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Abstract

Numerical Modeling of Tidal Turbines: Methodology Development
and Potential Physical Environmental Effects
Amir Teymour Javaherchi Mozafari
:
Tidal energy and power extraction using Marine Hydrokinetic (MHK) turbines has
recently attracted scientists and engineers attention as a highly predictable source
of renewable energy. Currently this technology is at its early stage of research and
development. Therefore many studies and investigations need to be done a prior to
large scale deployment of MHK devices into proposed tidal sites.
In this thesis, first a general numerical methodology consisting of 3 numerical models, Single Reference Frame (SRF) model, Virtual Blade Model (VBM) and Actuator
Disk Model (ADM), will be introduced. These three models have different levels
of fidelity and adequacy in capturing and simulating fluid mechanics of a flow going
through a horizontal axis MHK turbine. In the next step, these numerical models will
be validated by simulating flow flieds around a well characterized two bladed wind
turbine and comparing the obtained numerical results from them against the publicly
available experimental data for that specific turbine. After the validation process of
our numerical methodology, it will be applied to study a MHK turbine with realistic
boundary conditions by paying particular attention to the important constraints of
MHK turbines such as tip vortex cavitation. Having a successful application of this
methodology to study a MHK turbine gives the opportunity of using the converged
solution of the simulated flow field around the MHK turbine to address and investigate the potential environmental impacts of the MHK turbines. The influence of the

turbulent wake behind the turbine on enhancement and reduction of sedimentation
of suspended particles in the tidal channel and also the effect of the sudden pressure fluctuation across the device on marine species are two samples of the potential
environmental impacts of MHK turbines.
Due to restrictions on publicly available data and specifications of MHK turbines we
are not modeling an actual MHK turbine design, it should be noted out that the
presented results in this thesis can not be applied for making any solid conclusions
either about technical issues or environmental friendliness of a MHK turbine. However, the methodology and the study procedure presented here is general and not a
function of specific geometry or design. Therefore, it can be applied to any horizontal
axis MHK turbine to evaluate both technical as well as environmental issues of that
device before its deployment.
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Chapter 1
INTRODUCTION
1.1

Background

“Renewable Energy” is a term that automatically directs a scientist’s or engineer’s
mind towards natural resources, such as sunlight, wind, tides, wave and geothermal
heat. The main idea behind renewable energy is to take advantage of these available energy resources in nature and convert them to the desired form of energy such
as electricity. The generation of electricity from renewable energy resources while
minimizing any possible environmental effects is a positive alternative to mitigate
the currently extraordinary use of fossil fuels. The dependency of current economic
progress on fossil fuels represents a major challenge for our society, particularly in
the context of fast consumption increases associated with the explosive growth of
developing countries and diminishing rates of existing reserves. From a purely economic, purely environmental, purely strategic point of view, or any combination of
them, decreasing the use of fossil fuels in stationary electricity generation is a winning proposition and represents one of the major engineering challenges for the 21st
century.
In recent decades, the United States of America (USA) and the European Union (EU)
have set specific goals for producing energy from renewable sources, increasing energy
efficiency and reducing greenhouse gas (GHG) emissions. For example, in January
2007 the European Commission put forward an integrated energy/climate change
proposal that addressed the issues of energy supply, climate change and industrial
development. Two months later, European Heads of State endorsed the plan and
1

agreed to an Energy Policy for Europe [2]. One of the targets of this plan was to
have a 20% share of renewables in overall EU energy consumption by 2020. Similarly,
the US Department of Defense has committed to using renewable energy sources for
25% of their energy needs by 2025. In the state of Washington, initiative 937 (I937), passed by popular referendum in 2006, requires utilities to generate 15% of
all electricity consumed in the state from renewable energy resources such as solar,
wind, tidal and upgraded existing conventional hydropowerplants, but excluding new
hydroelectric facilities in the state of Washington, by 2020 [3].
Parallel to political initiatives and protocols, researchers, scientists and engineers are
either working on maximizing the efficiency of existing technologies for converting
renewable energy resources to electricity and other required forms of energy or they
are performing research on alternative forms of renewable energy sources to supply
the ever-increasing demand for electricity and other forms of energy such as thermal
or mechanical energy.
The available technologies for harvesting different renewable energy resources have
various historical backgrounds. Some of these resources have been producing electricity for decades. For example, solar energy is being harvested by solar-thermal or
photovoltaic panels to generate thermal and electrical energy respectively. They are
being used widely now in European countries such as Spain, Germany and some states
such as California in US. Harvesting the kinetic energy of wind via wind turbines is
another example of a well-known and developed renewable energy technology, which
generates electrical energy from the available kinetic energy of wind in countries such
as Denmark, Germany and some states in the US in large commercial scales. On the
other side of the spectrum, some of these renewable energy resources are fairly new
and still in the phase of research and development. Therefore, they are not yet available for widespread deployment and commercial use. One example of these resources
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is Tidal Energy. Recently, however, the increasing demand for electricity in regions
with tidal resources like Puget Sound in the state of Washington has led to significant
interest in capturing energy from tidal currents. The idea is to extract the potential
energy of tides when it becomes available in the form of kinetic energy in high speed
tidal current in channels and estuaries. Tidal turbines operate in a very similar way
to wind turbines in high wind areas. The specifics of this renewable resource, the proposed technologies to harvest it, and the issues associated with them, are discussed
in the following section of this chapter.
1.2

Tidal Energy, a new renewable energy resource.

Tides are formed due to the gravitational forces between the sun, moon and earth.
Based on Newton’s law of gravitation, two different masses, m1 and m2 , with a distance r between them, attract each other with a force pointing along the line intersecting the masses. This force is directly proportional to two masses and inversely
proportional to the square of the distance between them:
F12 = F21 = G

m1 m2
r2

(1.1)

where F12 and F21 are the attraction forces and G is the universal gravitational conm 2
stant, equal to 6.6743 × 10−11 [N ( kg
) ]. Therefore, the exerted attraction force by the

sun and moon on the earth changes the height of the sea and ocean water level as the
orientation and location of the earth and moon changes with respect to the sun [4].
Since the distance between earth and moon is smaller than the distance between sun
and earth, the moon is responsible, on average, for about 70% of the tide strength,
while sun causes about 30% of the effect on tides.
The strongest and weakest tides are called spring and neap tides, respectively. As
shown in figure 1.1, spring tides form when the sun and moon are in line with earth and
gravitational forces are in a direction that are added together to form the strongest
3

tide. Neap tides form when the sun and moon are in opposite positions with respect
to earth, as shown in figure 1.1. As a result of this orientation, the gravitational forces
work against each other and form neap tides.

Figure 1.1: Schematic of Spring and Neap tides formation based on the sun, moon
and earth orientation. (from windows2universe website)

The tides generated from the gravitational forces between the sun, moon and earth
will result in strong tidal currents in regions where the water elevation drives high
flows through narrow passages carrying a significant amount of kinetic energy. The
specific flux of kinetic energy in these tidally current flows is defined as follows:

4

1
P = ρAV 3
2

(1.2)

where ρ is the density of the fluid (i.e. sea water), A is the cross sectional area
that the current goes through and V is the velocity of the flowing fluid (i.e. tidal
current). An interesting point is that, although the average velocity of tides (2 to 3
[ ms ]) is smaller than the average wind velocity (12 [ ms ]), water is 850 times denser than
air and therefore tidal currents have significant energy conversion potential even for
relatively slow velocities. As long as extracting the available power from wind via wind
turbines was a successful process, harvesting the tidal energy seems to be promising
as well. The idea of harvesting the available energy of tidal current via tidal turbines
is very similar to harvesting the kinetic energy of wind. Although energy generation
from tidal currents has many similarities to wind, the balance between kinetic and
potential energy is a key element in tidal channels that invalidates “Betz’s” limit at
high blockage ratios. Cavitation is another concern regarding harvesting the tidal
energy that differentiates the design of Marine Hydrokinetic (MHK) turbines from
wind turbines. These similarities and differences of tidal and wind energy made this
area of research interesting and has attracted significant attention to develop and
commercialize tidal energy from both industrial and economical point of view as well
as meeting the long term goals of generating energy from renewable energy sources.
Since tidal energy technology is on its early stages of research and development,
different shapes and types of turbines are being offered from different companies.
There are many different proposed designs such as the ring configuration from Open
Hydro or the cross flow horizontal axis configuration from Ocean Renewable Power
Company (ORPC) turbine (figure 1.2). In this thesis, however, we have chosen to
study a traditional horizontal axis turbine with axial flow, similar to the predominant
design in the wind energy industry. There are multiple proposed designs that follow
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this configuration, such as Verdant Power’s designs.
In the early stages of development in the wind industry, similarly different shapes
and designs were proposed for wind turbines and, after a long process of optimization
and redesigns, the horizontal axis, three-bladed turbine has emerged as the leading
commercial-scale offering for electricity generation from wind. It is possible that the
MHK industry will follow a similar process. But it is not our intention to choose
winners or predict the future. Simply, we have studied the Horizontal Axis Tidal
Turbine (HATT) concept to build on the wealth of methods and existing information
on the aerodynamics of this design from thirty years of wind turbine development. We
intend to apply our methodology to other flow configurations in an effort to optimize
the performance, minimize their potential environmental effects and compare them on
a fair and balanced basis. One of the benefits of starting this research with HATTs
is that previous studies on Horizontal Axis Wind Turbines (HAWTs) can be used
for validation and comparison purposes. In this way, the accuracy of the simulation
methods can be evaluated with experimental results that are not available for MHK
turbines in the open literature. Once the methodology has been certified under these
conditions, it can be applied to the study of MHK where the conditions are not widely
different (slightly higher Reynolds number and typically lower Tip Speed Ratios). The
influence of the free surface is a new effect that can be implemented, but needs to be
validated specifically for MHK turbines since there is no parallel in wind energy.
In this thesis, a general methodology for the modeling and study of horizontal axis
turbines is introduced first. Then, the methodology will be validated with the help of
experimental and numerical studies on a well-characterized two bladed wind turbine:
NREL Phase VI. The validated methodology will be applied toward studying the fluid
mechanics and potential environmental effects of a horizontal axis MHK turbine.

6

(a) Verdant tidal turbine

(b) ORPC tidal turbine

(c) Openhydro tidal turbine

Figure 1.2: Different tidal turbine designs. (From companies website)

7

1.2.1

Literature Review, Research Overview and Motivations

Previous studies on energy extraction from tidal resources show that scientists, engineers and device developers are interested in building methodologies for characterization of available tidal resources as well as devices. In one of their publications,
Couch et al. [5] pointed out two main procedures for understanding and developing
the energy extraction technology from tidal energy sources. The first procedure was
specifying a methodology for characterization of the resource available at the proposed
tidal sites and the second one was developing a methodology for device performance
characterization. They also mentioned the potential environmental effects of this
power extraction in single or commercial scales is a knowledge gap that should be
filled, while the two above-mentioned procedures are being followed by scientist and
researchers. Couch and Bryden [6] addressed and investigate the large scale physical
response of tidal system to energy extraction and its effects on environment in order
to provide a first look at the potential response of the system in 2007.
On the area of device performance characterization, Bahaj and Batten team performed research and different type of studies on development and validation of a
numerical methodology for characterization of horizontal axis tidal marine hydrokinetic (MHK) turbines. First Bahaj et al. built and ran a set of experiments on an
800 [mm] diameter device that is a model of a possible 16 [m] diameter MHK turbine
in a 2.4 [m] by 1.2 [m] cavitation tunnel and 60 [m] towing tank [7]. In this study they
produced a consistent set of experimental data, which provided them useful design
information in their own right and suitable for validation process of theoretical and
numerical methods in future. Later, Batten et al. [8] used the above-mentioned developed experimental data to validate a numerical scheme for modeling MHK turbines.
This numerical model was based on blade-element momentum (BEM) theory and a
model for wind turbine design developed by Barnsley and Wellicome [9]. However,
8

the code developed has major enhancements specifically established to deal with the
operation in water. This model integrates the effect of rotating blades, by having
the geometrical (i.e. pitch angle and chord length) and physical variables (i.e lift and
drag coefficients) for the predefined elements along the span of the blades as inputs.
In this study the geometrical specifications were known from the blade design step
for the experimental setup. However, the physical variables were calculated with the
2D panel code XFoil, which is a linear vorticity stream function panel method [10].
Batten et al. [11] validated the numerical results such as calculated power and thrust
coefficients, against the experimental results from previous studies and observed very
good agreements between two sets of results and mentioned that this validated numerical method can now be used as a tool for designing and optimizing energy output
with tidal data.
The core idea of this thesis is to develop a numerical methodology that can be validated with experimental results from the wind energy industry and, when they become available, with experiments from Marine Hydrokinetic turbines. As its will be
explained shortly in detail, we developed a numerical methodology and validated the
most accurate and complicated model in our proposed methodology by modeling a well
characterized wind turbine and comparing the numerical results against the publicly
available experimental data on modeled device. Then, we compared the numerical
results from a less complicated and computationally intensive numerical model, which
was also based on BEM theory with the previously validated results and observed a
very good agreement between them. Finally, we applied the methodology to study
the flow field around and in the wake of a MHK turbine by matching the Reynolds
number and tip speed ratio (TSR) for this turbine design. However, the concentration
and long term goals of this thesis is looking at the flow field around the blades and
also physics of the turbulent wake downstream of the MHK turbine and its potential
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environmental effect on the ecosystem. These type of studies and investigations are
not been covered by other research groups. The main goal of their previous studies
was more on technical characterization of the tidal turbines and matching the turbine
design on the tidal flow for understanding the relations between geometry criteria
with the amount of extracted power from the flow.
As a conclusion of the literature review, we find out that similar to previously developed renewable energy technologies, such as solar and wind, extensive research,
theoretical, experimental, and numerical modeling needs to be done in the area of
tidal energy. Furthermore, all the issues and concerns regarding this technology from
both technical and environmental point of view should be addressed and investigated.
The goal is maximizing the efficiency and minimizing potential environmental effects
of this technology a priori, before large scale device deployment and commercialization.
In chapter 2 of this thesis, a numerical methodology for the study of horizontal axis
tidal turbines, consisting of three different numerical models with different computational cost and fidelity to the underlying physics, is introduced. Single Reference
Frame (SRF) model is the most complex one that simulates the fluid mechanics of
the flow around the actual geometry of the blade with the idea of rendering an unsteady problem in the stationary reference frame to a steady one in the rotating
reference frame [12][13][14]. The Virtual Blade Model (VBM) is the second tool from
computational cost and fidelity point of view in this methodology. VBM models
the time-averaged effects of the rotating blades, without the need for creating and
meshing the actual geometry of blades using fundamentals of Blade Element Method
(BEM) [15][16]. This model simulates the blade effects using a momentum source
term placed inside a rotor disk fluid zone that depends on the chord length, angle
of attack, and lift and drag coefficients for different sections along the turbine blade
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[17][18]. The least complex numerical model in this methodology is the Actuator
Disk Model (ADM). In this model, the effect of rotating blades is represented by a
pressure discontinuity over an infinitely thin disk with an area equal to the swept
area of the rotor. In this work, the implementation of ADM in ANSYS FLUENT
by combining the actuator disk theory and procedure of modeling porous media is
introduced [19][20].
After the methodology development, in order to be applied to modeling a Marine
Hydrokinetic (MHK) turbine, we verified our numerical results with an available
experimental data. Therefore, as it will be explained in chapter 3, the NREL Phase
VI, a well characterized two bladed wind turbine was simulated using the above
mentioned numerical models. The results from this effort were validated against data
from experiments done on this turbine in the NASA-Ames wind tunnel by NREL
[21]. The detailed report published by NREL with the experimental results of this
wind turbine was a revolution in the world of numerical modeling of horizontal axis
wind turbine. After it became available, many researchers and scientist modeled
this turbine with different numerical models and validated their models against these
results [22] [23].
As the next step, when the developed numerical methodology had been validated
against a set of experimental and several other high fidelity numerical studies, it was
applied to the study of Marine Hydrokinetic (MHK) turbines. As it is discussed in
chapter 4, the transition between wind and MHK turbines was done step by step by
modifying the working fluid, regenerating the mesh and using new boundary conditions on the previous computational domain. The change of the working fluid from
air to water implied an increase in the Reynolds number that required the modification of the mesh of the computational domain [24] to maintain the spatial resolution
necessary to model the boundary layer on the turbine blades. The time step was
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adapted to the new mesh resolution accordingly. Similarly, new boundary conditions
needed to be set based on previous MHK studies and field measurements [1][25][26].
The transition between modeling a wind turbine to modeling a MHK turbine was
successful. Having a converged simulation of the flow around a MHK turbine leads
us to study the potential environmental effect of MHK turbines, which is the focus of
chapter 5. One example of these potential environmental effects is the interaction of
the turbulent wake of the device with suspended sediment in the flow. The possible
effect of the momentum deficit in the turbine wake on the sedimentation process on
the bottom of the tidal channel was studied based on the flow field obtained from
the simulation. Another environmental process studied is the presence of sudden
pressure fluctuation across the turbine blades with potential effects on marine species
like juvenile fish.
Suspended particles slightly denser than water were modeled and studied based on
fundamentals of particle laden turbulent flows [27]. Juvenile fish were modeled as
slightly buoyant particles and the pressure history along their trajectory studied statistically with particular attention to the high magnitude of the pressure fluctuation
occurring over short periods of time. These high impulse conditions were correlated with damage thresholds obtained from laboratory experiments in the literature
[28][29].
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Chapter 2
NUMERICAL METHODOLOGY DEVELOPMENT
In this chapter the details of three different numerical models used to simulate the
dynamics of flow around horizontal axis tidal turbines (HATT): Single Rotating Reference Frame (SRF), Virtual Blade Model (VBM), and Actuator Disk Model (ADM),
will be explained. The details on the background and theory for each one of the models are given in the first three sections of this chapter. In the last section, the strengths
and weaknesses of each model and their adequacy to study specific problems related
to flow around and in the wake of the turbines will also be addressed.
2.1
2.1.1

Single Reference Frame (SRF)
Background

Fluid flow equations are usually solved in a stationary reference frame. There are,
however many problems where these equations can be solved in a moving reference
frame. One example of a problem that can be simplified by studying it in a rotating
reference frame is flow around the blades of a turbine. This type of problems are
unsteady in the stationary reference frame and therefore computationally expensive
to solve numerically. The main idea behind the Rotating Reference Frame model is
to render this unsteady problem in a stationary frame, steady with respect to the
moving reference frame. To achieve this, the reference frame rotates with the angular
velocity of the turbine. This change of reference frames requires the addition of two
extra acceleration terms, Coriolis and Centripetal acceleration, in the momentum
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equation and also the definition of a relation between absolute and relative velocity
of fluid elements that is used in the governing equations.
2.1.2

Theory

To start the explanation for the theory of this model, consider the rotating reference
frame, xyz, rotating with a constant angular velocity ω
~ relative to the stationary
reference frame, XY Z, as shown in figure 2.1. The computational domain (CFD
domain) is defined with respect to the rotating frame and the location of any arbitrary
point in this domain is defined by a position vector ~r from the origin of the rotating
frame. Based on this configuration, the fluid element velocity can be transformed
from the stationary frame to the rotating frame with the following equation:
v~r = ~v − u~r ,

(2.1)

where v~r is velocity relative to the rotating reference frame, ~v is the absolute velocity
and u~r is the velocity at each point due to the rotation of the reference frame and is
defined as follows:
u~r = ω
~ × ~r.

(2.2)

According to the above explanation, equations for conservation of mass, momentum
and energy can be written and solved numerically in two different forms, “relative”
or “absolute” velocity formulation. In relative velocity formulation, this component
of the velocity is the dependent variable and governing equations for this formulation
are as follows:
Conservation of mass
∂ρ
+ ∇ · ρ~vr = 0,
∂t

(2.3)

Conservation of momentum
∂
(ρ~vr ) + ∇ · (ρ~vr~vr ) + ρ(2~ω × ~vr + ω
~ ×ω
~ × ~r) = −∇p + ∇ · τ r + F~ ,
∂t
14

(2.4)

Figure 2.1: Computational domain, stationary and rotating reference frames[14].

Conservation of energy
∂
(ρEr ) + ∇ · (ρ~vr Hr ) = ∇ · (k∇T + τ r · ~vr ) + Sh .
∂t

(2.5)

In this formulation, Coriolis acceleration (2~ω ×~vr ) and centripetal acceleration (~ω ×~ω ×
~r) are two extra added acceleration terms in the conservation of momentum equation
as a result of change in reference frame. Conservation of energy is also written in
terms of the relative internal energy (Er ) and the relative total enthalpy (Hr ), which
are defined as follows:
p 1 2
+ (vr − ur 2 ),
(2.6)
ρ 2
p
Hr = Er + .
(2.7)
ρ
In the alternative form, the absolute velocity formulation, this velocity component is
Er = h −

the dependent variable in the momentum equation, therefore the governing equation
is as follows:
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Conservation of mass
∂ρ
+ ∇ · ρ~vr = 0,
∂t

(2.8)

∂
ρ~v + ∇ · (ρ~vr~v ) + ρ(~ω × ~v ) = −∇p + ∇ · τ + F~ ,
∂t

(2.9)

Conservation of momentum

Conservation of energy
∂
ρE + ∇ · (ρ~vr H + p~ur ) = ∇ · (k∇T + τ · ~v ) + Sh .
∂t

(2.10)

When the entire domain is studied as one rotating frame, the simulation uses the
Single Reference Frame (SRF) model. This is in contrast with simulations where a
subdomain near the rotating object (i.e. turbomachinery) is studied using a moving
reference frame, but the rest of the domain is divided into several subdomains (inlet,
outlet, ...) and studied in the stationary reference frame, referred to as Multiple
Reference Frame (MRF) model. In this case, the above conservation equations for
either formulation will be solved in all fluid zones and suitable boundary conditions
should be prescribed. In particular, the wall boundaries that are moving with respect
to the stationary reference frame (i.e. turbine blades surfaces) are described by a noslip condition so that the relative velocity with respect to the rotating reference frame
is zero. Walls that are not moving with respect to the stationary coordinate system
(i.e. most outer walls of the domain that surrounds the turbine blade. For example
cylindrical wind tunnel walls surrounding a rotating turbine blade) need to be surfaces
of revolution about the axis of rotation and should have a slip condition, so that
there is no shedding of vorticity from the walls as they move relative to the rotating
reference frame. Another type of boundary condition that might be used in SRF are
rotationally periodic boundaries, which must be periodic about the axis of rotation.
For example, it is common to model flow through turbine blades assuming the flow is
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rotationally periodic and using a periodic domain about a single blade. This permits
good resolution of the flow around the blade without the expense of modeling the full
360◦ domain. However, the need for axisymmetric periodic boundary conditions is an
important restrictions of SRF model for studying some specific problems, as will be
discussed in later sections.
2.2
2.2.1

Virtual Blade Model (VBM)
Background

One of our long term goals is to study the flow field resulting from the interaction
of multiple turbines and the interaction of turbine blades with the wake of other
devices. This goal and the observation that the turbulent wake becomes axisymmetric
at distances of only a few radii downstream of the turbine in Single Reference Frame
(SRF) model results, which will be discussed in the next chapter, directed us to search
for and develop less computationally intensive numerical models. The new model is
expected to decrease the computational cost (computational requirements and run
time), but still model the velocity deficit and the turbulent wake downstream of the
turbine with acceptable approximation. After some research, Virtual Blade Model
(VBM) seems to be a promising candidate. This model is an implementation of
the Blade Element Method (BEM) within ANSYS FLUENT, based on a paper by
Zori and Rajagopalan [15]. It was originally conceived to model the aerodynamics of
rotating blades (originally propellers and helicopter rotors) and fills the gap between
the simpler Actuator Disk Model (ADM) and the more realistic Single Reference
Frame (SRF) model. VBM models the time-averaged aerodynamic effects of the
rotating blades, without the need for creating and meshing the actual geometry of
blades. This model simulates the blade aerodynamic effects using a momentum source
term placed inside a rotor disk fluid zone that depends on the chord length, angle of
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attack, and lift and drag coefficients for different sections along the turbine blade.
2.2.2

Theory

The Virtual Blade Model simulates the effect of the rotating blades on the fluid
through a body force in the x, y and z direction, which acts inside a disk of fluid
with an area equal to the swept area of the turbine. The value of the body force is
time-averaged over a cycle from the forces calculated by the Blade Element Method
(BEM). In BEM, the blade is divided into small sections from root to tip. The lift and
drag forces on each section are computed from 2D aerodynamics based on the angle
of attack, chord length, airfoil type, and lift and drag coefficient of each segment.
The free stream velocity at the inlet boundary is used as an initial value to calculate
the local angle of attack (AOA), Mach and Reynolds number for each segment along
the blade. Then, based on the calculated values of AOA, lift and drag coefficients
are interpolated from a look-up table, which contains values of these variables as a
function of AOA, Re and Mach. With this information, lift and drag force of each
blade segment can be calculated by
fL,D = cL,D (α, Ma, Re).c(r/R).

2
ρ.Vtot
,
2

(2.11)

where in this equation cL,D is lift or drag coefficient, c(r/R) is the chord length of
the segment, ρ is the fluid density and Vtot is the velocity of the fluid relative to
the blade. In equation 2.11, cL,D and c(r/R) are two required inputs for the VBM,
that are provided by the modeler. cL,D is either obtained by means of experiment or
simulating a 2D segment of the airfoil or 3D modeling of the blade span under the
same operating conditions using high fidelity numerical models. c(r/R) is the physical
variable that depends on shape and design of the blade and will be provided by the
manufacturer. The lift and drag forces are averaged over a full turbine revolution to
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calculate the source term at each cell in the numerical discretization by
FL,Dcell = Nb .

dr.dθ
.fL,D ,
2π

~
~cell = − Fcell ,
S
Vcell

(2.12)
(2.13)

where Nb is the number of blades, r is the radial position of the blade section from
the center of the turbine, θ is the azimuthal coordinate and Vcell is the volume of the
grid cell. The flow is updated with these forces and this process is repeated until a
converged solution is attained.
2.3
2.3.1

Actuator Disk Model (ADM)
Background

Actuator Disk Model (ADM) is the FLUENT implementation of Actuator Disk Theory also referred to as Linear Momentum Theory. In this model the aerodynamic
effect of rotating blades is represented by a pressure discontinuity over an infinitely
thin disk with an area equal to the swept area of the rotor.
In ADM, the thin disk is modeled as a porous media that supports a pressure difference, but not a velocity difference. That is, the pressure in front of the disk is greater
than in the back, but the velocity evolves continuously across the disk.
As shown in figure 2.2, the flow going through the disk is represented by a streamtube.
In the following subsection 2.3.2, the relation between velocity components at each
section of the streamtube (i.e. inlet, location of the turbine and outlet) and the power
extracted by the turbine from the flow is derived from control volume analysis of the
equations of conservation of mass, momentum and energy. Combination of these
equations with a model of flow in a porous media, are used in the implementation of
the Actuator Disk Model for simulation of the flow around a horizontal axis turbine.
As will be discussed below, it should be noted that the ADM parameterization must
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be either informed by higher fidelity models (i.e., SRF or VBM) or an estimate of the
device operating condition and efficiency.
2.3.2

Theory

In order to derive the governing equations for physics of the flow through the turbine and also relations between different variables in the flow field, we assume one
dimensional, steady state, incompressible flow through the turbine. We consider a
control volume consist of a streamtube around the turbine, starting upstream of the
device and ending a large distance downstream of the device, where the velocity is
supposed to be uniform and unidirectional in the streamwise direction. Figure 2.2
shows a schematic of these assumptions.
Three important locations along the streamlines are considered in the analysis. Section one is the free stream condition upstream of the turbine, section two located at
the turbine plane and section three is at the outlet, far downstream of the turbine,
where the pressure recovers to ambient value. Based on these assumptions, and performing a control volume analysis, we can derive the governing equation and final
relationship∗ .
For conservation of mass in a fixed, nondeforming control volume, the equation is
Z
Z
∂
ρ V · ~n dA = 0.
(2.14)
ρd∀ +
∂t
cv

cs

Based on the steady state flow assumption the first term on the left hand side of the
equation 2.14 will be equal to zero. Since the boundaries of the control volume is
the streamtube and no mass can enter or leave these boundaries, the final form of
equation 2.14 will be
u1 A1 = u2 A2 = u3 A3 ,
∗

(2.15)

The general form of the governing equations are obtained from “Fundamentals of Fluid Mechanics”, 6th edition by Munson
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Figure 2.2: Schematic of the flow going over turbine blades modeled as an actuator
disk. Note the pressure difference across the disk.

where u and A are the streamwise velocity component and area at each cross section.
Similarly, the general form of linear momentum equation for a fixed, inertial and
nondeforming control volume will be
Z
Z
∂
V ρd∀ +
V ρ V · ~n dA = ΣFcv .
∂t
cv

(2.16)

cs

Analogous to the applied assumptions for equation of conservation of mass, steady
flow and no flow across the streamtube boundaries, the first term on the left hand
side of the equation 2.16 will be equal to zero and the equation 2.16 reduces to
ρu3 2 A3 − ρu1 2 A1 = FA ,
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(2.17)

where FA is the force that the turbine exerts on the flow.
The general form of conservation of energy is
Z
Z
∂
V2
p
e ρ d ∀ + ( ǔ + +
+ gz ) ρ V . ~n dA = Q̇net + Ẇnet ,
∂t
ρ
2
cv

(2.18)

cs

where e is the total energy per unit mass for each particle in the system and ǔ is the
internal energy per unit mass. Now neglecting heat transfer on the boundaries and
considering control volume from the inlet to a point just before the turbine and from
a point just after the turbine to the outlet, so that no work is done within the control
volume, the right hand side of equation 2.18 will be equal to zero. Furthermore,
having steady state flow, and neglecting changes of internal energy and elevation,
equation 2.18 will be simplified to the following form:
1
pi + ρui 2 = constant.
2

(2.19)

The above equation is a simplified form of conservation of energy, known as Bernoulli’s
equation. With the above-mentioned assumptions, this equation can be applied along
a streamline between two points. We apply it from the inlet (1) to a point just before
the actuator disk (2− ) and between a point just after the actuator disk (2+ ) and the
outlet (3).
1
p1 + ρu1 2 = p+ 2 +
2
1
p3 + ρu3 2 = p− 2 +
2

1
ρu2 2
2
1
ρu2 2
2

(2.20)
(2.21)

Subtracting equation 2.20 from 2.21 multiplying both sides by A2 gives
1
u3
ρA2 u1 2 [1 − ( )2 ] = A2 (p+ 2 − p− 2 ) = FA .
2
u1

(2.22)

Comparing equation 2.22 with equations 2.17 and 2.15, we will have
1
u2 = (u1 + u3 ).
2
22

(2.23)

Equation 2.23 shows that fluid velocity at the location of the turbine will be less than
the free stream velocity. This is due to the power extraction by the device from the
flow because of the pressure difference between the front and the back of the turbine.
The ratio of this velocity reduction to the free stream velocity is the new variable
called Axial Induction Factor defined as
a=

u1 − u2
.
u1

(2.24)

Using the above equations 2.23 and 2.24, the relation between velocities at different
cross sections of control volume as a function of axial induction factor will be as
u2
= 1 − a,
u1

(2.25)

u3
= 1 − 2a.
u1

(2.26)

Therefore, the final expression for the power extracted from the turbine and the
efficiency of the device will have the form of
1
P = FA u2 = ρu1 3 A2 [4a(1 − a)2 ],
2

(2.27)

η = 4a(1 − a)2 .

(2.28)

At this stage, the derived governing equations and relations between different velocity
components along the streamtube and the efficiency of the turbine in the flow is
combined with the implementation of a porous media in ANSYS FLUENT. This is
done by equating the modeled pressure difference across the porous media in ANSYS
FLUENT and the pressure difference across the device based on the actuator disk
theory. This will provide the opportunity to model a horizontal axis turbine with
ADM.
Porous media conditions in ANSYS FLUENT models a thin membrane that has a
known velocity or characteristic pressure drop associated with it. Usually the porous
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media has a thickness over which the pressure change is defined as a combination
Darcy’s law and an additional inertial loss term.
µ
1
∆p = ( v + C2 ρv 2 )∆m.
α
2

(2.29)

In equation 2.29, µ is the fluid viscosity, α is the face permeability of the media,
C2 is the pressure jump coefficient, v is the velocity normal to the porous face and
∆m is the thickness of the media. In this equation α and C2 are the only unknown
coefficients that need to be evaluated to estimate the pressure drop across the porous
media. To find the values for these coefficients, a second order polynomial of the
pressure as a function of velocity at the plane of the turbine (u2 ) should be derived
from Actuator Disk Theory. In order to do this, a range of free stream velocity at the
inlet (u1 ) is considered. A rough estimate of the device efficiency form either higher
fidelity numerical models (i.e. SRF or VBM) or from experimental tests of the device
is needed to calculate the axial induction factor using equation 2.28. The values of a
and u1 provide us with a range for u2 and ∆P using equation 2.25 and equations 2.23,
and 2.22 respectively. With these two ranges, a second order polynomial is defined
and fitted to equation 2.29 to calculate the values for α and C2 .
With the appropriate values of α and C2 , the flow behavior going through the horizontal axis turbine can be modeled as an actuator disk. In section 3.3 of chapter 3
the validation of this model is discussed with results from the NREL Phase VI wind
turbine.
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2.4

Fidelity and Adequacy of the Numerical Models

According to the discussed theory behind each of the available numerical models in
our methodology, SRF is the most realistic model for simulating the flow around and
in the near wake of a horizontal axis turbine. Since in SRF the actual geometry of
the blade is created and the rotation is modeled via the prescribed periodic boundary
conditions, it captures the detail of the flow right before and after the blade. The
main concern about SRF model is its high computational cost and also the restrictions
that it has regarding the applied boundary conditions for other study purposes. For
example, the bottom effect of the channel on the flow field or effect of a shear velocity
profile at the inlet on the extracted power by turbine can not be simulated using
the SRF model. These limitations are due to the restrictions on modeling the full
channel and the need to have an axisymmetric domain for the SRF model. As it
will be explained later in chapter 5, the pressure history of small neutrally buoyant
particles as they flow through the turbine, representing juvenile fish swimming near
the turbine blades, is calculated using the SRF model. The instantaneous pressurevelocity fluctuations in the flow in the proximity of the turbine is accurately simulated
by SRF and therefore this model is adequate to simulate physical effects that depend
on instantaneous and point-wise values of the flow variables, and not on integrated
effects over long spatial or temporal scales.
VBM is a simpler model in comparison with SRF. Although in this model the actual
geometry of the blade is not represented, the wake of the turbine can be modeled using
the detail specifications of the blade, such as pitch and twist angles, chord length and
lift and drag coefficients. This model has lower computational costs in comparison
with SRF but, because the effect of the blades on the flow is temporally averaged
over the course of an entire rotation cycle, and applied along the entire disk, it is
not capable of capturing the instantaneous details of the flow around the blade. The
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resulting flow is steady and axisymmetric and can not be used to study phenomena
that occurs in the near wake (up to about 3 radii downstream of the turbine). It
is ideal, however, to study physical effects that take place over the entire length of
the wake, such as sedimentation due to the velocity deficit created by the power
extraction at the turbine. Very long channel and multiple turbines in an array can be
simulated in relatively short computational times, allowing for parametric studies of
these complex problems. Realistic boundary conditions can also be applied, such as
a bottom boundary layer or sheared velocity profiles at the inlet, since the restriction
to axisymmetric boundary conditions of the SRF model does not apply to VBM.
ADM is the cheapest and fastest model among the ones studied in this methodology.
A sink of momentum in the flow is applied as a porous media to model the effect
of drag and power extraction of the turbine. It should be noted that for this model,
parallel to decreasing the computational costs, the accuracy of the simulated flow field
will be decreased too. Therefore, ADM will not be able to model the physics of the
flow in the near wake region and the simulated velocity deficit in the far wake region
will be different than the one modeled via either SRF or VBM. This is one of the
fundamental limitations of the ADM. However, as it will be discussed in chapters 3
and 4 when the boundary conditions are changed from idealized one to more realistic
one (i.e. the value of turbulent intensity at the inlet of the channel) ADM shows a
better results which are closer to the SRF and VBM results in the far wake region.
Acceptable accuracy for the simulated flow at the far wake and minimum computational time requirement make ADM a perfect model for flow field simulation in very
large arrays of turbines and study the role of the turbulent wake and momentum
deficit created by upstream turbines on the efficiency of the downstream turbines.
Beside the minimum computational costs requirement for ADM in compare to SRF
and VBM, the simple physics and governing equations behind this model, make it
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very easy to be implemented from scratch in any other computational softwares in
comparison with the complicated physics and governing equation of VBM.
In the next three chapters, the validation of these three numerical models and their
application to modeling a Marine Hydrokinetic (MHK) turbine, the strengths and
weaknesses of the three models are described in more detail and the results show the
range of applicability and their limitations.
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Chapter 3
VALIDATION OF THE DEVELOPED NUMERICAL
METHODOLOGY WITH MODELING NREL PHASE VI
WIND TURBINE
In Chapter 2 the numerical methodology for modeling a horizontal axis turbine was
explained in detail. Three different numerical models, Single Reference Frame (SRF),
Virtual Blade Model (VBM) and Actuator Disk Model (ADM) were introduced, their
theory, fidelity and adequacy to study specific problems related to the flow around
and in the wake of a turbine were addressed.
In this chapter, the validation of this methodology is presented by modeling a wellcharacterized two bladed, horizontal axis wind turbine, the NREL phase VI turbine.
The previously discussed features of these three models are investigated. Then, we
explain how the results from these models have been validated by comparison with
the NREL experimental results [21] and inter-comparison of the relevant variables
between the different numerical models. Each section of this chapter describes the
specifics of the computational domain and numerical settings for one of the models.
In the end, the results are presented, compared and discussed in detail.
Numerical simulation of the NREL Phase VI wind turbine via the SRF model and
validation of this part of our methodology was done by Mr. Sylvain Antheaume. He
was a visiting Ph.D. student from INPG in France, who worked on the setup of this
problem at NNMREC-UW during 2009. He started the device modeling process by
validating 2D simulation results of the airfoil section. After finding the best mesh
structure around the blade section and be confident that the fine resolution mesh
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is capable of capturing the complex turbulent flow around the blade and therefore
model the rest of the flow accurately, he created the full 3D domain and simulated
the flow field around and in the wake of the turbine. I then started comparing the
results from VBM and ADM model to his results from SRF in order to complete the
validation of the methodology. The cited data, information, figures and sketches in
this chapter regarding the SRF model are from Mr. Antheaume’s unpublished report
[30].
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3.1
3.1.1

Rotating Reference Frame Model
Computational Domain

The computational domain for the Single Reference Frame (SRF) model was created
based on the dimensions and operating conditions of NREL Phase VI experiments at
the NASA AMES wind tunnel [21]. This provides the possibility of validation of the
final results against NREL results. Since the SRF model requires an axisymmetric
domain and boundary conditions and in order to keep the blockage ratio constant, the
rectangular cross section of the NASA AMES wind tunnel, where the NREL turbine
was tested, was replaced by an equivalent domain with a semi-circular cross section
with 16[m] radius. Figure 3.1 shows the full view of the SRF domain.
This computational domain consist of three main blocks. The first block (right hand
side of the figure) is the area upstream of the turbine and is 9 radii long. The
second one is the middle block that includes the turbine blade and a number of
auxiliary blocks to create the structured C-mesh around the blade. The third block
(left hand side of the figure) is an area 13.5 radii downstream of the turbine. The
boundary conditions at the channel’s inlet and outlet are velocity-inlet and pressureoutlet respectively. Cyclic periodic boundaries were prescribed on the bottom of the
domain and tunnel walls were modeled with a slip wall (no stress in the tangential
directions and no flow-through in the normal direction) boundary condition.
Due to the high density of cells in the middle block, it is hard to see details in figure
3.1, therefore a close up of this section is shown in figure 3.2.
Figure 3.2 shows the blade and auxiliary blocks around it. The blade surface is
modeled as a no-slip wall boundary condition and periodic boundaries are prescribed
at the bottom of this section. Due to the complexity of the hub geometry and the
boundary condition restrictions in the SRF model (section 2.1.2), the blade geometry
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Figure 3.1: SRF computational domain and boundary conditions.[30]

starts at the point where its cross-section takes the shape of the S809 airfoil and
the hub of the turbine is modeled as a hollow cylinder starting from the inlet to
the outlet of the channel. The C-mesh around the blade section has 110 cells. 48
cells were created on the perpendicular lines to the chord (see figure 3.2) with higher
resolution near to the edge of the blade to capture the complex turbulent flow in this
region. 73 cells are distributed along the blade span from root to the tip and the mesh
is refined at the tip to capture potential vortex shedding. At the tip, an unstructured
mesh block was added, with 1200 pave quadrilateral cells over the tip surface and 40
elements along the span, from tip of the blade to the top of the channel. In order
to avoid highly skewed elements at the tip of the blade, the trailing edge had to be
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Figure 3.2: Zoomed-in middle block in SRF domain.[30]

modified [30].
3.1.2

Numerical Modeling Settings

The most important settings and solution methods for the validation of the results
from the numerical simulations against the experimental data of the NREL Phase VI
wind turbine test are presented in table 3.1. In order to have a stable and converged
solution at the desired operating conditions with SRF, we had to gradually increase
the rotational speed of the turbine. In this way, the rotation of the reference frame
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and the motion induced by the boundary conditions will not lead to large complex
forces in the flow as the angular velocity increases. On the other side of the spectrum,
the dependency of the angle of attack (AOA) on the free stream and blade angular
velocities also requires gradual increase of the free stream velocity, since having very
large angle of attacks will result in flow separation along the blade and non-physical
results.
Table 3.1: SRF model settings and solution methods
Solver Type

Pressure-Based

Velocity Formulation

Absolute

Turbulent Models

Spallart-Allmaras or k-ω

Pressure-Velocity Scheme

SIMPLE

Discretization of Gradient

Green-Gauss Node Based

Discretization of Pressure

Second Order

Discretization of Momentum

QUICK

Discretization of Turbulent Viscosity

Second Order Upwind

Pressure Under-relaxation Factor

0.2

Momentum Under-relaxation Factor

0.6

Modified Turbulent Viscosity Under-relaxation Factor

0.6
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3.2
3.2.1

Virtual Blade Model (VBM)
Computational Domain

The VBM computational domain is created based on the dimensions of the SRF
domain. This gives the opportunity to have reasonable comparisons between VBM
results and the validated results from SRF. Figure 3.3 shows the VBM computational
domain.

Figure 3.3: VBM domain and its boundary conditions.

The highlighted thin disk in the middle of the channel is the rotor disk mentioned in
the VBM theory section (subsection 2.2.2). Momentum sources in x, y and z direction
will be placed inside of this disk to model the effect of the rotating blades with the
help of additional inputs (i.e. lift and drag coefficients, airfoil radial position, chord
length, pitch and twist angle of segments along the blade) without the inclusion of the
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actual geometry of the blades. In order to compare the results from this simulation
with the SRF data, the turbine hub is not modeled here and is replaced by a hollow
cylindrical volume from inlet to outlet of the channel.
Boundary conditions in this domain are similar to those in the SRF. Velocity-inlet and
pressure-outlet conditions are considered for the channel inlet and outlet respectively.
Slip condition is set for the outer wall and the hub section. It should be noted out that
the horizontal planes in the middle of the domain are auxiliary faces used to define
the internal VBM disk mesh. Unlike the SRF domain, the boundary conditions are
not periodic. The main difference is the condition for the thin disk that models the
effect of the rotating blades. The whole disk volume is prescribed as a fluid zone and
the faces of this volume should have a full circle shape without any discontinuity on
their area (full 360◦ span) with an interior boundary condition. Setting this boundary
condition in the process of generating the mesh for the VBM domain is very important.
Lack of having a full circle shape for faces of the disk or the interior condition will lead
to an error, when the mesh is imported into ANSYS FLUENT or when the virtual
blade model needs to be turned on.
3.2.2

Numerical Modeling Settings

The general settings for VBM are similar to settings for SRF model as stated in table
3.1. The main difference is the need for settings and inputs for the virtual blade
model. In this section the most important settings for the VBM used to model the
NREL Phase VI wind turbine is briefly described. Readers are referred to VBM
sources [17] and the ANSYS FLUENT manual for more details about the definitions
and physical description of each of the inputs.
Figure 3.4 shows the panel used for providing the general information of the blades
such as blades count, radius, angular velocity and the origin of the rotor disk. Here,
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a single NREL Phase VI wind turbine is modeled with the VBM. This device is a 2
bladed wind turbine with radius equal to 5.53 [m]. The angular velocity of the rotor
during the test was is 72 [rpm]. In the VBM, local lift and drag forces are computed
assuming 2D flow. However, approaching the tip of the blade, this assumption is
violated by an increasingly strong secondary flow around the tip of the blade. The
tip effect value is designed to take this phenomena into account. A value of 96% is
selected meaning that lift and drag forces forces are calculated for 96% of the blade
span, while the 4% nearest the tip produces drag but not lift. In this geometry, the
center of the rotor disk is located at the origin of the coordinate axis and thus is set
to be equal to (0,0,0).
For NREL Phase VI wind turbine, rotor disk bank angle and blade collective pitch
angle are the only two angles that needs to be defined. The blades of this turbine are
considered rigid and flapping motion is not analyzed during turbine operation. Rotor
disk bank angle is the angle that describes the position of the rotor disk with respect
to the incoming flow. Since this device is a horizontal axis turbine, the bank angle is
set to 90◦ . For this turbine values of blade pitch and twist angle at the tip are 3 and
2.5◦ degrees respectively, therefore based on these values and angle sign convention
used in VBM, value of collective pitch angle is set to -5.5◦ .
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Figure 3.4: VBM panel for entering turbine geometry specifications.

Figure 3.5 shows the panel for geometry input of blade segments. VBM allows the
blades to be divided into up to 20 segments. In this panel the details of each segment
such as its radial position (r/R), chord length and twist angle is given to the model.
The last box for each segment gets the file name for the lift and drag coefficient lookup table. This table has values of lift and drag coefficients as a function of angle of
attack, Reynolds and Mach numbers. As explained earlier, at each iteration the lift
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and drag coefficients will be read from the look-up table for calculation of lift and
drag force on each cell and segment. After setting up the VBM inputs successfully,
simulations of the flow around and in the wake of the turbine disk can be performed.

Figure 3.5: VBM panel for entering blade segments input.
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3.3
3.3.1

Actuator Disk Model (ADM)
Computational Domain

The computational domain for the ADM simulations is exactly the same as the VBM
domain (figure 3.3) with the same boundary conditions and dimensions. The only
difference is the way that the actuator disk models the effect of the turbine blades. As
it is discussed earlier in subsection 2.3.2, ADM models the effect of the turbine as a
porous disk with area equal to the swept area of the turbine blades. The methodology
and steps for finding the appropriate coefficients for the porous media to model the
turbine were discussed in subsection 2.3.2. Here, the application of this methodology
to study of the NREL Phase VI wind turbine is explained in the following subsection.
3.3.2

Numerical Model Settings

The general numerical settings for ADM is the same as the settings for SRF and
VBM, as shown in table 3.1. Settings for modeling of the turbine blades effect with
ADM is more straight forward in comparison to VBM, since modeling porous media
is a built-in model within ANSYS FLUENT. The only necessary step is to find the
right coefficients for modeling the actuator disk with a porous media.
Following subsection 2.3.2, in order to calculate the value of the porous coefficients
for modeling the NREL Phase VI turbine as a porous media, the value of the inlet
velocity is varied between 1 − 7 [ ms ], knowing that the free stream velocity in the
NREL test was 6.8 [ ms ]. Efficiency of the device based on SRF and VBM simulation
was estimated to be about 29%. Based on these assumptions, the range of u2 , u3
and ∆P using equations 2.25, 2.23 and 2.22 from ADM theory respectively, will be
as follows:
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Table 3.2: Developing range of velocity and pressure drop values to calculate porous
media coefficients for modeling the NREL Phase VI wind turbine.
Turbine Efficiency

0.29

Axial Induction Factor (a)

0.087

Air Viscosity [ kg.m
]
s

0.0000198

Disk Thickness [m]

0.120

u1

u2

u3

∆P

1.00

0.913

0.826

0.194

1.50

1.370

1.240

0.437

2.00

1.826

1.653

0.777

2.50

2.283

2.066

1.213

3.00

2.740

2.479

1.747

3.50

3.196

2.893

2.378

4.00

3.653

3.306

3.106

4.50

4.110

3.719

3.931

5.00

4.566

4.132

4.854

5.50

5.023

4.546

5.873

6.00

5.479

4.959

6.989

6.50

5.936

5.372

8.202

7.00

6.393

5.785

9.513
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With this set of data, a second order polynomial for pressure as a function of velocity
at the the turbine plane (u2 ) can be obtained as shown in figure 3.6.

Figure 3.6: The second order polynomial obtained via curve fitting through the data
developed from actuator disk theory.

Equating the coefficients of the second order polynomial showed in figure 3.6 with
the coefficients of equation 2.29, the unknown porous coefficients α and C2 can be
calculated. With the above numerical values, viscous resistance

1
α

' 8.40 × 10−9 and

inertial resistance factor C2 ' 3.17.
Figures 3.8 and 3.7 show the panel were the above calculated variables should be
provided for the ADM model. As it can be seen in this panel, the properties of the
fluid zone, the actuator disk, are provided for the model. This zone is defined as a
3D porous zone in ADM and the calculated coefficients are set equal to each other
for all three directions (x, y, z).
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Figure 3.7: Panel for entering the value for inverse of viscous resistance ( α1 ) for porous
media modeling the NREL turbine in ANSYS FLUENT.

Figure 3.8: Panel for entering the value for inertial resistance (C2 ).
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3.4

Results

In this section, the validation procedure for the results from the three models, SRF,
VBM and ADM, used to model the NREL Phase VI wind turbine is presented.
Results, and the physics behind them, are explained for each model. Models are
compared with each other to distinguish strengths and weaknesses of each model in
capturing the fluid mechanics of the flow going through a turbine and their adequacy
to be applied toward the study of a specific environmental problem in tidal energy
turbines.
3.4.1

Validation of SRF results agains NREL experimental data

The validation procedure starts with the SRF model. As a first step, the calculated
2D pressure coefficients Cp for the S809 airfoil at different radial positions

r
R

along

the span of the blade were compared against experimental results, and also against
previously published numerical data for the NREL Phase VI wind turbine [22]. Figure
3.4.1 and the following four figures, show the calculated pressure coefficients on both
suction and pressure sides of the S809 airfoil at different radial positions along the
blade span. In these figures, red squares represent calculated pressure coefficients
using our 2D mesh with k − ω turbulent model. Blue squares show the values from
modeling the flow around the airfoil using Spalart-Allmaras turbulence model. Black
squares are the corresponding experimental values of pressure coefficients for NREL
Phase VI wind turbine for a free stream velocity of 7

m
s

by Sorensen [22].

The computational results from both turbulent models (i.e. red and blue squares)
show good agreement with each other except at the radial position of

r
R

= 0.3 near

the trailing edge of the airfoil and also at the leading edge in radial positions near
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to the blade tip. But, as it is observed, the computational values from SpallartAllmaras model show better agreement with the NREL experimental results. Beside
that, Spalat-Allmaras showed better numerical stability and converged easier.
These results show overall agreement between the computational results and the available experimental data. As it will be explained in section 4.2.2, the regions around
the blade walls are the most important for 3D simulation of the flow around the
turbine blade. It is important to discretize the flow domain with an adequate mesh
and sufficient spatial resolution to ensure accurate representation of the flow by the
numerical simulation. Following figures show the validation of calculated 2D pressure
coefficients Cp along blade cross sections at different radial positions

r
R

on the blade

span, using two turbulence models against NREL experimental data [30].

NREL-EXPERIMENTS
k-ω turbulence model
Spalart-Allmaras turbulence model
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Figure 3.9: Calculated 2D Cp at
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R
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Figure 3.13: Calculated 2D Cp at

r
R

= 0.95

These validated results confirm the accuracy of the simulation technique used to reproduce the flow physics around the turbine blade. These results help build trust on
the use of this mesh generation technique, the spatial resolution chosen and the turbulence models tested for the simulation of horizontal-axis wind and marine turbines
under similar conditions of operation (limited flow separation). More validation steps
against previous studies can be found in the report by Mr. Sylvain Antheaume[30].
3.4.2

SRF results

Figure 3.14 shows velocity contours normalized with the undisturbed free stream
velocity on y = constant planes along the computational domain. The sequence
of planes starts upstream of the turbine,
downstream,

Y
R

Y
R

= −0.25 (left corner top) and move

= 2.5 (right corner bottom). As it is shown in this figure, the flow

starts to decelerate as it senses the presence of the turbine blade, which can be seen
from the contours transitioning from green to light blue. At the location of the blade,
Y
R

= 0, acceleration of the flow on the suction side of the blade and deceleration on

the pressure side are observed. Another phenomenon shown at

Y
R

= 0 is the vortex

shedding from the blade tip. Since the tangential velocity at the tip of the blade
reaches its maximum value, the vector summation of the axial and tangential velocity
components will result in a region of high velocity and low pressure (thin, dark red
continuous slice at the tip). Moving further downstream, the tip vortex diffuses in
the flow, becomes weaker and disappears.
Moving further away from the turbine, the velocity contour in the wake become more
homogeneous. At about 1.5 radii downstream of the blade, the turbulent wake become
axisymmetric and further downstream it shows a more homogeneous velocity contour.
Observation of this type of flow behavior led us to use less computational intensive
models such as VBM and ADM which are capable of simulating the axisymmetric
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wake with a good accuracy and low computational cost.
Based on the procedure above and the sample of results shown in figure 3.14 from the
SRF simulations that describe the physics of the flow around a blade very well, the
SRF model is considered validated. Now, the results from other two models, VBM
and ADM, can be compared with SRF results.
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Figure 3.14: Normalized velocity contours on Y-cuts plane along channel.[30]

3.4.3

Comparisons between SRF, VBM and ADM results

Figure 3.15 shows the velocity contours normalized with the free stream velocity on
a y − z plane (parallel to the free stream direction) in the middle of channel for each
model. Superimposed with the contours, velocity profiles along y = constant lines
(perpendicular to the flow direction) show the magnitude of the velocity deficit at
different distances downstream of the blade.
The result at the top of the figure 3.15 corresponds to the simulated flow field with the
SRF model, which is the most complex among the three studied. As shown, the flow
starts to decelerate as it approaches the turbine blade. Right after the blade, in the
near wake region, the flow becomes inhomogeneous. This type of detail in the physics
of the wake can only be simulated by the SRF model. However, further downstream
of the turbine the turbulent wake start to be more uniform and take an axisymmetric
shape. An interesting observation in this figure is the vortex shedding, captured in
form of small, discrete high speed circles near the tip of the blade. Vortices are
stronger closer to the tip, but get weaker as they travel about one radius downstream
of the blade, where the vorticity diffuses and eventually disappear in the flow. Velocity
profiles, plotted in solid black lines, show the magnitude of the velocity deficit in the
wake of the turbine. The maximum deficit occurs closer to the blade and in the near
wake region.
The middle figure shows the flow field modeled via VBM. The general fluid mechanics
of the flow, such as flow deceleration or shape and color coding of the turbulent wake
simulated by this model are in a good agreement with results from the SRF model, but
there are some differences between these results that are worth being consideration.
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Figure 3.15: Results from modeling NREL Phase VI wind turbine with SRF, VBM and ADM.

The first difference is that the VBM can not capture the detail of the flow right after
the blade, since it is averaging the aerodynamic effects of the blade over the whole
area of the disk. Therefore the turbulent wake has an axisymmetric shape from the
beginning after passing the blade. The second difference is in the modeling of the
vortex shedding at the tip of the blade. VBM captures this phenomena in the form
of a continuous crown, which again is a result of averaging the blade effect. Despite
these two differences, the velocity profiles along the channel from the two models are
very similar to each other, particularly after a small distance downstream of the blade.
Only the first velocity profile shown, at Y /R = 1, have some noticeable differences.
All the velocity profiles shown further downstream are in a good agreement with the
SRF results. Figure 4.16 shows a more detailed comparison of the velocity profiles,
from SRF in black and VBM in blue, superimposed on top of each other in order to
visualize the mentioned agreement of the velocity profiles downstream of the turbine.
This agreement confirmed our previous conclusion regarding having an axisymmetric
wake a few radius downstream of the turbine and therefore the modeling of this
type of flow can be done with help of a simpler numerical model such as the VBM.
Beside the agreement of point-wise values of the velocity at different locations, we
observe agreement between integral quantities such as calculated extracted power
and maximum/minimum/average angle of attack [22]. This comparison confirms the
hypothesis that VBM simulates the flow crossing a turbine in a good agreement with
SRF, while decreasing the computational time and the effort for the geometry creation
and meshing process dramatically. Table 3.3 summarize the comparison of integral
quantities between SRF and VBM.

51

52

contour from VBM.

Figure 3.16: Superposition of velocity profiles from SRF model in black and VBM in blue on top of the velocity

Table 3.3: Quantitative agreements and differences between SRF and VBM model.
Model

SRF

VBM

Number of Mesh Elemenst [mil.]

5.1

1.65

Number of Iterations

12000

2500

Calculation Time

3 days

3 hr

Calculated Power [Watt]

5200

5400

Min./Max. AOA [deg.]

5-7

5.11 - 7.54

The third result at the bottom of figure 3.15 shows the simulated flow using the
ADM, the simplest model in this numerical methodology. As it can be inferred from
the result, a gradual decrease in velocity occurs across the disk, but neither the details
of the flow right after the blade nor the tip vortex shedding are being captured by
this model. The modeled velocity deficit by the ADM in the near wake region is
significantly different than the corresponding velocity deficits from SRF and VBM.
Instead of a smooth, curved shape that is observed in the deficit modeled with SRF
and VBM, it has a skewed shape. However, moving further downstream of the turbine
the skewness becomes smaller and the shape of the velocity deficit get closer to the
shape of the corresponding velocity profiles modeled with SRF and VBM. Despite this
weak agreement of the initial results with the ADM, the main advantage of this model
is its minimal computational time requirement, less than an hour, for simulating the
flow with the same mesh size as the VBM.
As a conclusion, since the SRF model captures the details of the flow in the near wake
region and tip vortex shedding, it can be applied to near wake studies, blade design,
optimization and other types of studies where details of the flow field in the near
wake region are required. It should be noted that this detailed modeling implies high
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computational time. Beside that, the time required for creating the SRF geometry
and mesh is significantly longer than that for the VBM and ADM simulations. For
example, for the current geometry and mesh generation for NREL Phase VI wind
turbine, it took several weeks, but the time required for VBM and ADM geometry
and mesh creation was only a few days. This points to the complicated mesh structure
required for the SRF and resolving the small scales at the blade wall as well as
large scales away from the walls. As mentioned earlier, since the VBM averages the
aerodynamic effects of the blades, it requires dramatically less computational time
in comparison to the SRF (see table 3.3), but this also results in a less accurate
simulation of the flow in the near wake region. On the other side of the spectrum,
detailed comparisons of the results from SRF and VBM show a very good agreements
in modeling the flow field in far wake regions of the turbine. Therefore, for the
study of the far wake region and turbine interaction in array of turbines, the VBM
is suggested. At this stage, ADM showed only qualitative agreement with the results
from SRF and VBM. However, its computational time requirement, which is less than
an hour, makes it applicable for quick and rough simulations to get a first take on
the modeling of turbine arrays and the interaction of downstream turbines with the
wake of upstream devices.
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3.4.4

SRF, VBM and ADM results with more realistic boundary conditions

As it was stated at the beginning of this chapter, boundary conditions for the first set
of runs to model the NREL Phase VI wind turbine were based on NREL experiment
conditions. The value of turbulent intensity (see subsection 4.2.4) at the inlet of the
channel was set to 1%. This value corresponds to a well-designed wind tunnel such as
NASA AMES wind tunnel, where the NREL Phase VI turbine was tested. It is not
representative, however, of realistic field conditions for either wind or tidal turbine
applications. A simulation with 10% turbulent intensity at the inlet was performed
to assess the influence of this variable on the results produced by the three models
under comparison. This was estimated to be a conservative value, representative of a
high energy fields of wind turbines.
Figure 3.17 shows results from NREL Phase VI turbine modeling, with 10% turbulent intensity. As it can be observed in the results, the turbulent wake behind the
turbine decays faster and velocity profiles along the channel have different shapes
when compared to the case with lower turbulent intensity. This goes back to the
fact that the magnitude of the turbulent velocity fluctuations is larger and diffusion
is enhanced in the flow. Results from SRF and VBM are similar to the case with
1% turbulent intensity, and are in very good agreement. The small differences in the
velocity profiles for the near wake region are attenuated. The ADM simulation also
shows more promising results and a better agreement with the velocity profiles from
the SRF and VBM results downstream of the turbine.
Having more realistic results by using a more representative value of the background
turbulent intensity, led us to include the Actuator Disk Model (ADM) to our validated
numerical methodology in order to study flow behavior around Marine Hydrokinetic
(MHK) turbine arrays and optimize their arrangement in a farm of devices.
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turbulent intensity to 10% at the inlet.

Figure 3.17: Results from modeling NREL Phase VI turbine with SRF, VBM and ADM with Increased value of

Chapter 4
APPLICATION OF OUR VALIDATED NUMERICAL
METHODOLOGY TO THE STUDY OF MARINE
HYDROKINETIC (MHK) TURBINES
4.1

Introduction

As it was pointed out earlier in chapter 1, Marine Hydrokinetic (MHK) turbine technology is currently in the phase of research and development. Most of the companies
and research institutes are therefore hesitant to announce the specifications of their
development devices, such as geometry, blade design, materials for different parts of
the structure and results of their preliminary tests. However, wind turbine technology
can be considered a well-developed technology. Therefore, a wealth of information, in
the form of papers and technical reports, are publicly available on this subject. Based
on the similarities of this technology with MHK turbine technology, the available studies of wind turbines can be used as a starting point for the study of MHK technology.
For example, the availability of numerical and experimental tests on the NREL Phase
VI wind turbine [21][22] offered the opportunity to validate our methodology under
relevant operating conditions before moving to the study of MHK turbines.
Now that we have validated our numerical models with publicly available results for
the NREL Phase VI wind turbine, these models need to be modified to study a MHK
turbine, which is the main research goal of this thesis. These modifications need to
be done step by step in order to approach the desired conditions and geometry for a
MHK turbine that operates in an estuary or a tidal channel. These modifications will
lead us to a set of realistic modeling conditions and a framework for optimization of
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blade design and study the potential environmental effects of MHK turbines.
4.2
4.2.1

Changing the Working Fluid from Air to Water in SRF model
Free stream and angular velocity modification

The first step in applying the validated numerical methodology to study of the MHK
turbines is changing the working fluid from air to water inside the computational
domain. However, this transition needs to be done with consideration of two fundamental changes. First one is variation of the boundary conditions, such as free
stream velocity of the flow at the inlet of the domain and angular velocity of the
MHK turbine rotating blades, which are related to each other by the definition of the
tip speed ratio (TSR). Second one is the significant changes in fluid variables such as
density and viscosity and therefore non-dimensional numbers such as the Reynolds
number. These fundamental changes might lead to some variable value comparison
with different thresholds and re-meshing the computational geometry, that will be
discussed in detail in the following sections.
First we address and investigate the changes in boundary conditions and resulting
phenomena from these changes such as cavitation that was not a concern in modeling
wind turbines. During the modification of the TSR to the realistic values for modeling
a MHK turbine, the effective angle of attack along the blade and the possibility of
cavitation should be checked to avoid flow separation along the blade and cavitation
happening near the blade surface.
Flow separation is an undesired phenomenon, because it reduces lift, results in a
decrease of the efficiency of the device and produces complex flow near the blade
surface. Cavitation is often a limiting design criterion for different devices handling
liquids, such as hydrokinetic turbines, propellers, and pumps. It can affect device
performance, decreasing power output and efficiency of hydrokinetic turbines or a
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drop in efficiency and head produced by pumps. It can also cause vibration, noise
and in the most extreme cases mechanical erosion and pitting of the surfaces near
which cavitation occurs (see figures 4.1 and 4.2).
A design driver for MHK turbines is the potential cavitation on the MHK turbine
blade surface. This type of cavitation occurs due to the low pressure found in the core
of the blade tip vortex corresponding to the high velocity fluid shedding from the tip
of the blade. A decrease in pressure below the vapor pressure of water at a specific
temperature leads to nucleation, growth and a quick burst of vapor bubbles in the
flow and near the blade surface. The process of bubbles bursting close to the surface
of the turbine blade will result in a very strong microscale jet impingement on that
area. Repetition of this process over a long period of time can lead to serious damage
and failure of the blade [31]. Therefore maintaining a reasonable interval for rotor tip
speed and having an adequate blade design to avoid cavitation and flow separation
along the blade is an important criteria in the design of MHK turbines.

Figure 4.1: Small amount of pitting on a the propeller of a personal watercraft.
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Figure 4.2: Catastrophic failure in the concrete wall of the 15.2 [m] diameter Arizona
spillway at the Hoover Dam caused by cavitation.

In order to roughly estimate a threshold for blade tip speed to avoid cavitation at
the tip of the blade, one can apply Bernoulli’s equation along a streamline between a
point at the inlet of the channel and a point at the tip of the blade, where the pressure
value is important to predict cavitation (points 1 and 2 respectively, in figure 2.2).
Assuming that free surface of water is the reference height and blade tip (point 2) is
10[m] below the free surface. Then point 1 at the inlet, which is along the centerline
of the hub is 15.5[m] below the free surface. The velocity at the inlet is 2[ ms ]. Static
pressure at point 1 is about 255[kP a] and the threshold value for the pressure at
point 2 will be vapor pressure of water at 20 ◦ C, which is about 2.3[kP a]. With these
assumptions the calculated critical velocity at the tip using Bernoulli equation will
be about 23[ ms ]. Considering a value of Cpmin ∗ for the blade equal to 2, a rotor tip
speed between 10 − 13[ ms ] would avoid potential cavitation. It should be noted that
increasing the depth of the deployed device will increase this threshold, due to the
∗

For more details on cavitation scaling readers are referred to [31].
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increase in hydrostatic pressure in water.†
Table 4.2 shows an estimate of the angle of attack and rotor tip speed for different
turbine operating conditions used to select conditions that avoid cavitation and, to
the degree possible, flow separation on the suction side of the blade.
As first test, a free stream velocity of 2 [ ms ] was considered [25] and the angular
velocity was varied between 10 − 20 [rpm] [1]. As it is shown in table 4.2, a rotor
angular velocity of 17 [rpm] with free stream velocity of 2 [ ms ] is a suitable choice
for this geometry. The resultant tip speed ratio (TSR) is also in the same order of
magnitude in compare with other similar designs of tidal turbines, such as Marine
Current Turbine (MCT) and Verdant Power turbine as shown in table 4.1. Later it
will be shown that the calculated maximum and minimum angle of attacks for this
TSR are in a range that extreme flow separation on the span of the blade is avoided.
Furthermore, the calculated value of the rotor tip speed is below the stated criteria
in a way that potential tip vortex cavitation will be avoided as well.

Tidal Turbine Design

Marine Current Turbine

Verdant

NREL Phase VI

Rotor diameter [m]

16.00

5.00

11.06

Max. angular velocity [rpm]

14.30

40.00

17.00

Tides velocity [ ms ]

2.50

2.50

2.00

Tip Speed Ratio (TSR)

4.80

4.20

4.90

Table 4.1: Comparison of the matched TSR for NREL Phase VI with the TSR of
similar tidal turbines [1].

†

This estimation is in a good agreement with our information based on a personal communication
with Peter Fraenkel at Marine Current Turbines. It indicates that for devices with approximately
3-5 meters overhead clearance at top of the rotor the critical blade tip speed would be between
10 − 12[ m
s ].
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Table 4.2: Values of geometric specifications of NREL Phase VI turbine, rotor tip
speed, maximum and minimum angle of attack with different rotor angular velocity
for free stream velocity of 2 [ ms ].
Radii at tip [m]

5.53

Radii at root [m]

1.343

Pitch at tip [degrees]

3

Twist at tip [degrees]

-2.5

Twist at root [degrees]

18

V∞ [ ms ]

2

Angular

Angular

Tip Angle

Root Angle Tip Speed

Rotor Tip

velocity

velocity

of

of

Speeda

[rpm]

[ rad
]
sec

[degrees]

[degrees]

(TSR)

[ ms ]

10.00

1.05

18.55

33.89

2.90

6.13

11.00

1.15

16.93

31.28

3.19

6.68

12.00

1.26

15.56

28.84

3.47

7.23

13.00

1.36

14.38

26.57

3.76

7.79

14.00

1.47

13.36

24.45

4.05

8.35

15.00

1.57

12.47

22.47

4.34

8.91

16.00

1.68

11.68

20.63

4.63

9.48

17.00

1.78

10.98

18.91

4.92

10.05

18.00

1.88

10.36

17.31

5.21

10.61

19.00

1.99

9.80

15.81

5.50

11.18

20.00

2.09

9.30

14.41

5.79

11.75

a

Attack

Attack Ratio

m
Value of rotor tip speed should be below 10-12 [ sec
] in order to avoid tip vortex cavitation.
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4.2.2

Mesh modification

As it is discussed before, the significant changes in fluid variables such as density,
viscosity and therefore non-dimensional numbers like Reynolds number is the second
major change in transition of the working fluid from air to water. This significant
change in the kinematic viscosity value, ν, for water in compare to air, beside the
changes of free stream and angular velocity result in a higher value of Reynolds
number. Therefore, the previous mesh of the SRF computational domain needs to be
modified and re-created in some blocks of the domain in a way that the detail of the
turbulent flow with higher Reynolds number is being captured and a successful flow
field simulation can be obtained.
This mesh modification/re-creation is particularly important in the regions near the
blade, where the dimensions of the boundary layer change due to the change in
Reynolds number associated with the change in working fluid and velocity components. Generally, the presence of walls affect the turbulent flow in various ways. First
of all, the mean velocity field is affected by the no-slip wall boundary condition that
needs to be satisfied at the wall. Second, at distances very close to the wall, viscous
damping reduces the tangential velocity fluctuations, while kinematic blocking reduces
the normal fluctuations. Furthermore, moving further from the near wall region, the
turbulence is rapidly augmented by the production of turbulence kinetic energy due
to the large gradients in mean velocity. In this near-wall region the solution variables
have large gradients and the momentum and scalar transport occur most vigorously.
The size of this near wall region, where all these physical interactions happen, is in
order of few millimeters, therefore very small in comparison to the other length scales
in the domain, which are in order of meters. Hence, either a high resolution mesh or
an accurate model for the near-wall behavior should be provided in order to capture
the details of a turbulent flow in this region accurately. An accurate representation of
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the flow in this region is necessary for a successful prediction of the overall behavior
in turbulent flows.
As it is shown in figure 4.3, the near wall region can be divided into three distinct
sublayers based on the type of the physical interactions happening inside that region
of the flow (section 7.1.3 in [32]). The innermost layer, where viscosity plays the
major role in momentum, heat and mass transfer, is called the viscous sublayer. The
middle layer in which the effects of molecular viscosity and turbulence are equally
important is referred to as the buffer layer. The outer layer where turbulence plays
the major role is called the fully turbulent region. In this figure y + (y + =

uτ y
)
ν

is the

non-dimensional wall distance defined in terms of the wall friction velocity and the
fluid viscosity, and is the key value used in the turbulence wall models that will be
discussed shortly.

Figure 4.3: Three distinct divisions inside the near wall region. Taken from [24]
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There are two different approaches for modeling the near wall region. The first one
is called near wall capturing, in which the turbulence model applied to the interior
of the domain is modified to enable the viscous-affected region to be resolved with a
mesh all the way to the wall, including the viscous sublayer. The second approach
is referred to as wall functions, in which the viscous-affected inner regions, viscous
sublayer and buffer layer, are not resolved. Instead, a semi-empirical formula is used
within the mesh to bridge the gap between the wall and the fully turbulent region,
which is resolved in the mesh. The wall function accurately represents the effect of
the unresolved region in the behavior of the flow in the resolved regions, allowing for
the calculation of mean velocity profiles, flow detachment, dissipation, mean shear on
the wall, etc. Figure 4.4 shows a schematic of these two different approaches.

Figure 4.4: Schematic of wall function and near wall model approach. Redraw
from[24]
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The wall function approach substantially saves computational resources, since the two
inner regions, viscous sublayer and buffer layer, in which the solution variables change
most rapidly do not need to be resolved. This makes the wall function approach
economical, robust, and reasonably accurate for near-wall treatment of industrial flow
simulations, which is our case of study here. Hence, the wall function is preferred and
used in our modeling.
To model the turbulent flow in the near wall regions using the wall function approach
for a coarse mesh with standard or non-equilibrium wall functions, each wall-adjacent
cell centroid should be located roughly within the log-law layer 30 < y + < 300. A
y + value of 30 close to the lower bound is more desirable. Since y + is a function of
density, velocity and viscosity, and the values of these variables are modified when
we apply the developed methodology to the simulation of MHK turbines. Therefore,
mesh used for validation of the methodology for the NREL Phase VI wind turbine
needs to be modified.
The exact expression for y + is
y+ =

uτ y
,
ν

(4.1)

where y and ν are the nearest distance to the wall and kinematic viscosity of the fluid,
respectively. uτ is called the friction velocity defined as
r
τω
uτ =
.
ρ

(4.2)

For the purpose of generating the mesh which satisfies that the first cell centroid from
the wall is in the range of 30 < y + < 300, we estimate the value of y + , a priori, to be
as
+

r

y =

ρuy
.
µ

(4.3)

In equation 4.3 fluid properties such as density and dynamic viscosity are known.
Velocity component u is the relative velocity at the corresponding section of the
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blade. It is equal to the vector summation of horizontal velocity, approximated as
V∞ , and tangential velocity (rω) at that section of the blade. Therefore, by knowing
the minimum value for y + from the above mentioned interval, the value of the nearest
distance between the blade wall and centroid of the first cell on top of the blade wall,
y, is calculated. With this information the mesh is generated for the cell near the
blade wall, within the required range of y + . This allows the wall function approach to
accurately capture the effect of the turbulent flow near the blade walls. The nearest
distance y can be calculated for both the tip and root of the blade, where the relative
velocity component, u is different, and the mesh spacing evolves smoothly between
those values, while keeping a reasonable cell count and satisfying the condition
30 < y + < 300.

Figure 4.5: Zoom out view of the C-mesh around the blade cross section
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Figures 4.5 shows the C-mesh around a two dimensional S809 airfoil and the auxiliary
blocks around the blade section. In the validation runs described in chapter 3 with a
free stream and rotor angular velocity of 6.8 [ ms ] and 72 [rpm] respectively, the distance
from the nearest cell centroid to the wall was 0.0021 [m], but for the application to
MHK turbine, with a free stream and rotor angular velocity of 2 [ ms ] and 17 [rpm]
respectively, it is about 0.0004 [m]. The new value is 5 times smaller than the old
one. This results in a more complex mesh and requires much higher cell counts in
the region near the blade walls. Figure 4.6 shows the difference in the mesh density
near the blade section. As it is shown, the concentration of the cells around a MHK
turbine blade section appears as a continuous blue strip and small cells can not be
differentiated from each other in that region, but for the NREL Phase VI wind turbine
the small cells near the wall of the blade cross section are differentiable without a need
for zoom in.
Once the new mesh was generated and the new boundary conditions were determined,
simulations were conducted for the SRF model. Following are some characteristic
results for flow simulation around a MHK turbine blade using the SRF model.
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(a)

(b)

Figure 4.6: Zoom in of mesh around the blade walls. Airfoil of a MHK turbine blade
(a) and mesh around the NREL Phase VI wind turbine airfoil (b)

Figure 4.7 shows the pressure contours on Y -cut planes along the tidal channel. The
first plane is located at

Y
R

= −0.25 and is shown at the top left of figure 4.7. This

plane is right before the turbine blade in the computational domain. The following
planes are further downstream along the channel, to the bottom left of the figure,
and show the pressure contours at the location of the blade and the other location
till 2.5 radii downstream of the blade. As it can be observed in these results, right
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before the turbine, when the flow sense the existence of the blade, its pressure starts
to increase and is showed as orange and red regions in Y -planes at
Y
R

= −0.10 respectively. At the location of the blade,

Y
R

Y
R

= −0.25 and

= 0, pressure and suction

sides of the blade are shown with dark red and dark blue contours respectively. At
the tip of the blade there is a dark blue region, which shows the tip vortex formed in
that region of the blade, where the pressure is at it’s minimum value. On the next
plane at

Y
R

= 0.10 pressure value decreases in front of the blade. Moving further

downstream of the blade, pressure starts to go back to the pressure at the inlet and,
at the location

Y
R

= 1.00, the effect of the blade can not be observed anymore.

Figure 4.8 shows the corresponding velocity contours on the same Y -planes, showed in
figure 4.7. These results are similar to velocity contours presented for flow simulation
around the NREL Phase VI wind turbine blade on the figure 3.14. Similar to the
results for a wind turbine, the flow decelerates as it gets closer to the blade on the
first two planes at

Y
R

= −0.25 and

Y
R

= −0.10. At the blade location

Y
R

= 0 velocity

decreases significantly on the pressure side of the blade and on the suction side it gets
to its maximum value. At the blade tip the high velocity region corresponding to
the region of low pressure, where the blade tip vortex formed, is shown. As we move
downstream of the blade along the tidal channel, the wake becomes more and more
homogeneous and at location

Y
R

= 2.00 the flow gets an axisymmetric shape.

It should be noted that, this type of detailed results regarding fluid mechanics in
the near vicinity of the blade can be produced only from simulation with the SRF
model among the available models in our methodology. The similarity of these results
to the ones in the step of validating numerical models against NREL experimental
data confirm that the process of application of our methodology for studying a MHK
turbine is on the right track, although more detailed comparisons is needed to confirm
the success of this process, which will be presented in the following sections.
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Figure 4.7: Pressure contours on Y-cuts plane along a tidal channel.
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Figure 4.8: Normalized velocity contours on Y-cuts plane along a tidal channel.

4.2.3

Results

Figure 4.9 shows the results form the application of the SRF, VBM and ADM models
to study the fluid mechanics of the flow around an MHK turbine in a tidal channel.
We observe the same qualitative features found in the validation runs. The blade tip
vortex signature in the SRF, the crown type signature at the edge of the rotor disk
for the VBM, the smooth profile after

Y
R

> 5 in the results from SRF and VBM, the

more realistic momentum deficit near the hub for SRF as compared to VBM and the
lack of ability in ADM to accurately estimate the velocity deficit in the turbulent
wake of the device with the idealized boundary conditions in comparison to the SRF
model and VBM.
Comparison between the SRF results for a MHK turbine (figure 4.9) with the results
from the validation runs for the NREL Phase VI wind turbine (figure 3.15), shows the
vortices shed from tip of the MHK turbine blade travel longer distance (i.e. about 2
radii downstream) than the corresponding vortices shed from tip of the wind turbine
blade (i.e. less than 1.5 radii downstream). The physics behind this difference is that
in the case of MHK turbine the lower value of the kinematic viscosity of the fluid
(i.e. water) results to a higher Reynolds number for the flow, which leads to slower
vorticity diffusion. Therefore, the signature of the tip vortices for the case of MHK
turbine is visible at a larger distance downstream. Another interesting point from
comparisons of these two sets of results is the smoother velocity profile just behind
the MHK turbine at

Y
R

= 5.

The difference between the vortex shedding signature at the blade tip is also valid
in the results from VBM. Comparing results from VBM for MHK and NREL phase
VI wind turbine, the crown type signature, showing the tip vortices, is longer and
extends more than 1 radii downstream of the MHK turbine blade further than in the
results from NREL Phase VI turbine according to the same physics of slower vorticity
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diffusion due to higher Reynolds number (associated, among other variables, with the
higher kinematic viscosity of water than air.)
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Figure 4.9: Velocity contour of simulated flow around a MHK turbine at

Y
R

= 0 with SRF, VBM and ADM .

In order to have better comparisons between the modeled velocity deficits by each of
the three models (i.e. SRF, VBM and ADM), the corresponding simulated velocity
profiles on each y − z planes along the tidal channel are superimposed on top of each
other, as shown in figure 4.10. Figure 4.10 shows that the ADM is underestimating
the velocity deficit along the channel in comparison to the SRF model and VBM with
current idealized boundary conditions. However, the simulated velocity deficit from
SRF and VBM show very good agreement. For the velocity profiles at the first three
cross sections downstream of the turbine, modeled with SRF and VBM, the main
disagreement is close to the root of the blade where flow separation occurs. Since
VBM is averaging the effect of the turbine blade on the flow, it is underestimating
the deficit. Moving further downstream along the tidal channel, disagreement of the
modeled velocity profiles from SRF and VBM happens at the region close to the blade
tip. Again, since the fluid mechanics of the flow is not being accurately modeled at
the blade tip using VBM, the simulated deficit is a little off and is in a good agreement
with the simulated deficit with the ADM. Despite these small differences between the
modeled velocity deficit from SRF and VBM, it can be stated that VBM is doing
a good job modeling the turbine wake considering the degree of simplification and
decrease of computational cost and time, which has been addressed earlier in chapters
2 and 3.
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a tidal channel.

Figure 4.10: Superimposed simulated velocity deficits from SRF, VBM and ADM models on X-cut planes along

In order to have another confirmation regarding a successful process of applying our
developed numerical methodology for study of MHK turbines, we looked at the limited
streamlines along the MHK turbine blade and compared it with results from validation
runs for wind turbine blade span. As it was showed in table 4.2, and discussed in
depth in subsection 4.2.1, the values for the rotor tip speed and angle of attack
along the blade were being calculated in order to avoid cavitation at the tip and flow
separation along the blade. Based on these calculations, we set the free stream and
angular velocities of 2 [ ms ] and 17 [rpm] respectively, so the magnitude of the rotor
tip speed is below the critical value and therefore cavitation will be avoided. Figure
4.11 shows, the streamlines along the suction side of the turbine blade and contours
of the pressure.

Figure 4.11: Limited streamlines on top of the pressure contours, along the suction
side of a MHK turbine blade with Tip Speed Ratio (TSR) of 4.92 modeled with SRF.
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This result confirms the low values of the relative negative pressure, with a maximum
of 70[kP a] (compared to 300[kP a] hydrostatic pressure for a 20[m] depth at the blade
tip), except for a small separated region on the trailing edge at the root. It should
be noted that the preliminary calculations predicted a maximum angle of attack of
18 ◦ at this configuration which would lead to significant separation (see table 4.2.1).
The actual angle of attack is approximately in the range of 6 < α < 8.5. This shows
that the preliminary calculations significantly overpredicts the angle of attack based
on the free stream and angular velocities. It is important to take this into account
when choosing operating conditions to extract the maximum power possible while
keeping separation and cavitation under control.
Figure 4.12 shows the limited streamlines along the blade of the NREL Phase VI
wind turbine from the validation runs. As it can be seen the pressure contours are
very similar to the one showed in figure 4.11, but the pressure magnitudes are very
different. In the case of the NREL Phase VI wind turbine, flow separation happens
near the root of the blade as well, but its location is in the middle section of the root,
in comparison with the case of MHK turbine which is closer to the trailing edge of
the blade at the root.
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Figure 4.12: Limited streamlines on top of the pressure contours, along the suction
side of the NREL Phase VI wind turbine blade with Tip Speed Ratio (TSR) of 6.13
modeled with SRF.

4.2.4

Results from MHK turbine modeling with more realistic boundary conditions

So far, most of the results for both the validation runs for modeling the wind turbine
and application runs for simulating flow around a MHK turbine were based on the
idealized boundary conditions of NREL experiments. However, now that we are trying
to approach the most realistic boundary conditions for modeling a MHK turbine, the
idealized boundary conditions need to be modified as well.
One of these boundary conditions need to be modified is the value of the turbulent
intensity in the domain. Turbulence intensity is defined as the ratio of Root-MeanSquare (RMS) of turbulent velocity fluctuations to the mean velocity of the flow as
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√
< u02 >
,
I=
<u>

(4.4)

where the brackets indicate an ensemble averaged value of the variables.
For the previous runs (both validation runs and MHK application runs), the value of
turbulent intensity at the inlet of the channel was set to be equal to 1%. This value
corresponds to a well-designed wind tunnel, such as NASA Ames wind tunnel used
in NREL experiment. However, based on field measurement, it has been shown that
the value for turbulent intensity for tidal power applications is closer to 10% [33].
Figure 4.13 shows the velocity contours on a x − z plane along the tidal channel
with 10% turbulent intensity at the channel’s inlet. Since the increment of turbulent
intensity in the free stream leads to a higher turbulence level in the flow, the mixing
and diffusion processes within the flow increase.
As it is showed in figure 4.13 for the cases with higher value of turbulent intensity,
the turbulent wake of the MHK turbine decays faster downstream of the tidal channel
in comparison to the results with 1% turbulent intensity (see figure 4.9). This goes
back to the fact that the magnitude of the turbulent velocity fluctuations is larger
and diffusion is enhanced in the flow. As a result, the simulated velocity deficit in the
turbulent wake decays faster, such that about 10 radii downstream of the channel, the
magnitude of the velocity deficit decreases significantly and the velocity profiles gets
closed to a monotonically increasing profile shape in the far wake region with a very
sharp slope. Another significant difference between the results with 10% turbulent
intensity in comparison to the 1% is the faster diffusion of the vortices shed from
the tip of the blade. In case of 1% turbulent intensity two helical vortices shed from
tip of each blade, propagate about 2 radii downstream of the blades without loosing
coherency. This is observed as 4 discrete dark red circles close to the tip of the blade
(see figure 4.9). However, since increasing the value of the turbulent intensity to 10%
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enhances the diffusion in the flow field, two mentioned helical vortices propagate only
about 1 radii downstream, after which they loose coherency and dissipated in the
flow. This is observed as only 2 discrete dark red circles, showing high speed regions,
near to the tip of the blades (see figure 4.13).
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Figure 4.13: Velocity contour of simulated flow around a MHK turbine with turbulent intensity of 10% .

The increased value of the turbulent intensity at the inlet of the channel led to a
better agreement in the modeled velocity deficit downstream of the channel via ADM
in comparison to the corresponding velocity deficits modeled by SRF and VBM. This
also led to a better agreement between the simulated velocity deficit from SRF and
VBM close to the end of channel in comparison to the case of 1% turbulent intensity
(see figure 4.10. In order to have a more detailed comparison between the modeled
velocity profiles on each y − z plane along the tidal channel from SRF, VBM and
ADM, they are superimposed in one figure on the same coordinate as shown in figure
4.14 (similar to the comparison made for the case with 1% turbulent intensity).
This result shows that, after about 3 radii downstream of the device, the skewed shape
of the simulated velocity profile from the ADM evolve to a more smooth shape, closer
to a Gaussian profile. However, ADM still underestimates the value of the deficit
in comparison with SRF and VBM. Moving further downstream, the shape of the
velocity profile from ADM becomes closer to the one from SRF and VBM. This looks
more promising compared to the skewed shape profile all along the channel with 1%
turbulent intensity. Therefore, the ADM can be applied for simulating the flow field
in an array of multiple turbines, taking advantage of its minimum computational time
requirements.
Comparing figures 4.10 and 4.14 for 1% and 10% turbulent intensity, it can be seen
that the difference between the modeled velocity deficits from SRF and VBM decreases by increasing the turbulent intensity magnitude. This is associated to the
higher diffusivity in the flow. Thus, for more realistic conditions for tidal flows, SRF,
VBM and ADM results are in better agreement with each other.
These results show that the process of applying the validated methodology against
experimental data of the NREL Phase VI turbine was successful. For the same
turbine blade geometry, results are very similar to the previous ones although some
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minor differences have been observed. However, the current geometry and blade
specifications of the NREL Phase VI turbine doesn’t allow us to have higher free
stream velocity at the inlet and higher angular velocity. Therefore, blade redesign
needs to be implemented in order to explore a wide range of operating conditions
representative of MHK applications (Reynolds numbers and Tip Speed Ratios). The
flexibility of VBM for imposing different boundary conditions offers the opportunity
to start the study of potential environmental effects of MHK turbines. In the next
subsection, and more extensively on chapter 5, several potential environmental effects
of the MHK turbines in tidal channels will be described.
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a tidal channel with 10% turbulent intensity.

Figure 4.14: Superimposed simulated velocity deficits from SRF, VBM and ADM models on X-cut planes along

4.3

Application of the Virtual Blade Model (VBM) with Modified Computational Domain to Study the Potential Environmental Impacts
of a MHK Turbine.

As explained above in subsection 2.2.2, the VBM simulates the effect of turbine
blades on the flow via a circular disk with an area equivalent to the swept area of
the turbine and some information about the performance of the blades as an input.
The absence of the actual geometry of the blade in VBM and not having a rotating
reference frame makes this model capable of using realistic boundary conditions in its
computational domain. This is just the opposite to the SRF model, which is limited
by rotationally symmetric boundary conditions in its domain (see subsection 2.1.2).
Therefore, different boundary conditions can be applied on the VBM computational
domain.
The secondary research goal of this thesis, after developing a methodology to model
the Marin Hydrokinetic (MHK) turbines, is to study potential environmental effects
of MHK turbines, such as the effect of the sudden pressure fluctuation across the
turbine blades on small marine species or sedimentation of suspended particles in
a tidal channel using the developed and validated numerical models. Modeling the
bottom effect of the channel would give the opportunity of having realistic velocity
profiles at the inlet of channel (i.e. turbulent boundary layer velocity profile instead
of uniform profile) and also the possibility of studying the sedimentation of suspended
particles, that interact with the turbulent wake of the turbine. Therefore, modeling
the bottom effect becomes necessary for future studies and we started to work with
VBM domain to model this effect, since this modeling is not possible with the SRF
model limitations. However, since SRF captures the detail of the flow field right after
and before the blade, it can be used for study the effect of pressure spike across the
blade on small marine species. It should be noted that this type of study can not
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be done via VBM, since it does not capture the details of the flow in the near wake
region.
In order to be able to model the channel’s bottom effect and imposing different boundary conditions on the channel walls, we use a more realistic channel geometry with a
square cross section, unlike the cylindrical domain used for SRF. There are 4 distinct
lateral surfaces to apply the appropriate boundary conditions. For example, we can
apply a no-slip condition on bottom, impose a given mean velocity profile on the
side walls and mimic the free surface on the top with a no stress condition. Figure
4.15 shows the computational domain for VBM. It should be noted that for future
comparisons purposes with the SRF results area was kept the same so that the blockage effect of turbine, seen as a small increase in the free stream velocity around the
turbine as compared to the inlet, is similarly represented.
Figure ?? shows results from a VBM simulation of a MHK turbine in a rectangular
channel. Note that the hub section here is not a hollow cylinder along the channel
as it was in the SRF. It has been set to be a fluid zone, hence flow acceleration is
being observed at the hub section of the turbine, due to the reduction in cross section.
Currently, we are working on a more realistic way of modeling the hub section, by
either calculating the drag coefficients for that section of the blade via a higher fidelity
numerical model or finding an accurate approximation for the hub using the Actuator
Disk Model, so that a reasonable physical velocity deficit will occur in the near wake
region behind the hub section.
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turbine in a tidal channel.

Figure 4.15: Flow domain in the application of the VBM model to the simulation of Marine Hydrokinetic (MHK)
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contour from VBM.

Figure 4.16: Superposition of velocity profiles from SRF model in black and VBM in blue on top of the velocity

Chapter 5
NUMERICAL MODELING OF THE POTENTIAL
ENVIRONMENTAL EFFECTS OF MARINE
HYDROKINETIC (MHK) TURBINES
At this stage, a hierarchy of numerical models to simulate the flow field around and in
the turbulent wake behind an MHK turbine has been developed. The converged flow
field solution from these numerical models will provide the values of different physical
variables (i.e. velocity components, pressure, turbulent properties and etc.) within
the flow. This makes it possible to model the potential environmental effects of a
MHK turbine, such as interaction of the device with small marine species in a tidal
channel or settling process of suspended particles affected by the turbulent wake of
the device in the flow. However, it should be noted that the availability of an accurate
estimate for different variables in the flow field strongly depends on the fidelity of the
numerical model. Thus, the capabilities of each model for simulating the potential
environmental effects should be addressed and investigated.
The two potential environmental effects studied here are the influence of sudden pressure fluctuation across the turbine blade on small marine species and the influence
of the momentum deficit in the turbulent wake on the sedimentation process of suspended particles in the flow. Pressure fluctuation across turbine blades and in blade
tip vortices can damage internal organs of marine species as they swim through the
device. In addition, the velocity deficit in the turbulent wake of the turbine might enhance the sedimentation process of suspended particles in a tidal channel and lead to
deposition into artificial patterns that alter the benthic ecosystem just downstream
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of the turbines. These are just two examples of potential environmental effects of
MHK turbines that need to be addressed and investigated a priori before large scale
deployment can be proposed and permitted.
In this chapter, results from small buoyant particles, representing juvenile fish, and
small heavy particles sedimenting in the flow, are presented. For the slightly buoyant
particles, the pressure history will be studied statistically with particular attention
to the high magnitude of the pressure fluctuations occurring over short periods of
time. These high impulse conditions are correlated with damage thresholds obtained
from laboratory experiments from the literature. For the sedimentation of suspended
particles, the settling velocity and terminal location of particles on the bottom of the
tidal channel will be compared with the simulated flow in the channel without any
turbines. This allow us to establish the potential for effects of MHK turbines wake
on sedimentation of suspended particles in a tidal channel
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5.1

Modeling interaction between flow and particles in a tidal channel

Suspended particles in the ocean and tidal channels are just one example of particleladen turbulent flows. Given the wide range of application of this type of flow, understanding the underlying physics and how the carrier flow and the particles interact
with each other has become a field of interest for scientists and engineers.
Study of particle-laden turbulent flows can be done either by an Eulerian-Eulerian or
Eulerian-Lagrangian approach. In the first one, both the carrier flow and the particles will be modeled as two separate continuous phases, and conservation equations
are solved for both of them. In the second approach, the carrier flow is the continuous phase, but the particles will be considered individually and simulated with the
equation of motion for each discrete particle. The best way to study the particles
used to model the fish and sediment in the flow is to consider them as Lagrangian
tracers. The volume fraction of particles (both fish and sediment) in the flow is very
low (less than 10−6 ) and therefore the particle-fluid and particle-particle interactions
are negligible. This application is therefore a perfect candidate for study with the
Eulerian-Lagrangian formulation.
The physical description of the flow (i.e. size and volume fraction of particles in the
flow) is the key point that sets the most important interactions between carrier flow
and particles to study. For example, in a turbulent flow with small particle size and
volume fraction, the most important interaction would be the one that the carrier flow
has on particles (one-way coupling) and other interactions can be neglected. However,
if the volume fraction increases, then the effect of particles on the flow and sometimes
even on each other might become important too (two and four-way coupling).
Based on our assumptions and the geometry of the tidal channel, which will be discussed in detail later in this chapter, and using the diagram suggested by Elghobashi
in 1991 [27], the most important interactions between the carrier flow and the particles
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used to model the sediment and juvenile fish can be identified from figure 5.1.

Figure 5.1: Map of regimes of interaction between particles and turbulence.

Φp : volume fraction of particles, Φp = M Vp /V
M : number of particles
Vp : volume of a single particle
V : volume occupied by particles and fluid
d : diameter of particle
τp : particle response time = ρp d2 /(18ρf ν) for Stokes flow
τk : Kolmogorov time scale = (ν/)1/2
τe : turnover time of large eddy = l/u
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This diagram shows the non-dimensional response time of particles (Stokes number)
versus their volume fraction in the flow. As it is shown in figure 5.1, for higher
volume fraction, as the number of particles increases in the flow, their effect on the
flow becomes more complex (2-way coupling). Increasing the volume fraction even
further leads to an interparticle distance that results in the particles affecting the
motion of the surrounding particles (4-way coupling). In the later sections of this
chapter, figure 5.1 is used based on the specification of the geometry to characterize
the most important interactions to study.
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5.2

Modeling the Effect of Sudden Pressure Fluctuation on Small Marine Species Across a MHK Turbine Blade

The existence of a sudden pressure fluctuation across the turbine blades has been
addressed in the theory section of the actuator disk model (ADM) in detail (section
2.3.2). Based on the magnitude and time duration of this sudden pressure fluctuation,
internal organs of small marine species might be damaged or they even might be killed
during the exposure to this sudden fluctuation (figure 5.2). It should be noted that
we are addressing this physical phenomena as a potential environmental effect of
MHK turbines, therefore more investigations need to be done, in order to make solid
conclusions.

(a)

(b)

Figure 5.2: External view of internal hemrrhages (a) and non-hemorrhaged (b) juvenile bluegill [34].

Among the available numerical models in our methodology, SRF captures the instantaneous details of the flow across the turbine blade. Therefore, the pressure history
on particles can be accurately modeled with this model. Since VBM or ADM average
the blade effects on the flow, they will not be suitable for this modeling purpose.
Here, a number of buoyant particles, modeling juvenile fish, will be injected at the
inlet of the SRF domain. The pressure history along their trajectories will be studied
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statistically with particular attention to the high magnitude of pressure fluctuations
occurring over short periods of time. These high impulse conditions are correlated
with damage thresholds obtained from laboratory experiments in the literature to analyze the severity of the interaction between MHK turbines and small marine species.
5.2.1

Numerical Modeling Theory

Discrete Phase Model (DPM) is the numerical model used to simulate these multiphase flows in ANSYS FLUENT. This model is based on the Eulerian-Lagrangian
approach. A fundamental assumption made in this model is that the dispersed second
phase occupies a low volume fraction. The particle trajectories are predicted by integrating the force balance on the particle, which is written in a Lagrangian reference
frame, following each particle. This force balance equates the particle inertia with
the forces acting on the particle in x direction as
dup
gx (ρp − ρ)
= FD (u − up ) +
+ Fx ,
dt
ρp

(5.1)

where the variables with the “p” subscript refer to the particle variables and those
without subscript refer to the variables of the carrier flow. Here u is the velocity, ρ is
the density and gx is the gravitational constant in the specified direction.
In this equation, the first term on the right hand side of the equation is the drag
force per unit particle mass, the second one is the gravitational force in the specified
direction and the third term is an additional force term that can be defined based
on additional physical forces in the flow (i.e. Saffman’s lift force, Brownian force and
etc.). In this model, the shape of the particles is assumed to be spherical, therefore
the drag force FD will be computed by

FD =

18µ Cd Re
,
ρp dp 2 24
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(5.2)

where dp is the particle diameter, Cd and Re are the drag coefficient and relative
Reynolds number respectively. These are defined as
Re ≡

ρdp |up − u|
,
µ

C d = a1 +

a3
a2
+
,
Re Re2

(5.3)
(5.4)

where a1 , a2 , and a3 are constants that apply over several ranges of Reynolds number
given by Morsi and Alexander, 1972 [35].
DPM models the particle path in the flow, using the mean velocities of the fluid
and the particulate phase at each cell integrating the force balance equation. Since
the flow inside the channel is already converged from the previous simulations, the
pressure history of the particle along its path can be interpolated. In the next section,
the details of the injection method for buoyant particles is explained and the results
from this modeling presented.
5.2.2

Assumptions

Juvenile fish are modeled as slightly buoyant spherical particles. The density ratio
of these particles with respect to water is considered to be 0.95 and their diameter
is 5[mm]. These values of density ratio and size of particles were chosen based on
the literature to represent small marine species swimming in water. These particles
are being injected at the inlet of the channel from a 5 by 10 grid at different points
with respect to the MHK turbine blade as shown in figure 5.3. This injection grid
provides various particles paths through turbine blade with various horizontal and
vertical distances from the blade. Therefore, the covered area around the device is
wide enough, so that the most critical places that pressure fluctuation can lead to
serious damages for the small marine species are investigated.
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Based on the above assumptions for the number and size of the particles, the volume
fraction, Φp , is estimated to be very small (order of 10−11 ). This value confirms the
use of one-way coupling in the simulation and the neglect of any influence of the
particle dynamics on the flow (2-way coupling) or on each other (4-way coupling), see
figure 5.1.

Figure 5.3: Injection plane at the inlet of SRF domain. 10 Particles are equally
distributed along each injection rake. The reference height is assumed to be at the
free surface of the tidal channel with 16[m] depth (all dimensions are in meters [m]).
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5.2.3

Results

We analyze the effect of the the flow around the turbine on the pressure sensed by
the particles, acting as fish surrogates, as they traverse the turbine disk. To analyze
this phenomenon, we will decompose the pressure into three components that can be
described separately. First, we identify the static pressure, which is associated with
the state of the fluid. Second is the dynamic pressure that is a result of fluid motion.
This quantity is defined based on the density and fluid velocity as
1
Pdynamic = ρV 2 ,
2

(5.5)

Usually the summation of these two pressure forms, static and dynamic, is called the
total pressure. Therefore, the effect of these two forms is addressed as the effect of
total pressure. The total pressure is defined as

Ptotal = Pstatic + Pdynamic .

(5.6)

The last component of pressure is the hydrostatic pressure. This component, which
is part of the static pressure, is exerted by the weight of the fluid due to gravity and
depend on the height of the fluid column above the particles. Considering that the
reference height is the free surface of water, the hydrostatic pressure in the fluid will
vary based on the following relation:

Phydrostatic = ρgz.
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(5.7)

The effect of the sudden pressure fluctuation through the MHK turbine blade was only
observed on the particles being injected from the centerline rake located at x = 0.0
and the first rake on its left with -0.5 [m] offset at the inlet of the channel (see
figure 5.3). Particles that have been injected from rakes with 1.0 [m] offset on right
and left hand side of the centerline rake at the inlet located at x = 1.0 and x = −1.0
respectively (see figure 5.3), pass the turbine blade with a fairly large horizontal offset.
Therefore, the pressure fluctuation effect could not be observed in pressure history
of those particles anymore. Three of the bottom particles that were injected from
the rake at x = 0.5 on the right hand side of centerline rake (see figure 5.3), hit the
blade wall and after that the path of those particles can not be modeled further. This
is associated to the limitations of the Single Reference Frame model with absolute
particle tracking. Use of this model to study blade strike is being further investigated
based on this preliminary results.
Results of injected particles from the centerline rake located in x = 0.0[m] at the inlet
of the channel.
Figure 5.4 shows the static (including hydrostatic) pressure on the particles injected
from the centerline rake located in x = 0.0 at the inlet, versus the normalized length
of the tidal channel. The reference pressure here is 101.3 [kPa] at the reference height,
z = 0, which is the top of our computational domain. Positive z-axis points downward
to the bottom of the computational domain. The particles that are injected at lower
levels experience higher hydrostatic pressure. Since the particles are slightly buoyant,
right after being injected they start to rise up along in the tidal channel, thus their
hydrostatic pressure will decrease linearly along their trajectories.
The most interesting point of the pressure history of particles is the sudden pressure
fluctuation that the particles experience around the location of the blade at
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Y
R

= 0.

Figure 5.4: Pressure history on particles injected from centerline rake at x = 0.0 on
the inlet versus the normalized length of the tidal channel.

Since the hydrostatic pressure decreases linearly and particles height does not change
dramatically through the blade, the observed spike is a result of sudden changes in
the static pressure due to the flow acceleration. Right before and after the MHK
turbine blade, the state and velocity of the fluid changes rapidly and this lead to
sudden fluctuations of the pressure.
Beside the value of the pressure at the peak and trough, the time duration as experienced by the fish moving through the turbine blade is important. Figure 5.5 shows
the variation of the static pressure on each injection versus the particle residence time.
The sudden pressure fluctuation starting from top of the spike to its bottom, happens
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Figure 5.5: Pressure history on particles injected from rake at x = 0 at the inlet
versus residence time.

in less than 0.2 seconds. Having the specific data, the ratio of pressure fluctuation
to time ( ∆P
) for each particle can be compared to the threshold values from PNNL
∆t
experiments [34].
Figure 5.6 shows the particles injected from the rake to the left of the centerline,
located in x = −0.5 [m] at the inlet of the channel. These results do not show the
pressure spike at the location of the blade

Y
R

= 0 found in previous results. This is

due to the larger horizontal distance to the particles from the tip of the turbine blade.
The disappearance of the pressure spike was observed in injections from other rakes
due to their larger horizontal and vertical distance from the span and the tip of the
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blade respectively.
Figure 5.7 shows the total pressure history of five injections at bottom of the same
rake versus channel length. Comparing this with figure 5.5, it is observed that the
pressure difference experienced by particles decreased by about a factor of 4. Although
the effect of tip vortices is still appreciable and a small spike exists at

Y
R

= 0, the

magnitude of this fluctuation is small.

Figure 5.6: Pressure history on particles injected from rake at x = −0.5 at the inlet
along the tidal channel.
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Figure 5.7: Pressure history on particles injected from rake at x = −0.5 at the inlet
versus residence time.

Comparison between Pacific Northwest National Laboratory (PNNL) thresholds and
results from these simulations
PNNL has investigated the response of fall chinook salmon and bluegill sunfish to
a rapid pressure change in an experiment conducted in their laboratory facilities
[34]. The PNNL experimental setup consists of a computer controlled cylinder and
piston, that is capable of creating a variety of pressure regimes. Through a computercontrolled gas pressurization system attached to the pneumatic cylinders, the positions of the hydraulic cylinders were moved to either pressurize or depressurize the
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chamber.
In the PNNL experiment, both fish species were acclimated for 16-22 hours at either
101[kP a] or 191[kP a] of pressure before exposure to a scenario of changing ambient
pressure simulating passage through a hydropower dam turbine. The pressure is
simulated via a gradual pressure increase to about 200[kP a] of pressure, followed by
a sudden decrease in pressure to about 70[kP a] (test 1) or 100[kP a] (test 2) in about
0.4[sec], followed by gradual return to 101[kP a]. Following the exposure, fish were
held at surface pressure for a 48-hours post exposure observation period.
Results of PNNL experiment showed that no fall chinook salmon died during or after
exposure to the pressure fluctuation, and no injuries were observed during the 48
hour post-exposure observation period. For bluegill sunfish exposed to the pressure
fluctuation, only one fish died and injuries were less severe and less common than for
bluegills subjected to higher pressure differences in two other experiments [28], [29].
Table 5.1 shows a summary of the initial height of each injection, pressure difference,
the time interval that each particle is being exposed to it and the ratio of pressure
difference to the time interval from numerical simulation. Table 5.2 shows the same
variables from the PNNL experiments. Providing a data summary similar to what
is showed in table 5.1 from numerical simulation of particles pressure history would
provide the opportunity of an accurate comparisons against experimental thresholds.
For our study, comparing the numerical results showed in table 5.1 against the experimental PNNL data from table 5.2 shows that the values of

∆P
∆t

experienced by

the particles (highlighted in green) are of the same order of magnitude as the fish
in the experiments. The exact value is smaller, but that is only representative of
the specific conditions chosen for this test (turbine power, depth, TSR, blade design,
...). The value of ∆P simulated is also similar to the one measured for hydropower
dam turbines. These preliminary results indicate that this issue, the pressure fluctu-
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ations imparted by MHK turbines on small marine organisms as they flow through
the turbines, could be considerable and therefore should be studied in future turbine
development. This methodology can be applied to numerical simulations that are
done as part of the performance analysis and wake interactions studies, with very
little overhead. It promises to shed light into the potential effects and guide the
environmental optimization and monitoring.

Table 5.1: Sudden pressure fluctuation value and its duration experienced by simulated particles.
Zinitial

∆t[sec]

∆P [kP a]

∆P kP a
[
]
∆t sec

12.80

0.13

12.74

98.00

13.40

0.18

12.33

68.50

14.00

0.20

10.96

54.80

14.50

0.18

10.06

56.00

Table 5.2: Sudden pressure fluctuation value and its duration experienced from
PPNL data.
Test #

∆t[sec]

∆P [kP a]

∆P kP a
[
]
∆t sec

1

0.40

131.70

329.25

2

0.40

111.40

278.50
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5.2.4

Conclusions

In conclusion, although the magnitude of the hydrostatic pressure fluctuations experienced by particles along the channel is larger than the change in static pressure due
to the flow acceleration, it occurs over a large time interval and therefore will give
fish enough time to adjust to the perturbation.
The region where the maximum pressure fluctuation happens is the leading edge of
the blade tip. Tip vortices are formed there and the pressure in that region of the
suction side is very low. Based on the results from our simulation and comparing
them with experimental results from PNNL, it has been shown that the ratio of this
pressure fluctuation over its time interval is comparable than the minimum thresholds
set by PNNL. However, beside the magnitude of the sudden pressure fluctuations,
other criteria such as gas supersaturation level and the depth from where the fish are
being entrained from may play an important role in the study of the effect of pressure
fluctuations on marine species. Considering these criteria in our modeling is beyond
the scope of this work at this stage.
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5.3

Modeling the Effect of MHK Turbine on Sedimentation of Suspended Particles in the Flow

The potential effects of the turbulent wake behind a hydrokinetic turbine resulting
in enhancement or reduction of the sedimentation process of suspended particles in
the flow and their effects on the environment has been briefly addressed before in this
chapter. In this section, the procedure and assumptions for finding the best approach
and model for simulating the particles motion in the flow, the details of the model’s
theory and the governing equations will be explained. Finally the results from these
simulations will be presented and analyzed.
Numerical Modeling Theory
Based on the governing equations of DPM explained in subsection 5.2.1, the mean
velocity component of fluid phase is being considered for modeling the trajectory of
the particles. However, from our previous simulations, we have already modeled flow
in the channel as highly turbulent. To be consistent, the effect of the fluctuating
component of the velocity needs to be considered in modeling the effect of the turbulent wake on sedimentation of suspended particles in the flow. In order to take the
effect of the fluctuating velocity into account, stochastic tracking, also referred to as
Discrete Random Walk (DRW) model, should be used.
Discrete Random Walk model, predicts the turbulent dispersion of particles by integrating the trajectory equations for individual particles, using the instantaneous
fluid velocity ū + u0 (t), along the particle path during the integration. In this formulation, the fluctuating velocity components are discrete piecewise constant functions
of time. Their random value is kept constant over an interval of time given by the
characteristic life time of the eddies. By computing the trajectory in this manner for
a sufficient number of representative particles, the random effects of turbulence on
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particle dispersion can be incorporated in the model.
Velocity fluctuation components that prevail during the lifetime of the turbulent eddy
are defined as follows:
q
u = ζ u0 2
q
v0 = ζ v02
q
w0 = ζ w0 2
0

(5.8)
(5.9)
(5.10)

where it is assumed that the fluctuating velocity components obey a Gaussian probability distribution. ζ is a zero mean, unit variance, normally distributed, random
number and the other terms on the right hand side of the above equations are the local
RMS value of the velocity fluctuations. Assuming that the turbulence flow is isotropic
and knowing the kinetic energy of turbulence at each point in the flow, RMS values
can either evaluated directly when the Reynolds Stress turbulence model is used or
can be defined as follows for k − ω turbulence model:
q
q
q
p
2
2
0
0
u = v = w0 2 = 2k/3

(5.11)

in this formulation the characteristic life time of the eddy is defined as:
τe = 2TL

(5.12)

where TL for small tracer particles is called the fluid Lagrangian integral time and is
approximated as:
TL ≈ 0.15

k
1
≈ 0.15

ω

(5.13)

Another time scale in this model is the particle eddy crossing time defined as follow:
tcross = −τ ln[1 − (

Le
)]
τ |u − up |

(5.14)

where τ is the particle relaxation time, Le is the eddy length scale, and |u − up | is
the magnitude of the relative velocity. The particle is assumed to interact with the
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fluid phase eddy over the minimum of the eddy life time and the eddy crossing time.
Whenever this time is reached, a new value of the fluctuating velocity is calculated
by applying a new value to ζ.
5.3.1

Assumptions

At this stage, the goal is to study the effect of the turbulent wake generated by an
MHK turbine on the sedimentation process of suspended particles in a tidal channel.
Since the sedimentation is not an instantaneous effect, but rather it depends on
the average effect of the velocity deficit on the particle trajectories, VBM is a good
candidate for this study. Furthermore, based on our previous results, VBM simulates
the majority of the turbulent wake, excluding the closest area one to two radii away
from the turbine, with a very good level of approximation. It is much less expensive
than the SRF model from a computational point of view and can thus be used with
much larger domains where the cumulative effect of multiple turbines can be studied.
It does not have any restrictions on applying different boundary conditions (modeling
the channel bottom effect) in the domain. Therefore, it is used to model the particles
sedimentation process.
The suspended particles are considered to have spherical shape. They are being
injected from a 20 by 20 injection grid located at the inlet of the channel. This
injection plane dimensions are such that it covers a turbine area and a small lateral
region in its surroundings. In order to capture the effect of the turbulent flow, DRW
model is set to use a number of tries equal to 10, meaning that each initial position of
a particle is tested 10 times, and in each test the fluctuating component of the velocity
is evaluated based on random fluctuations, see equation 5.8 . This will provide the
basis for statistical analysis of the results.
The material of the sediment particles is modeled as slightly denser than water, such
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that they settle under the effect of gravity. Their density ratio with respect to water
is set to 1.2 and 2.5. As for the size of particles, different diameters such as 100[µm],
1[mm], 5[mm], 1[cm] and 5[cm] are used in order to cover a wide range of particle
sizes.
Injected particles travel along the channel and interact with the velocity deficit in
the turbulent wake and the accelerated flow around the turbine. The decelerated and
accelerated flow affect the particle paths and the sedimentation process. The location
of sedimented particles at the bottom of channel and the number of particles that
made it to the outlet of the channel are investigated and compared with particles in
the same channel but without turbines in it. This comparison will reveal the potential
impact of MHK turbines environmental effects.
5.3.2

Results

Figures in this sub-section show a top view of the bottom of the tidal channel. In
these figures, x and y-axis show the length and width of the channel respectively
and the center of the turbine disk is located at (0,0). Different color symbols show
the sedimented particles on bands along the bottom of the channel. For comparison
purposes, the region downstream of the device was divided into 50 [m] bands along
the channel and particles sedimented on each band are shown with different color.
Legend in the figures show the percentage of sedimented particles on each band. The
title of the figure give the details of injection grid size and location, applied numerical
scheme, number of tries, particle properties (i.e diameter and density ratio) and the
percentage of the particles that reached the outlet of the channel.

112

5.3.3

Sedimentation process of particles with 5[cm] and 1[cm] diameter.

Preliminary results show that particles with 5[cm] diameter behave as very heavy
particles, with their paths deviating minimally from ballistic trajectories. Their sedimentation process starts under effect of gravity right after being injected at the inlet
of tidal channel and they mostly settle on the first band, without being affected by
the turbulent wake of the MHK turbine. Therefore their sedimentation process does
not show any significant influence from the turbines.
Reducing the particle size from 5[cm] to 1[cm] lowers the Stokes number by a factor
of 25, and produced a set of different results. Although these particles are still large
and sediment faster than particles with smaller sizes (i.e. 1[mm] and 100 [µm]), the
velocity fluctuations in the turbulent wake of the device affect their motion significantly. Figure 5.8(a) shows the 1[cm] particles sedimented on the bottom of the tidal
channel after interaction with the turbulent wake of the MHK turbine. Figure 5.8(b)
shows the same phenomena in a tidal channel without turbine effect. Since these
injected particles are large and heavy, all of them sediment on the bottom of the
channel and don’t make it to the outlet. Comparing percentages of the sedimented
particles between these two figures, it can be seen that the sedimentation process was
enhanced by 1.33% and 0.55% on first and second bands downstream of the MHK
turbine (light blue and yellow) respectively compare to the corresponding bands in a
channel without the turbine effect.
The U-shape on the last band in figure 5.8(a) shows the effect of the inhomogeneous
flow in the turbine wake. Decelerated streamwise flow downstream slows down the
particle motion. Besides that, the centrifuging of the particles due to the blade rotation exposes the particles to the flow in the periphery of the turbine, which is slightly
accelerated by the reduction in cross sectional area induced by the turbine. Particles
sediment faster in the core of the wake, which gets depleted as the distance from the
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turbine increases. The particles in the periphery travel further and sediment along
the edges of the wake, giving rise to the U-shape sediment pattern. The cumulative
effect of multiple turbines may lead to changes in the benthic ecosystem associated
to this process.
The reason behind the sedimentation enhancement is due to the velocity deficit in
the turbulent wake. The introduced velocity deficit reduce the streamwise velocity
of the particle and the terminal velocity component becomes dominant. This results
in a faster sedimentation in compare to the case of a turbine without turbine effect
where the streamwise velocity is constant along the channel. It should be noted
that turbulent velocity fluctuations might either enhance or reduce the sedimentation
process, especially in the case of small size particles, where the effect of gravity is not
as strong as it is in case of large and heavier particles, which will be discussed in more
details in the results for smaller size particles. The enhancement of sedimentation
process due to turbulent wake of the device is in agreement with the previous studies
about the effect of turbulent flows on heavy particles[36].
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(a)

(b)

Figure 5.8: Top view of the tidal channel with turbine (a) and without turbine (b).
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5.3.4

Sedimentation process of 5[mm] diameter particles.

Figures 5.9(a) and 5.9(b) show the sedimentation process of 5[mm] particles injected
at the inlet on the bottom of tidal channels with and without turbines respectively.
Comparison between these two results show that the sedimentation process is very
similar on the first band, but is enhanced by 0.3% and 1.63% on the second and third
bands downstream of the turbine respectively.
As it is seen for smaller particles (with smaller Stokes numbers), particles will travel
longer distances along the channel with the streamwise flow. Therefore, the percentage of sedimented 5[mm] particles on the first band (i.e. 9.62%) is significantly less
than the corresponding percentage for 1[cm] particles (i.e. 40.73%). Since, the 5[mm]
particles will be dragged by the streamwise flow further along the channel, the sedimentation enhancement becomes noticeable on the third band instead of on the first
band just right after the turbine. As long as the particle sedimentation was enhanced
near the turbine, the percentage of sedimented particles further downstream is diminished with about 5%, but again enhanced with about 1% on the sixth band due to
the centrifugal effect. The U-shape pattern of sedimentation due to the MHK turbine
is observed nearly at the end of the channel (i.e. 5th and 6th bands) for this case.
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(a)

(b)

Figure 5.9: Top view of the tidal channel with turbine (a) and without turbine (b)
with 1% turbulent intensity at the inlet.
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As it was mentioned earlier, decreasing the size and therefore mass of the particles,
makes them more sensitive to the effect of turbulent fluctuations. Since the first set of
simulations was done with 1% turbulent intensity at the inlet of the channel, in order
to have more realistic boundary conditions for a tidal channel as discussed in chapter
3 (subsection 3.4.4) and also being able to study the effect of turbulent fluctuation on
particle sedimentation, the value of turbulent intensity was increased to 10% at the
inlet.
Figures 5.10(a) and 5.10(b) show the sedimentation process of 5[mm] particles on
the bottom of the tidal channels with and without turbine for the increased value of
turbulent intensity. As it is observed in the results, increasing the turbulent intensity
value enhances the mixing process in the turbulent wake. Particle sedimentation
spreads along the width of the channel and the centrifugal effect due to the blade
rotation is not observable anymore. The settling process in this case was enhanced
on the first three bands downstream of the MHK turbine by 0.47%, 0.72% and 0.18%
respectively (light blue, yellow and pink). Furthermore comparing the channel with
values of 1% and 10% turbulent intensities at the inlet, the sedimentation process in
a channel with higher turbulent intensity is increased by more than 4% in the first
50[m] downstream of the turbine where the maximum turbulent fluctuations occur.
Observation of this phenomena again confirm the sedimentation enhancement due to
the strong turbulent fluctuation.
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(a)

(b)

Figure 5.10: Top view of the tidal channel with turbine (a) and without turbine (b)
with 10% turbulent intensity.
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5.3.5

Sedimentation process of particles with 1[mm] diameter.

Results from numerical simulations show that for 1[mm] particles the sedimentation
process is slow and the particles have tend to follow the flow in the wake of the turbine.
Therefore, the effect of turbulent fluctuations become the dominant effect in their
sedimentation process. Due to lower Stokes number, particles are carried with the
streamwise flow and cross the fluid trajectories less than larger particles. Therefore,
just a few number of the injected particles settle on the channel’s bottom. Since the
effective sedimentation of 1[mm], as well as 100 [µm], particles on the bottom of tidal
channel is not significant for the length simulated, the particles spatial distribution at
the outlet of the channel with and without turbine effect is studied in order to study
the effect of turbulent wake of the MHK turbine on sedimentation process of these
particles.
Figure 5.11(b) shows the percentage of 1[mm] particle distribution on the outlet of
the channel without turbine. As it can be seen, 96% of the particles injected from a
7[m] by 7[m] grid at the inlet were dragged by the streamwise flow to the outlet while
they moved vertically towards the bottom of the channel under the effect of gravity.
Figure 5.11(a) shows the same result for the channel with a turbine in it. Comparison
between these two results show that the rotation of the turbine and its turbulent wake
enhanced in some cases, and reduced in others, the sedimentation process of the 1[mm]
particles. In figure 5.11(a) it can be seen that the percentage of resuspended particle
on the first two top bands (pink and yellow) were increased by 5.52% in the channel
with turbine effect. Similarly an increase of 5.42% of the particles is observed on the
bottom band at the outlet (green). As a result of the upward and downward push of
the particles under the effect of rotation and turbulent fluctuations, the percentage
of particles in the intermediate (red and blue) bands decreases on the channel with a
turbine.
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(a)

(b)

Figure 5.11: 1 [mm] particle distribution at the outlet of tidal channel with turbine
(a) and without turbine (b).
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Increasing the turbulent intensity at the inlet of the channel resulted in more homogeneous particle diffusion in the flow. However, the effect of the turbine wake on
the particles by the turbulent fluctuations was observed. Figures 5.12(a) and 5.12(b)
show the 1[mm] particle distribution at the outlet of the channel with and without
turbine respectively. 1.5% of the injected particles were resuspended to the top two
bands (yellow and light blue) but the percentage of the particles at the two bottom
bands (blue and green) were decreased by about 2% in the channel with a turbine.
This is explained by the percentage of the sedimented particles on the bottom of the
channel. As it is stated at the top of the figures 5.12(a) and 5.12(b), the percentage of
sedimented particles in channel with turbine effect were increased by 2%. This shows
that the resultant turbulent effect in this case was strong enough that it enhanced
the sedimentation on the bottom of the channel.
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(a)

(b)

Figure 5.12: 1 [mm] particle distribution at the outlet of tidal channel with turbine
(a) and without turbine (b) with increased turbulent intensity at the inlet.
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5.3.6

Sedimentation process of particles with 100[µm] diameter.

The calculated Stokes number for 100 [µm] particles in the tidal channel flow is in order of 0.01, and the crossing trajectories effect due to gravity is negligible. Therefore,
similarly to 1[mm] particles they will be dragged by the streamwise flow along the
channel and the effect of gravity on them will be difficult to assess. Figure 5.13(b)
shows the distribution of 100[µm] at the outlet of tidal channel without turbine effect. As it is shown in this figure, particles were minimally affected by gravity while
traveling along the channel from the inlet to the outlet. They are still in a grid very
similar to the 7[m] by 7[m] injection grid at the inlet and their percentage distribution
is the same. Now comparing figure 5.13(b) with figure 5.13(a), which shows particle
distribution on the outlet of a channel with a turbine, it is observed that 5.69% of
the particle were pushed up due to the turbulence fluctuations from turbine rotating
blades (yellow band on top) and 4.6% of them were being pushed downward (blue
band on bottom).
Increasing the turbulent intensity at the channel inlet to 10% resulted in a wider
particle distribution at the outlet. Figure 5.14(a) and 5.14(b) compares particles
distribution on outlet of channel with and without turbine respectively. Figure 5.14(a)
shows a 2.85% particle increase at the two top bands (yellow and light blue) and also
1.51% increase in two lower bands (blue and green). This captures the effect of
rotating turbine blades. However, increasing the turbulent intensity to 10% at the
inlet made this distribution smoother.

124

(a)

(b)

Figure 5.13: 100 [µm] particle distribution at the outlet of tidal channel with turbine
(a) and without turbine (b).
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(a)

(b)

Figure 5.14: 100 [µm] particle distribution at the outlet of tidal channel with turbine
(a) and without turbine (b) with increased turbulent intensity to 10% at the inlet.
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5.3.7

Conclusions

For the larger size particles (i.e. 1 [cm] and 5 [mm]), the sedimentation process follows almost ballistic trajectories. However, it has been observed that the velocity
fluctuation in the turbulent wake of the MHK turbine and also the increased value
of turbulent intensity at the inlet of the channel enhances the sedimentation process
of these particles. As shown in figure 5.15(a), which visualizes the percentage of
sedimented particles on each of the six 50[m] bands along the channel, a slight sedimentation enhancement was observed at the first band right after the turbine blade
for 1 [cm] particles and more significantly on the third band for 5 [mm] particles, as
the effect of turbulence and the momentum deficit in the wake increases as the size of
the particles decrease. Particles were dragged further along with the streamwise flow
along the channel as their terminal velocity decreased. For these two particle sizes,
the effect of rotation was seen in the results (in the form of a U-shape sedimentation
pattern) with idealized boundary conditions, when the turbulent intensity at the inlet
of the channel was set to 1% (figures 5.8(a) and 5.9(a)). Increasing the value of the
turbulent intensity at the inlet of the channel resulted in a more homogeneous and
broader sedimentation process along the the tidal channel. As figure 5.15(b) shows,
this modification minimizes the differences between the tidal channel with and without turbine, since the particles are fairly large and therefore the gravitational effect
plays a dominant role compared to the turbulent fluctuations.
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(a)

(b)

Figure 5.15: Sedimentation percentage of 1 [cm] and 5[mm] particles on the tidal
channel bottom with turbulent intensity of 1% (a) and 10% (b) at the inlet.
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For smaller particles (i.e. 1 [mm] and 100 [µm]) the gravitational effect decreased with
the size of particles and therefore the turbulence fluctuation became the dominant
term for the study of the sedimentation process. Figure 5.16(a) shows the percentage
of particles distributed on the six 5 [m] bands along the height of the outlet. As it
is shown in this figure, 1[mm] particles end up on the 2nd and 3rd bands, where the
balance of terminal velocity and turbulent fluctuations drive most of the trajectories.
The rotation of the flow induced by the blade motion pushed some particles up and
down and therefore a higher percentage of particles on 1st and 4th bands are observed
in comparison with the channel without turbine. Similar phenomena can be seen in
the results for the 100 [µm] particles. For this particle size, the balance of gravity
and turbulent fluctuations led most particles to the 3rd and 4th bands, and the
centrifuging due to the rotation of the blades, pushed particles to the 2nd and 5th
bands on the outlet.
Increasing the value of the turbulent intensity at the inlet of the channel to 10% had an
effect similar to that for the larger particles. The area covered by the small particles
became wider and more homogeneous at the outlet of the channel. As it is shown in
figure 5.16(b), the particles were more uniformly distributed across the outlet section
of the channel, and the differences observed above for the different particle sizes on
different bands are erased by the increased turbulent diffusion associated with the
higher turbulent kinetic energy in the free stream flow. The effect of the turbine wake
on small size particles presented a symmetric behavior, with the rotation of the blade
inducing an upward motion for about half the particles and a downward motion in
the other half.
Previous studies of sedimentation of small particles (i.e. in the order of mm and [µm]
sizes) in a turbulent flow, show that the Discrete Random Walk (DRW) model (and
its use of equation 5.13 to calculate the interaction between the particles and the
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(a)

(b)

Figure 5.16: Distribution percentage of 1 [mm] and 100[µm] particles on the tidal
channel outlet with turbulent intensity of 1% (a) and 10% (b) at the inlet.
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eddies) leads to an overestimation of the fluctuations in the particle velocity in highly
turbulent regions such as the wake of an MHK turbine [37][38]. Therefore, in order to
have a more accurate calculation of the effect of turbulent fluctuations on the particle
trajectories, we need to use a more detailed turbulent model such as Reynolds Stress
Model (RSM). A fine mesh resolution near the bottom wall of the channel would allow
us to capture the effect of the boundary layer and the potential particle resuspension,
which would result in more realistic conditions and a more accurate prediction of the
turbulent wake interaction with the suspended particles in a channel.
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Chapter 6
SUMMARY, CONCLUSIONS AND FUTURE WORK
This section of the thesis includes a summary and conclusions for each of the previous
chapters. First a summary of the work and studies that was done in the corresponding
chapter is presented. Then the most important conclusions of the chapter will be
highlighted and potential future work will be addressed.
6.1

Summary for the Numerical Methodology Development

In chapter 2 the theory for three different numerical models used to simulate the dynamics of flow around a horizontal axis tidal turbines (HATT): Single Rotating Reference Frame (SRF), Virtual Blade Model (VBM) and Actuator Disk Model (ADM)
were explained.
Single Reference Frame (SRF) model introduced to be an accurate numerical scheme
for flow simulation in a moving reference frame, such as the flow field around and in
the wake of a wind or tidal turbine. In this model the actual geometry of the turbine
blades should be created and meshed and rotation of the blades would be modeled
via prescribed periodic boundary conditions in the computational domain. The main
idea behind this model was to render the unsteady problem in a stationary frame,
steady with respect to the moving reference frame. However, this change of reference
frames required the addition of two extra acceleration terms, Coriolis and Centripetal
acceleration, in the momentum equations, that has been derived and discussed in
details in section 2.1.2.
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Virtual Blade Model (VBM) was the second model in our methodology. This model
was an implementation of the Blade Element Method (BEM) within ANSYS FLUENT. VBM models the time-averaged aerodynamic effects of the rotating blades,
without the need for creating and meshing their actual geometry. VBM simulated
the blade aerodynamic effects using momentum source terms placed inside a rotor
disk fluid zone that depends on the chord length, angle of attack, and lift and drag
coefficients for different sections along the turbine blade. Detail of the governing
equations and iteration process of VBM discussed in details in section 2.2.2
Actuator Disk Model (ADM) was the ANSYS FLUENT implementation of Actuator
Disk Theory. In this model we matched the coefficients of the governing equations
from the actuator disk theory with the governing equations for modeling a porous
media in ANSYS FLUENT. In ADM the aerodynamic effect of rotating blades was
represented by a pressure discontinuity over an infinitely thin disk with an area equal
to the swept area of the rotor. The details of this representation and governing
equations can be found in section 2.3.2
In conclusion, based on the theory and physics behind each of these three models,
SRF was known as the most accurate and computational intensive model for flow
field simulation around and in the near wake region of the rotating blades. VBM
was known as an intermediate computational cost model, that models the wake as an
axisymmetric one right after the blade. ADM is one step simpler than VBM, since
it modeled the effect of the blades as a thin porous disk. In order to confirm these
conclusions and also have a better understanding about the capability of each model,
the developed methodology was applied to model a well characterized, two bladed,
horizontal axis wind turbine, NREL Phase VI, that was presented in chapter 3.
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6.2

Summary for the Validation of the Developed Numerical Methodology with Modeling NREL Phase VI wind turbine

The validation process for the developed numerical methodology started by validating
2D simulation results for the airfoil section of NREL Phase VI wind turbine. The
calculated 2D pressure and lift coefficients were compared against experimental and
previous numerical data. After finding the best mesh structure around the blade
section and be confident that the fine resolution mesh is capable of capturing the
complex turbulent flow around the blade and therefore model the rest of the flow
accurately, the full 3D domain was created for the SRF model. Then, we validated
our results against experimental data and previous results from numerical modeling
of NREL Phase VI turbine.
Observation of an axisymmetric turbulent wake a few radii downstream of the blade
in SRF results, directed us toward modeling NREL Phase VI turbine using simpler
numerical schemes (i.e. VBM and ADM). Therefore we created the computational
domain for VBM based on NREL experiment dimensions and boundary conditions
and compared the results against the SRF results. Despite the predictable differences
between results from VBM versus SRF, specifically right after and around the blade,
the modeled flow field and velocity deficit in the far wake region were in a very good
agreement with each other. The calculated extracted power by the turbine, maximum
and minimum angle of attack along the blade by VBM were also compared against
SRF results and previous numerical studies and all of them were in a very good
agreement with each other.
Finally, ADM has been implemented within ANSYS FLUENT, using the same computational domain as VBM and its results were compared with SRF and VBM. ADM
did not show a very good agreement with SRF and VBM results after first set of
simulations with low turbulent intensity in the free stream, however after increasing
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the value of the turbulent intensity at the inlet of the channel from 1% to 10%), the
modeled velocity deficit and flow field in the far wake from the ADM simulations were
in good agreement with the corresponding results from SRF and VBM. This showed
potential future usages of ADM for tidal turbine array optimization, since it requires
minimum computational time in comparison to SRF and VBM.
In conclusion, in this methodology, SRF was showed to be the unique model that
could capture the details of the turbulent flow at the tip of the blade (modeling the
shed vortices at the tip) and in the near wake region (capturing the detail of the
inhomogeneous flow right after the blade passage). VBM showed to be capable of
modeling the velocity deficit in far wake region accurately, such that they were in a
very good agreement with corresponding modeled velocity deficit with SRF. Because
of its accuracy and less computational time required for VBM in comparison with
SRF, VBM showed promising future in the study of the wake interaction between
multiple turbines in a farm of devices. ADM showed to be able to model the flow
field in the far wake with high turbulent intensity at the inlet, which is a more realistic
condition than the wind tunnel value of 1%, and due to its minimum computational
requirement and simplicity it showed potential usages for modeling huge farm of
turbines. It should be noted that due to the lack of available data and studies on
turbulent wake of the NREL Phase VI turbine, further validation studies on the
simulated turbulent wake by each model against existing theories on characteristics
of the axisymmetric wakes are in progress and is part of our future work. This further
validation studies will improve the level of certainty for this numerical methodology
to be applied toward modeling of wind and tidal turbines in future.
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6.3

Summary for the Application of our Validated Numerical Methodology to the Study of Marine Hydrokinetic (MHK) Turbines

In chapter 4 the process of applying this methodology to an MHK turbine from the
wind turbine model, within the computational domain of the validated model was
explained in detail. As it was mentioned earlier, the transition of the working fluid
could not be done without modification of mesh in the computational domain, since
this transition resulted in change of the fundamental variables of the working fluid
(i.e. density and viscosity) and therefore Reynolds number. With these fundamental
changes, the physics of the boundary layer and the turbulent flow in the wake were
changed too, therefore the mesh of the middle block in SRF computational domain
had to be re-generated. Beside the mesh modification, the tip speed ratio (TSR) of
the rotating blade was modified to avoid any potential harmful physical phenomena,
such as cavitation and flow separation along the blade span.
In conclusion, the validated numerical models was successfully applied to the study
of MHK turbines. The new boundary condition of MHK turbine simulations was
modified to approach more realistic boundary condition. In results from MHK turbine
simulations, despite some small changes that discussed in section 4.2.3 the overall
results were similar to the previous one. It was also observed that the flow separation
along the span of the blade and shed vortices at the blade tip were similar to the
corresponding validated results from simulation of the NREL Phase VI wind turbine.
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6.4

Summary for the Numerical Modeling of the Potential Environmental Effects of Marine Hydrokinetic (MHK) Turbines

In chapter 5 two potential environmental effects of MHK turbine were addressed and
investigated. This study was done via a combination of the previously simulated
flow field in a channel with MHK turbine and the available numerical schemes for
multiphase flows simulation.
The first environmental effect studied was the sudden pressure changes on particles as
they flow along the blade wall, associated with power extraction across MHK turbines.
These change, when experienced by small marine species, such as juvenile fish, can
lead to internal organ damage and death. This modeling was done with SRF model,
that showed to be capable of capturing details of the flow field on the blades. Slightly
buoyant particles were injected at the inlet of the channel and their pressure history
was calculated as they swim through the rotating blades. Then, numerical results were
compared against the experimental data from study of the pressure fluctuation on fish
by PNNL and it was shown that for the specific conditions of this simulation (NREL
Phase VI geometry, 2 [ ms ] streamwise velocity and 17 rpm angular velocity, 100 kW
power extracted), the magnitude of pressure fluctuation and the time interval that
particles experience this pressure spike were in the same order of magnitude as the
experiments carried out to study passage through traditional hydropower turbines.
The second environmental effect was the influence of the turbulent wake and generated
momentum deficit in it on sedimentation process of suspended particles in channel.
For this study, VBM was used, since it offered the opportunity of modeling the bottom
effect and showed capability of accurately modeling the momentum deficit in the far
wake region with moderate computational time requirements. Heavy particles were
injected at the inlet and their sedimentation process on the bottom of the channel was
investigated. It was observed that the turbulent wake can affect the sedimentation
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process of particles with different sizes in different ways.
In conclusion, it was shown that the maximum value of the pressure fluctuation
occurs near the tip of the blade close to the leading edge. Therefore, that region is
a potentially dangerous region for fish, since the strong pressure fluctuation over a
small period of time is strong enough can it could potentially damage their internal
organs. For the effect of the turbulent wake on the particle sedimentation process,
it was shown that the sedimentation of large particles (d=1 [cm]) is dominated by
gravity effect and they settle like heavy rocks after being injected at the inlet of
the channel, without being affected significantly by the turbulent fluctuations in the
wake. However, intermediate size particle (d=5 [mm]) were affected by the turbulent
fluctuations in the wake and their sedimentation process was enhanced due to the
momentum deficit at the turbulent wake. In this case, the effect of the turbine
hub and rotation of the blade on particle settling at the end of the channel were
observed too. Although small size particles (d=0.1-1 [mm]) did not settle on the
first 300[m] of the channel, looking at their distribution at the outlet of the channel
showed that they were significantly affected by the turbine rotation and the turbulent
fluctuations in the wake. The velocity due to rotation of blades pushed half of particles
to the top and the other half to the bottom of the channel from the core bands of
injection. Based on previous turbulent-sedimentation interaction studies and further
investigation, it was observed that the current numerical model for study of particles
motion in the flow (DRW) overestimates the effect of turbulent fluctuations as it
is combined with k −  turbulent model. Therefore one of the future tasks would
be modeling the sedimentation of particles with another turbulence model, such as
Reynolds-Stress model in which the fluctuating component of the flow field will be
calculated directly and is not estimated by the value of the turbulent kinetic energy
and turbulent frequency.
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6.5

Conclusions and Future Work

In this thesis a numerical methodology consisting of three different numerical schemes
with different level of fidelity and adequacy was introduced. This methodology was
used to model a well characterized two bladed wind turbine, NREL Phase VI, and
it was validated against previous experimental as well as numerical studies. Details
of the modeling steps for each numerical scheme were presented, so that any new
proposed horizontal axis tidal turbine with different geometry specification can be
modeled and studied. After a validation process, we applied the methodology to the
study of a horizontal axis MHK turbine, addressing and investigating the required
mesh and boundary conditions modifications. It was concluded that computationally
intensive models can be used to simulate the detailed physics of the flow field in
the near wake regions of a single MHK turbine with long term goal of blade design
optimization for maximum power extraction from tidal currents. Simpler models
that are based on well established theories (i.e. Blade Element Method and Actuator
Disk Model) and average the effect of the rotating blades can be used to model and
optimize device arrangements in large farms of tidal turbines.
We also addressed and investigated two potential environmental effects of MHK turbine. It was shown that the strong sudden pressure fluctuation occurring over very
short periods of time as particles flow over the suction side of the blade, might reach
values associated with damage to the internal organs of small marine species for certain designs and operating conditions (blade shape and diameter, tip speed ratio,
free stream velocity and power extraction). The preliminary studies showed that the
turbulent wake can enhance the sedimentation process of intermediate and small size
suspended particles in a tidal channel and result in significant changes to benthic
ecosystems during long term operation.
Development of numerical tools for the study of horizontal axis MHK turbines repre139

sents a necessary step in the engineering of these devices. From blade design and array
optimization to understanding their environmental effects, it requires a cost-effective,
time-sensitive method to develop this technology. Through further understanding of
its efficiency and environmental effects, it is hoped that this thesis and its continuation will speed up the implementation of this renewable energy source and will open
the doors on future deployment and commercialization of tidal turbines to produce
electricity and decrease the use of fossil fuels.
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