh affects on the system.   

With deep water moorings, vortex-induced vibrations are often of great concern.  

These vibrations can often lock-in with the natural vibrations of the system reducing the 

longevity of hardware and often causing harmful effects to the system especially at 

connection points.  Modeling torsion effects could also be of significant interest with the 

mooring line. 
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