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MULTISCALE ANALYSIS OF FLOWS PAST MARINE HYDROKINETIC
DEVICES USING NUMERICAL SIMULATIONS

Abstract
by

Karina A. Soto Rivas

In this work, we seek to understand the effects that a farm of Marine Hydrokinetic
(MHK) devices would have on the flow in the Chacao channel, Chile. We adopted a
multi-scale approach to study the flow at the turbine scales and propose a parameter-
ization for representing a group of turbines in the mesoscale. In Chapter 11, we used
the hybrid turbulence model DES coupled with the actuator disk approach to simu-
late staggered turbine configurations with different separations between devices and
channel depths on an idealized domain. Using the time-averaged results, we obtained
an expression for a new thrust coefficient representative of an entire farm of turbines,
CtFarm, which only depends on the lateral and longitudinal separation of the devices
and the number of rows of turbines. In Chapter 111, we incorporated C}pq,n into the
ocean circulation model FVCOM, representing a specific finite farm of turbines in the
Chacao channel. Firstly, we simulated a base case without devices to choose three
suitable locations for installing a farm of turbines according to a commercial device’s
specifications. Then, we characterized the local bathymetry of the chosen locations
to design an appropriate computational grid that considers the dominant bedforms.
After simulating turbines, we observe variations in the velocity, turbulent kinetic en-
ergy (T'KFE), and shear bottom since these factors could affect the local ecosystem.

The results showed that in flatter bathymetries, the magnitude of the percentage
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change in TKE and bottom shear is higher than in complex bathymetries since the
presence of turbines represents a more significant alteration of the initial conditions.
On the other hand, the absolute changes show that the initial conditions in velocity
and TKE dominate the momentum extraction despite the bedforms because they
have more power available. In this research, we were able to take the thrust force of
a specific farm of turbines using high-resolution simulations and bring it to a larger
scale model with realistic tides and bathymetries, which provides more insights to

predict and mitigate the possible negative impacts of an MHK farm installation.
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CHAPTER 1

INTRODUCTION

The extraction of kinetic energy from tidal currents using marine hydrokinetic
(MHK) devices can contribute to solve problems associated with the increase of global
energy demand and greenhouse gas emissions (IEA and World Bank, 2015). Tidal
energy is characterized by being predictable, COy emission-free in operation, and
minimal visual impact. Plenty of studies have shown a considerable amount of ex-
tractable power from tides available around the world (Hagerman et al., |2006; Robins
et al., 2015; Tarbotton and Larson) 2006). However, there are just a handful of ma-
rine energy projects in construction or testing. Nevertheless, even though harnessing
energy from the tides could potentially be a positive contribution to the energy sup-
ply, the impacts on the tidal flow itself in the marine environment are yet unclear.
For this reason, it is essential to first analyze and assess the hydrodynamic effects
before any installation to understand the changes in the physical environment.

The harnessing of tidal energy from the Chacao channel located in southern Chile
(see Figure between Chiloé Island and Puerto Montt city has become an interest-
ing option for the energy supply of its surrounding area. Currently, almost the 60% of
the energy sources in Chiloé Island are non-renewable (CNE, Chile| 2020)); however,
the Chilean government is planning to reach at least a 70% of renewable sources of
energy in the country by the year 2050. The Chacao channel has favorable conditions
due to the flow narrowing between the continent and the large Chiloé island that al-
lows currents that can exceed 4 m/s (Guerra et al., [2017). Additionally, a research

based on the distance to the electric grid, available resources, channel depth, and



possible conflicts with the fishery industry has shown that this channel is one of the
best places in the area for installing MHK devices (Cruz et al., 2009). Nevertheless,
those above are not enough to affirm that an MHK farm would positively contribute
to the Chacao channel since it is necessary to study the flow in the area and predict
the changes provoked by a marine devices’ installation before.

The studies to characterize the flow past MHK turbines require a thorough un-
derstanding of the flow physics. For this, numerical simulations offer an option to
recognize and characterize the interactions between the flow, the turbines, and the
environment at different ranges. Their advantage is they can provide information over
an entire discretized domain through time. For the oceanic physical processes, some
models can represent the different temporal and spatial scales involved, which are
shown in Figure [I.2} however, it is impossible to use just one numerical simulation to
cover all scales because of the computational cost restrictions. For example, the inter-
action between a realistic flow and turbine farms can be represented by using ocean
circulation models (from now referred to as OCM) because they can incorporate the
tides and can encompass a length of the coastline’s order of magnitude (located at
the green zone in Figure . Nevertheless, the resolution of those models does not
allow the representation of every single device, so a parameterization for a group of
them is needed to consider the effects of the turbines’ distribution at larger scales.
On the other hand, high-resolution models cover smaller scales that can simulate the
highly turbulent zone located downstream of the turbines caused by the disturbance
of the flow, also known as wakes (see blue zone in Figure . At that scale, we can
observe how the wake downstream of every device interacts with the other turbines’
wakes, so those high-resolution models are useful for studying the physical processes
inside a farm and up-scaling their effects.

At the wakes’ scale (blue zone in Figure, there are several options for simulat-

ing the flow and representing the turbines. On the one hand, the most straightforward



approach for the flow solver is using the Reynolds-Averaged Navier-Stokes (RANS)
equations since they solve the mean velocity field; meanwhile, they use a turbu-
lence model for the averaged fluctuations. Models with RANS have the advantage
of being less computationally expensive than other models; however, RANS cannot
accurately predict the unsteadiness of the separated flow (Breuer et al., [2003)), which
is relevant in the representation of shear layers such as the ones produced between the
flow and the turbines. More sophisticated models use Large-Eddy simulations (LES)
that use a filter where the structures up to the grid size are explicitly calculated,
which means that LES solves the large-scale unsteady motions. However, this model
needs a higher resolution than RANS close to the walls, so LES is more computa-
tionally expensive (Pope, 2000). An intermediate approach is the hybrid turbulence
model called Detached-Eddy Simulations (DES) (Escauriaza and Sotiropoulos, 2010,
2011ayb; |Gajardo et al., 2019; Soto-Rivas et al. [2019; Spalart and Allmaras, 1992),
which combines the advantages of RANS and LES. Near the walls, DES uses RANS,
which avoids the very high-resolution that LES would use there. Meanwhile, far from
the walls (i.e., in the main flow), DES uses LES that can solve, for example, the main
vortexes downstream of the MHK devices. This way, DES has a balance between
precision and affordability.

The options to represent the MHK devices go from increasing the bottom drag
as [Kramer and Piggott| (2016)) to represent the turbines’ whole geometry as |Daskiran
et al| (2015)); [Kang et al.| (2012, 2014)); Riglin et al| (2015} |2016); [Schleicher et al.
(2015). An intermediate level of complexity is the momentum sink approach, which
consists of incorporating an equivalent force to the conservation of momentum equa-
tions. This methodology is used in the Actuator Disk Model (ADM) (Burton et al.|
2011; Ramos et al., [2019)), where the turbines are simplified as a static disk with the
same radio as the devices. In the ADM, the force depends on the disk area and the

velocity and density of the flow. Other uses of the momentum sink approach, are the



Blade Element Momentum (BEM) (Creech et al., [2015; Gajardo et al., 2019; |Schluntz|

and Willden, [2015), and the Actuator Lines Model (ALM) (Marjanovic et al., 2017}

\Ouro and Stoesser], [2017; [Ouro et al 2019} Serensen and Shen| [2002; [Stevens et al.l

. On the one hand, BEM is similar to the ADM, but it incorporates the tur-
bine rotation and the blades’ features to compute the resultant force. Meanwhile,
ALM is more sophisticated since it distributes the resultant force along rotating lines
representing each turbine blade.

At the tides scale (green zone in Figure , it is possible to incorporate the
momentum sink approach in OCM for simulating multiple devices. For this, it is
necessary to add to the momentum conservation equation the thrust force applied
by the total of the devices in the grid element. In the literature, we can see how

this approach has been used to predict the effect of MHK devices in real marine

channels, as in the works of Fallon et al. (2014); [Nash et al.| (2014); Wang and|

Yang| (2017)); [Yang et al. (2014); however, the changes in the resistant force caused

by different turbines distribution are not considered. This problem can be solved
by representing just one turbine per grid cell, in which the grid resolution restricts
their distribution. It is essential to consider those above because depending on the
distance between the turbines and their distribution, the flow velocity can change

in direction and magnitude, which allows some configurations to be more efficient

than others (Myers and Bahajl 2012; Riglin et al. 2016)). As we can see, numerous

works use OCM to represent MHK devices in real marine environments; however,

almost all of them consider an unrealistic number of turbines that exceed hundreds

and even thousands of units (Dominicis et al., [2017; |Garcia-Oliva et al., 2017} [Yang

2013)). Another limitation in the representation of marine turbines in OCM
is the lack of field measurement data for validating their performance. Nevertheless,

some works use OCM to replicate laboratory conditions with MHK devices that have

shown a good agreement between simulated and measured data (Roc et all [2013;




Thiébot et al., 2016).

The up-scaling of MHK devices is similar to that for wind energy turbines because
the flow solver of both calculates the mass and momentum conservation equations;
meanwhile, for the representation of the turbines, we can use the same approaches.
We have to clarify that it is not always possible to use the same models for wind
and marine energies because this depends on the simulation’s considerations, such
as marine surface interaction and salinity, among others. The reason for considering
wind energy research is because there are more studies and field measurements for
validating the simulations. For example, |[Fitch et al. (2012)) proposed a parameter-
ization for representing a farm of wind turbines in a mesoscale atmospheric model
that showed good agreement with available measurements; however, they still did
not include the interactions for different turbines configurations. Later, Abkar and
Porté-Agel (2015) improved the parameterization of |[Fitch et al. (2012) by calculat-
ing a correction factor, from Large Eddy Simulations (LES), that changes with the
lateral separation between the turbines; still, they did not give a parameterization
for calculating the correction factor for other configurations. Besides, in their work,
Abkar and Porté-Agel (2015)) used a domain with periodic boundaries, which means
that their results are just valid for fully developed flow. Despite this, the use of MHK
devices is an incipient technology, and even the largest farms installed in the world
do not exceed five turbines; therefore, for the representation of a tidal energy farm in
an OCM, it is essential to comprehend how the devices interact in a finite domain.
An example of a parameterization for a finite wind farm is the work of [Vanderwende
et al. (2016]), which uses the momentum sink approach into a mesoscale model. The
results of Vanderwende et al.| (2016]) show good agreement with previously validated
LES simulations; however, they just studied one configuration of turbines, so they
did not provide information about how the device’s distribution could affect the flow

at larger scales models.



One of the objectives of up-scaling a specific farm’s effects into an OCM is to rep-
resent them accurately and study their interaction with the natural environment’s
characteristics, such as realistic bathymetries. Currently, some works represent MHK
devices to describe how bedforms affect their performance. Some of those studies are
the work of [Peebles and Johnson| (2015), which performed numerical simulations of
around 100 devices in an idealized flow over simplified bathymetries, where it was
shown that lateral bottom sloping (less than 12°) does not have a significant effect on
the performance of farms. Meanwhile, longitudinal sloping (around 5°) can signifi-
cantly improve the array’s performance increasing the farm’s net thrust force around
200%. Those above are because the increment of the longitudinal bottom’s slope
increments the streamwise velocity due to the decrease in the cross-sectional area.
Regarding experimental works, there are studies of mobile bedforms that highlighted
the importance of considering the complex topographies in MHK devices (Hill et al.,
2016; Musa et al., 2018} [2019). In particular, the work of Hill et al. (2016]) shows that
bedforms located in the near-field upstream the devices increase their mean voltage.
The aforementioned occurs because larger bedforms allow the flow to accelerate, in-
creasing the turbulent kinetic energy (T K E) at the turbines’ height. However, in the
experiments of [Hill et al.| (2016), they use a ratio between the height of the dunes
and the turbines’ diameter around 0.3 and 0.5, which is very high in comparison with
real conditions.

As we show, plenty of studies analyze the interactions between MHK devices
with flow and bedforms; however, many of them can be improved by incorporating
more realistic conditions. For example, the simulations of MHK devices at a large
scale should consider the distribution of the devices for calculating the resultant
force of a specific farm. Another example is to simulate finite farms since most of
the existing research considers too many devices, which is impossible due to the

current technologies and resources in the marine energy field. Finally, the studies of



the bathymetries’ impacts over the farms and the wakes downstream should point
towards representing complex bathymetries with realistic bedform sizes.

To improve the study of the representation of MHK farms in OCM and their
interaction with the flow and the local bathymetry, we divided our work into the

next two chapters:

e In Chapter 11, we look for improving the momentum sink approach for repre-
senting finite farms of MHK turbines to incorporate the different interactions
between the devices according to their distribution. We also look to incorpo-
rate the effect of the farm’s depth, which is one of the main differences between
the representation of marine and wind turbines. For this, we simulate the flow
around individual devices by using the DES approach, coupled with the actua-
tor disk approach. We calculate a dimensionless thrust coefficient for an entire
finite farm of turbines from this high-resolution model, C;gqqm, to represent the
sink of momentum at larger scales. We make a systematic study to understand
how this coefficient is affected by changes in the mean flow and the turbine’s
distribution.

e In Chapter 1], we introduce the new parameterization into the ocean circula-
tion model FVCOM (Finite-Volume Coastal Ocean Model) (Chen et al., [2003)
to represent a finite farm of turbines at larger spatial and temporal scales. We
simulate a farm in different locations within the channel, considering the tides
and bathymetry of the Chacao channel. With the simulation results, we study
the turbines’ effects on the mean flow, depending on their location.

The approach we propose can contribute to understanding the interactions be-
tween the turbines and the environment and among the turbines themselves. This
analysis provides a consistent approach to connect two separated scales at which
MHK devices operate. We test the results of the parameterization of finite turbine
farms in the large-scale ocean model to evaluate the potential impacts such as the
extension of the local changes on the mean flow, bed stresses, and turbulent kinetic
energy produced by the turbine wakes. We hope that with this information, it will
be possible to improve the selection of a suitable location for the farms and to take

mitigation measures to minimize the negative impacts.
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Figure 1.1. The Chacao channel is located in southern Chile, between the
continent and the main island of Chiloé archipelago. It is characterized by
high velocities produced by the narrowing of the flow between the two

bodies.

1.1 Hypothesis and Objectives

The main goal of this work is to represent finite farms of MHK turbines in the
Chacao channel to describe the interaction between the flow, the devices, and the local
bathymetry. The challenges of this research are to represent the dominant physical
variables at two different scales, using appropriate numerical models to simulate the
flow, and choosing the best approaches to representing the turbines at larger scales
where the details cannot be resolved. The study of the simulated data has to result in
a new parameterization capable of representing the local effects of farms of turbines

in ocean circulation models to extend the simulation scope and reduce computational



costs. The hypothesis of this work is:
"By adopting a multiscale approach, we can use a high-resolution model to derive
a parameterization for marine hydrokinetic (MHK) devices, and represent farms of
turbines with realistic tides and bathymetry in ocean circulation models (OCM).”
For proving the hypothesis, we are looking for achieving the specific objectives
listed below:
E.O. 1: Develop advanced numerical simulations at different spatial and tem-
poral scales of tidal streams, considering the installation of multiple turbines to

evaluate the impacts on flow resistance and the local environment.

E.O. 2: Establish a solid and consistent framework to represent farm of turbines
over real bathymetries, parameterizing MHK device’s interaction, and up-scaling

the effects of the turbines on larger-scale, tide-resolving models.
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Figure 1.2. Scheme for temporal-spatial scales of tidal motions that
influence the energy generation. Colored zones show the range where this
research is focused on. Blue zone shows the scales of the wakes produced

by the devices. Green zone shows the scales, where farms of devices

interact with tides.

This work is organized as follows: In Chapter /1, we seek a new parameterization
for a thrust coefficient representing an entire farm of turbines in OCM, which we call
Cirarm. For that, we present and validate the DES model coupled with the actuator
disk approach. After that, we make a dimensional analysis to recognize the variables
that dominate the new parameter, Cipumm. Finally, we use the DES model with
actuator disk to represent different turbines configuration and study how Ciparm
changes with the turbines’ distribution. In Chapter I/], we incorporate the new
parameterization into the ocean circulation model, FVCOM, to represent farms of
turbines in the Chacao channel. There, we run a base case without turbines to know
the undisturbed conditions and choose the best three locations for turbines based on

the device’s velocity and depth. After that, we characterize the local bathymetry of
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the three cases to observe the differences between them and design an appropriate
grid resolution. Finally, we observe the turbines’ effects on the mean flow inside and

downstream the farms according to their location.
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CHAPTER 2

MHK DEVICES FARM PARAMETERIZATION

2.1 Introduction

Three-dimensional numerical simulations can represent the flow around marine
hydrokinetic (MHK) turbines, providing detailed information about the physics among
different scales of space and time. By using computational models, it is possible to
study the effects of the devices in the mean flow and the interaction among the tur-
bines” wakes in an arrangement. There are different options for the flow solver and
the turbine representation approach that differs in the level of complexity and use of
computational resources.

At the scale of the turbines, the alternatives for the flow solver go from solving
the Reynolds-average Navier-Stokes equations (RANS), which demands less compu-
tational resources, but does not have good performance over obstacles (Pope, [2000).
Then, we have the Large Eddy Simulations (LES) that solve the turbulent structures
that are equal or larger than the grid size; however, this model can increment the
computational costs excessively depending on the resolution. On the other hand,
the approaches for representing the devices go from the most straightforward option,
which enhances the drag at the bottom (Kramer and Piggott} |2016)). There is the
momentum sink approach in an intermediate level that consists of applying an equiv-
alent thrust force in the momentum conservation equations (Abkar and Porté-Agel,
2015; |Calaf et all 2010; [Porté-Agel et al., 2011). Most sophisticated alternatives

represent the entire turbine’s geometry and even its rotation (Daskiran et al. 2015}
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Kang et al., 2012, 2014} [Riglin et al., 2015 |2016; Schleicher et al., |2015)); nonetheless,
due to the high computational resources they need, they can only simulate a couple
of devices (e.g., only one in the work of [Kang et al.| (2014)), and up to four in the
work of Riglin et al.| (2016)).

To represent farms of turbines at larger scales, such as tidal channels, we need
to use ocean circulation models (OCM). When using an OCM, it is not possible
to represent every device because the resolution is larger than a group of devices;
otherwise, the computational cost would highly increase. For that reason, to repre-
sent farms of MHK devices in OCM, it is necessary to use a parameterization. One
option is to incorporate a sink of momentum in the momentum conservation equa-
tion, which is equal to the thrust force applied by a single turbine, multiplied by
the number of devices in the grid element. Examples of works where this technique
is applied in tidal channels are |[Nash et al.| (2014); Wang and Yang (2017); Yang
et al.| (2014). However, in those works, the resistance force’s changes due to the dis-
tribution of the turbines inside the farm are not considered. Recently, [Piano et al.
(2018)) demonstrated that neglecting the interaction between devices is a reasonable
approximation for up-scaling the effect of farms with less than 25 turbines into two-
dimensional vertically-averaged ocean models. Nevertheless, we cannot assume the
same for three-dimensional OCM, especially for flows with substantial vertical veloc-
ity components. Another option for incorporating the effect of turbines into large
scale models is to represent just one device per grid cell. In this case, the distribution
of the devices will be restricted by the grid resolution, which can represent a problem
because depending on the inter-turbine spacing, the flow’s velocity can change in
magnitude and direction (Myers and Bahaj, [2012; Riglin et al., [2016).

Some studies have presented parameterizations for farms of MHK devices. One
example is the work of Nishino and Willden| (2012), who proposed the idea of a global

thrust coefficient representative of an entire farm. In their work, Nishino and Willden
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(2012) calculated the efficiency of a group of turbines based on the local and global
blockage areas, which are defined as the ratio between the area of the devices over
the farm area, and the entire domain area, respectively. Nonetheless, the analytical
formulation they proposed is only valid for very large farms. Stansby and Stallard
(2016) carried out another study of farms parameterization, in which they represented
and optimized arrangements of tidal turbines, by proposing a correction factor to the
blockage area that considers the velocity deficit and the turbines upstream of every
row. Although the results of Stansby and Stallard (2016)) have shown good agreement
with experimental cases, they did not provide a formula that could be extended for
other arrays.

Since many of the physical processes observed in the flow past MHK devices are
similar to conditions in wind turbines, we can refer to the literature related to wind
energy, where there is a wider variety of numerical simulations. [Fitch et al.| (2012]),
for example, proposed and validated a parameterization scheme for a group of wind
turbines on a mesoscale atmospheric model. However, their representation does not
consider the spatial distribution of the devices, and the limitations of the model
concerning the separation distance are unclear since they did not study cases where
the wakes of the devices have a strong interaction due to their proximity. Later,
Abkar and Porté-Agell (2015) improved the parameterization of |Fitch et al. (2012)
by using LES to incorporate the effects of the distribution of turbines on the flow.
They assumed periodic boundaries, following a common approach in wind turbine
simulations (e.g., |Calaf et al. (2010, 2011); Porté-Agel et al. (2014a)), since wind
farms are often sufficiently large to allow the flow to reach a fully developed state
inside the arrangement. In contrast, the largest MHK farm installed in the world
does not exceed five turbines, and an accurate representation of tidal energy farms in
larger-scale models requires improving our understanding of the interaction of devices

on finite domains.
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Additional differences arise when comparing wind turbine farms and MHK ar-
rays, such as the vertical position of the devices within the turbulent boundary layer.
In wind farms, the atmospheric boundary layer thickness is around 1000 m, and the
wakes downstream of the devices are not confined from above. In the case of tidal en-
ergy, the free-surface of the flow represents a boundary that restricts the development
of a symmetrical Gaussian wake and affects the velocity recovery (Aghsaee and Mark-
fort] [2018). In some cases, turbines are close to the interface, generating disturbances
of the free-surface that considerably decreases the devices’ performance (Kolekar and
Banerjee, 2015) especially in critical flows (Riglin et al.; 2015)). Thus, MHK turbines
must take into account the depth of the devices and their lateral separation.

To study the effects of varying MHK farm configurations, we perform a system-
atic study using high-resolution numerical simulations to represent different arrange-
ments of turbines. To simulate the flow around the devices, we utilize the hybrid
Detached-Eddy Simulations (DES) turbulence model (Escauriaza and Sotiropoulos,
2010, 2011alb; |Gajardo et al., 2019; Spalart and Allmaras, 1992), which is a hy-
brid turbulence model that works as RANS and LES. Meanwhile, the MHK devices
are represented by the actuator disk approach Burton et al.| (2011), where a sink
of momentum is incorporated at the area occupied by each turbine. We calculate
the momentum sink of farms with different distributions and number of devices and
depths from these simulations. Finally, we introduce a new dimensionless thrust
coefficient, Cypqrm, which is meant to represent the entire group of turbines. With
the use of Ciparm, We seek to improve the representation of turbine arrays in ocean
circulation models by incorporating the interactions among devices, according to the
farm’s geometric characteristics. The improved representation can be used to study
the interaction between entire farms of turbines and a real environment by running
larger-scale numerical simulations that use data of bathymetry and tidal cycles. Re-

sults indicate that for staggered farms Cypqn only depends on the lateral separation
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of the devices for farms with two rows and the lateral and longitudinal separation
for farms with more rows. In addition, we show that this parameter is independent
of the number of columns of devices, as well as the ratio of the depth over the hub
height (up to a value of 3.3).

The chapter is organized as follows: In section 2.2 we describe the numerical
method for the flow and the turbines’ representation approach; besides, we validate
our model with experimental results. In section[2.3] we propose the thrust coefficient,
CiFarm, for representing an entire farm of turbines, where we propose the variables
that would dominate the parameter; further, we present the setup for the numerical
simulations. In section [2.4] we formulate the representation of C}gypm by performing
an analysis of the flow resistance induced by an array. Finally, in Section [2.5, we
summarize the findings of this investigation and highlight their importance for the

next chapter.

2.2 Numerical Simulations for Representing MHK Devices

To represent the flow, we employ the DES approach, which is a hybrid one-
equation turbulence model that works as a Reynolds averaged Navier-Stokes (RANS)
model near the solid boundaries and as LES away from them. The advantage of
DES is that it can resolve the large-scale dynamics of turbulence formed in the
wakes of the disks by using the LES approach at high Reynolds numbers, while the
computational costs are reduced by modeling the turbulent boundary layer with a
RANS approach. The governing equations used in DES are the incompressible three-
dimensional Reynolds-averaged Navier-Stokes equations for mass and momentum

conservation. The non-dimensional equations are written as follows:

o,
0z;

—0 (2.1)
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where the tilde (7)) indicates the parameters are dimensionless. In the equation
, z; are the Cartesian coordinates (i = 1,2,3) in the streamwise, spanwise, and
vertical directions respectively, u; is the velocity of the fluid in the direction 4, p
is the pressure, Re is the Reynolds number based on the length scale, £, and a

velocity scale, U, and f, is the non-dimensional thrust force per unit mass exerted

by the turbines. The Reynolds stresses u;d; (where the overline denotes temporal
average) are modeled by using the Spalart-Allmaras (S-A) turbulence closure, which
implements a single transport equation for a term related to the turbulent viscosity,
v, (Spalart and Allmaras, [1992)). The turbulent destruction term in this equation is
scaled with the distance to the nearest wall, while far from solid boundaries is scaled
with the grid size, becoming a subgrid-scale model for LES in regions away from the
wall, when the production balances the destruction term.

Since it has been shown that the inlet turbulence intensity is important for accu-
rately simulating turbines (Blackmore et al.,|2014; Lloyd et al., 2014)), we incorporate
into our model an inlet random flow generator, using the formulation proposed in
Smirnov et al.| (2001)). This is a stochastic approach, where the inlet averaged veloc-
ity and fluctuations in time, m, can easily be set by using experimental data. We
have to highlight that we need two inputs for this model; one is a fully developed

vertical profile of the streamwise velocity. The second input is a constant value for

the components uu!.
To represent the MHK devices, we use the Actuator Disk Model (ADM), where

the thrust force per unit mass, per unit of volume, f; = F;/(pAVY) is incorporated in
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the stream-flow direction (), where:

Fy = SpU% A, (2.3)

In Equation 2.3 A, is the disk area, C; is the thrust coefficient of a single turbine,
AV is the differential volume occupied by the turbine in the discretized domain, and
Uy is the streamwise undisturbed velocity magnitude upstream of the disk.

In a turbine farm using this common parameterization, it is not always clear what
velocity scale can be used to replace the undisturbed velocity, U,,. For that reason,
a second parameterization can be defined based on the the local velocity at the disk,
Uy, instead of using U, to calculate the force exerted by the device. To implement
this, we use a modified thrust coefficient, C}, which is related to C; as follows:

C

=t (2.4)

where a is a so-called induction factor (Burton et al., 2011). In this way, we calculate

the thrust force by using the following expression, which is equivalent to Equation [2.3]

but it is now based on the local flow velocity seen by the disk:

1
Fy = §PU3AdC£ (2.5)

2.2.1 Force Distribution in the Actuator Disks

For representing the turbines, there are different ways to distribute the Cj, and
subsequently, the force along the disks; for that we test three different distributions to
choose the best one. In the first case, a C] = 0.85 is uniformly distributed; meanwhile,

in the other two cases, C] is distributed using a Gaussian function with an average

D

C; = 0.85, and two different standard deviation: o = 5, and o = %, where D is the

disk diameter. The experiments are based in the laboratory experiments of|(Chamorro
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and Porté-Agel (2011)), and later, by Markfort et al.| (2012), which are the same we

use in the next section for validating our code.

The experimental configuration consists of 30 scaled turbines distributed in a
staggered way along a wind tunnel; this is shown in the schematic of Figure 2.1 In
the experiments, the velocity and turbulence up- and downstream of the turbines were
measured by using a hot-wire anemometer. In the wind tunnel, the Reynolds number
based on the freestream velocity at the hub height, Re,, , = Uyznu/v, was equal to
36, 000. In our simulations, we use the same averaged inlet velocity and turbulence
intensity profiles as measured in the wind tunnel. Regarding the lateral walls, we
used symmetric boundary condition. We have to mention that the computational
domain is discretized using 7.3 million nodes, which allows each disk to contain at

least seven grid points in the vertical direction and five in the spanwise direction, as

suggested in the literature (Wu and Porté-Agel, [2013).

In this section, we only simulate the first six rows in order to save computational

resources. However, for the validation (Section [2.2.2)) we simulate all the 30 devices

70D
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Figure 2.1. Schematic distribution of disks for the validation of numerical
simulations, following the laboratory experiments of |(Chamorro and |
| Porté-Agel| (2011) and Markfort et al. (2012))

19



To make a quantitative comparison between the results of our simulations and
the experimental data, we utilize the RMSE-observation standard deviation ratio

(RSR) (Moriasi et al., [2007) which is defined for any variable 6 as:

z_: (QZ»ObS _ efzm)Q

RSR= " , (2.6)
Z (eiobs _ 9;7160,71)2
i=1

where n is the total number of records, 6 are the observed data, 6™ are the
simulated results in the same location that observed data, and 6;"“" is the average
of the observed values. The RSR fluctuates from zero for optimal conditions, to a
large positive value.

Knowing the meaning of RSR, we can interpret the comparison between the
simulation and the laboratory measurement. For example, Table shows that the
RSR of the velocity profiles for the Gaussian distribution with ¢ = % is the smallest,
which indicates that it adjusts better to the measurements. This is corroborated by

the differences between the profiles in Figure [2.2]
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Row:1 Row:3

Figure 2.2. Velocity profiles 3D downstream the 1% and the 3¢ rows of
turbines at the center span of the channel. Continuous lines are the result
of simulations using different distributions of C} over the actuator disks.
Circles indicate the measurements taken by Markfort et al. (2012). Black
dashed lines indicate the bottom, center, and top of the disks.

Regarding the turbulence intensity, Table [2.2| shows all the distributions have the
same RSR downstream the 1% row; however, in Figure we see that the Gaussian
distribution with o = % does not capture the peak of turbulence intensity at the top
of the turbines, as the other two cases do. The figure also shows that downstream the
37 the uniform distribution with the Gaussian with o = %, have a better performance

than the other case.
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Figure 2.3. Turbulence intensity, o,,, 3D downstream the 1% and the 37
rows of turbines at the center span of the channel. Continuous lines are the
result of simulations using different distributions of C] over the actuator
disks. Circles indicate the measurements taken by Markfort et al.| (2012)).
Black dashed lines indicate the bottom, center, and top of the disks.
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TABLE 2.1

RSR FOR SIMULATED VELOCITY PROFILES DOWNSTREAM
TURBINES ROWS USING DIFFERENT C; DISTRIBUTIONS OVER
THE DISKS AREA.

Row Uniform Gaussian distribution Gaussian distribution

distribution c=2 o=2
15t 0.50 0.33 0.15
3rd 0.45 0.44 0.26
TABLE 2.2

RSR FOR SIMULATED TURBULENT INTENSITY PROFILES
DOWNSTREAM TURBINES ROWS USING DIFFERENT Cy
DISTRIBUTIONS OVER THE DISKS AREA.

Row Uniform Gaussian distribution Gaussian distribution

distribution o= % o= %
15t 2.56 2.56 2.56
3rd 1.81 2.10 2.25
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Figure 2.4. Comparison of the Reynolds stress’ component w/'w’ between
three different distributions of C} over the disk, and an experimental data.
The measurements are at the center span for two different heights.
coefficient C,.

We also observe the kinematic shear stress at the center span of the channel,
w. Figure shows the stress along with the flow-stream direction at two different
heights. The figure depicts that the cases with uniform, and Gaussian distribution
with o = %, have a better agreement to the measurements. On the other hand, the
case with Gaussian distribution and o = % under-predicts the kinematic shear stress,
which is expected since this variable is directly related to the wake expansion. Using
a value of 0 = %, the force is more localized at the disk center, which produces a
smaller wake than the other two distribution.

Finally, for representing a disk, a Gaussian distribution seems more suitable than a
uniform one. The Gaussian distribution with o = % case shows good agreement with

the velocity and the kinematic shear stress measurements, hence, all the simulations

in this work use this distribution for representing the actuator disks.

2.2.2  Validation of DES Coupled With Actuator Disk

For validating the DES coupled with the actuator disk approach, we use the
laboratory experiments of (Chamorro and Porté-Agel (2011), and later, by [Markfort

et al| (2012), same as in Section [2.2.1 However, in this case, we simulate all the
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devices with the distribution presented in Figure [2.1}

After running the numerical simulations, we calculate the time-averaged velocity
and turbulence intensity profiles in the streamwise direction (0 JUy = /i) UO> to
compare them with measurements of Markfort et al. (2012)) taken three diameters
downstream the 1%, 5 and 11** rows of turbines. On the one hand, the mean
velocity profiles show good agreement with the measured data (see Figure, and for
all the cases, the calculated RSR does not exceed 0.35 (see Table[2.3). The turbulence
intensity profiles exhibit more disagreement, particularly downstream of the first row
of turbines. Downstream of the 5/ and the 11" rows, however, our model performs
better (see Figure 2.6]), with an RSR close to 2 (see Table [2.3). The simulations
capture the vertical distribution, resolving almost the entire measured turbulence
intensity. It is important to note that the measurements report the total turbulent
intensity, whereas the computed values correspond only to the resolved component
since the Spalart-Allmaras model cannot readily yield the modeled component of
the normal stresses. The influence of the turbine geometry produces the largest
differences in the turbulence of the wake for the first row compared to the disk
simplification, and the results for this statistic improve considerably downstream, as

shown in Figure [2.6]
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DES simulations @® Markfort et al. 2012 Inlet velocity

Row:1 Row:5 Row:11

Figure 2.5. Mean streamwise velocity normalized by Uy (the inlet velocity
at the hub height, zp.;) as a function of Z/zp.,, downstream of the 1%, 5t
and 11" rows of turbines. Circles show the measurements of
| et al|(2012). Continuous lines are the results of the DES simulations
coupled with the actuator disk approach. Dashed lines mark the bottom,
center, and top of the disks.
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DES simulations @® Markfort et al. 2012 Inlet turbulence intensity
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Figure 2.6. Turbulence intensity in the streamwise direction (o, /Uy) profile
as a function of Z/zj.,, downstream of the 1%, 5" and 11 rows of
turbines. Circles show the measurements of Markfort et al. (2012)).

Continuous lines are the results from the DES simulations coupled with the

actuator disk approach. Dashed lines mark the bottom, center, and top of

the disks.

TABLE 2.3

%RMSE FOR SIMULATED VELOCITY AND TURBULENT
INTENSITY PROFILES DOWNSTREAM ROWS 1, 5 AND 11

Row Velocity profile U/Uy Turbulence Intensity I, = o,,/Up

15t 0.33 2.56
5th 0.35 1.82
11t 0.30 1.73
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We acknowledge that these experiments were carried out in a wind tunnel; how-
ever, the results are equally valid for tidal applications. The last is true, because
the model does not distinguish the kind of fluid, but it uses the Reynolds number as
input, which is in a turbulent range. Besides, the height of the channel is sufficiently
large to avoid an interaction with the free-surface, in case we want to simulate water.
We have to mention that DES has also been validated before by |Gajardo et al.| (2019),
which used the model coupled with a more complex turbine representation, known as
Blade Element Momentum (BEM). In their simulations, |Gajardo et al. (2019)) repli-
cated the flume experiments of the PerAWaT project carried out by [Stallard et al.
(2013)), which consists of two rows of turbines.

The reasons for choosing this experimental case for the validation are because of
the available measured data and a large number of devices (30 devices distributed in
12 rows). On the one hand, more data implies more points of comparison, making the
validation more precise. On the other hand, the idea of having many rows is because
we want to observe the fluctuation of the resultant force per unit area through the

rows and detect where it becomes constant, for designing the next experiments.

2.3 Methodology

The resultant force exerted by different turbine arrays is calculated by using the
simulated data of the validation case. To do this, we compute the net flux of momen-
tum in the streamwise direction for several control volumes, considering the pressure
drop and the viscous losses. These control volumes consider the total height of the
channel, and enclose different numbers of rows, as shown in the schematic of Fig-
ure We emphasize that in this case, we can isolate different control volumes
inside the farms to calculate Cipqrm, rather than running entirely independent cal-
culations. For example, when we run a case with exactly two rows of turbines, the

results have a difference of around 3% to those obtained by extracting two rows from
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a case with a total of twelve rows of turbines.

We compare the resultant force from the high-resolution numerical simulation
with two analytical expressions, which are calculated by multiplying the resultant
force of one device by the number of turbines N, inside every control volume. In
the first expression, we calculate the force by using the undisturbed velocity, U,
and the thrust coefficient, C}, same as in Equation 2.3] On the other hand, in the
second expression, we use the average velocity in every disk Uy, which required a
modified thrust coefficient, C}, to calculate the resultant force. In Figure we
show that the force calculated by using the undisturbed velocity overestimates the
results, especially after the 3"¢ row. This because the turbines starting at the 37
row no longer experience the undisturbed velocity, U,,. Instead, the resultant force
calculated by using the averaged velocity of the disks, Uy, provides a more accurate
representation of the total force imposed by the set of turbines. We also observe that
the analytical force goes up and down through the rows, which occurs because the
density of turbines per unit area is smaller for rows with an even number of turbines.
Further, after the 6" row, all the total forces tend to remain constant, indicating

that a fully developed solution can be assumed after six rows.
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Figure 2.7. Schematic of a representative control volume used to calculate
the resultant force for an array of devices. Here L, and L, are the length
and the width of the control volume, respectively, meanwhile the height, L,
is the same as the channel. In this example, the control volume encloses 18
devices, and comprises a volume that includes from the first to the seventh
row of turbines.

30



%107

2.6‘ \ \ T T
—=—F/p=0.5 CGULNAq
—e—F,/p from DES
» Fi/p=0.5 ClUIN, Ay |
-y )
2|
IS )
5 N 2.2F il
M /\/\./\/\-/.\
=
I X i
= 2r -
1.8 \ ° B
- o
09— ~n
1.6 | | | | | | | | L | (]
1 2 3 4 5 6 7 8 9 10 11 12
Row

Figure 2.8. Resultant force calculated by using control volumes that go
from the first row of turbines through the last one (see Figure , per unit
of mass (pL,L,L.). B Analytic force calculated as the force of one actuator

disk times the total number of devices in the farm. 4 Analytic force
calculated by using the average velocity at the location of the disks, Uy,
instead of the undisturbed velocity, U,,. ® Resultant force obtained from
DES numerical simulations.

Due to the significant differences between the analytical solution using the undis-

turbed velocity, and the resultant simulated force showed in Figure [2.§] it is inferred
that it is more accurate to use the local velocity to calculate the force of a set of
turbines. However, we must consider that in coarser-scale models, the only known
velocity at the farm location is the grid-cell horizontally-averaged velocity (denoted
here by (-)) at the hub height (subscript h): (U)y. Therefore, it is essential to mod-
ify the force calculation to represent a farm of turbines at larger-scale models. To

achieve this, we propose a thrust coefficient representative for an entire farm, C;pqprm,
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as follows:

2F, pEs
C arm = T A A 2.7
e = AN, 27

where (U)}, is calculated in the area occupied by the turbines. In this way, the new

coefficient not only takes into account the wake interactions but also is based on

information provided by coarse-scale models.

2.3.1 Thrust Coeflicient for a Farm of Turbines

To parameterize the thrust coefficient for an entire farm of turbines, Cirqrm, we
study the main parameters that dominate the interaction between the flow and the
devices. Initially, we suggest that C}p4,, would depend on the distance among devices
in the streamwise and spanwise directions, S, and S, respectively; the disk diameter,
D; and the size of the farm in the z and y direction, L, and L,. Experiments show
that the ratio between the water depth, H, and the hub height, zp,;, is also an
important variable to take into account since it can change considerably the velocity
recovery downstream (Aghsaee and Markfort), [2018)).

Another important factor is the angle between the flow and the turbines. Here we
only consider the optimal case, where the main flow direction is perpendicular to the
rotor. In practice, one should take into account the fact that the thrust coefficient of
turbines could be affected up to 10% for yaw angles of 20° (Frost et al., [2017)).

For these simulations, we use a flat bottom since we want to isolate the wakes’
interaction according to the distribution from the bedforms. On the other hand, when
we simulate the turbines in a realistic scenario, we will consider the most relevant
bedforms, so we do not want to duplicate the bathymetry effect.

For the purposes of this work, we use a staggered distribution for the turbines

since this is the most commonly utilized configuration and it is more efficient than
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when the disks are aligned (Daskiran et al., 2015; Markfort et al) 2012; Wu and
Porté-Agel, 2013). We also consider the thrust coefficient for an individual device,
C}, to normalize Cipgrm, in order to have a parameterization that works for any
turbine. By performing numerical simulations, we study the versatility of Cipqpm by
using different values for the aforementioned parameters, and focus on the overall
problem: Cirarm = Ciparm(Sz, Sy, D, Ly, Ly, H, Zpup, C}).  In nondimensional form,

we cast the problem as:

CtFarm :¢(Sx Sy La: Ly H ) . (28)

C; D’ DS, S, zhu

Previous works have highlighted the importance of not using the area density of
the turbines (i.e., Aq/(S;S,)) since this assumption considers that a change in the
streamwise distance would have the same effect as a change in the spanwise direction;
this has been demonstrated as being inaccurate (Simén-Moral et al. 2014). This is
the reason why the parameters S, and S, represent different dimensionless groups in
Equation [2.8] The same is true for the farm’s size since the farm’s width and length
independently affect the overall force, even though they have the same total area

Aparm = LyLy,. The terms L, /S, and L, /S, in Equation represent the farm size,

and they can be interpreted as the number of rows and columns of devices.

2.3.2  Setup for Numerical Simulations

We simulate seven cases, and in each of them, the turbines are distributed in a
staggered pattern (same as in Figure (i.e., odd rows have three turbines, and
pairs, have two)). Since the focus of this research is to study finite-sized farms, the
cases have only six rows. The cases vary the turbines separation in the streamwise
(Sz/D) and spanwise (S,/D) directions, as well as the ratio between the depth of

the channel and hub height, H/z,;,. The simulations are summarized in Table m
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TABLE 2.4

SUMMARY OF THE SIMULATED CASES.

Case S,/D S,/D H/zpuw

C.1 5 4 4.2
C.2 7 4 4.2
C.3 3 4 4.2
C4 5 2 4.2
C.5 5 6 4.2
C.6 5 4 3.3
C.7 5 4 5.0

Since our work is focused on tidal energy, we choose parameters according to the
characteristics of the ocean and the MHK devices. For the diameter of the turbines,
we used a typical value of D = 10 m, with a hub height zj,, = 12 m. Regarding the
thrust coefficient, we use the same value as for the validation case (i.e., C] = 0.85) to
represent every device. In the ocean, Reynolds numbers can exceed O(10%); due to
computational restrictions, we initially carry out this analysis with Re,, , = 7.5x10°.
We do not expect differences in Re,, , to impact our results since it has been shown
that increments of Reynolds numbers over O(10%) do not have any significant effects
on the wakes of actuator disks (Mikkelsen and Sgrensen,, 2003}, Sgrensen et al., |1998));
however, we highlight that they differ on the geometrical details of each specific
design. As a new generation of MHK devices emerges, future work will focus on the

effects of the Reynolds number for the entire tidal cycle. Concerning the turbulence
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intensity, we use an intermediate value equal to 15%. For all the simulated cases, we

used the same domain and the same grid resolution as summarized in Table [2.5]

TABLE 2.5

MAIN VARIABLES COMMON FOR ALL THE SIMULATED CASES

Parameter Value

Turbines diameter (D) 10 m

Hub height (zp.) 12 m

Thrust coefficient C/ 0.85

Channel length (L,) 350 m

Channel width (L,) 240 m

Grid resolution (im X jm x km) 268 x 192 x 128
Reynolds number based on the velocity at the hub (Re., ,) 7.5 x 10°
Lateral boundary conditions Symmetric

2.4 Results and Discussion

Using the results from simulations C.1 through C.7, we study the sensitivity of
Cirarm due to changes in the devices’ lateral distance and the depth of the channel.
From this analysis, we propose a relation between C,py and the parameters listed
in Equation 2.8 Finally, we compare results from a previous investigation related to

drag parameterizations of infinite farms.
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2.4.1 Formulation of the Thrust Coefficient Representative for Farms of Turbines

The solutions of the simulations in Table are time-averaged, and we calculate
the resultant force for different control volume configurations within the simulated
domain (same as in section ([2.3)).

We observe that the effects on Cypypp of changing the number of devices in the
lateral direction are negligible (see Figure 2.9(a)). Actually, for all the shown cases,
the coefficient only changes around 4% when we go from two to four columns of
turbines. The last is reasonable because regardless of how many columns of turbines
are included, the undisturbed flow upstream will face the same total area of turbines
(also known as the blockage area). For this reason, we eliminate L,/S, from our
parameterization. We have to mention that we do not show the case C.4 in Fig-
ure 2.9(a) because, in that situation, the devices are too laterally close, and it is not
possible to isolate the effect of the columns of turbines to study them.

On the other hand, C}p4m varies noticeably when the longitudinal length of the
farm changes (see Figure 2.10(a)). When farms increase from two rows of turbines
(L./S; = 2) to three rows (L,/S, = 3), Cirarm decreases. Beyond this, Cirarm
remains almost constant as additional rows are included. For our parameterization,
we do not consider the case of one row (L,/S, = 1) since in that situation, S, is
undetermined, and one would expect the wake interactions to not play a strong role

in the total effective thrust coefficient Cirgrm.
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Figure 2.9. (a): Variation of Cypgrm due to changes in the size of the farm
in the spanwise direction, L,. The ratio L, /S, can be interpreted as the
number of columns of turbines. (b): Schematic of the control volumes used
for calculating Cyperm for two and four rows of turbines.
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Figure 2.10. (a): Variation of Cypamy due to changes in the size of the farm

in the streamwise direction, L,. The ratio L,/S, can be interpreted as the

number of rows of turbines. (b): Schematic of the control volumes used for
calculating Cyper for various numbers of rows.

For studying the effects of S,/D, S,/D, and H/zpu on Ciperm, we divide the
results into two cases: one for farms with exactly two rows, and another for farms
with more than two rows. This distinction is used because of the difference observed
previously in Figure for the cases where L, /S, =2, and L,/S, > 2.

In Figure (a) the variation of Cipqrm as a function of streamwise separation
between the devices is presented. We observe that for farms with two rows, the
thrust coefficient remains almost constant. We perform more simulations with exactly

two rows using even smaller values of S,/D, and Cypgpyn remains independent of

changes in S,/D. We also can see in Figure [2.11{(a) that, for more than two rows,
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Cirarm increases when S, /D increases. This is consistent with previous work for
vegetation canopies (Simén-Moral et al., 2014), where the authors stated that the
thrust coefficient should be maximum for isolated objects (i.e., S,/D — o0) because
the obstacles or, in our case, the turbines, are completely unsheltered.

In Figure m<b>7 it is observed that Cyperm decreases when S,/D increases for
farms with any number of rows. This is also consistent with Simon-Moral et al.
(2014)), where it was noted that when the devices are laterally closer, the average
velocity inside the canopy is smaller, which results in a higher thrust coefficient.
The aforementioned is reflected in Figure 2.10, where case C.4 is the one with the
highest Cyparm-. The velocity inside the farm is especially low in staggered farms with
laterally close devices since they block the flow. Another study (Nishino and Willden),
2012) shows that the efficiency of a wide or deep farm monotonically increases when
the lateral separation between turbines decreases towards the lowest limit (i.e., S,/
D = 1); this is consistent with our results as well.

Regarding the ratio between the depth and the hub height (Figure[2.11fc)), we do
not observe a significant change in C}pqrm, regardless of the number of rows. In fact,
with an increment of 50% in H/zp.p, we calculate a change of less than 4% in Cy g
We conclude that H/zp,, does not play a role in our parameterization. However, we
note that we can only ensure the validity of this result for cases where H/zp,, > 3.3,
and we acknowledge that this parameter could be important for representing devices
that are installed closer to the free-surface as in the case of the work of /Aghsaee and

Markfort (2018)); Kolekar and Banerjee (2015); |Riglin et al.| (2015).
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Figure 2.11. Changes in Cypgm due to the variation of: (a) The streamwise
distance between devices, S,./D, (b) the spanwise distance between devices,
Sy/D, and (c) the ratio between the depth of the channel and the hub
height, H/zpup. The results are divided into two cases: farms with two rows
of turbines (light blue), and farms with more than two rows (purple). Since
we do not observe a significant influence of S, /D on Cipgp, for farms with
two rows, we perform extra simulations (marked with dashed lines), where
we see Cipqrm remains insensitive to the distance in the streamwise
direction
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As a summary, we infer that Cypgpm is not a function of L, /S, nor H/zp,. We
also observe two regimes concerning the length of the farm: one for farms with exactly
two rows of turbines, and the other for farms with more than two rows. In the former,
Ctrarm 1s only a function of the lateral distance of the devices (S,/D). In the latter,
Ciparm is function of S, /D in addition to S,/D.

Considering the discussion above, we propose an analytical solution for Cipgrm

which is characterized by two limiting cases:

1. For farms with two rows, the expression for Cipg.y, is inversely proportional to
the lateral distance between devices, S,/D. This value can go from S,/D = 1,
when the turbines are adjacent to each other, to S,/D — oo for very laterally
spaced farms, where one would expect the drag force to be additive since the
wakes do not interact.

2. For farms with more than two rows, the dependence of Cypyp, is still inversely
proportional to S, /D but also decays exponentially with the distance between
the devices in the streamwise direction S, /D. An exponential decay is proposed
because it tends to zero as S,/D — 0 (i.e., the devices get closer), which
captures the fact that the flow cannot penetrate the farm. On the other hand,
when the streamwise distance between the devices increases, the exponential
term tends towards unity, which is equivalent to saying that Cjpq.n becomes
independent of S, /D. This expression is similar to the one proposed by |Simén-
Moral et al.| (2014)) for parameterizing canopies of vegetation.

Thus we present the following expression for Cpapm:

CtFarm _ ('BS%/> +’Y ’LL?_;D =2 (2 9)
Ci (1= ecap(-a5)) (2) +¢ ke >2

Here, B = 0.39, v = 0.72, a = 0.25, and { = 0.57 are coefficients empirically
calculated by minimizing the error in the difference between the data obtained from
the simulations and that predicted by the proposed relation. The value of these
coefficients could be improved by running more numerical simulations to have more
sample points.

The coefficient & = 0.25 attenuates the growth of the exponential function, and
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yields a Ciparm/C) which reaches a value of 0.99 at roughly S, = 19D, meaning that
for streamwise separations larger than 19D, the wake is essentially fully recovered.
This is in agreement with various recovery distances reported in the literature (Chen
et al., 2017; Myers and Bahaj, |2012; |Stallard et al., [2013)).

With respect to the factors 4 and ¢ in the Equation 2.9] they can be interpreted
as the limit of Cyparm/C} for very laterally spaced farms (i.e., when S, /D — 00). In
this case, the average velocity at the center of the farm tends to be the same as the

undisturbed velocity, so that we can assume:

Corarm (U \? g =2
Jim tg, = (U—d) _l 7S (2.10)
y*)OO 00 La:
t C 'S > 2

In Figures and we show the empirical solution proposed in Equation
with the results from the DES simulations. In both figures, we fix values of S,/D to
observe how Cypgrm changes with variations in S,/D (Figure 2.12(a) and [2.13|a)),
and vice versa (Figure 2.12|(b) and [2.13{(b)). As mentioned above, for farms with two
rows, Cyparm does not depend on S, /D, which is why in Figure (a) the lines
are horizontal. Meanwhile, in Figure (b), we see that all curves collapse despite
different values of S,/D. For farms with more than two rows (Figure , we see
that our expression for Cipgn, is capable of representing the effects of changing the

distance between devices in both lateral directions.
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Figure 2.12. Cypgrm/C}, for farms with exactly two rows of turbines, versus
the disk separation in: (a) the streamwise direction, and (b) in the
spanwise direction. Continuous line: Empirical solution proposed in

Equation [2.9] Dots: Results from DES numerical simulations.
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Figure 2.13. Cyparm/C}, for farms with more than two rows of turbines,
versus the disks separation in: (a) the streamwise direction, and (b) in the
spanwise direction. Continuous line: Empirical solution proposed in
Equation [2.9] Dots: Results from DES numerical simulations.

2.4.2  Comparison of Ciparm Parameterization With Previous Work

To demonstrate the consistency of our parameterization with other studies, we

compare our results with the parameterization proposed by |Abkar and Porte-Agell

(2015). As noted in the Introduction, the authors of |Abkar and Porté-Agel| (2015)

considered an infinite farm of turbines, and incorporated a correction factor, £ =

Us/{U)%, to account for differences in the free-stream and horizontally-averaged
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velocities:

1
Fi = Nyspe(U)3As (2.11)

In their work, Abkar and Porté-Agel (2015) showed that the implementation of
& can improve the representation of farms of turbines in larger scale models. Their
approach was empirical, so & was computed numerically for a wide variety of disk
configurations. To compare our expression with the results of Abkar and Porteé-Agel

(2015), we rewrite Equation to incorporate £ into Cipgrm:

Corarm 1 26, 1 2F U3
Ci LU A4N,  CLU2A4N, (U)?

(2.12)

Since the parameterization of Abkar and Porté-Agel (2015) was made for an
infinite farm, we can assume that the flow reaches a fully developed state, which
means that 2F,/ (U2A4N,C}) — 1. The term U3?/(U)? in Equation can be
compared with the £ parameter by using the relation U; = (1 — a)Uy (Burton et al.|
2011), where a = 0.25 is an induction factor used by Abkar and Porté-Agel (2015).
In this way, we can estimate & from our analytical solution.

In Table [2.6] we show that using the proposed expression, we retrieve values for
¢ with an error of less than 3.5% compared with the results of |Abkar and Porté-Agel
(2015). The crucial difference with our work is that we can also take into account
the effect of two different turbines configurations just by knowing the lateral dis-
tance between devices, without needing to run computationally expensive numerical

simulations.
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TABLE 2.6

COMPARISON OF THE RESULTS OF THE ¢ PARAMETER
PROPOSED BY ABKAR AND PORTE-AGEL (2015) WITH ¢
CALCULATED BY USING OUR PARAMETERIZATION OF Ciparm/C;.

Sy/D  Sy/D  Ciparm/C; & Calculated £ proposed by error (%)
Abkar and Porté-Agel| (2015)

5 ) 0.71 1.12 1.13 0.6
7 7 0.69 1.10 1.07 3.2

2.5  Summary

In this chapter, we proposed an expression for a new thrust coefficient, C}rqrm,
which is meant to represent a finite-sized farm of MHK devices in ocean circulation
models. Our primary objective is to include the resistance force’s variation due to
the distribution of the devices. We used the hybrid turbulence model, DES, coupled
with the actuator disk approach, to simulate staggered farms of turbines by changing
the lateral separation of the devices and the channel’s depth.

We validated the model by replicating the laboratory experiments shown in Mark-
fort et al. (2012). Despite the simple representation of the turbines, we could faithfully
reproduce the velocity deficit downstream. With these simulations, we calculated the
resultant force of various farm sizes to detect which variables are more relevant in
the representation of turbine arrangements at larger scales. We also analyzed how
Cirarm behaves under changes in device spacing to propose an expression for this new

coeflicient.
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Finally, we concluded that C}pg4. behaves differently for farms with exactly two
rows, and farms with more rows. In the first scenario (farms with two rows), the
lateral separation of the devices is the only variable required in the calculation of
Cirarm, mainly because it is primarily related to the area of the turbines which
the flow faces when it enters to the farm. For laterally closer devices, Cipgprm in-
creases monotonically until S,/D = 1. For farms that have more than two rows, the
streamwise distance between the devices becomes relevant too. This parameter was
incorporated into the Cipgrm expression by using an exponential decay which goes
from zero for farms with no space between rows (i.e., S, = 0) to unity for farms with
highly spaced rows (i.e., S, > 19D ). We also concluded that H/zp,;, is not a relevant
variable in the representation of farms of turbines, at least when its value is equal or
bigger than 3.3.

With the new proposed expression, it is possible to easily calculate a thrust co-
efficient for a finite farm of turbines, just by knowing the number of rows and the
lateral separation of the devices. However, we highlight that before using our param-

eterization, a few notes are necessary:

e It is designed for staggered farms, where all the turbines occupy the same
ground area.

e [t does not consider a significant misalignment between the mean flow direction
and the turbine axes.

e [t is designed for devices installed at the bottom of the sea, and which do not
interact with the free-surface.

We have to highlight that further simulations are necessary to improve the preci-
sion of the coefficients presented in the equation of Cj gy,

In the next chapter, we implement the Cypq,, coefficient into the ocean circulation
model FVCOM ((Chen et al., [2003)) to simulate the tides and their interaction with

the bathymetry in the Chacao channel. By using this model, we could study the
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effects of farms of turbines in a more realistic domain with a flow that completes

entire tidal cycles.
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CHAPTER 3

MHK DEVICES FARM REPRESENTATION IN OCEAN CIRCULATION
MODELS

3.1 Introduction

The Chacao Channel, Chile, located between Puerto Montt and Chiloé Island,
represents an attractive place to harness tidal energy. Almost the 60% of the energy
sources in Chiloé Island are non-renewable (CNE, Chile|, [2020); however, the Chilean
government is planning to reach at least a 70% of renewable sources of energy in
the country by the year 2050. Chacao channel connects the Pacific ocean with the
interior fjords, and narrows between the continent and Chiloé Island, which allows
the flow to reaches velocities over 4m/s (Guerra et al. 2017). In addition, a study
based on the distance to the electric grid, available resources, channel depth, and
possible conflicts with the fishery industry, has shown that this channel is one of the
best places in the surrounding area for installing MHK devices (Cruz et al., [2009)).

Nevertheless, installing an MHK farm in the Chacao channel could negatively
affect some aspects of the hydrodynamics and local habitats. The acceleration of
the flow between devices and the deceleration downstream of the farms changes the
bottom shear, which can move the paths of sedimentation and alter local morphody-
namics (Brown and Neill, 2015; [Fairley et al. 2015). Besides, the interaction of the
flow and the top of the turbines raises the turbulent kinetic energy (T'K E'), which
increments the flow mixing and could increase the sediment transport. An increment
in transport of sediment could have different effects such as an alteration in the avail-

able oxygen if the sediments are high in organic matter (Gill, 2005), and impair the
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fertilization of benthic organisms (Gaylord, 2008)). Because of the reasons mentioned

above, it is necessary to assess the impacts of the installation of marine farms in the
velocity, TK FE, and bottom shear.

Numerical simulations can be useful tools to study the interaction between the
flow, MHK devices, and the environment at different temporal and spatial scales for
what there are plenty of options for the flow solver and the turbines representation.
Choosing the right tools is not trivial since the ocean dynamics are composed by
different scales that cannot be covered by using only one numerical model because
of the computational cost restrictions. In the representation of a farm of turbines
in a realistic environment there are mainly two relevant temporal and spatial scales:
One is associated with the highly turbulent zone downstream the devices known as
wakes, and how the distribution of the devices can affect the resistance force of the
entire farm. The other scale involved is the one related to the interaction between
an entire farm of turbines with tides and the local environment.

For representing the wake’s scales, there are some high-resolution solvers that

can work in conjunction with different turbine representations. One example is the

hybrid turbulence model called Detached Eddy Simulation (DES) (Escauriaza and|

Sotiropoulos|, 2010}, 2011alb} |Gajardo et al., 2019} [Soto-Rivas et al.,[2019; [Spalart and|

‘Allmaras, |1992)) that solves the mean velocity field close to the walls, and can calculate

the large structures downstream the devices. DES can be coupled with actuator

models representing the turbines as an equivalent sink of momentum, such as the

Actuator disk model (ADM) (Burton et al., 2011; Meyers and Meneveau, 2012; [Porté-|

Agel et al.| [2014b; [Ramos et all 2019; [Soto-Rivas et al., [2019), that distributes the

force in a static disk with a diameter equal to the turbine. Some more sophisticated

models can represent the rotation of the turbines (Ouro and Stoesser, 2017; Ourol

et al [2019) and even their entire geometry (Daskiran et all, 2015} Kang et al., 2012,

2014; Riglin et al., 2015, 2016} Schleicher et al., [2015). Nonetheless, it is impossible
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to use those models at larger scales to represent multiple turbines interacting with
realistic environments because of the differences in the spatial resolution and the
physical variables between the turbine and channel scale.

At larger scales we can use ocean circulation models (OCM), which integrate the
tides, the morphology of the bay or tidal channel, and couples the flow dynamics to a
parameterization that represents an entire farm of turbines. Some examples are the
works of [Fallon et al.| (2014) and Nash et al.| (2014) that represented farms of MHK
devices over real bathymetries by using the momentum sink approach integrated into
the bi-dimensional model DIVAST (Falconer et al., |2001). In both investigations,
the authors represented different turbine separations by changing the devices’ density
(i.e., numbers of devices per unit area) in the grid elements. An example of three-
dimensional simulations is the work of Neill et al.| (2012), which represented a farm of
turbines in Alderney Race, France, by incorporating additional bed friction into the
model 3-D POLCOMS (Holt and James| [2001)). The enhancement of bed friction has
also been used for 2-D simulations (Garcia-Oliva et al., 2017; Plew and Stevens|, 2013));
however, for three-dimensional models, oversimplifies the computations to represent
the flow depth and the vertical position of the devices. Another three-dimensional
example is the finite-volume model ROMS (Shchepetkin and McWilliams, 2005)),
which was used by Roc et al.| (2013)) to represent devices using the momentum sink
approach over a flat bathymetry. Later, |Goward Brown et al.| (2017) used the same
approach of Roc et al.| (2013) to model turbines in Pentland Firth, United Kingdom,
using tides and bathymetry data of the area. Another well-known 3-D model is
FVCOM (Chen et al., 2003), which has the advantage of using unstructured elements
to adapt the grid to the coastline. By using the momentum sink approach, some
studies have represented MHK devices in FVCOM over flat bathymetries (Yang et al.|
2013) and under realistic conditions (Murray and Gallegol, 2017; Wang and Yang,
2017; |[Yang et all 2014)).
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However, in all the investigations mentioned above the analysis did not consider
the changes on the resistant force caused by different turbine distributions. This
problem can be solved by representing just one turbine per grid cell, but in that
case, the location of the devices is restricted by the grid resolution. Considering the
distribution of the devices is essential because depending on the distance between the
turbines and their disposition, the velocity of the flow can change in direction and
magnitude, producing more efficient configurations than others (Myers and Bahaj,
2012; Riglin et al., 2016)). As we can see, multiple previous investigations use OCM
to represent MHK devices in real marine environments; however, most of them simu-
lated an unrealistic number of turbines that exceeded hundreds and even thousands
of units (Dominicis et al., 2017} (Garcia-Oliva et al., [2017; Yang et al., |2013). An-
other limitation in the representation of marine turbines in OCM is the lack of field
measurements for validating their performance. Some investigations use OCM to
replicate laboratory conditions with MHK devices that have shown good agreement
between simulated and measured data (Roc et al., [2013; Thiébot et al., 2016)).

In this Chapter, we use numerical simulations to represent a farm of MHK de-
vices in the Chacao channel and assess their effects on the local environment. For
representing the interactions between tides and the bathymetry, we use the OCM
model FVCOM; meanwhile, for representing a finite farm of turbines we incorporate
to FVCOM the tidal turbine module provided by Murray and Gallego| (2017)), incor-
porating the parameterization we derived in Chapter 11, Cipgrm (Soto-Rivas et al.l
2019), which considers the separation between devices and the number of rows. For
obtaining the parameterization, we used a high-resolution numerical simulation to
represent every device inside a group of turbines and recognize the most critical fac-
tors in a particular farm’s resistance force. Here, we evaluate how tides and different
local bathymetries interact with the farms. In particular, we observe changes in the

streamwise velocity, TK FE, and shear stresses at the bed since they can potentially
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produce negative impacts in the local environment.

The Chapter is organized as follows: In section we introduce the model FV-
COM coupled with the momentum sink approach for representing farms of turbines.
In section (3.3} we study the undisturbed conditions in the Chacao channel to select
the most suitable place for installing a farm of turbines, according to the ranges of
operation of a commercial device. After choosing the farm’s location, we analyze the
local bathymetry using the variogram method to design an appropriate numerical grid
to represent the essential features of the bed and relate them to the flow/turbines
interaction. In section [3.4] we show the results of running three independent simu-
lations by placing a farm with the same number of turbines in each location. The
simulated farm is finite-sized, so we can implement the coefficient C}pg;., We propose
in Chapter 1. In section [3.5] we discuss the results. We have to highlight that there
are no available measurements of the flow downstream real MHK farms in terrain to
validate our model; however, our goal is to predict the changes in the velocity of the
flow, and the energy budget before installing them in the Chacao channel. Finally,

in section |3.6, we present a summary of the Chapter.

3.2 Numerical Simulations of MHK Farms in the Chacao Channel

For simulating the tides in the Chacao channel, we use FVCOM (Chen et al.,
2003)), a three-dimensional, unstructured, finite-volume hydrodynamic model that
solves the primitive ocean circulation equations for mass, momentum, salinity, and
temperature of the flow forced by tides, wind stress, and river discharges, among
others. The equations for mass and momentum conservation solved by FVCOM in
the z, y, and z directions (East, North, and vertical directions, respectively) are as

follows:

ou Ov Ow

R R (3.1)
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where u, v, and w are the velocities in the East, North, and vertical directions, respec-
tively, f is the Coriolis parameter, F,, and F), are the horizontal momentum diffusivity
terms, P and ¢y are the hydrostatic and non-hydrostatic pressures, respectively, and
K, is the vertical eddy viscosity coefficient.

For the turbulent kinetic energy (T'K'E), ¢, we implement the Mellor-Yamada
closure scheme that use an equation for ¢ and other for ¢*/, where ¢ = \/(u? + v'2) /2
and [ is the turbulent macro-scale (Mellor and Yamada, 1982). In this model, the
TKE is defined by velocity fluctuations in the horizontal directions, and is diffused
in the vertical direction by using a vertical eddy diffusion coefficient, K,. The two

equations for the closure model are as follows:
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where P, and P, are the shear and buoyancy production terms, F, and F; represent
the horizontal diffusion of the TKE and macro-scale, ¢ is the dissipation rate of
TKE, W is a wall proximity function, and E,; is a model coefficient (more details
about these equations can be found in Chen et al.| (2003)).

The use of FVCOM for simulating the Chacao channel was validated in the work
of (Guerra et al. (2017), where field measurements were compared with simulated
velocities and T K E profiles. Guerra et al.| (2017) carried out high-resolution mea-
surements of the bathymetry every 10 m, tidal currents by using Acoustic Doppler
Current Profilers (ADCPs), and sea-level elevation from tidal gauges.

One of the advantages of FVCOM is the option to use nested domains, which
reduces the computational cost by extracting the boundary conditions from a larger
domain with less resolution. Figure [3.1] shows the domain used to simulate the flow
around the entire Chiloé island to extract the boundary conditions for the Chacao
channel (zoom shown in Figure . We use the domain highlighted in orange in

Figure |3.1] in all the following simulations.
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Figure 3.1. Grid for the numerical simulations of the Chacao channel in
FVCOM. The entire mesh surrounds the entire Chiloé island and is used to
obtain the boundary conditions for the Chacao channel. Meanwhile, the
zoom shows the domain we use for all the simulations, which has a higher
resolution.

3.2.1 Incorporation of Farms of Turbines in FVCOM

To incorporate the farms of turbines in FVCOM, we use the tidal turbine module
provided by Murray and Gallego| (2017). This module includes the force exerted by

the devices, F}rqrm, in the momentum conservation equations in the mean streamwise
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direction, = (Equation as follows:

ou ou  OJu ou _1oP 19qy 0 ou
E—’—ua—x—FUa—y —|—w$— v = ;% ;%—F& (Km$> —Q—Fm FtFarm (37)

In the last equation, we improve Fjpq.,n by using the coefficient C}pgp we calcu-

lated in the previous chapter as:

1
FtFarm = épUZAdCtFarmNt- (38)

Here, A, is the area of each disk, same as Chapter II; meanwhile, N; is the total
number of devices per grid cell. The velocity in the streamwise direction u corresponds
to the velocity in the grid cell in the vertical layer where the turbines are located,
which is equivalent to (U); from Chapter I (see Equation [2.7).

Some studies suggest incorporating new terms to the T'K E equations for repre-
senting MHK devices in ocean circulation models (Li et al., [2017; |[Roc et al.| 2013]),
and wind turbines in mesoscale models (Kasmi and Masson, 2008; Rados et al., [2009;

Réthoré et al., 2009). With the suggested modifications, Equations and are:

o2  0¢*  0¢® o> 0 0q?
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(3.10)
where the new terms are P,,, P4, and P, which represents the turbines’ production

and dissipation, and an additional term that interferes in the turbulence length scale,

57



respectively.

Previous investigations that have used the modified T K E equations (Kasmi and
Masson, 2008; |Li et al.| 2017; Rados et al.,|2009; Roc et al., 2013 Réthoré et al., 2009)
showed significant improvements in velocity and TK E in the near wake (around up
to 8D downstream the devices). However, the new terms, P,, P4, and P, are
empirical and have been calibrated for specific circumstances, besides some of their
assumptions are only valid for atmospheric conditions. For this reason, we do not
modify the T K E equations, but we acknowledge the limitation of our representation

in the near wake.

3.3 Methodology

The first step for studying the interactions of turbines with the flow and the
bathymetry of the Chacao channel is to run a base case without MHK devices, which
we labeled as case 0. For the simulations with turbine farms, we select three zones to
compare the changes in the flow-farm interaction due to the local conditions. With
the results of case 0, we choose the most suitable places for installing the turbines
based on real MHK devices’ operational depth and velocity. Later, we characterize
the local bathymetries of every zone, for which we use the variogram method to know
the leading length scales of bed features and design an appropriate grid discretization.
After simulating a mid-sized farm of turbines in the three different zones, we compare
the velocity, TK E, and bottom shear downstream of the farms with the base case
without devices.

We run all the simulations in the zone highlighted in orange in Figure 3.1 which
is discretized with around four thousand nodes in the horizontal directions and ten
layers in the vertical direction. For the vertical discretization, we use the sigma-layer
approach, which consists of the even division of the depth, which means, in deeper

zones, the layers cover a larger space. For all the cases, the turbines are represented
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by an average of two sigma layers. Every case is run during 45 simulation days. The
boundary conditions for the channel’s inlet and outlet are obtained from a larger
domain using the nesting option of FVCOM. Meanwhile, the boundary conditions
of the larger domain are the tides obtained from the software TPXO (Egbert and
Erofeeva, 2002). For the bottom roughness, we use a value of z5 = 40 mm, which

was calibrated before by (Guerra et al.| (2017).

3.3.1 Choice of Farm Location

For the representation of the disks in the Chacao channel, we use the features of
a real MHK device, to define suitable places for the installation based on the depth
and velocity ranges. The device we choose is the Sabella D10 turbine (Paboeuf et al.
2016)), which has a diameter D = 10 m and a hub height zj,, = 12 m. For the thrust
coefficient, we use a typical value of C; = 0.8, which is equivalent to use a modified
coefficient C} = 1.5. Concerning the velocity, the cut-in speed of the devices is equal
to 0.4 m/s; meanwhile, the cut-out speed is 4 m/s (Paboeuf et al., 2016]).

For the farm location, we select an area with a depth range between 40 m and 85
m, according to the operating depth. Figure [3.2] shows the minimum and maximum
depths through the entire simulated time at every point. The gray areas of the figure
are the places out of the imposed limits. Figure also shows two restricted areas
where it is not possible to install the turbines; one of them is an anchoring forbidden
area, and the other one is an indigenous protected area.

Another factor to consider in the farm location is the available power, which is
proportional to cubed velocity. Figure [3.3] is colored by the absolute value of the
time-averaged velocity, which is divided into two regimes; flood (where the flow goes
from West to East), and ebb (where the flow goes from East to West). Grays areas
on the figure show the points where the averaged velocity is out of the functioning

range. One relevant point in Figure [3.3]is the velocity asymmetry since it shows that
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the ebb has a higher magnitude than the flood regime in some places, such as the

East end of the domain.
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Figure 3.2. Minimum (left) and maximum (right) depth at every point
through the time in the Chacao channel. Gray areas show the points where
the minimum depth is under 40 m, and the maximum depth is over 85 m.
Enclosed in dashed lines are the areas where the installation of MHK
devices is restricted.
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We simulate three different farms of turbines labeled as cases A, B, and C, in the
locations shown in Figure [3.4l The figure shows that case C is the closest one to the
coastline and also is the deepest one; meanwhile, case A is the furthest one from the
coastline and the shallowest. The reason for studying three farms across the channel
is to compare the flow-farm interaction with different local conditions.

The area occupied by the farms determines the dimensions of each zone. Because
this work’s scope is to study finite-sized farms, we simulate medium farms with a total
of 27 turbines distributed in a staggered way. The separation between devices in the
streamwise direction is equal to 5D to harness the acceleration produced by the discs
upstream, as is recommended in |O’Doherty et al.| (2011)). For the lateral separation,
we choose a distance of 4D to avoid significant interaction among the wakes that could
reduce the performance of the turbines |Riglin et al. (2016). With this characteristics

the dimensions of each zone are 300 x 200m? as shown in Figure .
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Figure 3.4. Map of the chosen zones for simulating farms in the Chacao
channel labeled as A, B, and C, colored by the bathymetry. We also show a
schematic of zone C dimensions, which are the same for zones A and B.

3.3.2 Bathymetry Characterization

To provide a physical basis for the size of the bathymetry’s discretization, we study
the local bathymetry of cases A, B, and C to understand the turbine-bathymetry in-
teractions. While we have a high-resolution bathymetry of 10 m provided by
(2017), the resolution of our model will be coarser to avoid excessively high
computational costs. The computational grid resolution resolves the dominant length

scales in different directions. To recognize those scales and characterize the bedforms,

we use the variogram method (Mark and Aronson) |1984) in 2-dimensions over the

high-resolution bathymetry. A variogram, -y, provides the degree of linear scale de-

pendency of a field and is defined as half of the variance between every point separated
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by different distances, as follows:

1 N(r) N(r)
y(r) = (Zi — Z;)? (3.11)
P IPIC

where r is the distance between two points, N is the total number of points in a
discretized domain, and Z is the surface elevation. In a log-log plot of r versus v, we
can observe that for small r, the variogram increases monotonically, meanwhile for
r > rg, the variogram converges to a saturation value, where r, is the characteristic
bedform length scale, that can be understood as the length where the structures are
correlated, or as the predominant wavelength.

We can calculate variograms in different directions to study the level of anisotropy
of the terrain. In other words, we can calculate all the points of a variogram by using
a vector with a variable size, r, but with a fixed direction, 6. Figure shows
a schematic of a discretized bathymetry to explain how a 2-dimensional variogram
works. In Figure (i) we can calculate the sum of the differences in the elevation
between the tails and the heads of the vectors with magnitude r = 7, which will allow
us to get one point of variogram in latitude 0° (East direction). Another point of
the variogram in latitude 0° can be obtained by proceeding the same way, but using
vectors with larger magnitude, » = ry, as shown in Figure (ii). The complete
variogram in 0° orientation is calculated by increasing k up to the entire domain size.
Another variogram of the same bathymetry can be calculated by using vectors with
a different orientation, as in Figures (iii) and (iv), where we observe two different
magnitudes of r for vectors with latitude § = 45° (North-East direction).

If the variograms of a surface calculated for different angles are identical, it means
the terrain is isotropic. On the other hand, if there is a direction, 6 where the
variogram has a higher correlation than the others, then there is an anisotropy in

that direction produced by features of the bed with a specific orientation. Figure (3.6
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shows the variogram calculated in different directions for the zones A, B, and C in
the Chacao channel, by using the high-resolution bathymetry data of 10 m. There, it
is shown that the bathymetry for the cases A and B is slightly more correlated in the
North direction (i.e., latitude 90°); meanwhile, in zone C, latitude 90° is the second
that dominates. Those above were expected since the tides in the Chacao channel
go from West to East and vice-versa (flood, and ebb tide respectively), which allows
the bathymetry to be oriented in that direction.

Figure |3.6| also has information about the wavelength of the bedforms and their
amplitude. For example, for cases A and B, the variograms in latitude 0° show a
length scale of around 150 m; however, after reaching the local maximum, we see an
increase or decrease of the variograms, which is known as cyclicity (Gringarten and
Deutsch, [2001). This cyclicity must be due to the size of the zones we are studying,
which do not allow for the observation of larger dominant structures. In the other
directions of cases A and B, there is no clear saturation value, which means the
dominant wavelengths in those directions are larger than the farm size. In case C, we
also observe cyclicity in latitudes 30° and 60°; however, for the latitude 0°, we can
see a visible wavelength of around 150 m. Regarding the amplitude of the bedforms,
they are directly related to the variogram. Figure tells us that the amplitude
of case A is smaller than in case B, and they are smaller than in case C, just by
observing the value of the variogram associated with the local, or global maximum

associated with the dominant length scale.
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With this information, we can design the computational grid around the farms
such that we incorporate the main scales of the local bathymetry. As we see in the
variograms, the smaller dominant length scale is equal to 150 m, so we can ensure
that for a discretization equal or less than that value in  and y directions around
the turbines we can represent the most relevant bedforms. In Figure |3.7] we show
the FVCOM discretization of the entire domain with the high-resolution bathymetry
data interpolated to the nodes. In the figure, we emphasize the elements we use in
and around the zones with turbines, which are 100 m x 150 m.

In Figure [3.8] we show the high-resolution bathymetry with the interpolated
bathymetry over the FVCOM grid (see Figure in the longitudinal direction at
the center span of the zones of cases A, B, and C. In the figure, we confirm we
are using an appropriate resolution since the differences between the high-resolution
(dashed lines) versus the grid resolution profiles (continuous lines) are smaller than
the governing bedforms. We can also use Figure to interpret the variograms, for
example, in cases A and B, we can see that the bathymetry is nearly flat, which
coincides with the fact that the bedform length scales are more extensive than the
farm size. However, in case B we observe larger bedforms than case A, since, as we
mentioned before, case B has a larger local maximum in the variogram, than case A.
We also observe that case C has more fluctuations in the amplitude of the bedforms,
which are around 5 m (D/2); meanwhile case B has fluctuations in the amplitude
around 1 m (D/10) (see Figure [3.7). The last is consistent with the variogram that
shows the largest amplitudes in latitude 0° for case C.

We focus the variogram analysis in the longitudinal direction because it is the
most relevant since the flow goes mainly through East and West along with the tides.
Nonetheless, we also plot variograms in the other directions to corroborate that there
are no larger dominant length scales we should take into account. Also, |[Peebles

and Johnson (2015)) performed numerical simulations of turbine arrays with different
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Figure 3.7. Discretized domain for the simulations with turbines in
FVCOM for the Chacao channel, colored by the interpolated
high-resolution bathymetric data. The zoom highlights the area where the
turbines are simulated; there, every element has a height of 100 m and a
width of 150 m. The rectangles in purple indicate the exact area of zones
A, B, and C. The legend at the left corresponds to the bathymetry of the
entire domain; meanwhile, the legend at the right, belongs to the
bathymetry of the zoomed area.
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bottom slopes that showed that lateral sloping has a negligible impact over turbine

arrays performance. In their simulations, |[Peebles and Johnson (2015) showed that

farms with a longitudinal slope of around 5° have a net thrust force increment over
100% compared to a flat bottom, while a lateral slope of around 13°, has an increment

less than 5% in the net force.
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Figure 3.8. Bathymetry at the center-span of the zones of cases A, B, and
C. In continuous line, is the bathymetry used for the simulations. In

dashed lines, is the high-resolution bathymetry taken from
(2017) every 10 m. The zone occupied by the farms is marked in gray.

3.3.3 Simulation Cases

The farm we simulate has a total of 27 devices distributed in a staggered con-

figuration because it is more efficient than an aligned distribution (Daskiran et al.|

2015; Markfort et al., 2012; [Wu and Porté-Agel, |2013). The turbines have a diameter

of D = 10 m, and the center is located 12 m from the bottom. Each farm contains
three rows of five turbines, interspersed with three rows of four turbines, as shown in

Figure [3.9] With these characteristics we get a Ciparm = 1.12 by using Equation [2.9
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from Chapter 1. A summary of the simulation inputs is presented in Table

100m I I

S, =4D

150m

Figure 3.9. Scheme of turbines distribution for cases A, B, and C, where S,
is the distance between rows, and S, the lateral distance between the
center of the disks. Black lines show the computational grid used in
FVCOM for representing the farms, which are the same purples rectangles
highlighted in the zoomed area of Figure [3.7]
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TABLE 3.1

MAIN VARIABLES FOR THE SIMULATED CASES IN FVCOM

Parameter Value
Turbines diameter (D) 10 m
Hub height (zpup) 12 m

Thrust coefficient C} 1.12

Farm

Longitudinal disk separation (S,/D) 5D

Lateral disk separation (S,/D) 4D

H/zpy case A 4.7

H /2y case B 5.6

H /2y case C 6.2
Simulation time 45 days
Bottom roughness (zp) 40 mm
Grid nodes 4,164

Sigma layers 10

3.4 Results

Below, we show the results of numerical simulations in the Chacao channel without
devices (case 0), and with devices (cases A, B, and C). We run each of the cases
independently for a simulation time of 45 days and using the same boundary and
initial conditions.

Here we present the changes in the velocity, TKE, and bottom shear produced

by the turbines. We observe not only the effects in the flow inside the farms, but also
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the consequences of the turbines downstream. Finally, we show how the theoretical

power of the farms change according to their location in the channel.

3.4.1 Chacao Channel Simulations Without Turbines

To know the conditions before installing turbines, we run numerical simulations
of the Chacao channel without devices, and then, we average the results depending
on if they belong to flood or ebb regime; the flood regime is defined as all the periods
when the flow goes from West to East; meanwhile, the ebb regime occurs when the
flow goes from East to West. We have to highlight that we call "upstream of the
farm” the West side of the farm during the flood regime, and the East side of the
farm, during the ebb regime.

Figure[3.10[shows the velocity in the zone of cases A, B, and C before, incorporat-
ing the farms of turbines. All the profiles are at the center span of every zone, and a
distance from the bottom equal to the hub height. In the figure, we observe that for
all the cases, the average velocity is over 0.7 m/s. As we mention before, we observe
an asymmetry between the ebb and flood regimes; at the beginning of the farm zones,
all the cases have a higher velocity intensity in the ebb regime; however, inside the
farm zone, case C shows a higher intensity for flood regime. Another aspect to notice
is in the flood regime, the incidence velocity in the C case zone is more than a 12%
higher than the other cases; meanwhile, all the cases have a negligible effect on the

ebb regime difference between them.
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Figure 3.10. Absolute velocity in the streamwise direction, u, at the hub
height, before simulating turbines in zones A, B, and C (see Figure .
The profiles are located at the center span of every zone. In the streamwise
direction, the profiles go from 45D upstream to the center of the farm
location (z/D = 0), to 45D downstream. The gray areas indicate the
location of the farms in the next simulations; meanwhile, the black arrows
indicate the flow direction.

The direction of the flow is also related to the energy that can be extracted by
MHK devices, and our C g, model is designed for flows nearly aligned to the turbine
axis. Figure show the velocity angle before simulating the turbines, where 0°
corresponds to a constant latitude. We observe that all the cases have a misalignment
less than 6°, except in the case C for the flood regime that shows a misalignment of

around 8°, which does not cause significant differences with respect to a 0° flow ([Frost

et al.l |2017; Musa et al., 2020)).
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Figure 3.11. Incidence angle of velocity, at the hub height, before
simulating turbines in zones A, B, and C (see Figure . The profiles are
located at the center span of every zone. In the streamwise direction, the

profiles go from 45D upstream to the center of the farm location

(/D = 0), to 45D downstream. The gray areas indicate the farms’
location; meanwhile, the black arrows indicate the flow direction.

Regarding the initial modeled TKE (refer to Equations and , in Fig-
ure [3.12, we observe profiles at the center span of every zone, at the height of the
top turbine since that is the most affected area when the devices are installed. The
figure depicts that for the flood regime, case C has the highest TK E, and case A has
the lowest; however, in the ebb regime the opposite occurs. The last is explained by
the asymmetric morphology of the channel that produces different interactions with

the coast for both regimes.
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Figure 3.12. Modeled TK E at the top turbines height before simulating
them in zones A, B, and C (see Figure . The profiles are located in the
center span of every zone. In the streamwise direction, the profiles go from

45D upstream to the center of the farm location (x/D = 0) to 45D
downstream. The gray areas indicate the location of the farms in the next
simulations; meanwhile, the black arrows indicate the flow direction.

From the FVCOM simulations we can obtain the resolved shear stress at the bed,

Ty, as follows:

(Tba, Toy) = CaVu? 4+ v2(u, v) (3.12)

where the drag coefficient, Cj is determined as

2
Cy = maz | ———,0.0025 (3.13)

In ( Ze
20

here, k = 0.4 is the von Karman constant, and zj is the bottom roughness parameter,
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which is equal to 40 mm in all the simulations we run. Finally, z,, is the height of
the first sigma layer above the bottom, which is around 3 m for the zone A, 3.5 m
for the zone B, and 4 m for the zone C.

While we use the same bottom roughness, zy, for all the domains, that does not
necessarily imply all the cases have the same shear at the bottom. The bed stress 7,

depends on the local velocity and the distance of the first sigma layer from the floor

(see Equations [3.12] and [3.13]). Although we obtained a unique value of z, from a
previous calibration with real data, we acknowledge that this parameter can change
along the channel; however, we use the same value for the three cases to compare the
effect of the bathymetric features.

Figure shows that the shear at the bottom in the flood regime is different
among the cases; at the beginning of the farms the differences are over 10%. On
the other hand, at the ebb regime, the differences among cases are negligible. In the
figure, we can also observe that, in this study case, the bottom shear is not related to
the bedforms since case A is the flattest; however, at the beginning of the farms, its
bottom shear is between cases B and C, for ebb and flood. With the results shown
in Figure we corroborate that the shear is different among cases despite using

the same roughness zy in the entire domain for all the simulations.
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Figure 3.13. Bottom shear, 7, before simulating the turbines in zones A, B,
and C (see Figure . The profiles are located in the center span of every
zone. In the streamwise direction, the profiles go from 45D upstream to the
center of the farm location (x/D = 0) to 45D downstream. The gray areas
indicate the location of the farms in the next simulations; meanwhile, the
black arrows indicate the flow direction.

3.4.2 Chacao Channel Simulations With Farms of Turbines

Below, we present the changes in the flow caused by the farms by comparing
the cases with devices with the base case. In this section, we calculate the absolute
change, which is the direct subtraction between the cases with turbines minus the
base case. Additionally, we calculate the percentage change, which is the absolute
difference between the cases with turbines and without turbines normalized by the
base case, and then multiplied by 100. In other words, a percentage change equal
to 100% means the variable duplicates its value with respect to the base case. The
reason for using the percentage change is to normalize cases A, B, and C, and compare

them despite their initial conditions.
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In Figure [3.14] we show the difference in the velocity with respect to the base
case in m/s, in slices that pass through the farms’ center. There, we observe that we
are able to capture the velocity deficit produced by the turbines in all the cases. The
figure depicts that the wakes are different among the cases in direction and magnitude
even though the simulated farm is the same. For example, the wakes for cases A and
B are nearly straight; meanwhile, the wakes for case C show a slight deviation of
less than 10° for ebb and flood. Additionally, Figure [3.14] shows than the cases with
higher undisturbed velocity (see Figure , has a higher absolute velocity deficit,

which is in agreement with the results of |Guillou and Thiébot| (2016)).
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Figure 3.14. Slices at farm center coloured by the absolute velocity deficit
in the streamwise direction, in m/s, with respect to the results of case 0.
(i), (ii), (iii) are cases A, B, and C, respectively for the flood regime. (iv),
(v), (vi) are cases A, B, and C, respectively for the ebb regime. White
diamonds indicates the center of the farms.



To study the averaged velocity we also calculate the percentage of velocity deficit
for each case at the hub height, and the farm center span. In Figure |3.15, we show
that the highest deficit occurs just at the end of the farm for all the cases, and is
around 15% to 20%. The figure also shows that there are no considerable differences
in the percentage deficit inside the farms, nor the maximum between the cases.

Then downstream, Figure [3.15] shows that all of the cases reach a wake recovery
of 95% around 45D to 60D downstream the end of the farms for the flood regime,
and 50D to 65D for the ebb. This distance seems more significant compared to the
around 30D for the wake recovery of one device shown in the literature (Aghsaee and
Markfort, 2018; Myers and Bahaj, [2010); however, we can find studies of wakes that
last more than 100D for farms of turbines (Eriksson et al., 2017} Fitch et al., 2012).
In Figure [3.15] we can also observe that case A has a higher percentage of velocity
deficit than the other two cases, which lasts up to 65D downstream for flood, and it

is seen between 50D to 85D downstream the end of the farm for the ebb regime.
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Figure 3.15. Percentage of the absolute velocity deficit in the streamwise
direction, u, at the farm center height, and farm’s center span, due to the
device’s installation. The 100% are the results of case 0 in the same
location as the other cases. The location of the farms is highlighted in gray;
meanwhile, /D = 0 is the center. The black arrows indicate the flow
direction.

If we compare Figure[3.14] with Figure|3.15] we can observe some differences in the
results. On the one hand, we can see that for cases A and B, the absolute difference
(Figure , and the percentage deficit (Figure follow the same tendency, i.e.,
both have more intensity for ebb than for flood. On the other hand, case C shows
a higher intensity in the percentage difference for ebb than flood; meanwhile, in the
absolute difference, we see a stronger wake for the flood than for ebb. The afore-
mentioned is not a contradiction since the percentage deficit is the change in velocity
normalized by the local undisturbed velocity, and here is calculated to compare the
cases to each other. However, to compare the real magnitude of the local effects of a

farm, it is more important to observe the absolute deficit.
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The study of the TK E is quite different to the velocity since we cannot reproduce
the increment of the turbulence in the near-wake, as we mention in Section
however, we are still able to reproduce the location of the maximum increment, and
the magnitude beyond 8D downstream the farms of TK FE (Kasmi and Masson), |2008;
Li et al., 2017). In Figure we show the percentage increment in the modeled
TKE caused by the farms at the farm’s center span and the top of the height of
the turbines (where the most significant changes occur). The figure shows that the
maximum change in TKE occurs at the end of the farms for all the cases, the same
as the velocity deficit.

In Figure |3.16| we can also see that the percentage of T K E increment is consider-
ably higher for case A than for the other cases, in both regimes. The last is striking
since case A is the one with the highest initial T K E for flood and the lowest for the
ebb. Although we acknowledge we cannot reproduce the magnitude of TK E with
precision inside the farm, we can recognize which farm has the highest increment,

and in which location.
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Figure 3.16. Percentage of modeled T'K F increment at the height of the
top turbines, and farm center span, due to the device’s installation. The
100% are the results of case 0 in the same location as the other cases. The
location of the farms is highlighted in gray; meanwhile, /D = 0 is the
center. The black arrows indicate the flow direction.

Regarding the shear at the bottom, in Figure we see that the percentage
deficit of 7, is similar inside the farm among the cases in both regimes, even though
the initial condition for the flood regime show an around 10% of difference between
cases. We propose that the similarity of the bottom shear deficit is not because we

use the same zy, but because the devices have the same hub height, zj,,. We also

have to mention that Guillou and Thiébot| (2016 show that the deficit of bottom

shear in terrain with turbines decreases when the zy increases.

Figure |3.17] also shows a positive percentage deficit of 7,, which has been seen in

other studies (Guillou and Thiébot, 2016; Thiébot et al., 2015). The reduction in

the bottom shear is a consequence of the velocity reduction in the area of the farms.

85



However, as|Li et al|(2017)), the shear stress should increase in 3-D models since they

can capture the acceleration of the flow under the devices, contrary to 2-D models

that only calculate the vertical average velocity deficit. Following those mentioned

above, we performed another simulation with the same conditions but with an im-

proved vertical resolution to see if we capture any acceleration under the turbines

that produces a negative deficit of 7,. The new simulations show that duplicating the

vertical resolution barely changes the vertical profiles of velocity and TKE (see Ap-

pendix . The above suggests that the vertical resolution is sufficient, but probably

the devices are too close to the bottom to capture a considerable acceleration under

them.
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Figure 3.17. Percentage of bottom shear stress, 7, deficit, due to the farms
installation, at the farm center span. The 100% are the results of case 0 in
the same location of the other cases. The location of the farms is
highlighted in gray; meanwhile, z/D = 0 is the center. The black arrows

indicate the flow direction.
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Figure 3.18. Percentage of modeled T'K E deficit at the bottom, and farm
center span, due to the farms installation. The 100% are the results of case
0 in the same location of the other cases. The location of the farms is
highlighted in gray; meanwhile, z/D = 0 is the center. The black arrows
indicate the flow direction.

In Figure 3.17, we can also see that the peak of percentage bottom shear deficit
occurs around 15D downstream of the farm, where case A reaches the maximum
deficit of 7, among the cases. To study these differences, we plot the turbulent kinetic
energy at the bottom, since the shear is one of the sources of TKE. In Figure 3.18
we see that, unlike the TKE at the top of the turbines, the TK E at the bottom
decreases with the devices. Particularly, we can observe that all the cases have the
highest TK E deficit downstream of the farm, which coincides with the location of
the highest 7, deficit.

Finally, to study the entire performance of all the cases, we calculate the averaged
theoretical extractable power, P, by using different control volumes around each farm.
Figure [3.19| shows that the power is larger in the ebb regime than in flood for cases

A and B; meanwhile, in case C occurs the opposite. We also observe that case C has
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the highest power for the flood regime, and case A has the highest ebb regime.

In Figure we also observe that the average power normalized by the water
density, P/p is O(10%) for all the cases in both regimes. If we consider the water’s
density is p &~ 1,000kg/m?, we would obtain an average extractable power of roughly
1MW . However, in the calculation, we are not taking into account the devices’

capacity or efficiency, which would result in an even smaller power.
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Figure 3.19. Theoretical extractable power, P, of cases A, B, and C, in
flood, and ebb regime.

3.5 Discussion

Comparing the scenarios with and without turbines, we observe that the velocity
inside the farms, has a similar percentage deficit between the cases despite the dif-
ferences in the initial velocity. On the other hand, downstream the farms we observe
that case A has a wake that recovers slower than the other cases, particularly in the
flood regime. The last can be explained by the low input T'K E of case A in the flood
regime (see Figure since low T K E implies a decrease in the mixing, and con-

sequently, a slower wake recovery. We also observe that the initial velocity incident
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angle also has no relation with the wake downstream the farms (considering that all
the cases have an incident angle less than 8°). The last is observed in the wake of
the farm in case C that shows a similar misalignment for ebb and flood; however,
the inlet incident angle shows a considerable misalignment only for flood regime (see
Figure . Instead, we suggest that the closeness of case C to the coastline af-
fects the wake direction downstream of the farm. Nonetheless, the proximity of the
coast is not enough to notice a significant flow acceleration around the farms (see
Figure .

The percentage change of T'K E has different behaviors; it increases at the top of
the disks and decreases at the bottom of the channel. On the one hand, the TKFE
increment occurs because of the shear layer at the top of the disks. This layer causes
instabilities that are not affected by the surface due to the depth of the devices. In
the results, we observe that case A has the most elevated percentage T'K F increment,
which implies that in that case, the farm disturbs the ambient turbulence more than
in the other cases. The last is the consequence of the higher perturbation that the
turbines represent in a smooth terrain for both regimes.

On the other hand, the TKE at the bottom decreases the same as the shear,
which is produced by the reduction of the velocity below the devices. The TK E and
the shear at the bottom are directly related since 7, acts as a source of T K E. Inside
the farms, the percentage changes of both variables are similar among the cases,
probably because the distance of the devices over the bottom is the same. However,
downstream the farms, we observe differences: case A has the highest percentage
deficit of TKE and shear at the bottom, and case C has the lowest. We do not
observe a relation between the initial conditions that explain the differences in the
bottom shear downstream cases A and C. Nevertheless; we could say that flatter
bathymetries exert less resistance to the flow near the bottom, so the resistance that

the turbines generate is more significant than in a rough bathymetry as in case C.
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To study the changes in the bottom shear it is relevant to predict the modifications
in the sediment transport, even though we do not use the FVCOM sediment module.
We acknowledge that the erosion/deposition is a complex process that depends on
the sediment characteristics and the bottom shear. However, with the fluctuations
in 7, we can recognize which zones are more likely to have erosion, and which ones,
deposition. Figure [3.20] shows the difference in the bottom shear of the base case
minus the case A, for the flood and ebb regimes. We observe that the turbines would
cause a sediment deposition downstream the farm that would be more noticeable
from the farm ends to around two times the farm size downstream. The last is
consequent with the experiments of Hill et al. (2016]) which showed that the sediment
is accumulated downstream of two turbines aligned one behind the other; however,
they also showed an erosion in the very near wake (less than 3D) of the upstream
device, which is smaller than our horizontal resolution, so it is not captured by our
simulations. We also observe in Figure |3.20| a slight decrease in the bottom shear at
the sides of the farms, which would trigger an erosion process in the area.

Finally, we calculate the theoretical averaged power, P, of each farm to observe
how the location can alter this variable. The results show that power is directly
related to the initial conditions. For example, we see that the cases with higher
initial velocity in one regime show greater P in the same regime after simulating the
turbines (i.e., cases A and B have higher P for ebb than flood; meanwhile in case C
occurs the opposite). The last is also observed in the wake downstream of the farms
shown in Figure [3.14]

Regarding the relation between P and TK E, we observe that the most significant
increment in P occurs in case C for flood, and in case A for ebb which are the cases
with higher initial TK E for flood, and ebb, respectively. Those above explain the

more available energy, the more power a farm can extract.
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Figure 3.20. Difference in the bottom shear, Ar,(m?/s?), caused by the
farm installation in case A, where a positive difference implies a decrease in
the bottom shear. Right figure corresponds to the flood regime, and left
figure, to the ebb. Black rectangles indicate the area occupied by the
turbines; meanwhile the arrows indicates the flow direction.

3.6 Summary

In this Chapter, we looked for representing farms of MHK turbines in a real tidal
channel by using a parameterization from a high-resolution model. For that, we ran
numerical simulations using the ocean circulation model FVCOM to represent MHK

farms in the Chacao Channel, Chile. For simulating the farms, we used an extension

of FVCOM provided by Murray and Gallego| (2017)), which is based on the momentum

sink approach, and that we modified to represent the specific characteristic of the
group of devices, such as the lateral and longitudinal separation. To include those
specific features of the farms in the resistance force, we used the thrust coefficient,
CiFarm, we derived from a high-resolution model, where we represented every device
with more than one node (see Chapter /7).

The first simulation consisted of running a base case without turbines to repre-
sent the undisturbed conditions of velocity, TKE, and bottom shear in the Chacao

channel. We used those simulations to choose three suitable places to install a farm
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of turbines based on the operation range of depth and velocity of a specific commer-
cial MHK device. The purpose of choosing three different locations, which we called
cases, is to observe how our parameterization works under different local conditions
of flow and bathymetry.

Before running the simulations with turbines, we characterized the local bathymetry
of the three cases, for which we used the variogram method. The variogram shows the
scale where the bedforms are related and the zones with a larger amplitude. In the
streamwise direction, we observed that the cases had different length scales and am-
plitudes. The first case had the largest length scale and was the smoothest one. The
second case had bedforms with amplitudes of around D/10. Finally, the last one had
the smallest length scale, and more bedform irregularities, with amplitudes around
D /2. This information was relevant for two reasons: one is to design a computational
mesh representing the most relevant bedforms; on the other hand, we could interpret
the changes in the flow and relate them with the local bathymetry.

We ran the three cases with a finite-sized farm with devices distributed in a
staggered way. All the simulations were run independently by using the same initial
and boundary conditions. The hub height was 12 m over the bottom for all the
devices; however, not all of them had the same depth. We have to highlight that
we could use Cypqm to represent these turbines because we met the conditions: to
represent medium-sized staggered farms, with a ratio zp.,/H > 4.7.

With the results, we calculated the absolute changes produced by the farms of
turbines, which depicted that cases with higher initial velocity had a more significant
change in the same variable. Meanwhile, the theoretical extractable power, showed
that the farms with higher inlet velocity in one regime had a greater P in the same
regime. Finally, we observed that the cases with the highest theoretical P coincided
with the ones with a larger initial TK FE.

We calculated the percentage change of velocity, T K E/, and bottom shear, because
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of this way, we made those variables independent of the initial conditions so that we
could compare each other. We acknowledge that the horizontal resolution of our
model was around 10D inside the farms, so we barely had a couple of nodes there;
however, with the bathymetry’s characterization, we could ensure we represented
the dominant bedforms. With the results, we observed that local bathymetries with
bedforms smaller than the turbines’ diameter could affect the percentage difference of
velocity, TK E, and bottom shear that can last further 100D downstream the farm.
In particular, flatter bathymetries can have a higher percentage change in T K E and
bottom shear considerably.

We also observed that the velocity deficit of cases with flatter bathymetries and
low initial T'K E recovers slower and have a higher percentage increment of TK E at
the top of the disk, probably because the turbines alter the ambient turbulence more
than in cases with larger bedforms. At the bottom of the channel, contrary to the
top of the disks, the TKE decreased with the bottom shear, 7,. We observed that
rougher bathymetries with bedform amplitudes around D/2 had a lower percentage
of 7, deficit since the presence of the turbines means less flow resistance that in flatter
bathymetries.

Another variable we analyzed is the probable effects of the turbines over sediment
transport. Even though we did not simulate the sediments, we could predict the
zones likable to have erosion or deposition by observing a positive or negative deficit
of 1, respectively. We noted that we were not capable of capture the erosion in the
near-wake of the turbines because of the grid resolution; however, we captured the
deposition in the far-wake and erosion in the lateral sides of the farms.

In this work, we incorporated a parameterization from a high-resolution model
into an OCM for representing the characteristics of a finite farm of turbines in a
specific environment. Using a modified version of the actuator disk approach, we

could represent the flow under and over a finite farm of MHK devices in different
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locations of the Chacao channel. We also observed how the effects over velocity,
TKE, and bottom shear downstream of a farm could be very different according
to its location. With our results, we give more insights to predict and mitigate the
impacts of installing a farm in a determined location. Future works should be focused
in to simulate turbines farthest to the bottom to observe if the initial conditions and
bathymetry are affected to the same extent. Additionally, to run higher devices
could be useful to see if it is possible to capture the acceleration under them , and

the increase in the bottom shear.
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CHAPTER 4

CONCLUSIONS

At the beginning of this work, we proposed that adopting a multiscale approach,
we can use a high-resolution model to derive a parameterization for marine hy-
drokinetic (MHK) devices and represent farms of turbines with realistic tides and
bathymetry in ocean circulation models (OCM).

In Chapter 11, we used the high-resolution model DES (Detached eddy simu-
lations) coupled with the actuator disk approach to simulate every device in farms
with different depths and horizontal distribution. With the results, we were able to
recognize the variables that dominate the resistance force of a particular group of
turbines. Using those dominant parameters, we propose a parameterization, Cygqrm,
which is a thrust coefficient representative of an entire farm of turbines that considers
the devices’ lateral separation and the number of rows.

In Chapter 111, we use the ocean circulation model, FVCOM, to represent the
flow in the Chacao Channel, Chile. We used as input the tides of the zone and a
high-resolution bathymetry of 10 m. After recognizing the base conditions, we could
represent a finite farm of turbines, using the momentum sink approach provided by
Murray and Gallego| (2017)), and improved by incorporating the parameterization,
CiFarm- With the parameterization, we could integrate a specific farm of turbines in
the model in different locations of the Chacao channel.

After completing the research, we conclude that our hypothesis was correct; we
could utilize a multiscale approach to parameterize the resistance force of an entire

farm of turbines at the wakes’ scale, and then incorporate it into a model at tides’
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scale. This way, we can easily calculate the resistance force of a specific finite farm of
turbines that can be used in any location, considering the devices’ distribution, and

the number of rows, but without simulating each device.

4.1 Thesis Summary

In this work, we carried out a multiscale analysis for representing farms of marine
hydrokinetic (MHK) devices in a real tidal channel using an ocean circulation model
(OCM). The reason of using a multiscale analysis for representing farms of turbines
is because the resolution of the OCM does not allow to represent every turbine per
node, so what is commonly done is to multiply the force of one turbine by the total
number of the devices in a cell, which is not precise. In addition, the current works
use to represent huge farms that can exceed hundreds or thousands of devices, which
is not realistic, given the level of development of MHK devices’ technology. For the
reasons mentioned above, before using an OCM, we need to use a high-resolution
numerical model, to represent every turbine and understand the wakes’ interactions
in a finite farm. First, we studied the interaction of the devices’ wakes with the flow
and each other using the high-resolution model at the wakes’ scale. With that model,
we obtained a parameterization of the resistance force for an entire farm of turbines
with different configurations (Chapter /7). Later, we simulated a farm of turbines
in a real tidal channel, for what we used the OCM, FVCOM, where we incorporated
the parameterization we previously derived (Chapter I11).

The location we chose to represent farms of turbines was the Chacao channel,
Chile, characterized by having high velocities due to the sea narrowing between the
continent and Chiloé Island. This place has plenty of advantages for marine energies,
such a closeness to the electrical grid and an appropriate depth for the disk installa-
tion. However, before installing MHK devices, it is necessary to evaluate the negative

impacts over some variables such as the velocity, turbulent kinetic energy (T'KFE),
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and bottom shear (73,) since they can modify the morphology and the ecosystem.

In Chapter I, we looked to study the wakes’ interaction inside a farm to obtain
a parameterization of the resistance force that considers the disk’s distribution. For
this part of the work, we needed to use a high-resolution model, able to represent
every one of the devices. For the flow solver, we used the hybrid turbulence model,
DES; meanwhile, we used the actuator disk approach for the disks’ representation.
Both DES, coupled with the actuator disk approach, was validated with laboratory
measurements in the same Chapter. We simulated different turbines distributions,
and depths to identify the dominant variables in the resistance force, and to proposed
a new thrust coefficient, Cpqpm. With the simulations’ time-averaged results, we used
different control volumes around the farms to calculate the value of C,p,, for each
case. After that, we observed that C}ry, depends on the lateral distances for farms
with two rows and lateral and longitudinal distances for farms with more than two
rows. However, we have to highlight that our expression is only valid for farms with a
staggered distribution, almost perpendicular to the mean flow, and are deep enough,
so they do not interact with the free-surface. This Chapter is of vital importance for
Chapter 111 since the use of C}p4m improves the representation of farms of turbines,
so the simulations of devices in the Chacao channel can be more realistic.

In Chapter I1I, we simulated a finite farm of turbines with 27 devices in the
Chacao channel by incorporating to FVCOM the momentum sink approach provided
by Murray and Gallego| (2017)), and improved by the use of our parameterization,
Cirarm. Before simulating the turbines, we ran a base case to choose three suitable
locations for installing a farm, according to the operational rages of a particular
MHK commercial device with a diameter,D = 10 m, and a hub’s height, zj,, = 12
m. The reason for choosing different locations was to study how the local and initial
conditions can affect the wakes” dynamics of the same farm. For all the simulations,

we used realistic tides as boundary conditions, and we interpolated a high-resolution
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bathymetry data of 10 m into the computational grid. After choosing the three
locations, we characterized the local bathymetry by using the variogram method to
relate changes in the flow according to the different bathymetries and to design a
computational grid that represents the most dominant bedforms on the farm. The
bathymetry characterization shows that one of the cases has a nearly flat bathymetry,
another case has amplitudes around D/10, and the last case is the rougher with
amplitudes around D/2. After running three independent numerical simulations of
the same farm located in different places, and the same boundary conditions, we
studied the changes in velocity, TK F, and bottom shear because those variables can
affect the morphodynamics and the ecosystems.

After simulating the three cases independently, we observed that, even though we
used the same farm, the velocity, TKE, and bottom shear are affected differently
according to the initial condition and the local bathymetry. To compare the cases
with each other, we calculated the percentage change to normalize the fluctuations
in the mentioned variables by the conditions shown in the base case. The percentage
change showed that cases with smoother bathymetries and low initial 7K E at the top
of the disks have a slower wake velocity recovery. We also observed that the TKE
behaves differently at the top of the disks and the channel’s bottom. At the top,
the percentage of TK F increases, where its value is higher in cases with smoother
bathymetries because the effect of the turbines alters the ambient turbulence more
than in cases with larger bedforms. At the bottom of the channel, the T'K E decreases
with the bottom shear. There, we observed that rougher bathymetries with bedform
amplitudes around D/2 have a lower percentage of 7, deficit since the presence of the
turbines means less flow resistance that in flatter bathymetries.

Another variable we analyzed was the probable effects of the turbines over sedi-
ment transport. Although we did not simulate the sediments, we could predict the

erosion/deposition according to an increasing or decreasing of 7, respectively. We
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noted that we were not capable of capturing the erosion in the near-wake of the tur-
bines, presumably because of the lateral grid resolution; however, we captured the
deposition in the far-wake and the erosion in the lateral sides of the farms. With
the percentage deficit, we observe that inside the farms, this variable is equal for all
the cases, probably because the height of the devices from the bottom is the same.
Downstream the farm, the percentage deficit depicts that flatter bathymetries are
more likable to have a percentage increase in the sediment.

Besides studying the percentage change, we also analyzed the absolute difference
between the cases with and without turbines. While the percentage change is useful
to compare the cases with each other, the absolute change gives information about the
real magnitude of the variations product of the farm. With the simulations results,
we observed that cases with a more significant initial velocity and T K F have a larger
absolute difference of those variables, no matter the bedforms amplitudes (as long as
the amplitudes are less than D/2). With the differences in the velocity field, we also
observed that the wakes tend to be straight where the incident angle is at least 8° or
less; however, the morphodynamics and the closeness of the farm to the coast, can
deviate the wake.

Finally, we calculated the theoretical power of the farm according to the different
locations. We calculated the theoretical and not the real power because the last
one depends on the device’s design and capacity, and the limitations of the electric
grid connection. The extractable power showed a clear tendency: cases with higher
initial velocity in one regime (i.e., ebb or flood) presented a higher power in the same
regime, while the cases with more significant power in the ebb and flood regimes
coincide with the ones with a larger initial TKE.

After finishing our analyzes, we can say that we could use a high-resolution model
to simulate the wakes interactions inside a farm of turbines to recognize the variables

that dominate in the resistance force. After that, we could incorporate that in-
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formation in a larger scale model to simulate the interaction of a farm of turbines
with realistic tides and bathymetries. We showed that the same farm could affect
the velocity, TK E, and bottom shear differently according to the initial and local

conditions.

4.2 Thesis Contribution

This thesis’s objective was to perform a multiscale analysis to represent a farm
of turbines at the scales of the wakes and the tides. The importance of starting this
work by using the high-resolution model, DES, was to recognize how the disposition
of the devices affects an entire farm’s resistance force. In Chapter I, we showed
the parameters that dominate in the resistance force of a finite staggered farm, and
most importantly, we provided a parameterization for calculating a thrust coefficient
representative of a whole farm, Cypgn. The advantage of this parameterization is to
improve the MHK farms’ representation of into OCM, by considering the distribution
of the devices. Further, the calculation and use of Cipyp into an OCM is easy so
that it can be applied in any tidal channel.

In Chapter 11, we used the parameterization in FVCOM to prove that our rep-
resentation could be incorporated into a larger scale model. There, we showed how
simple it was to simulate a specific finite staggered farm of turbines in a realistic tidal
channel. Finally, we described the effects downstream of that farm at different loca-
tions, and we showed how the local condition could change the effects over velocity,

TKE, and shear bottom downstream.

4.3  Future Work

Based on the results obtained in Chapter 11, we propose that future works should
be focused on expanding the parameterization of C}pym to other kinds of farms. For

example, the aligned configuration should be included since it is the most studied
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after the staggered configuration. Another significant improvement to Cypapy could
be the incorporation of an option to represent devices that interact with the free-
surface. The last is because the MHK turbines still not converge to a unique design,
and one of the promising devices are the floating ones coupled with offshore wind
turbines.

On the other hand, to complement the results of Chapter 11, we suggest simu-
lating devices with a more significant distance to the bottom to observe if this way,
the model can capture the erosion inside the farm. Future works should incorporate
sediment transport to the OCM to describe how the turbines interact with a dynamic
bathymetry that could even have bedforms with amplitudes larger than the diameter
of the turbines.

Finally, we propose to execute another multiscale analysis to obtain a parame-
terization of devices interacting with the free-surface in a high-resolution model and

incorporate it into an ocean circulation model that represents the waves.
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APPENDIX A

NUMERICAL SIMULATIONS OF DEVICES IN CHACAO CHANNEL USING
AN IMPROVED VERTICAL RESOLUTION

To discard errors due to a lack of nodes under the turbines, we run an extra
simulation of case B in FVCOM with an improved vertical resolution (from ten to
twenty-one sigma layers). In Figure we compare the velocity and T' K F profiles of
the cases with two different vertical resolutions. In the figure, we can observe a negli-
gible disagreement between the profiles with different sigma layers. In Figure (a)
and (c) we also see that the velocity deficit starts from the bottom and is maximum
around the center of the disks (12 m from the bottom). We propose our decrease in
TKE at the bottom, and subsequently, 7, is produced by the closeness of the disks
to the bottom and the turbines density that do not allow the flow acceleration shown

by |Li et al.| (2017)).
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Figure A.1. Vertical velocity and T K E profiles at the center of the farm of
case A in spanwise and streamwise directions. (a) and (b) are profiles for
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simulations. In dashed lines, Profiles obtained from simulations without
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