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ABSTRACT

Approximately 16% of the globaly generated electricity comes from
conventional hydropower installations. Recent technological improvements in marine
hydrokinetics (MHK), and a global demand for increased renewable energy, are enabling
this technology to become a major contributor in the globa energy market. MHK devices
convert the kinetic energy, or energy of motion, from waves or water currents into
electricity that is then transferred to the electrical grid. Wave energy converters (WECS)
capitalize on the oscillatory motion of ocean waves, while current energy converters
(CECs) useriver, tidal, or ocean currents to generate electricity and often resemble wind
turbines. Unlike wind, water currents are less intermittent, and, in the case of tidal
currents, highly predictable. At present scales, individua CEC and WEC devices alone
are not powerful enough to make hydrokinetic power economically feasible. Therefore,
deployment of arrays of marine hydrokinetic devices is the most cost-effective method
for these devices to become a major contributor in the energy market. In addition to
device design and operational conditions, how these devices are deployed within a site
determines their potential for power generation. The power generated depends upon inter-
device proximity, where it is generally assumed more electricity is generated as the
spacing between each device increases. However, most array performance studies of
current-energy converters do not consider bed topography and are either inside smooth
walled channels or deep, open waters. The research presented here explores the impact of
site bathymetry on array performance since each deployment location is likely to have a
significant impact on the optimality of an array layout. It is first shown that without
boundary constraints the performance of an array does improve as the inter-device
spacing is increased. Uniquely though, the normalized power and loading on an array is
not transferable from an unconstrained domain to ssimple, sloping beds. The effects of this
demonstrate the need to consider the topography of real world locations for general array
designs.
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INTRODUCTION

The United States, among other countries, is looking to meet future energy needs
without heavy reliance on fossil fuels. Renewable energy is an attractive solution as the
energy sources are not depletable and generally do not produce hazardous byproducts.
Solar, wind, and water power are the most recognized renewable energy solutions.
Marine hydrokinetic is a new look at an ancient form of water power that uses the kinetic
energy from currents and waves to generate power. Most of the U.S. population lives
along coastlines and rivers; which makes water renewable very attractive, as it readily
available to areas that consume vast amounts of energy. The U.S. Department of Energy
completed a resource assessment and characterization for potential energy production
from marine hydrokinetic (MHK) devices. The total recoverable energy in the U.S. from
current and wave MHK energy is projected to be approximately 1,700 TWh year™. This
is enough energy to power around one third of the annual electrical consumption in the
U.S. The recoverable energy in the continental U.S. from riverine environments is
approximately 120 TWh year™. To put this in perspective 1 TWh year™ is enough power
to supply 85,000 U.S. households with energy for one year. Due to the enormous amount
of available energy, entrepreneurial companies and the U.S. Department of Energy have

been aggressively pursuing research in all aspects of marine hydrokinetics.

Marine Hydrokinetics

Marine hydrokinetics (MHK) is a modern form of water renewable. Instead of

utilizing potential energy like conventional hydropower, marine hydrokinetics use kinetic
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energy, or the energy of motion. Marine hydrokinetics actually operate in a very similar
manner to wind power, particularly for current-energy-converters. There are two main
applications of marine hydrokinetics: wave and current. In wave environments the kinetic
energy from ocean waves is converted to electrical energy by wave-energy-converters
(WEC). Marine current hydrokinetics uses currents from the ocean or rivers to drive
current-energy-converters (CEC) to generate electricity. These types of devices alone
cannot produce enough energy, unless sufficiently large, to become economically
feasible. To become economically viable WECs and CECs must be deployed in arrays.
Arrays are a set of multiple devices within a predetermined footprint. These arrays must
have many devices to be economical viable. However, arrays introduce design
optimization problems based on device location within the allotted footprint. There have
been multiple studies on array performance for wind turbines; which are very similar to
current-energy-converters (Archer et. a. 2013, Stevens & Meneveau 2015). In these
studies the wind turbines were at the same height, but the device spacing in the
longitudinal and lateral directions was manipulated in an attempt to find optimal device
gpacing for the maximum performance. Similar studies have been performed for MHK
devices (Yang et a. 2013, Archer et a. 2013). The problem for marine hydrokinetics is
that the bathymetry of the systems has the potentia to effect array performance. The
research presented in this thesis looks to evaluate the changes in performance trends of
marine hydrokinetic arrays when in an open system versus systems with distinct

bathymetries.
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Currently array performance has been primarily discussed for an open channel or
for a channel with a flat bottom. The studies have shown that array performance will
increase up until a specific point as distance between devices in the downstream direction
increase. This pattern occurs because each device after the first row of devices with in an
array isin the wake of the preceding devices. The power produced from a MHK deviceis
directly related to the cube of the flow velocity. The greater the downstream distance
between devices the more time the wake will have to recover. After enough distance the
wake will reach a maximum recovery point and any additional distance between adjacent
devices will not affect the inflow velocity. Increasing the distance between each device
also increases the required foot print for an array. In real deployment locations the array
sizeislimited to aregulated footprint, so spacing becomes an optimization problem. Real
world locations can also are complex domains that are irregular in shape and have the
potential to impact flow through and around the arrays. The question driving the research
behind this thesis is "Does the trend for array performance stay the same over different
bathymetries?' If the trend for performance stays the same, each array would perform the
same relative to each of the other arrays. This would mean that devel opers could optimize
and array within an open channel then adapt that array into any real world site. If the
trends do not hold constant, then each array must be optimized for each localized
deployment location. The research presented in this thesis looks to answer that question.
Numerical modeling was used to simulate and test arrays of current-energy-converters.
Over 60 simulations were completed to analyze the effects of bathymetry on array

performance.
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Contribution

This thesis makes three principle contributions to the field of MHK arrays. The
results of this thesis show that:

1. The bathymetry of a deployment location has the potential to drastically change
the performance properties of CEC arrays.

2. Array configurations developed in an open channel will not demonstrate the same
trends of performance within more complex bathymetries.

3. Arrays can be categorized similar to individual devices by adapting actuator disk
theory to arrays. Thisresultsin array coefficients for thrust and power that can be

used to compare arrays over awide range of bathymetries.

Thesis Outline

This thesis is broken up into eight chapters: Introduction, Background, Marine
Hydrokinetic Design, Methodology, Calibration, Arrays Within an Open Channel, Arrays
Over Sloped Bathymetries, and Conclusion. The background in the following chapter
provides an overview of wind energy, types of marine hydrokinetic energy, types of
energy converters, and challenges using marine hydrokinetic energy. The Marine
Hydrokinetic Design chapter provides an overview of principles of device performance,
MHK device layout, experimental test methods and numerical models. The Methodology
chapter shows the process used to test arrays over different bathymetric layouts. The
Calibration chapter discusses the calibration of numericad model parameters to

experimental data and properties used in the later chapters discussing array simulations.



S
The Reference Bathymetry chapter covers all the parameters of linear arrays in open
channel flow and creates a baseline for al of the bathymetric cases. The Bathymetry
chapter discusses the results of array performance over two bathymetric domains and
three distinct arrays. The Conclusion summarizes the finding and discusses the effect on

developers and future research.
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BACKGROUND

This chapter investigates the multiple forms of marine hydrokinetic energy and
similar forms of energy. First wind energy is discussed asit isa building block for MHK
current energy converter technology. Second, current energy is presented as one of the
major sources for MHK energy. Third, wave energy is discussed asit is the largest source
for available energy for MHK applications. Fifth conventional hydropower applications

are discussed. The last section covers the challenges of deploying MHK devices in water.

Wind Energy

The fundamentals of marine hydrokinetic power are very similar to wind power.
Both forms of power generation extract kinetic energy from fluid flow and convert it into
mechanical energy that is then converted finaly into electrical energy. In particular,
current and tidal devices operate in much the same way that wind turbines do. Wind
power most commonly uses horizontal-axis wind turbines (HAWT) and vertical-axis
wind turbines (VAWT), or cross-flow turbines, to capture kinetic energy. Marine current
energy converters used initial designs based off of their wind counter parts. As the marine
hydrokinetic industry leverages knowledge from wind, it is important to understand the
advantages, disadvantages, and types of wind devices.

The wind energy is appealing because it does not require any burning of fossil
fuels and there is no monetary charge to obtain wind. Wind will always exists as long as
pressure and thermal differences occur over the Earth’s surface; which means that wind

will aways be a viable energy resource. The only gas emissions occur during
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manufacturing, transportation, and potentially maintenance. The foot print taken up by
wind energy devicesis also not always intrusive, because the land below the turbines can
also dtill be utilized, unless deployed over the coast. This means that it is relatively easy
to access turbines for maintenance purposes and it is possible to still use the land for
other purposes such as agriculture. However, as with any energy source, there are
drawbacks.

Wind itself is very unpredictable, which makes consistent production of energy
problematic (Wan 2002). Annually awind farm will produce afairly constant amount of
energy, but during the year it is difficult to predict the occurrence of wind (Wan 2012).
This means that the wind energy must be supplemented by another energy source for
constant power generation. Some wind farms, like the Judith Gap Wind Farm in
Montana, are in remote locations and are producing more electricity than is consumed
(WRA 2015). The infrastructure does no exists to transport the electrical energy from the
remote sites to more populated areas. It is possible to develop this infrastructure, but it is
costly. There is potential to store the energy within battery banks (GE 2015). However,
modern energy storage methods are not effective enough to make wind a standalone
energy source (Morgan 2014).

Wind turbines have an optimal range of performance based on wind speed. If the
wind velocity is not in the ideal range the turbine will not operate optimally and minimal
power will be produced. Environmentally there have been issues with flocks of birds
colliding with wind turbine blades, because of poor visibly of spinning wind turbine

blades (Anderson et. a. 1999). Noise pollution is a potential problem that is dependent on
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the type, size, and number of wind turbines (Rogers et. al. 2006, Roadman & Huskey
2013). It is difficult to find optimal material for wind turbine blades. Modern wind
turbines are made from composite materials in order to optimize weight and performance.
Without precise manufacturing techniques and intensive quality control, which requires
time and money and can dramatically increase the levelized cost of electricity, the
performance of the composite materials decrease. This leads to the chronic problem of
modern wind turbine blades not lasting their whole design life of approximately 20 years
(Tawade et al. 2014). Over time moisture build up can expedite the degradation of the
composite material (Miller et al. 2012). All these deficiencies factors into the cost of
producing wind energy. The price of wind energy has drastically decreased over the past

30 years, but other sources such as oil and gas are still substantially cheaper.

Wind Turbines

The more efficient wind turbines are, the more cost effective wind energy can be.
There has been alot of research during the past 30 years on turbine design. Regardless of
the design every wind turbine converts the kinetic energy of the wind to rotational energy
used to drive a generator, either directly or through a gear box. These turbines can be
designed to be driven by either lift or drag. Drag based turbines utilize the incoming flow
to push scoops that cause the turbine to rotate; whereas lift designs use airfoil-shaped
blades to generate lift, like an airplane, to drive rotational motion. HAWTS rotate about
an axis paralel to incoming flow and VAWTS rotate about an axis perpendicular to
incoming flow. Examples of these two types of devices can be seen in Figure 2.1. This

means that HAWTs must be facing the flow direction in order to optimally generate
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power. On the other hand VAWT orientation does not matter as any inflow will still be
perpendicular to axis of rotation. In the 1980s the wind industry chose to focus research
and development on lift driven horizontal-axis wind turbines. Due to this direction there
is currently more information available on HAWTs than VAWTs. This does not
necessarily mean that HAWTS are better than VAWTS. Since the emergence of marine
hydrokinetics, VAWT research has resurfaced (Ferreira 2009, Salter 2012, Sutherland et
al. 2012). Some theorize that VAWTS can potentially be more beneficial than HAWTs
when placed in arrays due to an increase in device density within a deployment footprint

(Salter 2012, Sutherland et al. 2012).
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Figure 2.1: Wind turbines (a) horizontal axis wind turbine (Smith 2007), (b) vertical axis
wind turbine (SNL 2015)

Wind Turbine Components

All wind turbines are made up using similar components. Every type of wind

turbine consists of blades, rotor, tower, gear box, and generator. The blades are in the
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shape of an airfoil and are similar to those used on planes. Air flow over the blades cause
apressure differential generating lift and drag forces which results in atorque load on the
rotor. The torque load causes the blade and rotor assembly to rotate. The rotor hub, to
which the turbine blades are attached, is connected to a gear box or generator through an
input shaft. The generator is used to convert the mechanical work of the turbine into
electricity; which can be transferred to a power grid. Generators require specific shaft
rotational speeds to convert the mechanical energy an optimal amount of electricity. The
purpose of a gearbox is to bridge the rotational speed gap between the rotor and the
generator. The gearbox is not always required as some turbines are designed to rotate at
the optimal speed for the specified generator, a direct-drive setup. Some of the more
complex wind turbines use a break to slow the rotation of the rotor assembly when wind
gusts might cause the turbine to rotate faster than the optimal rate. Every turbine has a
nacelle; which is used to attach the rotor assembly to the tower and contains the
generator, gearbox, and electrical components. The tower supports the nacelle off the
ground. Some horizontal-axis wind turbines have a yaw drive that is used to orientate the
nacelle and rotor assembly on top of the tower to directly face incoming wind. An
anemometer can be used on or near the wind turbine on a MET tower to send wind

direction information to the turbine.

Turbine Arrays

The current generation of HAWTS are capable of producing multi-megawatts of
power (Siemens 2015). However, even a multi-megawatt turbine by itself does not

produce enough power to be economically feasible; which is why wind farms exists.
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Wind farms are a collection of wind turbines deployed at a single location. Figure 2.2
shows an example of awind farm in the state of Montana. Individual MHK devices also
do not generate enough power, unless quite large, to be economically viable and need to
be deployed in arrays. Usually wind farms consist of a couple hundred wind turbines.
When this many devices exist in one location the performance of each device will be
dependent on its location within the array. Consider a couple of rows of turbines where
each row is perpendicular to incoming flow. The first row experience uninterrupted flow
and will have the most potential for power production. Dependent upon the spacing
between rows, the second row experiences the decreased flow velocity caused by the first
rows extraction of energy. Power is directly related to the fluid velocity cubed. Therefore,
the amount of power generated by the second row is limited to the average velocity of the
fluid after moving through the first row. This pattern continues for each proceeding row.
There are fundamental questions concerning proper placement of devices within arrays to
optimize power production and also for other factors such as device and infrastructure
costs, and environmental impacts. Researchers have begun to investigate optimal internal
device spacing for wind farms (Archer, et. a. 2013, Yang et al 2013, Stevens et al 2015).
In the marine hydrokinetic world there are even more concerns dealing with naval

navigation, and recreation uses.
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g

Figure 2.2: Judith Gap wind farm (Lehman, K., photo by D. Morris)

Current Enerqy

Marine hydrokinetic current energy is very similar to wind energy. Both forms of
energy convert kinetic energy from fluid flow and convert it into electrical energy.
Current-energy-converters (CECs) are used to capture the kinetic energy from water
currents and convert it to electrical energy. The present generation of CEC devices are
cross-flow and horizontal-axis water turbines, very similar to wind turbines. Georgia
Tech completed an assessment of energy production in the continental U.S. for these
three forms of marine hydrokinetic energies and found that current energy has the
potential to provide 533 TWh year™ of energy (Haas et al. 2011, EPRI 2012). Alaska also
has potential for large amounts of energy generation, but most the sources are distant
from populated areas which makes energy transport difficult and expensive. There are

three predominant sources for current energy: ocean, tidal, and riverine.
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Ocean Currents

Ocean currents are defined as the continuous flow of water in the ocean at a
specific direction. There are many different types driving forces for ocean currents and
not all currents are driven by the same forces. These forces are known to be caused from
the Coriolis Effect, gravity, wind, temperature, pressure gradients, density gradients,
tides, river discharge, and bottom friction (Haas et a 2013). Tida streams can technically
be defined as ocean currents; however, they are classified separately for MHK purposes
due to the predictability of the driving forces and average operationa depth. Ocean
currents, apart from tidal, are not always continuous year round and difficult to predict.
Around the U.S,, the Gulf Stream along Florida to North Carolina has the potentia to
produce 163 TWh year™, and is the main focus of ocean current energy in the U.S (Haas
et a 2013). The gulf stream is a surface current that is driven by winds from Africa
across the Atlantic Ocean to the North American coastline, at which point it is redirected
North due to the continental boundary. Other ocean currents exists, but have not been
characterized for potential power availability. The advantages of ocean current energy are
the relatively short distance to shore, minimal pollution during operation, and no cost in

acquiring of the working fluid.

Tidal Streams

The resource assessment done by Georgia Tech defines tidal streams as "high
velocity sea currents created by periodic horizontal movement of the tides, often
magnified by the local topographical features such as headlands, inlets to inland lagoons,

and straits’ (Haas et a 2011). Tides are the rising and falling water height in the ocean
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caused by the gravitational effects of the moon and sun acting upon Earth. Tidal patterns
are fairly predictable due to the constant astronomical effects. NOAA also has over 2,700
tidal current stationsin the U.S. that can be used to predict tidal flows. Tidal currents can
be utilized in many parts of the U.S. coastline, such as Knik Arm, AK; Tacoma Narrows,
WA; Golden Gate, CA; Muskeget Channel, MA; Western Passage, ME; Puget Sound,
WA; New York, Connecticut; Cook Inlet, AK; and Southeast Alaska (Haas et al 2011).
There are also quite a few locations around the world including Europe, Japan, and
Canada. According to the "Assessment of the Energy Production from Tidal Streamsin
the United States' report, the available recoverable energy for tidal streams to be 250
TWh year (Haas et al 2011). Remote coastal communities can also benefit from tidal

power as they would no longer have deal with the transport of fossil fuels.

River Currents

Any river that has a high volumetric flow rate can potentially be used to power
CECs. The largest rivers of interest for power production in the continental U.S. are the
Mississippi, Missouri, and Illinois. Sandia National Labs completed a study on part of the
Mississippi for potential CEC deployment locations (Roberts et al 2012). In Alaska there
are many possibilities for riverine power; such as the Y ukon, Kuskokwim, Koyukuk, and
the Copper Rivers. Out of the three sources of current energy, riverine has the least
potential for energy production, but is also the easiest type of marine hydrokinetic energy
to access. River height and flow rates change seasonally, but are still regularly
predictable throughout the year. The Assessment and Mapping of the Riverine

Hydrokinetic Resource in the Continental United States report states that the available
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kinetic energy potential from rivers in the continental U.S. is approximately 120 TWh

year and even more in Alaska (EPRI 2012).

Wave Energy

Wave energy is similar to current energy in that it extracts the kinetic energy from
the water, but it is done in a much different way. The principal waves of interest are
caused by the transfer of energy between wind and the ocean causing an oscillating
motion of energy. The size and duration of a wave is determined by the fetch, distance
the wind blows, and the length of the wind gust. Because wind is a direct cause of waves,
it is often difficult to predict when wave will occur and the size of the waves, but as with
ocean currents and the seasonality of rivers, probability distributions of wave height,
length, and direction exist. Wave-energy-converters capture the kinetic energy from the
waves and transform it into electrical energy. There are many types of WEC devices. the
attenuator, point absorber, oscillating wave surge converter, oscillating water column,
overtopping/terminator device, submerged pressure differential, bulge wave, rotating
mass, etc. (EMEC 2015). The predominate WEC devices are attenuators and point
absorbers. The Pelamis Wave Energy Converter was the world's first offshore wave
energy converter to generate electricity to a power grid and is an example of an
attenuator, Figure 2.3. The device consists on many subsections which use hydraulic
cylinders actuated by the wave motion to drive a motor. The point absorber is the other
main type of WEC and acts like a buoy. The motion of the waves causes the point

absorber to oscillate up and down which drives a generator that is used to generate
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electricity. Wave energy in general has much larger potential for electricity generation
then current energy. According to the Mapping and Assessment of the United States
Ocean Wave Energy Resource Repot the available recoverable energy potential for

waves is approximately 1,170 TWh year™ (EPRI 2011).

Figure 2.3: Pelamis wave energy converter (EMEC 2015)

Conventiona Hydropower

Nearly all power generated from water until recently was due to a buildup of
potential energy that is then released as kinetic. This is the fundamental difference

between marine hydrokinetic energy and conventional hydropower. In Conventional
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hydropower dams are used in conjunction with levees/flood gates to generate electricity.
Dams block flow causing a buildup of water head. The higher the head the more potential
energy is gathered into the system. Water can be released at the bottom of the dam using
the channel height, or head, to accelerate flow through a turbine. Even though
conventional hydropower is different from marine hydrokinetic there are cases where
both forms of energy are similar. In the case of atidal barrage a dam is created off the
coast. As the tides come in the water flows contained area building head pressure. After
high tide the dam is closed off using Sluice gates. The water is slowly released back
through turbines using the difference in water head from the high tide reservoir to the low
tide along the coast to generate power. Even though marine hydrokinetics have been

within the last decade, tidal barrages have existed since the 1960s.

Challenges of Submersion

The Marine Hydrokinetic Industry is still in its infancy so much of the
information about device performance and array performance is built off of the
foundation developed by the wind industry. Transitioning from wind to water is much
more complex than changing the working fluid. There are changes in flow predictability,
device survivability, potential impact on recreational boating and shipping routes,
environmental concerns, and bathymetric effects.

Designing CECs for water is very similar to wind from a standpoint of fluid
mechanics. From a macro perspective the water is more viscous, dense, and flows slower

than air which results in increased forces acting upon the CECs. The physical loads in
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water are drastically larger than in wind and impact design. Due to the increase in loading
MHK turbine blades are generally smaller than their wind counter parts. Being
submerged in water also introduces other factors that influence device life; such as faster
aging, surface fouling, and organic growth (Bunn & Yokochi 2014). Modern wind
turbine blades are made out of composite materials to maximize weight and performance.
When submerged in water composite materials degrade much faster when than when
above the surface, and salt water can be even more damaging (Miller et a 2012). Thereis
aso algae and other organic growth that will tarnish the surface of a water turbine.
Researchers are attempting to find coatings that inhibit growth (Bunn & Y okochi 2014).
If no coating proves effective then a maintenance schedule must be put into effect just to
clean the surfaces of the devices. Maintenance can be very problematic for MHK turbines
depending on the depth and how close to shore the devices are located. In the wind
industry all of the turbines are above ground and relatively easy to approach. It is also
easy to visually see and inspect wind turbines. On the other hand, MHK turbines are all
located underwater which brings up many questions for maintenance: can the turbine be
repaired under water, can the turbine be raised to the surface for repairs, can the turbine
be brought to shore, how far away from the shore is the facility that does repairs, and
what techniques can be applied for preventative maintenance? These are questions that
developers for CEC and WEC need to have answers for before deployment.

The deployment of MHK devices also has the potential to greatly impact the local
environments (Cada et a. 2011). Little is known how these devices will impact

underwater ecosystems. Research is being conducted for device interaction with various
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species and schools of fish (Viehman & Zydlewski 2015). Researchers have also used
numerical models in an attempt to predict blade strikes (Romero-Gomez & Richmond
2014). Even sea lion interactions with MHK turbines is being observed (Tomichek et al
2014). Noise pollution from MHK devices aso have the potential to impact native marine
life and is being investigated (Patricio et al 2009). Most researchers are not worried about
single device effects on ecosystems, but are concerned about arrays of hundreds of
devices. Asthe MHK industry is relatively new it is difficult to gather empirical data and

access al of the potential impacts.

Experimental Marine Hydrokinetic Turbine Testing

Presently only a small number of individual MHK devices are in operation with a
deficit of available performance data for arrays. Research is ongoing to determine the
most effective ways to model individual turbine/device performance using small-scale
tests in flumes and computational fluid dynamics (CFD). Flume experiments have shown
CEC wakes having velocity deficits near 60% immediately behind the device and
propagating 15-20 device diameters downstream before recovering to approximately 90%
of the free-stream velocity (Batten et a. 2013, Neary et a. 2012). Two issues with flume
experiments are the relatively large blockage factors and turbulence scaling. Blockage is
defined by arearatio of device surface areato cross-sectional area of the channel. From a
fluid mechanics perspective the conservation of mass dictates that a decrease in flow area
will lead to an increase in velocity. The walls of the flume will cause flow acceleration

effects unless sufficiently wide; which is the fundamental flaw of a flume. In actual
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channels, blockage ratios are most likely small or seemingly nonexistent for deployments
of fewer than a hundred devices. The open-water measurements appear to indicate a
faster recovery due to higher turbulent mixing (James et al. 2011).

It becomes costly and potentialy difficult to manufacture and test arrays of
devices. This has forced researchers to find new ways to experimentally model turbines.
Researchers have recently discovered that porous disks can be used to represent
horizontal-axis turbines with good results as they capture thrust loads and velocity fields
well (Harrison et al. 2009, Yang et a. 2013, Crasto & Gravdahl 2008). The porous disk
also have similar wake expansion to a horizontal axis turbine when the diameter and
thrust coefficient match that of the turbine (Lignarolo et al. 2015). It has also been shown
that porous disks represent turbines well if the turbulence of the flow is properly
quantified (Blackmore et a. 2014). However, porous disks are not able to replicate the
turbulence and vortex wake accurately or immediate wake, one to three device diameters
downstream. The advantages of porous disks are in ease of manufacturing and
instrumentation during experiments and the highly decreased numerical computational
costs when compared to a small scale CEC/MHK devices. This becomes important when
analyzing large arrays or domains as computational cost drastically increase to

appropriately capture the shear stresses on the rotating blades.

Numerical Modeling Marine Hydrokinetic Turbine

The Navier-Stokes equations govern the behavior of fluid flow. These equations

are broken down into various forms to solve fluid dynamic problems. The Navier-Stokes
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equations can be broken down in terms of conservation of momentum, energy, and mass.
If the domain and geometries are relatively simple, then it is possible to use basic
Continuity, Bernoulli’s, and Momentum to model fluid flow. The simplistic methods
work well until solid body motion is added or the domain geometry becomes relatively
complex. At this point numerical simulation is required. There are two types of
formulations that are used in CFD, Eulerian and Lagrangian. The Eulerian methods
primarily use finite volume methods, finite element methods are also used, to create a
discretized fluid domain. How the fluid domain is discretized will depend on the order of
the ssimulation and what cell/mesh shapes are being utilized. The Lagrange particle
method does not require the discretization of a whole domain as it tracks the individual
fluid particles.

There are many variational break downs of these numerical models used in MHK
turbine anaysis. large-eddy simulation, Reynolds Averaged Navier Stokes, Blade
Element Momentum, Vortex Particle Method, and other hybrid methods. When modeling
MHK/CEC devices the fluid flow is generally considered to be fully turbulent due to the
device interaction with the water and the flow conditions of deployment domains.

The Blade Element Momentum (BEM) method uses linear-momentum and blade
element theory to determine the thrust and torque loads on a turbine; however, it provides
no details about the wake behind a device or multiple-device interaction and is pseudo
two-dimensional. Momentum is balanced in a rotating annular stream tube that is pathed
through a turbine. The forces on the blade elements are evaluated by known tabulated lift

and drag coefficients. Blade-element momentum solvers run in fractions of a second, and
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are therefore much faster than RANS or LES and are regularly used for designing
horizontal-axis turbines and determining their performance (Mozafari 2014). However,
there is no commercially available CFD programs that applies BEM to cross-flow water
turbines with reasonable accuracy. The largest drawback to the BEM method is that other
methods such as LES and RANS yield more accurate results and BEM has not been
demonstrated to work for arrays.

Vortex methods are mesh-free Lagrangian particle methods that propagate vortex
nodes, line-bodies, and/or sheets from upstream structures (Sale et al. 2014). This allows
turbine performance and wake structure to be analyzed at a computational cost lower than
RANS, but higher than BEM. In vortex models turbine blades are segmented into
sections which are represented by a bound vortex. Vortices are shed from the blade when
the turbine rotates due to the change in bound vortex strength. Sandia National
Laboratory has developed a Code for Axia and Cross-flow Turbine Simulation
(CACTUS) and can include simple bathymetry and free-surface effects (Murray 2011).

The large eddy simulation (LES) is a high order numerical approximation of the
Navier-Stokes equations used to simulate turbulent flows. It was first developed in the
1960s to simulate atmospheric air currents and since has been adopted to solve a variety
of other flows. LES has the capability to capture turbulent structures down to the smallest
mesh size; which provides some of the best detail in wake structure and device-
turbulence interaction (Yang et a. 2013). Many research groups are using LES
simulations to model wind farms and MHK devices (Sotiropoulos et a. 2011). The

drawback of the LES lies in the computational costs; which usually requires a cluster or
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super computer to run the analysis over multiple days to weeks, depending on the
simulation.

Perhaps the most widely used CFD solver is the Reynold’'s Averaged Navier-
Stokes (RANS) model. The RANS model is based off Reynolds Decomposition; which is
used to separate the time-averaged and fluctuation quantities of the Navier-Stokes
eguations. The model does not discretely resolve the turbulent structures like LES, but
instead averages the stresses; which makes the method less computationally intensive
than the LES. However, it is still much more computationally expensive than the BEM.

There are methods that combine different methods into hybrid models. The
software package Star-CMM+® has a discrete eddy simulation (DES) method that
combines RANS with LES. A hybrid model combing LES and vortex line-bodies has
recently been developed for wind turbine applications to capture turbulent wake mixing
and interaction within an array in a more computationally efficient manner (Churchfield

et a. 2012).
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TURBINE DESIGN

In order to successfully evaluate MHK array designs, individual device must be
understood. The information presented in this thesis does not apply to wave-energy-
converters. This thesis will explicitly focus on current-energy-converters. Different array
simulations would need to be run to model WEC devices. Similar to the wind industry the
primary CECs used in MHK applications are horizontal-axis-water turbines and cross-
flow turbines. In this section the design parameters of CECs and arrays will be discussed

followed by experimental testing and numerical modeling of the devices.

Actuator Disk Theory

Regardless of the type of CEC each type of turbine follows the same general
principles, which means performance characteristics of a CEC can be evaluated using
actuator disk theory. Actuator disk theory evaluates fluid flow through a turbine as if it
were inside a stream tube and incompressible. A stream-tube is a collection of
streamlines that lie within a boundary surface and do not interact with flow outside the
boundary. The turbine extracts kinetic energy from the fluid flow causing the flow to
slow down. In actuator disk theory the energy extracted isin the form of momentum loss.
The velocity is assumed to gradually decrease through the stream-tube so that it has
already slowed by the time it reaches the turbines. The flow after the turbine in the wake
is much slower than the initial flow and at a lower pressure. In redlity, the flow of the
wake proceeds farther downstream from the turbines the flow will begin to recover and

eventually reach an equilibrium state. Figure 3.1 shows a visua representation of a
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stream tube and a cross-sectional cut out relating velocity, U, pressure, P, and area, 4, at

different sections within a stream tube.
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Figure 3.1: Actuator disk visualization (a) visual representation of a stream tube (Burton
2011), (b) representation of the cross-section of a stream tube. (WPP 2015)

The actuator disk model can be used to calculate the theoretical power output of a
generalized turbine based upon continuity and linear momentum theory. Hydrokinetic
power generation is a function of upstream velocity, U.., water density, p, cross-sectional
area of the MHK device, Ap, and a velocity-dependent coefficient of power, Cp. Power
can also be related by an axial induction factor, a. The axia induction factor relates

upstream velocity to velocity at the turbine plane, Up.

Up =Ux(l—a) (3.1
1 3 3 2
Power = E.DADUOO Cp = 2pApUs a(1 —a) (3.2)
Power
Cp = = 4‘a(1 - a)z
1 3 (3.3)
Eono AD

The thrust in the flow-direction can similarly be calculated by
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1 2 2
Thrust = Epr ApCr = 2pUy“Apa(l — a) (3.4)

where Cr is a velocity-dependent coefficient of thrust (Burton et al. 2011). The
coefficient of thrust, Cy, is the non-dimensionalized force on the device caused by the
pressure drop across the plane of the rotor and the shear on the blades relative to the

available kinetic energy in the flow.

c Thrust sa(l )
r=1 , -~ *all-a 3.5
?onozAD ( )
The coefficients of power and thrust can also be related to each other through the axial

induction factor.
Cp = Cr(1—a) (3.6)

And absolute power can then be related to thrust through the upstream velocity and the

axial induction factor.
Power = Thrust * U, (1 — a) (3.7)

Therefore an increase in thrust on a turbine can be used as a surrogate for an increase in
power production, even if the turbine is not generating optimal power, and up to
momentum theory limits. The power of a turbine is limited by the Lachester-Betz limit.
The maximum coefficient of power can be found by taking the partial of the coefficient

of power with respect to the axial induction factor.
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dcp =4(1-a)(1-3a)=0 (3.8)
da

Maximum power is achieved at the Betz limit, when a = 1/3 and Cpyax = 16/27
or 0.593. The actuator disk model is a general representation so it applies for al types of
turbines regardless of device design. It isimportant to note that turbine power production
is directly related to the cube of the inflow velocity. The inflow velocity will be site
specific and a small change in the inflow velocity will have a large effect on the power
production. This is extremely important for array development. The first row of devices
will have an optimal power output, but each proceeding row will experience the wake of
the forward devices. The velocity of the water decreases each time it flows through a row
of devices. Thisisthe fundamental reason of why array layouts are important and need to

be considered when deploying many devices.

Design Parameters

Even though the actuator disk model only takes into account genera turbine
design, the Betz limit still appliesto all wind and water turbines. Wind and water turbine
designers attempt to make turbines that operate at as close as possible to this limit.
Optimal device designs really on specific analysis of device dependent parameters: type
of turbine, tip speed ratio, hydrofoil shape, solidity ratio, twist angle, chord length, and

thickness of the blades.
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Tip Speed Ratio

Thetip speed ratio (TSR) is anon-dimensional term used to relate the rotational
velocity of the turbine to the inflow velocity of the turbine. It isafunction of angular
velocity, , inflow velocity, uy, and the radius, R, of the turbine. Equation 3.9 shows this
relation in analytical form. The coefficient of power for aturbine can be directly related
to tip speed ratio. Every turbine will have a curve relating tip speed ratio to coefficient of
power. Ideally each turbine will operate at the maximum coefficient of power, but is not
always the case as wind and water speeds are subject to change. Variable speed water and

wind turbines were devel oped to be able to operate efficiently over arange of inflow

velocities.
w* R
TSR = (3.9)
Ug
Foil Geometry

The purpose of wind and water turbine blades is to generate lift to cause the
rotational motion of the rotor. Lift is caused by the pressure differential across the surface
of the turbine blade. The pressure differential is caused by the effect that the shape of the
airfoil/hydrofoil has on working fluid. The foils are designed so that when fluid flows
over the blade there is a high pressure zone under the blade and a low pressure zone over
the blade. The pressure difference induces a lifting force on the blade which in turn
causes the rotational motion. Hydro/air foils are characterized by chord length, blade
thickness-to-chord ratio, maximum thickness, camber, twist, leading edge profile, and

trailing edge profile. Figure 3.2 shows a geometric layout of an airfoil. Chord length is
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defined as the linear distance from the front of the leading edge to the end of the trailing
edge. As seen in Figure 3.2 the thickness of the foil changes over the length. This is
called camber and is the asymmetry between the surfaces of a foil. The camber line is
like the chord but runs through middle of the blade from the leading edge to the trailing
edge. The camber of the foil can be used to dictate the pressure differential of the flow.
Air/hydrofoil coefficients of lift and drag are characterized by Reynolds number and
angle of attack. Reynolds number is the non-dimensional ratio of inertial to viscous
forces, equation 3.10. The inertial forces are in terms of density, p, velocity, u, and

length, L. For an airfoil the chord length isused for L.

Re = — (3.10)

Angle of attack is the angle from the chord line to the incoming flow vector asis
seen in Figure 3.2. For turbine application angle of attack is also regarded as blade pitch.
Changing the angle of attack effects the pressure distribution over a foil. Coefficients of
lift and drag can be plotted for a specific foil shape versus angle of attack at different
Reynolds numbers. When considering one fluid the Reynolds number is directly
proportional to the velocity of the fluid, because the density and dynamic viscosity are
the same. Turbine designers can use these charts to select foil geometries that operate
well for specific Reynolds numbers based on inflow velocities. The last property of afoil
isthe angle of twist. Wind and water turbines have twisted blades due to the change in tip
speed ratio over the blade length. Equation 8 shows that the TSR changes depending on

the radius of the blade. The outer edge of the blade moves faster than the inner sections of



30
the blade. Turbine blades are twisted so that through the length of the blade each section
experiences the same tip speed ratio and angle of attack; thus creating a uniform lift and

drag profile along the length of the blade.

angle of attack
af ™ ,
relative wind *S‘

chord line
4 camber line

Figure 3.2: Characteristics of an airfoil (Cleynen 2011)

Solidity

Solidity is defined the ratio of the swept area, or the area that the blades pass
through, to the area occupied by the blades. The solidity of a wind or water turbine
effects the tip speed ratio versus coefficient of performance curves. Low solidity values
results in a performance curve that does not vary much over alarge tip speed ratio range.
The drag forces are high for low solidity turbines; which results in a low maximum
coefficient of performance and higher starting torques. Lower solidity turbines provide
the most consistent power generation in areas where the annual changes in flow velocity
are substantial. High solidity turbines have a narrow performance curve with a distinct
coefficient of performance. These turbines are very sensitive to changes in tip speed ratio.

High solidity turbines are optimized for use in locations where the flow velocity is fairly
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constant. The solidity can become too high where stall loses dominate and the coefficient
of performance is extremely low. The solidity of a turbine can be tuned through chord
length and number of blades and is often categorized in terms of chord solidity, ox;
which is the ratio of the number of blades, B, and chord length, ¢, to the circumferential
length, 2zR, equation 3.11.

_ B *c
"R = 1R

(3.11)

Number of Blades

The number of blades is proportional to the solidity of a wind or water turbine.
There is an optima amount of blades for each type of turbine. The tradeoff for
optimization can be seen in equation 3.10 and is dependent on chord length and number
of blades. Increasing the number of blades alone does not mean there will be an increase
in power production as there is an increase in solidity. If the number of blades is
increased the chord length of the blades must be decreased to operate at an ideal solidity.
The problem with the larger number of blades lies in the cost of turbine blades. A five
bladed turbine with a smaller chord length may be more efficient at capturing energy;
however athree bladed turbine can potentially be more cost effective to build and repair.

Thisiswhy most horizontal axis wind turbines only have three blades.

Marine Hydrokinetic Array Layouts

Like many other parts of MHK developments much of array design is built off

knowledge gained through the wind industry. Researchers for the wind industry have
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evaluated wind farm performance for a variety of device placements. The mgjority of
research that has been conducted assumes that each wind turbine is identical. This
includes turbine height; which means all of the turbines operate at the same distance
above the surface. For the purposes of this thesis, the flow direction will be defined as the
longitudinal direction and is perpendicular to each row of the array. Each row isin the
lateral direction. Columns of turbines are paraléel to the inflow in the longitudina
direction. Figure 3.3 demonstrates the terminology used to in this thesis to discuss array

layouts.
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Figure 3.3: Array spacing diagram
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The most common types of array layouts are linear-grid, staggered-grid, and
triangular grid. In a linear-grid the turbines are placed into rows and columns; with one
device located on either side of the inner turbines. Figure 3.4 (a) shows the layout of
MHK devices in a linear-grid. Staggered-grids were developed as a way to more
efficiently deploy turbines. In a staggered-grid the first row of turbines is the same as the
linear-grid, but the second row is offset laterally so that each turbine is no longer directly
behind, but in between the turbines of the first row. The second row is no longer directly

in the wake of the first row which means that the second row of devices will experience
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higher velocity flow than its linear grid counterpart. The third row is then laterally spaced
so that it is behind the first row and the fourth row is behind the second. The staggered
grid is essentially doubling the longitudinal space between rows, thus doubling the length
the wake has to recover between rows. Figure 3.4 (b) shows an example of a staggered-
grid array. Research has shown that there is flow acceleration around CEC devices. It is
possible to use that increase in flow velocity in influence performance of the devices in
proceeding rows (Myers and Bahg 2011). Myers and Bahg completed a range of
experiments to investigate device performance and array spacing using porous actuator-
disksin single and 2-3 device array layouts and demonstrated the effect of lateral spacing
can either increase the thrust loads on adjacent devices or be used to accelerate flow
between them. In a staggered grid the flow that is accelerated by the upstream turbinesis
in line for the subsequent row of turbines. Research has been done in an attempt to
guantify the exact lateral and longitudinal spacing to maximize this effect (Churchfield et
al 2012, Stevens et a 2014). Triangular-grid arrays operate on the same principle of
trying to maximize the velocity at each turbine. The first row has n-number of turbines,
where n is an arbitrary number. Each subsequent row has n+1 turbines, staggered from
the previous row, and is longer in the lateral direction. The idea behind triangular grid
arrays is to always have two additional turbines in each row that is unobstructed by
forward devices. The triangular-grid array can also benefit from the acceleration of flow
around the upstream devices in the same way staggered-grid does. Figure 3.4 (c) shows
an example of atriangular grid array. When choosing an array scheme it comes down to

an optimization scheme.
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Figure 3.4: Array grids (@) triangular-grid, (b) staggered-grid, (c) linear-grid

Regardless of the layout each array configuration follows the same principles. The
first row of devices, perpendicular to incoming flow, experience uninterrupted flow and
have the most potential for power production. Each additiona row is in the wake of the
forward devices which reduces the amount of available kinetic energy. Research has been
done to determine optimal of upstream to downstream device spacing (Yang et a. 2013).
By using a staggered-grid the rows only need to be spaced half this distance as each
turbine isin the wake of the turbine two rows ahead. The device type can aso affect array
characteristics, where the spacing between vertical axis wind turbines can be decreased
while improving performance and loading conditions, if they leverage the bluff-body

shedding, similar to efficiencies gained in fish schooling (Whittlesey et al. 2010).
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METHODOLOGY

CEC arrays will be deployed in an endless possibility of river and near-shore
domains with differing bathymetric profiles. The goal for this thesis was to investigate
some simple bathymetries to determine the how performance characteristics of an array
change when moving from an open channel to one with a geometric bottom. A
commercial CFD program, Star-CCM+®, was used to analyze arrays of porous disks in
an unbounded flow and four bathymetric test cases. First, the physical parameters of the
model were calibrated against an experimental setup of a 3 actuator-disk array. Second, a
set of array configurations in a free-stream were simulated to provide a performance
reference for unobstructed flow. Third, the same array configurations were modeled
within three different bathymetries to determine their potential effect on array
performance. The principal data of interest are the forces on the disks and the wake

recovery profiles.

Array Layouts

Linear arrays were used as a baseline for the smulations. For this study the type
of layout of the array was assumed to be unimportant, because the advantages and
disadvantages of each layout would be shared among all the arrays. What is important is
how the thrust loads and wake recovery change for a specific array when moved to a new
location. The arrays were composed of 90 porous disks: 10 columns of disks in the flow
direction (longitudinal) and 9 disks in each row across the flow direction (lateral). The

disks shared the same parameters; 0.1 m in diameter, 0.01 m thick, and had a porosity of



36
0.48. These are the same size and shape of disk used by Meyers and Bahg at the
University of Southampton (Myers and Bahg) 2011). The linear array configurations were
categorized by lateral and longitudinal spacing between the actuator disks. These
distances were reported in non-dimensional length based on disk diameter, D. The arrays
are referenced by their (longitudinal/lateral) spacing for the remainder of the thesis. The
array (7D/3D) refers to an array with 7 disk diameter longitudinal spacing and 3 disk
diameter latera spacing between the centers of adjacent disks. Twenty array
configurations were tested in an open channel bathymetry to establish a baseline set of
array performance characteristics. Every combination of longitudinal spacing of 2D, 3D,
7D, 11D, and 15D and lateral spacing of 1.25D, 2D, 3D, and 4D were used. The thrust
loads on each disk, velocity profile through an array, and the wake recovery are the main
characteristics of interest. The array configurations were then tested over two bottom
bathymetries to determine if and how bathymetric changes affect the array performance

characteristics.

Bathymetry Test Cases

Three bathymetries were tested to determine if the geometry of the system would
impact array performance. The first bathymetry, Bathymetry O, represented an open
channel that was used to establish a basdline for performance data. Simple sloping
bottoms were implemented in the next two bathymetries. The second bathymetry,

Bathymetry A, had alateral sloping bottom, and the third bathymetry, Bathymetry B, had
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a longitudinal sloping bottom. The linear arrays were placed over each of the three
bathymetry cases and thrust loads on the disks and velocity profiles were recorded.
The unbounded flow geometry, Bathymetry 0O, is a rectangular fluid volume with
a length of 34.00 m, width of 6.40 m, and depth of 4.00 m and is shown in Figure 4.1.
The disks are located 20 device diameters from the inlet and are centralized in the width
and depth directions. The domain is large enough that there are no affects from the

boundary conditions on the flow around the disks and in the wake.

Outlat

Figure 4.1: Open channel reference flow, Bathymetry O

Bathymetry A, as seen in Figure 4.2 introduces a bed that is doped lateraly at
11.8° across the domain. The bed is sloped from one side of the volume, and positioned
such that it is 0.1 m below the array on one edge to 1.44 m below the array on the other
edge. This type of bathymetry can be used to provide a rough approximate estimate of

potential close to shore locations; such as the sloping continental shelf.
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Figure 4.2: Bathymetry A

Bathymetry B has a positive sloping bed in the downstream direction, of 9.18°
with a length of 10.03 m. The upstream and downstream depths are 4 m and 2.4 m,
respectively. The performance characteristics of the arrays are subject to change
depending on their location over the sloped bed. Two array deployment locations were
used in Bathymetry B. The first deployment location placed the first row of the arrays at
the beginning of the slope. The second location referenced the last row of the arrays to
the apex of the sloped bed. Bathymetry B1 indicates Bathymetry B with the first
deployment location and Bathymetry B2 for the second. In both cases the forward rows
were deeper than the rear rows. This type of bathymetry has the potential to be seenin a
river undergoing a vertical height change. The results for Bathymeries B1 and B2 are

compared against each other and the open channel reference case.
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Figure 4.4: Bathymetry B2

Computational Fluid Dynamic Model

This thesis used porous disks to represent horizontal-axis-water-turbines. Porous
disks are able to capture thrust loads and produce far wake profiles that are very similar
to those seen in horizontal-axis-water-turbines (Harrison et a 2009). There is no
rotational motion for a porous disk, so no vortex shedding or torque loads are produced.
However, vortex shedding is a small contributor to the overall flow recovery behind a
horizontal-axis-water-turbines. The model presented here assumes that the vortex

shedding effect is negligible on the thrust loads and the downstream wake profile. No
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torque loads are present with porous disks so there can be no direct power generation;
however, actuator disk theory can be used to relate the thrust loads on the porous disks to
power by the upstream velocity through an axial induction factor, as was shown in
equation 3.6. Therefore the thrust loads on the disks can be used as a surrogate for power
generation.

Within a CFD model, porous regions can be used to represent iso- and anisotropic
changes to the flow from inertial and viscous losses. These are treated as additional body
forces and density ratios within the standard Navier-Stokes equations. Without sufficient
detall from literature for the proportionality of these losses at different velocities, the
porous disks were chose to be represented as packed beds. The Ergun equations solve for

the viscous, P,, and inertial, P;, losses through (4.1, 4.2).

150u(1 — X)?
p 150w —X)

v X3D2 (4.1)
1.75p(1 — X)
;= X3—Dp (4.2)

The dependent variables are the dynamic viscosity of the fluid, «, density of the fluid, p,
porosity, X, and mean particle diameter in the porous media, D,, which was taken to be
equivalent to the thickness of the disk. A calibration simulation was created to quantify
viscous and inertial loses, diffusivity, and mesh and grid sizes, and is discussed in the

calibration section.
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The RANS solver for the Navier-Stokes equations was used to model the water
flow through the porous disks and was chosen for it accuracy versus computational cost.
The flow field was assumed to be fully turbulent and incompressible. This is a fairly
accurate assumption as turbulent flows are expected in all deployment sites of full-scale
devices and demonstrated within the literature compared against. The Spalart-Allmaras
(SA) turbulence model was paired with the RANS model to represent turbulent flow
structures (Spalart & Allmaras 1994). The SA model was chosen for its stability in a
mixed porous domain and the diffusivity present in a mesh with various length scales. It
is also less computationally expensive than the k-epsilon and k-omega equations or
modeling with a large-eddy simulation, as there is only one equation to solve and mesh
refinement is less critical near the boundaries. The SA turbulence model alows for
parameterization of the turbulence diffusivity which is beneficial for scaling wake
recovery. The flow field behind a disk can be experimentally modeled and the velocity
recovery can be used to calibrate the SA diffusivity parameter in the CFD simulation.

The CFD model was calibrated using an experiment performed by researchers
Myers and Bahgj in the Chilworth research laboratory at the University of Southampton
(Myers & Bahaj 2011). This experiment used three porous disks to represent horizontal-
axis-water turbines. The disks were positioned such that two disks were upstream of the
third by three device diameters, which was centered between the upstream disks. The
experiment was performed to seeif the flow accel eration around the upstream disks could
be used to increase velocity ingested by the downstream disk, and therefore increase the

generated power. They were also able to quantify the wake recovery behind the disks. A
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numerical simulation of this experiment was created in order to calibrate the turbulence
diffusivity, viscous and inertial loses of the porous disks, and relative mesh sizes.

Each ssimulation that was run used physical, mesh, and boundary parameters that
were based off the calibration study of a 3 disk array. All of the simulations use the same
physical parameters including inflow velocity, diffusivity, pressure, and temperature. The
inflow velocity was 0.25ms™. Standard atmospheric conditions were used for the pressure
and temperature. Each array used similar mesh sizes in each area including around the
disks and wake. The boundary conditions were the same across all the ssmulation with
the exception of the bottom boundary in the reference channel. The bathymetry cases
used a no-dip bottom boundary and the open channel reference study used a symmetry
plane. Symmetry planes were also used for the sides and top of the domain. The side and
top of the domain were sufficiently spaced so that there were no affects due to the

boundary on the flow around the array.



43

CALIBRATION

Numerical models must be calibrated to real world experiments to produce the
most accurate results. The Spaart-Allmaras turbulence model, within Star-CCM+®:
requires the user to input a value for turbulence diffusivity. Without understanding the
actua flow conditions and having measurements it is often very difficult to predict this
input value. The best alternative to obtaining this value is to calibrate a numerical model
of the same experiment. The user input value can then be changed until the numerical
model best matches the experimental data. In this thesis the turbulence diffusivity needed
to be calibrated against a real world experiment in order to have a physical grounding to

be used in the study of arrays.

Experimental Tests

Researchers at the University of Southampton ran an experiment using a three
porous-disks to model CEC devices (Myers and Baha 2011). This experiment was used
to quantify the wake recovery behind the disks and the effect of flow acceleration around
the disks. The experiment was completed in the Chilworth Flume at the University of
Southampton. The fume was 1.25 m wide and 0.3 m deep. Each of the three disks had a
diameter of 0.1 m, a thickness of 0.01 m, and a porosity of 0.48. The first two disks were
placed in the center of the channel with a 0.25 m, or 2.5 disk diameter, lateral spacing
between the centerline of the two disks. The third disk was placed in the middle of the
flume 0.3 m downstream of the first two disks. The velocity profiles through the width of

the flume were measured at 5, 7, 9, and 25 device diameters downstream of the first two
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disks. The inlet velocity profile was not uniform, but was recorded and had an average
velocity of 0.26 ms™. The experiments showed distinct wakes behind each disk with a
substantial decrease in velocity. The individual wakes merged between 7-9 device
diameters downstream and the velocity field was mostly recovered by 20 device
diameters.

Experiments using single disk and two disk arrays were used to determine the
coefficient of thrust of the porous disk. These disks were of the same size, geometry and
porosity as the three-disk experiment. These experiments were also done in the same
flume with nearly similar inflow conditions. The thrust load on the disk was recorded and
used to determine a coefficient of thrust. The coefficient of thrust for the single and two
disks arrays were found using actuator disk theory, equation 3.5, and ranged from 0.91 to
1.08. (Myers and Bahg 2011). The higher coefficient of thrust values correlate with

closer lateral device spacing.

Numerical Moddls

A numerical model of the three porous-disk array experiment was created in the
CFD software package Star-CCM+®. The purpose of this model was to optimize the SA
turbulence diffusivity and to verify mesh quality. The dimensions of the Chilworth flume
were used to create the domain. No-dlip wall boundary conditions were used to mimic the
bottom and sides of the flume. The top surface was modeled first as a symmetric
boundary layer and then as a free-surface. The inlet boundary condition was set as a

velocity inlet using the recorded experimental inflow velocities. The outlet pressure was
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referenced to zero gauge at standard atmospheric conditions. The simulation was solved
as a steady state problem and then verified against transient ssimulation. Velocities were
recorded at 5, 7, 9, and 25 disk diameters downstream from the front two disks. These
velocity profiles were then used to calibrate the SA diffusivity to get a near matching
wake recovery.

The first part of the calibration was determining an optimum mesh size. An
optimum mesh size refers to the smallest number of elements in a mesh required for the
solution to no longer be affected by mesh size. The number of elements within a mesh is
directly related to computational time and volatile memory, or RAM, usage. The higher
the element count the longer it takes the simulation to solve and the higher the memory
cost. The CFD program used has a wide range of built-in options for meshing control.
The program allows the use of polyhedral or tetrahedral cellsto mesh a 3-D fluid domain.
Either one of these cell types could have been used; however there are some advantages
in using the polyhedral cells. The polyhedral mesh uses approximately five times fewer
elements than the tetrahedral equivalent, therefore requiring much less computing
memory and power, and provides the same level of accuracy (CD-Adapco). Star-CCM+®
controls the mesh size by specifying a base size for cells, polyhedral core density, and
surface growth rates. The program also allows for mesh refinements along surfaces and
boundaries and the use of volumetric controls. Volumetric controls are used to specify a
particular volume within a domain that can be refined using newly defined mesh
parameters. This is useful for refining the mesh around the disks and over the wake. The

refinement around the disks was a rectangular volume that began three device diameters
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upstream and three device diameters downstream, compete depth of the flume, and two
device diameters out from either side of the disks towards the walls. The wake profile
utilized the same depth and lateral dimensions as the disk volumetric control, but began
downstream of the disks and continued to the extent of the domain. The last refinement
was at the interface between the disks and the rest of the domain. These refinements
allowed for a smooth transition between inflow, porous disks, and the wake. The
volumetric controls used in the calibration simulation can be seen in Figure 5.1. The
simulation was meshed in an iterative process starting from a really refined mesh to a
course mesh until the velocity profile at 5D, 7D, and 25D across tests no longer
converged. The last mesh with the converged velocity profile was used. The most refined
mesh started with approximately 4.5 million cells and the optimally refined mesh size
was approximately 350 thousand cells. The diffusivity value specified for the SA
turbulence model was |eft at the program default of 1e® m?s™* until the mesh optimization

was complete.

Refinement over Disks Wake Refinenent

Interface
Refmement

Figure 5.1: Three porous disk cross-sectional overhead view
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A volume-of-fluid (VOF) model was also used to determine if there were any
adverse effects due to pressure release at the air-water interface. The steady state solution
never converged on a result for the VOF method, so an implicit unsteady solution form
was used. The implicit unsteady VOF simulation showed little deviation in surface height
at the air-water interface. Figure 5.2 shows the air-water interface through a centralized
vertical slice of the domain. The velocities at 5, 7, 9, 25 disk diameters downstream
correlated with the steady state ssimulations quite well. The symmetry-plane was used for

the top boundary for the remainder of calibration.

Volime Fraction of Air

0.00000 0.20000 0.40000 0.60000 0.80000 1.0000

Figure 5.2: Three porous disk VOF air water interface

Once the mesh size and the top boundary were established, the physica
parameters of the problem were calibrated. The diffusivities were tested from 1.0e-6 to
1.0, and it was found that a diffusivity of 1.25¢* m?s’ most accurately fit the
experimental data. The porosity of disks matched experimental value of 0.48, and the
inertial/viscous losses through each porous disk were calculated to be 8.22€> kgm™ and
3.26€® kgm>s, respectively. Figure 5.3 shows the horizontal velocity profile at the mid-
plane of the disks and Figure 5.4 shows the wake velocity comparison between the

Chilworth flume experiment and the numerical simulation at the recorded distances
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downstream. There is good agreement between the experimental and the numerical
simulation.

The last simulation for the calibration was of the flume with one porous disk. This
simulation used all of the mesh parameters and physical characteristics calibrated above.
The purpose of this simulation was to confirm the accuracy of the thrust loading on the
disks. Myers and Bahgj reported that the coefficient of thrust on a single porous disk was
0.91 to 1.08. The coefficient of thrust found within the single disk simulation was 0.98
which is around 8% error of the experimental value. This calculation used the average

inflow of 0.26ms™ for the inflow velocity for equation 3.5.

Velocity(if (m/s)
a.00000 0. 060000 0. 12000 0. 180040 0. 24000 0.30000

Figure 5.3: Three porous disk velocity profile through the central cross-section
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Figure 5.4: Three porous disk downstream velocity comparison, (Myers and Bahagj 2011)

Array Simulations

The numerical models used to evaluate array performance were built off the
calibrated 3-disk model. The physical parameters of the calibration simulation including
diffusivity and porosity were applied to the array simulations across each bathymetry.
However, gravity was not included in the smulations, as performance based on depth
was not evaluated. Theinlet velocity for the array simulations was set to 0.25ms*, as this
value was close to the average inflow velocity used in the calibration model. The mesh
properties for the domain base size, interface refinement, and each volumetric control
were used as a basis for meshing the larger array domains. An initial ssmulation was
performed using the (15D/4D) array to determine the required distances from the array to

the boundaries, so that the array experienced no effects from the boundaries. Once the
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size of the domain was established twenty simulations were constructed using the
different arrays layouts. The mesh cell count between simulations differed because the
lateral and longitudinal length of the volumetric controls changed dependent upon array
spacing. Each simulation used the same forms of volumetric control: a rectangle around
the wake, and a rectangle around the disks. For the arrays with 3D and 4D lateral spacing,
volumetric controls were applied in the form of 9 rectangles each one enveloping a

column of disks.
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ARRAYSWITHIN AN OPEN CHANNEL

The purpose of this thesis was to explore the effect of bathymetry on array
performance and characteristics. In order to understand the effects of bed bathymetry on
array performance, there must be a baseline understanding of array performance in an
unconstrained environment. Bathymetry O was created to formulate a baseline for
characteristic properties for each array layout used in the bathymetric case study.
Bathymetry O, or the open channel bathymetry, was created so that there were no outside
forces or boundary conditions affecting the flow around the array of porous disks.
Twenty linear arrays were tested in Bathymetry 0. Every combination of a lateral spacing
of 1.25D, 2D, 3D, 4D and longitudinal spacing of 2D, 3D, 5D, 7D, 11D, and 15D were
tested. Each simulation used a uniform inflow velocity of 0.25ms® and a 0 gauge
pressure release at the end of the domain. The main characteristics of interest are the
thrust loads on the disks and the wake profile after the arrays. The actuator disk model
can be used to relate the thrust loads to a coefficient of power, which turbine developers
can use as a quick mechanism to evaluate performance. The thrust loads were recorded
for each disk within every array and the total thrust load for an array was calculated by
summing all the thrust loads per disk. The total thrust loads were plotted against the non-
dimensiona longitudinal spacing in terms of disk diameter (D). This created reference
curves for performance based on array spacing for an open channel. These curves were
used as a baseline for comparison against the four bathymetric cases. The fluid velocities

were recorded through the center of the array to the end of the domain to characterize the



52
flow through an array and wake recovery. The downstream/longitudinal distance was also
non-dimensionalized in terms of disk diameters.

Force output increased in Bathymetry O as the longitudinal spacing between the
disks increased until approximately 15D, as seen in Figure 6.1. This behavior has been
characterized before and is expected due to the velocity deficit behind each disk. As the
spacing is increased the wake velocity after each disk is able to further recover, thus
providing higher thrust loads on the next disk. Recall that power is directly related to
velocity cubed and thrust loads are related to velocity squared. The higher the velocity
recovery the higher the possible power generation. This trend will continue until the
spacing is great enough that each disk operates as if it were independent of the array.
Increasing the spacing past this point will not increase performance as the flow velocity
will never reach the inlet velocity without external forces. Figure 6.2 shows this effect
through velocity recovery using the (3D/3D), (7D/3D), and (11D/3D) arrays. The
velocity recovery is evaluated in non-dimensional velocity deficit and the longitudinal
length is reported in disk diameters. The velocity deficit is defined by one minus the
velocity of interest over the inflow velocity. Each plot starts at the front row of the array
and continues until the end of the domain. A velocity deficit of one indicates that flow
has stopped and zero indicates that the flow has fully recovered. The velocity after each
disk on the (3D/3D) does not recover to a consistent value, because there is not enough
longitudinal space between the rows. On the other hand, the (7D/3D) array disks are

spaced far enough apart, longitudinally, that the velocity after each disk is able to recover
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array so the velocities after the disks are able to recover further still.
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Figure 6.1: Tota thrust loads on arraysin Bathymetry O

Velocity Deficit
o o o o
o = ) @ i

o

—_
™
Z

=2, 9. =

IS 1 © =

Velocity Deficit

o
s

0

(©

Figure 6.2: Velocity profiles by longitudinal spacing for Bathymetry 0 (a) (2D/3D), (b)
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The effect of atering the lateral spacing on performance was relatively small in
comparison, but an increased spacing produced larger thrust loads. Diminishing returns
for lateral spacing occurred after three disk diameter spacing as seen in comparing
Figures 6.3 (c) and (d). Figure 6.3 specifically shows lateral spacing for the 7D
longitudinal spacing cases, however, the trend held true for al the longitudinal spacing.
The lateral spacing case of 1.25D was tested in an attempt to assess the flow acceleration
principle seen in the three disk calibration case. Unlike the calibration case, it appears
that the disks were too close and flow no longer accelerated between them causing a
decrease in performance. Figure 6.4 shows the cross-sectional velocity profile at row 1
for the (7D/1.25D) array and Figure 6.5 shows the cross-sectional velocity profile at row
10 for the (7D/1.25D) array. Figure 6.6 shows the cross-sectional velocity profile at row
1 for the (7D/3D) longitude spacing and Figure 6.7 shows the cross-sectiona velocity
profile at row 10 for the (7D/3D) array. Row 1 and row 10 were chosen to display the
extremes of the velocity profiles around the disks. Over the rows of the (7D/3D) array it
is clear that flow is accelerating uniformly around each disk as seen in Figures 6.6 and
6.7. Due to the close proximity of the disks in the (7D/1.25D) array the acceleration of
flow around each disk is not uniform as seen in Figures 6.4 and 6.5. The reason is similar
to the longitudinal spacing as there needs to be enough space for the flow to develop
around each individual disk and once a certain distance is reached any further increase in

spacing will not provide any additional benefit.
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Figure 6.3: Velocity profiles by lateral spacing for Bathymetry O (a) (7D/1.25D), (b)
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Figure 6.4: Row 1 of the (7D/1.25D) array for Bathymetry O
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Velocity: Magnitude (m/s)
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Figure 6.5: Row 10 of the (7D/1.25D) array for Bathymetry
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Figure 6.6: Row 1 of the (7D/3D) array for Bathymetry O
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Velocity: Magnitude (m/s)
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Figure 6.7: Row 10 of the (7D/3D) array for Bathymetry O

The overal thrust loads on the arrays follow the predicted pattern for longitudinal
and lateral spacing. However, if each individual row within an arrays is considered there
is an unexpected trend in thrust. General thought suggest that as flow moves through an
array, energy is extracted by each disk causing the flow to slow after each subsequent
row resulting in decreased loading. This trend does not appear to hold for these
simulations. Figure 6.8 shows the thrust load by row for each of those simulations and
Figure 6.9 shows the thrust loads on each individual disk by row. After the first row there
is a large drop in thrust as expected; however, after the second row the thrust loads
increased per row. This trend is present across all of the array configurations of
Bathymetry 0. This type of performance gain for later rows has been observed before
(Churchfield et. al. 2012). In the paper “A Large-Eddy Simulation of Wind-Plane
Aerodynamics’ the increase in power production for the later rows was thought to be
from an “increased wake meandering of the more downstream wakes’” (Churchfield et.

al. 2012). In this model there is no wake meandering, because there is no rotational
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motion from the porous disks. The increase in thrust loads throughout the array may be
attributed to an increasing downstream pressure deficit within the array and reduced
resistance after the final row of devices. All the lateral spaced arrays resulted in similar
results so the 3D lateral spaced arrays and are used for the longitudinal comparisons.
Figure 6.9 shows the thrust loads by disk in each row for each of the 3D lateral spaced
arrays. In the (3D/3D) array the thrust of rows 2 through 10 were within 30% of each
other and rows 2 through 10 were within 25% for the (7D/3D) array. The (7D/3D) array
has a narrower spread for thrust loads over each row than the (3D/3D) case, as seen in
Figure 6.9 (c). This is because the (7D/3D) has a larger longitudinal spacing than the
(3D/3D) which alows the velocity to recover further and converge to the same value
each time. Figure 6.9 (d) shows the thrust loads on the (11D/3D) array. The flow in the
(11D/3D) has more downstream distance to recover than the (7D/3D) array, so the thrust

loads for rows 2 through 10 vary even less than thein (7D/3D) array.
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Figure 6.8: Thrust loads on rows for Bathymetry O
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It is often more beneficial to view performance of marine hydrokinetic turbinesin
terms of their non-dimensional coefficient of power. Thrust loads and velocities will be
specific to the site and inflow conditions. Equation 3.2 can be used to relate the
coefficient of power to dimensional power through velocity or the axial induction factor.
Once either of those terms are known then the performance of the turbine can be
evaluated for any system. In the case of the arrays each array can aso be evaluated for its
own coefficients of thrust and power, as seen in Figure 6.10. Equation 3.5 was used to
obtain a coefficient of thrusts from the total thrust loads and the upstream velocity of
Bathymetry 0. The upstream velocity is the inlet velocity which is at 0.25ms* and the
areaisin terms of the total disk area or the area of one disk multiplied by the number of
rows and columns. Equation 3.5 can also be used calculate the axial induction factor from

the coefficient of thrust. The axial induction factor then can be applied to equation 3.3 to
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determine a coefficient of power for the array. Naturally the coefficient of thrust curves
follows the same trend as the total thrust loads plot; however, the coefficient of power
curves is dlightly different. After approximately 7D downstream the array starts
approaching the Betz limit which is the theoretical performance maximum. The thrust
load plots can be deceiving, as the thrust loads can increase, but the total power output
can remain the same. From a developer standpoint the most optimal spacing for this

particular “device” and operation condition would be the (7D/3D) array.
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Figu(z 6.10: Coefficients of thrust and power for(tgathymetry 0, (a) thrust, (b) power
Another key metric that MHK developers are concerned about are the wake
recovery profiles of the arrays. The wake profile is used to categorize how long it takes
the flow to return to normal and principally determines the performance and loads of
devices located downstream of others in the array. Additionally, the effects of arrays on
marine life, sediment transport, and other water quality metrics is sill relatively
unknown, so a faster recovery could limit adverse effects. It may also be necessary to
deploy multiple arrays within semi-close proximities, where the downstream array

deployment will rely on the wake from the upstream array, similar to individual devices
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within an array. It is important to know how far to space these arrays to operate
efficiently. In this thesis wake recovery isin terms of velocity deficit. The wake recovery
is recorded from the last row of an array to the end of the domain. The distance
downstream is in terms of non-dimensional length (distance / device diameter). Figure
6.11 shows the wake recovery for each array organized by longitudinal spacing and
Figure 6.12 shows the wake recovery for each array organized by lateral spacing. Each
array had a similar velocity recovery profile, but the wake recovery did not appear to
have a consistent pattern based on longitudina spacing. It was clear that the lateral
gpacing of 1.25D had the slowest wake recovery; however, there was no distinct
relationship for the other lateral spacing. Within the first 50 - 100 device lengths most of
the arrays recovered between 80% and 90% of the inlet velocity. The arrays reached a
maximum recovery between 200 - 250 device lengths. The arrays tested had longitudinal
lengths between 20 and 150 device lengths. The recovery lengths were between 1.67 and
10 array lengths; which indicates that longitudinal spacing does not correlate strongly to
wake recovery. It may be possible to characterize array recovery based number of devices
alone as there is no clear relation to wake recovery and device spacing; however, this was

not tested.
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Figure 6.11: Wake recovery by lateral spacing for Bathymetry O, (a) (2D/XD), (b)
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Figure 6.12: Wake recovery by longitudinal spacing for Bathymetry 0, (a) 1.25D, (b) 2D,
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This chapter discussed the baseline data established for arrays in an open channel.
The thrust loads on the disks were analyzed to determine the performance of the arrays.
The thrust loads were used as a surrogate for power using actuator disk theory. The thrust
loads were used to calculate an axial induction factor for each array as a whole. The
coefficient of power for each array was then calculated using the axial induction factor.
The total thrust loads on the arrays increased as the longitudinal and lateral spacing
increased; however, the power reached a relative maximum after 7 longitudinal device
diameters. The maximum power occurs at the Betz limit when the axial induction factor
is 1/3. Once the axia induction factor has increased past 1/3, the loading has increased on
the disks, but the potential power generation remains the same. The axia induction factor
of 1/3 relates to a coefficient of thrust of approximately 0.9. Any array with a coefficient
of thrust over 0.9 has a higher loading condition, but is not generating any additional
power. The 11D and 15D longitudinal spaced arrays are examples of arrays that are
operating at this condition. This condition may be attributed to the porous specifications
applied to these disks, which islikely operating outside of its peak performance window.

The velocity profile through the arrays to the end of the domain were aso
guantified to characterize the flow through an array and the wake recovery. The flow
velocity between rows of devices was dependent on row spacing. The larger the spacing
the larger the velocity recovery between rows. However, the wake after the arrays was
not affected by the device spacing. The wake after each array followed the same profile

converging between 200 and 250 device diameters. If multiple arrays were deployed, the
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downstream array would need to be placed approximately 250 device diameters away to

remain independent.
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ARRAYS OVER SLOPED BATHYMETRIES

The bathymetry of a system has the potential to change the performance
characteristics of an array. The same analyses that were performed for the reference
bathymetry were applied to each bathymetric case. This study evaluates that change by
comparing the thrust loads and wake recovery of the open channel bathymetry to the two
cases with bottom bathymetry. The flow field of the domain is expected to change due to
the new topography; however, the question remains as to how this change in flow field
effects the array performance and wake recovery. Do the performance curves of
Bathymetry O just shift up/down, become dlightly different, or do the curves become
completely different? If the curves uniformly shift in magnitude then bathymetry does not
necessarily need to be taken into account for general array performance evaluation. The
uniform shift would indicate that each array will have the same relative performance to
each other array based on lateral and longitudinal spacing. If thereis only a slight change
it may be possible to still use an open channel as afirst approximation of device layout. If
the performance curve drastically changes, then the open channel bathymetric case
cannot not be used, even as afirst step to predict array performance. Developers would

have to test each array layout over the new bathymetry to determine the optimal layout.

Bathymetry A

The purpose of the bathymetry A was to provide a bottom bathymetry that varied
across the lateral spacing of the arrays. This type of topography can be related to

locations that are off the cost and close-to-shore, where an array is aligned paralel to the
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coastline. Twenty of the arrays that were tested in Bathymetry O were relocated over
Bathymetry A. Every combination of a lateral spacing of 1.25D, 2D, 3D, 4D and
longitudinal spacing of 2D, 3D, 5D, 7D, 11D were tested. Like Bathymetry O the main
characteristics of interest are the thrust loads, pressure profile through the array, and the
wake profile after the array.

Force output increased in Bathymetry A as the longitudinal spacing between the
disks increased, as seen in Figure 7.1. This behavior isidentical to what was seen in the
reference bathymetry. As spacing is increased, the more the velocity is able to recover;
which results in higher velocities, and therefore thrust loads, on the downstream rows of
disks. Thistrend will continue until the spacing is large enough that each disk operates as
if it were independent of the array, at which point increasing the spacing will not increase
performance.

Figure 7.2 shows the velocity recovery using the (3D/3D), (7D/3D), and
(11D/3D) arrays. Like Bathymetry 0, the velocity recovery was evaluated in non-
dimensional velocity deficit and the longitudinal length was reported in disk diameters.
Each plot starts at the front row of the array and continues until the end of the domain.
Similar to Bathymetry 0 the velocity after each disk on the (3D/3D) array does not have
enough space to recover before experiencing the proceeding disks and the (7D/3D) array
are spaced far enough apart longitudinally that the velocity after each disk is able to
recover to the same point. The (11D/3D) array has larger longitudinal spacing so the

velocity is able to recover even further.
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Figure 7.1: Total thrust loads on arrays in Bathymetry A
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Similar to the reference bathymetry the effect of altering the lateral spacing on
performance was relatively small in comparison to the lateral spacing. The larger the
lateral spacing the larger thrust load until approximately 3 device diameters; at which
point diminishing returns occur. Even with the laterally sloping bed, the 1.25D lateral
spacing was still close enough that flow did not accelerate between the disks and instead
moved around the sides of the array. The overall thrust loads on the arrays followed the
same pattern as Bathymetry O for longitudinal and latera spacing. The first rows
experienced the highest loading followed by a sudden drop in loading for the second row
and increased loading for each additional row. Figure 7.3 shows the thrust loads on each
row for arrays with 3D latera spacing. The cause of this is still likely due to an
increasing, downstream pressure deficit within the array and reduced resistance after the
fina row of devices. This trend is present across al of the array configurations of
Bathymetry A. Aswith Bathymetry 0, the variation of thrust loads from row 2 through 10
is relatively small with the exception of the 2D longitudinal spacing which has a 60%
thrust load range. The (3D/3D) has a thrust load variance for rows 2 through 10 of 33%.
Similar to before the (7D/3D) has a thrust variance for rows 2 through 10 of 23% and the

(11D/3D) array is within 15%.
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Figure 7.3: Thrust loads by rows for Bathymetry A

The coefficient of thrust and power for the arrays were also similar to what was
found in the open reference channel, and can be seen in Figure 7.4. As before, the
coefficient of thrust curves mirror the total thrust loads curvesin Figure 7.1, with Figure
7.5 showing a comparison of the thrust and power coefficients for Bathymetry 0 with the
3D latera array spacing. The curves are nearly identical between the open channel and
over the lateral sloped bottom. This relationship suggests that array optimizations within
an open channel could be applied to arrays in currents that run paralel to a coast or

shoreline.
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As expected then, the wake recovery of Bathymetry A is also similar to the
reference channel. All of the wake recovery curves have similar profiles. The wake
recovery isin terms of velocity deficit and was evaluated from the last row of an array to
the end of the domain, non-dimensionalized by device diameters. Figure 7.6 shows the
wake recovery for each array organized by longitudinal spacing and Figure 7.7 shows the

wake recovery for each array organized by lateral spacing. Unlike the reference



bathymetry it is clear that wake recovery is dependent upon lateral spacing. The larger
the lateral spacing the faster the wake recovery. The longitudinal spacing has the opposite
effect where the largest spacing recovers slowest and the smallest recovers first. Possibly
counterintuitive, but the lateral spacing is a larger determining factor on wake recovery
than downstream spacing of the disks. In general the wake recovery curves for a fixed
lateral spacing are similar enough it could be possible to predict the wake recovery using

any one of the arrays.
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Bathymetry B

The purpose of Bathymetry B isto mimic a sloping bed in the direction of flow.
This type of topography is often seen in riverine environments and tidal straits. The
magnitude of the slope will vary from location to location; however, the slope used in
Bathymetry B is larger than expected deployment sites in order to exemplify any
changes. It is expected that similar bathymetries with shallower slopes will experience
the same effects, but to a lesser degree. Additionally, “smaller,” local features, like sea-

mounds, may induce a similar effect. Twenty arrays were used in the simulations of
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Bathymetry B. Every combination of a lateral spacing of 1.25D, 2D, 3D, 4D and
longitudina spacing of 2D, 3D, 5D, 7D, 11D were simulated. Unlike the reference
bathymetry and Bathymetry A, the longitudinal, or downstream location, over the bottom
slope effects the performance of the arrays. Bathymetry B was split into two distinct
scenarios, B1 and B2, in order to quantify the effects of longitudinal location of the array.
In Bathymetry B1 the arrays are referenced such that the first row of the array remains at
the start of the sloped bed, with succeeding rows locating into shallower waters as the
spacing increases. In Bathymetry B2 the last row of the array is referenced to the apex of
the sloped bed, with preceding rows increasing in distance from the bed as the

longitudinal spacing increases.

Bathymetry B1

Force output increased in Bathymetry B1 as the longitudinal spacing between the
disks increased, as seen in Figure 7.8. The manner of the increase is drastically different
from the reference bathymetry. The thrust of the array increased by 70% from 3D to 7D
longitudinal spacing; which is 27% higher than observed change in the reference
bathymetry. All of these percent increases are much higher than Bathymetry 0, except for
2D to 3D longitudinal cases. This is due to the effect the sloping bottom has on the fluid
flow. In fluid mechanics, conservations of mass can be used to relate the mass flow into a
system, through the system and out of the system. Continuity is a function of density, p,
time, ¢, and flow velocity, u as seen in equation 7.1. For steady state and incompressible
flows, the volumetric flow rate into the system must be the same as the flow out of the

system. Volumetric flow, Q, rate can be defined as the velocity of the fluid, «, multiplied



74
by the cross-sectional area, 4, it moves through, and because density is constant it can be
removed from both sides of the equation. Equation 7.2 is continuity based on volumetric

flow rate.

dp

— . = 7.1

5 TV (o) =0 (7.1)
Alul = Azuz (72)

As flow moves through the channel the cross-sectional area decreases. In order
for conservation of mass to be satisfied, the velocity must increase downstream as seenin
equation 7.2. It is this increase in velocity that increases the thrust loads on the disks.
Recall that thrust is proportional to the velocity of the fluid squared. In the case of the 2D
and 3D longitudinal spaced arrays, the longitudinal array lengths are not long enough for
the decreased cross-sectional area to drastically affect flow velocities, so the thrust loads
remain similar to Bathymetry 0.
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Figure 7.8: Total thrust loads for Bathymetries 0 and B1
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There are now two competing effects taking place due to longitudina spacing:
wake recovery after the disks and increasing fluid velocity through continuity. As before,
increasing the longitudinal spacing gives the velocity more time to recover and after
some specific distance the velocity will have reached a max recovery point. The
bathymetry of this system has altered this distance. The second effect on the longitudinal
spacing is continuity. The longer the array is the smaller the cross-sectional area available
for flow; which causes the velocity to increase even further than in the reference
bathymetry case.

The profiles of the (2D/3D) and the (3D/3D) arrays, as seen in Figure 7.8, have
similar profiles to those found in the reference study. Both of these arrays do not extend
far over the sloped bed, so cross-sectional area change is minimal resulting in flow
velocities through the array similar to Bathymetry 0. On the other hand, arrays (7D/3D)
and (11D/3D) benefit from spacing and conservation of mass. In the reference
bathymetry case both of these arrays encountered velocity deficits that converged after
each disk. In the new bathymetry the velocity deficit continues to decrease due to the
conservation of mass. Between the last two rows in the (7D/3D) array the velocity deficit
was less than zero; which meant that the flow at the end of this section was actualy
greater than the inflow of the system. In the (11D/3D) array this happened over multiple
rows.

Figure 7.9 shows the bathymetric effect on velocity recovery through the
centerline of the array and the sloped section starts at zero and continues to 100 disk

lengths. Unlike the longitudinal spacing the lateral spacing influence on performance was
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relatively small. The larger the lateral spacing the larger thrust load until approximately 3
device diameters, at which point diminishing returns occur. However, there is an
exception. At 11D longitudinal spacing the 1.25D lateral spacing is able to outperform
the 2D, 3D, and 4D spacing. This is possibly due to the sloping bottom forcing flow

through subsequent rows of disks that would have otherwise been pathed around.
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The velocity deficit curves are directly related to the thrust loads on the disks.
Figure 7.10 shows the thrust loads per row for four arrays within Bathymetry B1. The
arrays with 2D and 3D longitudinal spacing have similar thrust loads to the reference
bathymetry study. The first row experiences the largest loads, with the last three rows

experiencing higher loads than the rows in the middle of the array. This pattern begins to
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break down once the longitudinal spacing is large enough that the reduction in area
significantly increases the flow velocity. The 7D and 11D arrays extend over the majority
of the sloped bed, so the arrays benefit from the larger longitudinal spacing in twos ways.
First, as seen in Bathymetry 0, the flow velocity has more space to recover after each
row. Second the arrays span over most of the sloped bed, so the decrease in cross-
sectional area forces the flow to accelerate which in turn increases the thrust |oads on the
disks. The last three rows experience the highest thrust loads in Bathymetry B1. In
Bathymetry O the spread in thrust among rows 2 through 10 was within 30% for al
scenarios. In Bathymetry B1 the spread is over 50% for 7D longitudinal spacing and over
100% for 11D between some rows. Each row of an array will experience awide variation

in thrust loads when sited over a bed that slopes in the flow direction.
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Figure 7.10: Thrust loads by rows for Bathymetry B1
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While it is entirely expected that a bathymetry that promotes increasing velocities
would likely result in increased loads within an array, a non-dimensionalization should
provide a more comparative result. However, due to the increasing velocity the
coefficient of thrust has to be formulated differently than for Bathymetries O and A.
Equation 3.5 can be used to relate thrust loads to a coefficient of thrust. The problem lies
with the definition of upstream velocity. In the reference bathymetry the upstream
velocity was considered to be 0.25ms™. If this velocity is used for each disk within the
array in Bathymetry B1, then the coefficient of thrust could significantly exceed a value
of 1 and would imply more energy was removed from the flow than was available.
Consider the domain for Bathymetry B1, empty without an array. The inlet velocity is
0.25ms*; however the flow over the bed is not because of continuity. The new flow
velocity can be determined at any point over the bed by using equation 7.2. A better
approximation for coefficient of thrust may be achieved by using the new flow velocities
in equation 3.5. Instead of using the 0.25ms™ for each row of disks, the new idedl, i.e.
unobstructed, velocity at each row location from continuity can be applied. With the
adjusted velocities the row and array coefficients of thrust become agnostic to the
bathymetry. Figure 7.11 shows the curves for coefficients of thrust and power for the
arrays of Bathymetry B1. Increasing the longitudinal spacing greater than 7D reaches a
point where the coefficient of thrust is larger than one. Mathematically this forms a
problem when solving Equation 3.5 because the corresponding axial induction factor, a,
results a negative under the radical. At this point the coefficient of power decreases. This

is a limit of the actuator disk model. In the actuator disk model increasing the axial
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induction factor past the Betz limit of 1/3 only increases the thrust loads not the power
generation. In these simulations the thrust loads have increased to the point where the
thrust loads continue to rise, but the power remains the same. The porous disks used in
the simulation are not sized correctly or have the wrong porosity values to capture an
optimal amount of energy from the flow. This is equivalent to choosing the wrong CEC
for the flow. If devices were to be deployed in this flow field, they would need to be
redesigned to capture an optimal amount of energy.

Figure 7.12 shows the coefficients of thrust and power for the array of 3D lateral
spacing for Bathymetry O and B1. The arrays in Bathymetry B1 definitely have larger
coefficients of thrust; however, the coefficient of power is not so clear. Every array with
longitudinal spacing less than 7D has a higher coefficient of power in Bathymetry B1
than in the reference channel. At 7D longitudinal spacing the array coefficient of power
was around the same as in the reference channel. The (11D/3D) array performed better in
the reference channel than over the longitudinally sloping bottom. This is due the
selection of porous disk in the array. If the disk was less porous or was sized larger, more
energy could potentially be removed from the flow. For the selected porous disks, an
array of (11D/3D) was not optimal for this bathymetry. The porous disks represent axial-
flow turbines which means that different turbines would be required in the (11D/3D)
array for optimal power generation. The bathymetry of this system completely changed

the optimality of the array.
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Figure 7.11: Coefficients of thrust and power for Bathymetry B1, (a) coefficient of thrust,

(b) coefficient of power
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The wake recovery of Bathymetry B1 was different from Bathymetry 0. The wake

recovery was recorded in terms of velocity deficit and evaluated from the last row of the

array to the end of the domain. Figure 7.13 (a) shows the wake recovery for each array

organized by longitudinal spacing and Figure 7.13 (b) shows the wake recovery for each

array organized by lateral spacing. The wake recovery does not appear to have any
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correlation for recovery dependent on the lateral spacing. However, there is variation in
the recovery profile dependent on longitudinal spacing. This is due to the placement of
the arrays over the sloping bed. In Figure 7.13 there is were distinct minimums in the
velocity deficit curves. The minimum occurs at the apex of the sloping bottom.
Bathymetry Bl is referenced so that the first row of the array is located over the start of
the sloped bed. The distance from the last row to the end of the sloped bottom changes
for each longitudinal spacing. The wake profile is no longer the same across all the arrays
due to the flow continuing to accelerate past the last row for al of the arrays with
longitudinal distance less than 11D. Each array recovered to approximately the same

velocity, but unlike Bathymetry O the wake recovery curves are not the same.
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Figure 7.13: Wake recovery for Bathymetry B1, (a) longitudina spacing, (b) lateral
spacing

Bathymetry B2

Bathymetry B2 is the same bathymetry as B1 except for the position of the arrays.

In this bathymetry the arrays are referenced with their last row at the apex of the sloped
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bed. In Bathymetry B1 there were two effects that greatly increased thrust loads: velocity
recovery between disks based on distance, as seen in Bathymetry 0, and the flow
acceleration caused by mass conservation.

A new pattern emerged for Bathymetry B2 regarding the longitudinal spacing
between the disks. The thrust loads increased as the longitudinal spacing increased, up
until 7D at which point the thrust loads began to decrease. Figure 7.14 plots the array
thrust curves for Bathymetry Bl versus the reference bathymetry. The changes in
longitudinal spacing are greater than the reference scenario, but smaller than what was
recorded in Bathymetry B1. The thrust loads in Bathymetry B2 start higher than its B1
counterparts, however, at 11D longitudinal length the thrust loads are the same because
the 11D arrays of both bathymetry cases span the entire length of the sloping bed.
Bathymetry B2 experiences higher thrust loads, relative to B1, at the shortest longitudinal
spacing because those arrays begin further up the slope, so the velocity of the water has
already increased due to continuity by the time the flow reaches the first rows.

The lateral spacing isinconsistent for performance in Bathymetry B2. Similarly to
Bathymetry B1, the 1.25D lateral spaced arrays are relatively close in performance to the
arrays with 2D, 3D, and 4D lateral spacing. The thrust is even larger than all other lateral
gpacings for 11D longitudinal spacing. This could be a unique result of both the mass
conservation increasing flow velocities and the large velocity deficit behind each row
causing a faster re-energization of the flow. This, coupled with a device fence not
permitting pressure release between the devices, has the potential to have both increased

velocity and the pressure differential across the actuator disks.



83

50—
‘‘‘‘‘
45 —=== o=
- - seHE=Eamoo o ——
e mmmmmzITER B i T T
40 e *
35 o e ]
S ~&—1.25D Lateral - Bathymetry 0
z S & 2D Lateral - Bathymetry 0
Y sl " py 3D Lateral - Bathymetry 0
2 e 4D Lateral - Bathymetry 0
; A 1.250 Lateral - Bathymetry B2
E /! —#-2D Lateral - Bathymetry B2
£y -%-3D Lateral - Bathymetry B2
2 ¥ —*-4D Lateral - Bathymetry B2 |
20+
15
104
{‘f—f
5 1 | | 1 |
2 3 4 3 G 7 & ] 10 1

Longitudinal Spacing [D]

Figure 7.14: Total thrust loads for Bathymetries 0 and B2

The velocity profiles through the rows of the arrays in Bathymetry B2 are very
similar to those of Bathymetry B1 with longitudinal spacing over 7D. None of the arrays
converge to a set velocity deficit as was seen in the reference bathymetry. The increased
flow speed from mass conservation dominated the velocity profile. Figure 7.15 shows the
velocity deficit through the centerline of the array from the first row to the end of the
domain. The velocity deficit decreased after each proceeding row in the array. Likein
Bathymetry B1, the arrays with greater longitudinal spacing than 7D were able to reach a
negative velocity deficit; which means that the flow speed increased past the inflow

velocity.
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Figure 7.15: Velocity profiles by longitudina spacing for Bathymetry B2 (a) (2D/3D), (b)
(3D/3D), (c) (7D/3D), (d) (11D/3D)

Like with the other cases the velocity deficit curves are directly related to the
thrust loads on the disks. The thrust loads on the rows of the arrays of Bathymetry B2 can
be seen in Figure 7.16. The arrays with 2D and 3D longitudinal spacing have similar
thrust loads to the reference bathymetry study. The first row experiences the largest loads
and the last three row experience higher loads than the middle rows. The magnitude of
the loads are just much larger. As in Bathymetry B1, the pattern breaks down at 7D and
11D longitudinal spacing. These arrays experience the loading condition where the last
three rows experience the highest thrust. This is primarily due to the continuity effect.
The spread in magnitude of thrust loads over the rows in the 7D and 11D longitudinally
spaced arrays is similar to that found in Bathymetry B1. The overall thrust loads may be

higher with 7D and 11D spacing, but the thrust loads can vary row to row by over 50%.
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Figure 7.16: Thrust loads by row for Bathymetry B2

The coefficient of thrust curve for Bathymetry B2 follows the shape of the total
thrust curves of the arrays, as seen in Figure 7.17. The coefficient of thrust substantially
increased with each longitudinal spacing until 7D. After 7D spacing the coefficient of
thrust slightly decreased for al the arrays. The two properties effecting the thrust loads
are the longitudinal spacing and the conservation of mass over a decreasing area. The
conservation of mass dominates the longitudinal spacing for thrust loads on the disks for
longitudinal spacing over 7D. This does not occur in Bathymetry O and is unique for
Bathymetry B2. Figure 7.18 shows the comparison between coefficient of thrust and
power for Bathymetry O and B2 using the 3D lateral spaced arrays. The overal
coefficient of thrust is higher for the arrays in bathymetry B2 than in Bathymetry O.
Additionally, the coefficient of power curves of Bathymetry B2 are substantially different

when compared to expectations, i.e. Bathymetry 0, and even B1. In Bathymetry B2 the



3D longitudinal spacing produces nearly the same coefficient of power as it does with a

7D spacing and more than with a 11D distance between rows. The 7D and 11D arraysin

Bathymetry O outperform those of Bathymetry B2 when the velocity increase is

accounted for. In Bathymetry B2 the most optimal array would have a longitudina

spacing between 3D and 7D; at which point the maximum amount of power is captured

without subjecting the devices to unnecessarily high thrust loads.
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The wake recovery of Bathymetry B2 was more similar to the reference
bathymetry than to Bathymetry B1. The wake recovery was in terms of velocity deficit
and was evaluated from the last row of an array to the end of the domain in terms of
device diameters. Figure 7.19 (@) shows the wake recovery for each array organized by
3D lateral spacing and Figure 7.19 (b) shows the wake recovery for each array organized
by 11D longitudina spacing. The wake recovery did not appear to have any correlation
for recovery dependent on the longitudinal spacing. However, the 1.25D spaced arrays
recovered sower than the rest of the lateral spaced arrays. The other lateral spaced arrays
wakes recovery profiles followed the same curve. All of the wakes of Bathymetry B2
converged to a constant velocity deficit much faster than the other cases. In Bathymetry
B2 all of the arrays are referenced to the end of the sloped bed. The flow velocity
increases up until the end of the array due to conservation of mass, and the faster

recovery is due to the flow reaching a maximum velocity at the end of the array.
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Figure 7.19: Wake recovery for Bathymetry B2, (a) based on lateral spacing, (b) based on
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Figure 7.20 shows the relationships between the coefficients of thrust and power
between all the bathymetries for arrays with 3D lateral spacing. The 3D was chosen as a
reference lateral spacing due to it optimality for most cases. Bathymetries 0 and A had
near identical curves for coefficient of power and thrust. It is probable that developers
could use a reference layout to determine optimal layouts in Bathymetry A. The
coefficient thrust curves for Bathymetry B followed a similar profile as the others, but
were substantially greater in magnitude. The coefficient of power curves for Bathymetry
B did not follow the profile of the open channel reference as seen in Figure 7.20 (b). Due
to the change in the profile for coefficient of power it would be impractical to design a

layout for Bathymetry B using the reference channel.
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Figure 7.20: Coefficient comparisons across all bathymetries for 3D lateral spacing, (a)
coefficient of thrust, (b) coefficient of power

Effect of Bathymetry

Twenty array configurations were simulated over two bottom bathymetries. The

thrust loads on the disks, velocity profiles through the center of the arrays, and wake
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recovery profiles were compared to an open channel reference study. Actuator disk
theory was used to relate those thrust loads to a coefficient of thrust and power. At first it
appeared that the bottom bathymetry would not have a substantia influence in array
characteristics, as Bathymetry A had very similar trends in thrust loads and velocity
profiles as the reference bathymetry. However, both scenarios for Bathymetry B provided
substantially different results. The bottom topography in Bathymetry B caused the flow
to accelerate through the array; which in turn increased thrust loads on the disks. In some
cases the thrust 1oads were increased so much that the axial induction factor exceeded
1/3. Once this limit is met the thrust loads on the devices will increase, but no additional
power generation will occur. Arrays that were optimized for Bathymetry O no longer
performed in the same manner as in Bathymetry B. This proved that the bathymetry of a
system can greatly affect characteristics of an array of devices.

The results of this bathymetric test study indicate that the site bathymetry must be
considered when determining array performance. Bathymetry B demonstrated that
substantial performance gains could be had based off of site bathymetry. As an example,
appropriate placement of an array over a sloping bottom, similar to Bathymetry B, could
be appropriately leveraged to increase the flow velocity through the array. Recall that
thrust is based off the sguare of the velocity and power is based off the cube of the flow
velocity. However, not all increased thrust loads are good for performance. While subtle
differences in the bathymetry of a deployment site may not significantly affect array

performance and optimization trends, Bathymetry B aso proved that non-trivia
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optimizations of performance and loading may be missed if the additional flow effects
due to changing domain shape are not taken into account.

Current-energy-converters need to be attached to generators in order to convert
the kinetic energy of the flow to electrical energy that can be supplied to the grid. Each
device has an optimum operating range. In Bathymetry O and Bathymetry A, the highest
variance in thrust loads between rows 2 through 10 was within 30%. From a CEC
deployment standpoint, it is desirable for each device to operate at similar conditions.
With a small variance in loading between rows the same CEC could be deployed within
the array. Once the variance becomes substantial, different CECs need to be considered
for different sections of the array for optimal performance. In Bathymetry B1 the spread
in thrust load over the rows of the (7D/3D) array was over 50%, which could mean
potential for more performance. However, this performance gain could also prove to be a
potential development problem as the large variance in thrust load between each row
means at least some CECs will operating outside the optimal range; at which point device
performance drops drastically. This may require installation of different turbines
dependent upon their location in the array or turbines designed and optimized to operate
in a much wider range of velocities. Though this latter option may produce a turbine that
has a coefficient of power that is substantially less optimal over its range of operation
than a single turbine designed for a particular velocity. It should be noted that that flow
velocities change seasonally in most every deployment location. Even if CECs are
specially selected for each row the variance in flow velocity over the year also has the

potential to be detrimental to performance.
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There presently is no standard convention for array comparisons. This thesis
adapted the actuator disk model to be applied to arrays, so that each array had its own
axial induction factor, coefficient of thrust, and coefficient of power. The actuator disk
model is dependent on an upstream velocity value for a device which can be used in
conjunction with thrust to obtain an axial induction factor. The definition of upstream
velocity becomes problematic when discussing an array. The standard convention is to
use the initial upstream velocity for each row of devices, however, the addition of
bathymetry puts this convention to question. In the case of Bathymetry B the flow area
decreases over length, so the velocity increases inside the domain due to conservation of
mass. This thesis proposes that the continuity equation should be used to adjust the inlet
flow velocity for the change in location over a sloped bottom. This adjustment to the
upstream velocity in the actuator disk model could normalize the flow for any
bathymetry. Once the bathymetric velocities have been non-dimensionalized, it can be
compared to any other array model. This was done for Bathymetry B to compare with
Bathymetries 0 and A. The coefficients of thrust and power then can be used to determine

array performance.
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CONCLUSION

The research conducted in this thesis was done to determine if site bathymetry
needs to be taken into account when deploying arrays of MHK devices. Every potential
deployment location whether off the coast or in ariver will have a unique bathymetry. Up
to this point research into array development has mostly been based off of wind farms
where most topological effects areignored or are negligible. And the research into marine
hydrokinetics has been primarily single device performance and small arrays in open
channels. The research presented here found that studies done for array performance in
flat bottom or open channels are not guaranteed to correlate well to real world locations.
The study used computational fluid dynamics to model arrays of current energy
converters over two bottom bathymetries. Porous disks were used to simulate CECs, and
more specifically horizontal-axis-water-turbines. The CFD physical parameters were
calibrated against an experiment performed by researchers at the University of
Southampton. The model was then expanded to fit an array of porous disks in an open
channel. Twenty arrays were tested in the open channel to establish a baseline set of data
for uninterrupted array performance. The arrays were then placed over two different
bathymetries and new performance data was collected. The data collected showed that
the bathymetry of a site has the potential to completely change the performance
characteristics on an array and the definition of an optimized array.

Bathymetry O was created to formulate a baseline set of data for array
characteristics in an open channel. Twenty arrays were tested over the open channel to

establish a baseline of performance curves using thrust loads and array spacing, aswell as
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wake recovery profiles. For each array layout, it was found that the longitudinal spacing
had a more significant impact on performance than the lateral. As the longitudinal
spacing increased the more distance the flow had to recover behind a device. After
enough space between individual devices the flow reached a maximum recovery where
any additiona increase in length would no longer effect flow recovery. Performance
gains were present with increased lateral spacing, but they were substantially smaller.
The optimal performance for lateral spacing was reached by spacing the devices far
enough laterally so the flow was able to fully develop around each individual device
within the array. The wake recovery profiles for each array were very similar and
converged to the same downstream wake profile.

Bathymetry A introduced a sloping bottom across the width of the channel. This
geometry was similar to that found in some close-to-shore locations. Sixteen arrays were
tested to determine thrust load curves and wake recovery profiles for the new bathymetry.
Bathymetry A had dlightly higher loading on the disks than Bathymetry O, but the
performance curves based on thrust loads and device spacing followed the same trends.
The results suggest that an open channel array could be used to model a lateral sloping
bathymetry. However, the other bathymetry study proved this does not trandate to all
domains.

Bathymetry B introduced a sloping bottom in the flow direction. This topography
could be related to certain sections of river undergoing a noticeable vertical height
change or within a tidal strait. Two different deployment locations were tested for thrust

loads and wake recovery profiles. The first deployment location, B1, referenced the
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arrays from the first row to the start of the sloped bathymetry, and the second, B2,
referenced the arrays from the last row to the apex of the sloped bed. The thrust loads in
B1 increased as the longitudinal spacing between rows increased. The change in thrust
loads between each array were much larger than in Bathymetry O or A. This was
attributed to conservation of mass for an incompressible fluid. The cross-sectiona area of
the domain decreased over the length of the sloped bottom, which caused the flow
velocity to increase. The wake recovery profiles of Bathymetry B1 were found to be
dependent on longitudinal spacing; which was not observed for any other bathymetry.
Bathymetry B2 had the same trend that was found for thrust loads as Bathymetry B1 up
to seven device diameter longitudinal spacing; at which point the thrust loads decreased.
Each array experienced higher inflow velocities due to the rear location over the sloped
bottom. The increase in velocity was enough to raise the coefficient of thrust over 0.9. A
coefficient of thrust of 0.9 correlates to the Betz limit and any additional thrust does not
increase power generation. Bathymetry B2 had the quickest wake recovery profiles;
which was caused by the rearward location of the arrays. The flow finished accelerating
at the last row of the arrays due to conservation of mass.

The bathymetry of a deployment location has the potential to drastically change
array performance properties, as was shown with both cases of Bathymetry B. The main
source of absolute performance change was due to continuity. It may be possible for
array developers to take advantage of the site bathymetry to increase array performance.
Bathymetry B proved that there was more potential for absolute power production by

placing arrays over a positively sloping bed in the flow direction. This may not hold true
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for negatively sloping bed as the velocity decrease from continuity will be coupled with
the natural wake behind each device. A deployment problem is introduced on how to
address the varied loading within an array for each individual row. Some rows in the
arrays experienced relative loads that were over 50% different than other rows in the
same array. Water turbines are designed to operate efficiently at particular flow
velocities. If the flow velocities vary substantially from row to row, only a couple of rows
would be operating efficiently. To take advantage of the location bathymetry it may
require that each turbine is designed based on the row which it will be deployed.

Regardless, array configurations optimized within an open channel will not
demonstrate the same trends or performance when moved to more complex locations. In
Bathymetry O the arrays with the highest longitudinal spacing performed the best;
whereas in Bathymetry B the arrays with substantially smaller spacing performed
similarly. The bathymetry forced the velocity to increase through the arrays, thus
increasing the coefficient of thrust for the arrays. An increase in coefficient of thrust over
0.9 results in higher thrust loads, but no change in power generation for the array. In
order to design the arrays to optimally operate the bathymetry must be accounted for.

Coefficients of thrust and power for an array need to use the undisturbed
velocities that are local to each device. Deployment locations potentially have velocity
fields that are created by the local bathymetry. Unlike an individual device, which only
experiences an undisturbed inflow velocity, an array of devices will have multiple
devices operating within the wake of other, more upstream devices. To gain an accurate

coefficient of thrust and power for the array as a whole, each device within the array will



96
need to utilize its individual coefficient of thrust and power based on its local velocity.
Once these local device velocities have been adjusted, an array coefficient of thrust and
power can be calculated and compared the array used in two completely different
bathymetries.

The research presented in this thesis could be expanded in a number of ways. To
further verify the RANS model, LES simulations could be performed over each
bathymetry using one of the arrays to compare thrust and wake recovery data. It would
also be useful to create experiments using arrays porous disks over sloped bottoms in a
flume to compare to the numerical results presented in this paper. Array performance
based on distance to the channel bed could also be explored to determine the height that
CECs need to be deployed to negate bathymetric effects. The ssimulations done in this
thesis limited the devices to a plane at a specific depth. Arrays can also be created so that
the internal devices operate at various depths. This could be a much more efficient way to

design arrays as the first row of devices at each depth experience uninterrupted flow.
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