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Abstract

The development of tidal turbine arrays requires an understanding of the interaction
between devices operating in array. This interaction would not only influence the power
outputs but also the structural loads on turbine blades. Understanding the behavior and
variations of structural loads on turbine blades operating in arrays is necessary for the
development of structural design specification and improving the devices reliability against
fatigue failure. Therefore, this thesis attempts to investigate the effect of upstream devices
on the power output and blade structural loads of downstream devices with in co-axial and
staggered arrays with different inter device spacing. These investigations are accomplished
using RANS CFD simulations of the three turbines co-axial and staggered arrays of full
scale SAFL RMI turbine in the ANSYS CFX software. The RANS CFD simulation
methodology is evolved successively starting from the simulation of a single scaled model
SAFL RMI1 rotor and extending to the full scale turbine and arrays. Additionally, the scaled
model rotor and full scale turbine is also modeled in the coupled FSI simulations to
establish that blades of the full scale SAFL RM1 turbine with realistic structural design
would not deform to an extent to influence the performance or blade loads prediction of
the RANS CFD models for the evaluated flow conditions.

Results of the single turbine RANS CFD simulations reveal that at lower TSRs, the
variation of blockage ratio had almost no effect on turbine performance. However, at higher
TSRs, a positive correlation exists between blockage ratio and turbine performance for the
entire evaluated blockage ratio range (2-19%). The effect of blockage on performance is
less pronounced at blockage ratios below 10%, but increases rapidly for blockage ratios
above 10%. Maximum increase of 47 and 10% are observed in power and thrust,
respectively, for the range of TSRs and blockage ratios evaluated. The presence of
boundary layer resulted in an increase in the predicted thrust of between 1.6 and 2.3% and
power of between 2.7 and 3.5% for the entire range of evaluated blockage ratios. These
findings are significant for the future turbine arrays and reveal that the number of devices
and their arrangement with in tidal arrays can alter the performance and blade loads of
individual array devices.

Results from the coupled FSI simulation of full scale device shows that a 1/7th power
velocity profile increases the thrust coefficient variation from mean cycle value of an
individual blade from 2.8% to 9% and the variation in flap wise bending moment
coefficient from 4.9% to 19%. Similarly, the variation from the mean cycle value for blade
deformation and stress of 2.5% and 2.8% increases to 9.8% and 10.3%, respectively. Due
to the effect of velocity profile, the mean stress is decreased, whereas, the range and
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variation of stress are considerably increased. These finding are significant for tidal turbine
designers in evaluating the fatigue life design parameters for turbine blades.

Results from the simulations of co-axial turbine arrays revealed that the moment loads
curve during a single turbine rotation for the blade of downstream devices is entirely
different than the upstream devices. The mean cycle values of moment loads on the blades

of downstream devices are lower, while the range of moment loads is significantly higher -

leading to the conclusion that blades of the downstream devices would experience more

variation in the moment loads and may be more susceptible to fatigue failure. The behavior

of moment loads on the blades of 1st row turbines does not depend on the transverse

spacing in staggered arrays. However, the moment loads behavior of blades for

downstream devices is significantly influenced by this spacing. The mean cycle value of

moment loads for the blades of downstream turbines is almost similar to the 1st row devices

in staggered arrays with close transverse spacing between the upstream devices. However,

the range and variations are considerably higher due to drop in the minimum cycle value
of moment loads. Contrarily, the mean cycle value of moment loads on the downstream
turbine blade is higher and the range is similar to the 1st row upstream devices for staggered
array with transverse spacing between 1st row devices equal to the diameter of the
downstream device. Therefore, the blades of downstream device in staggered arrays would
also be more susceptible to fatigue failure due increased loads variations or increased mean
cycle value of moment loads. These findings suggest that the criterion for the design of
turbines needs to be changed and the devices may be designed for the intended operation
in arrays rather than as standalone turbine. Additionally, comprehensive structural design
specifications may be developed for the devices operating in arrays to ensure improved
reliability of the turbine blades against early failures and reduce the cost of technology.
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Chapter 1

Introduction

1.1 Motivation

The society is currently facing the issues of energy and climate change [1]. The global
energy consumption is increasing with an associated increase in greenhouse gas emissions
due to the burning of fossil fuels [2]. The contribution of energy production and use to the
total greenhouse gas emissions is about 67%, which is quite substantial [3]. Therefore, the
goals of climate change control can only be achieved by minimizing the energy related
greenhouse gas emissions and that is only possible through the development of renewable
energy technologies. The global energy system is going through a transformation phase
and renewables are replacing conventional fossil fuels based energy resources. In 2017,
renewable energy contributed about 25% to the total global power generation [3]. The wind
and solar energy sectors are witnessing a substantial growth. Solar PV and wind added 94
GW and 47 GW respectively to the global power generation capacity in 2017 [4]. Many
renewable energy technologies are maturing while some new concepts are also being
explored. Tidal current energy is one such concept that is attracting a lot of interest from

the developers and researchers all over the world.

Tidal current energy is a form of hydrokinetic energy extracted from the water flows in
tidal channels. Such flows takes place due to the relative motion of the gravitational fields
of the moon, sun and earth [5]. Normally the velocity of flow in tidal channels is very slow
but in areas constrained with in the head lands and sea bed topography, narrow passages
like creeks and estuaries, the currents are accelerated to higher velocities. Tidal current
flow velocity of 1.5-2 m/s is generally considered suitable for economic power production
[6-8]. The global tidal energy resource estimates are greatly varied and several such
estimates are available in the current literature. Details about the estimates prepared by
different global organizations is available in [9] and estimates reported in the research

articles is available in [10-12]. Although, it is difficult to report a single or range of



estimates based on the available data. However, the global resource estimation work so far’
clearly suggest that the global tidal energy potential is quite significant and it can provide

a new renewable energy source to the world.

Tidal energy technology has successfully gone through various development phases, with
demonstration systems currently operating in relevant environments at pre-commercial
scales {13, 14]. The Technology Readiness Level (TRL) of ocean energy technologies is
shown in Figure 1.1.

First of kind commercial system.
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m7 operational environment at pre-commercial Tidal Enexgy

IRL 6 Protolype system tested in intended S
environment . Wave Enegy

S e e | e
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Figure 1.1 TRL of ocean energy technologies, according to the scale employed by European Commission Horizon 2020
(137

Tidal energy resources are concentrated in narrow channels {15, 16]. Therefore, it is
necessary to optimally utilize the available space for maximum energy extraction. This
would require to install tidal turbines in the form of dense (i.e., closely packed) arrays,
which at present is the last remaining hurdle on the way to commercialization [16, 17).
Additionally, the installation of turbines in arrays is also necessary becanse a stand-alone
turbine could not justify the cost of grid connection and establishment of navigation and

maintenance facilities [18].



The development of tidal turbine arrays and the design of turbines in these arrays require
an understanding of the interaction between devices. A substantial part of the current
research on tidal energy is focusing this understanding [19-21]. The downstream devices
operating under the influence of operational effects of upstream devices would either
receive an increased or decreased onset velocity depending upon the array design and
turbine location within the array [17, 22]. Consequently, the performance and blade
structural loads for the downstream devices would be influenced by the upstream devices.
Because, the power output and blade structural loads are both functions of the onset
velocity. Most of the current research is investigating the tidal turbine array micro and
macro design/optimization with an objective to maximize the total array power output [23-
25]. However, the other important array associated impact of blades structural loads have

not been investigated so far.

The power output of a turbine deployed in array at a certain site would be different than its
power output based on the same site conditions as a standalone device. Therefore, the
criterion for the design of turbines needs to be changed and the devices may be designed
for the intended operation in arrays rather than as standalone turbine. The blades structural
loads follow the trend of power output of the turbine. Increased power output of a turbine
means higher structural loads on the turbine and thus the turbine should be more robust
having higher construction cost and vice versa. It is therefore very important to characterize
the blade structural loads and quantify their variations for turbines operating in arrays to
be able to develop comprehensive structural design specifications and ensure improved
reliability of the turbine blades against early failures. The lack of understanding of the
influence of devices interaction with in arrays on the blade structural loads would make the
devices to be either over designed or under designed. Both these possibilities may impede

further development of the technology by making it either costly or unreliable.
1.2 Research Problem

Arranging turbines in various configurations and inter device spacing in a tidal array results .
in the turbine experiencing different onset velocity. As a result, the turbines operating in
array exhibit different performance and encounter different structural loads depending

upon their respective location in the array and array design. Therefore, it is necessary to



investigate the effect of operation of upstream devices on the blades structural loads of
downstream devices in different array layouts with different inter device spacing to

enhance the understanding of turbine design from an array perspective.

1.3 Aim and Objectives

The aim of this study is to characterize the structural loads encountered by tidal turbine |

blades operating in different array layouts with different inter device spacing. The

investigations in this research employ Reynolds-Averaged Navier-Stokes (RANS)

Computational Fluid Dynamics (CFD) and Coupled Fluid Structure Interaction (FSI) |

simulations to achieve the following proposed objectives:

1. RANS CFD simulation of the scaled model SAFL RM1 tidal turbine performance j

in the experimental channel to investigate the influence of blockage and boundary

proximity on turbine performance and their implications to tidal turbine arrays.

2. RANS CFD simulation of the transient performance of full scale SAFL RM1 tidal

turbine with nacelle and support structure to model the turbine performance and -

flow field at full scale.

3. Development of coupled FSI methodology for modelling the performance and
structural response of blades with realistic structural design for the SAFL RM1 tidal
turbine to quantify the effect of blade deformation on the performance and blade

loads predictions of the RANS CFD model in the evaluated flow conditions.

4. RANS CFD simulations of the three turbines co-axial and staggered arrays of full
scale SAFL RM1 turbine with different inter device spacing to mode! the influence
of operation of upstream devices on the performance and blade structural loads of

downstream devices.

1.4 Research Methodology

The proposed research work utilized an open source tidal turbine design developed by the
US Department of Energy named as Reference Model 1 (RM1). Experimental tests on the
1:40 scaled model of this turbine are conducted in the open channel facility at the
University of Minnesota’s St. Anthony Falls Laboratory [26]. Experimental performance

data from these tests is used for the validation of numerical models throughout this thesis.



The ANSYS Workbench software is used with its fluid flow analysis system (CFX),
structural analysis system (Transient Structural) and coupling component (System
Coupling) for the simulations performed in this study. The study begins with steady state
RANS CFD simulations using a Multiple Frame of Reference (MFR) approach and Shear

Stress Transport (SST) turbulence model to simulate the performance curve of the scaled |
model RM1 turbine rotor. The RANS CFD method is spatially verified and experimentally

validated with the open source experimental measurements of University of Minnesota’s

St. Anthony Falls Laboratory [26]. A blockage and boundary proximity study is performed

with the validated CFD methodology to establish the effect of size of computational |

domain on the performance of turbine. The RANS CFD method for simulating turbine

performance is further extended to model the transient performance and blade loads fora

full scale complete tidal turbine including support tower and nacelle with a transient rotor

stator frame change model employing a sliding mesh method. This approach more .

accurately models the relative motion between moving and stationary domains and the -

rotation of turbine is physically modelled at each time step.

The RANS CFD simulations are followed by the coupled FSI simulations for modelling

the performance and structural response of blades for the scaled model rotor and full scale -

complete tidal turbine with blades consisting of realistic structural design. These
simulations are necessary to quantify the deformation of blades of full scale SAFL RM1
turbine and its influence on the RANS CFD predictions of turbine performance and blade

structural loads.

Finally, RANS CFD simulations of the three turbine co-axial and staggered arrays of full
scale SAFL RM1 turbine with different inter device spacing are performed to model the
influence of operation of upstream devices on the performance and blade structural loads
of downstream devices. Details about all the simulation procedures and case studies are
explained later in this thesis. The overall methodology flow chart is provided in Figure 1.2

to give a bird's eye view of the work carried out.
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Figure 1.2 Flow chart of research methodology

1.5 Outline

This thesis is structured into 7 chapters to present details of the important aspects of study.

Chapters in this thesis are ordered as follows:

Chapter 1: Introduction



This chapter contains the motivation behind this study with an update on the present status
of tidal energy development and dynamics of turbines operating in tidal arrays. Aim and

objectives of the proposed study are outlined to provide an overview of the project targets.
Chapter 2: Literature Review

This chapter presents a review of the main research work important in the context of current
thesis with a discussion on the background theories and concepts. The performance
prediction, structural loads, wake and arrays of tidal current turbines has been discussed

and the relevant research conducted so far in these areas is reviewed.
Chapter 3: Turbine Design

This chapter presents an overview of the globally recognized potential design of future
tidal energy devices. The design procedure for HAT is described with a discussion on how
these design aspects would influence the turbine operation. The turbine design utilized in
this research (SAFL RM1) is described along with a background of its evolution from the
original RM1 design.

Chapter 4: Development of the RANS CFD Methodology for predicting Tidal

Turbine Performance

In this chapter, the experimental setup used by the University of Minnesota’s St. Anthony
Falls Laboratory (UMN-SAFL) for the investigation of model scale turbine performance
is presented. The development of steady state RANS CFD methodology for the
performance prediction of 1:40 scale SAFL RMI turbine rotor is described along with its
verification and validation with experimental data. Necessary changes made to the
developed RANS CFD methodology has been detailed for its extension to simulate the

transient performance of full scale SAFL RMI turbine including nacelle and support tower.

Chapter S: Fluid Structure Interaction Modeling of Tidal Current Turbine

Performance and Loads

This chapter describes the coupled FSI simulation methodology for modelling the
performance and structural response of the scaled model SAFL RM1 tidal turbine rotor. A
comparison of results from these FSI simulations with experimental data and RANS CFD

simulations has been provided. Contour plots of rotor deformation, equivalent stress and



time histories of deformation and stress obtained from the structural analysis component
of the coupled FSI simulations are provided to describe the structural response of the blade.
Similarly, the hydrodynamic and structural response of full scale turbine blade has been
described from the results of coupled FSI simulations of the full scale SAFL RM1 turbine

with blade of realistic structural design and including nacelle and support tower.

Chapter 6: Effect of inter device spacing and array layout on the performance of

tidal turbine and blade loads

This chapter presents the development of RANS CFD methodology to simulate tidal
turbine arrays for the investigation of performance and blade structural loads variations of
turbines operating in co-axial and staggered array configurations with different transverse
and longitudinal interdevice spacing. Results from these array simulations for the
performance of individual turbines and total array power output are described for 10
different array configurations. The wake of all tidal turbine arrays has been characterized
and the results are presented in the form of normalized velocity contours, velocity profiles
and velocity deficit along the channel length. Finally, the blade structural loads behavior |
and loads variations for turbines operating in arrays of different layouts with different inter

device spacing has been quantified.
Chapter 7: Conclusions and Recommendation for Future Work

This chapter summarizes the conclusions drawn from the results achieved in this thesis

and recommends directions for future research.



Chapter 2

Literature Review

This chapter provides a review of the main research work important in the context of

current thesis with a discussion on the background theory and important concepts.

2.1 Historical Background

History reveals that the tide/water mills existed in the 7th century. Al-Muqadassi, a famous
Arab geographer, described the tide mills operating in Iraq (Basra) in 10th century [27].
Ocean energy, particularly the tidal energy, for the production of electricity was first .
suggested by Romanoski in 1950 [28]. However, literature pertinent to the concept of'
energy from ocean currents existed well before him and these concepts are being;
investigated for the last forty years [29]. A functional tidal power station was available at j
the Boston Harbor in Massachusetts, USA in the latter part of the 19" century while another’
was operating in Husum, Germany that was dismantled in 1914 and another in China 1m
1958 [27]. However, the La Rance tidal power station established in France on November
26, 1966 is recognized as the first major tidal barrage for the extraction of tidal energy [30].
Research on the generation of renewable energy including tidal energy never continued
along consistent lines. The 1973 oil crisis provided the basis for renewed interest, while
the falling oil prices in 1980s caused a decline in the official support for developing
renewable energy. In the mid-1990s, once again interest in large scale deployment of
renewable energy increased due to the perceived threat of global warming highlighted by
the Koyoto Process [31]. This renewed interest resulted in projects like the world’s first,
10 kW scaled model, tidal current turbine that was tested on Loch Linnhe, a Scottish sea-
loch, during 1994-95 by IT power UK [29]. In 1998, the company initiated the world’s first
tidal current energy system called Seaflow. This 300 kW tidal turbine was installed in
North Devon in May 2003 [32]. Based on the concept of SeaFlow, Marine Current Turbine
(MCT) installed a twin rotor steel mono pile mounted 1.2 MW commercial proto type

turbine called SeaGen in July 2008 that is still successfully providing power to the grid
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[29]. The installation and successful operation of Seaflow in open sea can be regarded as

the turning point for the present day developments in tidal current technology.

2.2 Performance Prediction

The design and performance prediction of TCT is one of the research area that has attracted
a lot of interest. The performance of TCT’s can be estimated through lab scale experiments

and numerical models.

Lab scale experimental tests have made enormous contribution to the existing knowledge
on tidal turbine performance. The experimental trials by Bahaj et al. [33] quantified the
power and thrust coefficient of a 0.8 m diameter TCT rotor in a cavitation tunnel and
towing tank to prepare a robust experimental data set for the validation of numerical
models. Similarly, Bal et al. [34] studied the cavitation inception with a 0.4 m diameter
rotor and quantified the torque and thrust in a cavitation tunnel. Tedds et al. [35]
investigated the near wake region behind a TCT in a recirculating water channel and
provided three-dimensional velocity and Reynolds normal and shear stress data. The lab
scale studies were later extended to investigate the effect of several hydrodynamic
conditions for its implications to turbine design and performance. De Jesus Henriques et
al. [36] reproduced wave current interaction effects in their recirculating water channel
experiments to observe its influence on the turbine performance. In addition to these lab
scale experiments, some real sea tests designed for quantifying the performance of TCTs
have also been conducted, including those by Jing et al. [37] and Liu et al. [38]. Laboratory
studies have over the years provided reliable information that have greatly helped in the
development of tidal turbines to the present state. However, all the marine conditions
cannot be replicated in the experimental channels and the results are also subjected to
scaling issues and blockage corrections. Numerical models on the other hand are more
capable to model the actual marine environment at full scale. Although these models have
their own limitations and complexities but their intelligent use can greatly reduce the cost

of experimental work.

Several numerical models have been proposed over the years for the design and
performance evaluation of TCT to reduce the cost and address some of the limitations of

experimental work. These numerical models have enabled the description of physical and
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operational performance of TCT’s to help in the design, optimization and performance
evaluation. Blade Element Momentum (BEM) theory is one such model that has been
successfully applied in wind turbine design and later extensively utilized in the tidal turbine
performance evaluation and design. BEM theory is based upon the combination of general
momentum and Blade Element theory [39]. The momentum theory is used for the
calculation of axial and tangential induction factors while taking into account the tip losses.
The Blade element theory divides the blade into a number of sections to calculate the torque
and drag at each section. The integration of these sectional drags and torques gives the
values of total blade torque and drag. In the BEM theory based methods, the blade is
discretized into a number of stations along the blade length at radius “r” and the blade

design parameters are evaluated as shown in Figure 2.1.

Fp

Figure 2.1 Schematic diagram of the discretization of rotor and resolution of the lift and drag forces [24]

The BEM theory model has been successfully used to develop numerical tools for the
performance prediction of TCT and span wise distribution of blade loads [40, 41]. These
numerical tools have been successfully validated through experimental tests in cavitation
tunnels and towing tanks for several design exercises and parametric studies [33, 41].
Batten et al. [40] used their developed tool to study the cavitation inception and the effect
of velocity profile, blade fouling and blade pitch angle on turbine performance. Whereas,
O'Rourke et al. [42] used BEM model in the unsteady formulation to quantify the effect of
velocity shear and yaw misalignment on the performance of TCT. To develop an
understanding of the turbine design process based on the BEM theory model for this thesis,
we also used the Harp_Opt tool developed by the National Renewable Energy Laboratory
(NREL) to predict the performance of TCT and study the effect of number of blades on
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turbine performance [41]. The BEM approach is computationally very efficient but it does
not account for chord wise loading, variation in free stream flow and influence of rotor on

the surrounding flow [24, 39].

Computational Fluid Dynamics (CFD) is another numerical approach that has been
extensively used for the turbine design studies and performance evaluation. CFD accounts '
for the limitation of BEM because it can equally resolve the three-dimensional (3D) flow
field in the near and far wake to provide more detailed flow field information. CFD derives
its basis from the fact that the physics of any fluid flow can be described by three
fundamental principles of conservation of mass, momentum and energy. These
fundamental principles, in their most general form, are expressed either in the form of
integral or partial differential equations. CFD is the art of converting these integral or
partial differential equations, governing the fluid flow, into its discretized algebraic form |
that can be solved numerically [43]. These flow governing equations are called Navier-
Stokes equation. CFD utilizes various numerical schemes for the solution of Navier-Stokes |
equations to provide detail information of the fluid flow. The information about the fluid “
flow is translated into performance parameters of TCT. The performance data includes
thrust, torque and power estimates. CFD model can also map the pressure distribution on
the blade surfaces to predict the inception of cavitation. Among, the various CFD
approaches, the Reynolds Averaged Navier Stokes (RANS) models are more common due
to comparatively less computational expense. In this approach the time averaged Navier-
Stokes equation are solved through turbulence model to solve all the turbulent length
scales. RANS models can be broadly classified into Reynolds-Stress Models based on
transport equation for Reynolds stresses and Eddy Viscosity Models based on Boussinesq
hypothesis. The Reynolds-Stress Models are complex, computationally expensive and
difficult to converge. The Boussinesq hypothesis is based on the assumption of isotropic
turbulence, which is only valid for small scale turbulence [44]. Contrarily, turbulence in
the near wake region of a tidal turbine is strongly anisotropic in nature [45] and the size of
turbulence structure is of the same order of magnitude as the diameter of turbine [46].
Alternately, the Large Eddy Simulations (LES) models solves the spatially averaged
Navier-Stokes equations and directly resolve large turbulence structures (eddies) but eddies

smaller than the mesh are modelled. LES models have recently been used more frequently
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for modeling the fluctuations of structural loads in tidal turbines due to turbulence. The
spectral distribution of blade bending moments can be reproduced by using LES models
with realistic inflow turbulence [47, 48] and sea bed generated turbulence [49]. However,
the LES models are computationally expensive and require greater mesh accuracy,
therefore, they are only preferred for situations involving the accurate resolution of large

scale turbulence structures.

Numerous TCT performance evaluation studies have been performed in recent years by j
utilizing the RANS CFD simulations. As a part of this thesis, a RANS CFD methodology
is developed and validated with experimental data to replicate the performance of TCT in
experimental channel [50]. Later this simulation methodology is used to study the effect of
channel blockage and boundary layer on TCT performance. In a similar work, Nitin et al. |
[51] modelled the performance of TCT under boundary proximity and different blockage
conditions. Tatum et al. [52] investigated the response of performance to shear flow and
surface gravity waves. Tian et al. [53] explored the effect of yaw angle and turbulence
intensity on the performance. Liu et al. [54] investigated the effect of blade twist and
nacelle shape on the performance. Tatum et al. [52] investigated the effect of velocity
profile on the performance of TCT subjected to in and out of phase waves. All these and
numerous others similar studies based on RANS CFD simulations suggest that this model
can efficiently simulate the hydrodynamic behavior of TCT with a reasonable accuracy

compared to experimental data.

2.3 Structural Loads

The wind and tidal current turbines have much in common but there are also certain key
differences. One of the differences is in the amount of structural loads and the sources as
well as behavior of certain loads. Blades of TCT are subjected to higher pressures and
complex load regimes compared to wind turbine. Therefore, it is important to comprehend
the character of structural loads faced by the blades of TCT to ensure its reliable and safe
design and operation. The most critical part of TCT subjected to structural loads is the

turbine blade and some of the earlier prototype tests have witnessed an early blade failure
[55].
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Rotor of a TCT converts the kinetic energy of the flow into mechanical work governed by
the law of conservation of momentum. While the exchange of momentum mainly takes
place in the flow direction, the power is produced in the rotor plane perpendicular to the
stream direction. The fluid flow passing the turbine blade creates lift and drag forces as

shown in Figure 2.2.

Rotor plane

Figure 2.2 Local loads on a TCT blade [56]

The drag force is parallel, whereas the lift force is perpendicular to the resultant or relative |
flow velocity (Vye;). R is the vector sum of lift and drag, while torque and thrust are the
normal and tangential components of R [56]. For Horizontal Axis TCT, the thrust force
acts in the direction of flow and induce flap wise bending moment. The torque acts around
the rotor shaft as edge wise bending moment and causes rotation. The possibility of failure
due to these moments imposed by the flow can be minimized, if properly accounted for in
the design. However, this would require detail knowledge of the tidal conditions and the

way these would impact structural loads on the blade.

Hydrodynamic conditions in the actual marine environment are site specific and may vary
considerably from site to site [46, 57]. A pictorial representation of some of these

hydrodynamic conditions is shown in Figure 2.3.
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Figure 2.3 Variables affecting the flow field around tidal hurbines {581

Every hydrodynamic condition has different effects on the performance and structural
loads of a tidal turbine {59]. Amongst the various hydrodynamic conditions, the inflow
velocity [60], wave current interaction [61, 62], turbulence [20, 63] and velocity shear [64,
65] have been identified to have substantial effect on the turbine performance. Since the
load forces follows the trend of power output, the effect of hydrodynamic conditions is also
expected to influence the structural loads encountered by tidal turbine blades. The turbine
biades may also be susceptible to fatigue failure caused by the rotation and periodic nature
of hydrodynamic forces [66, 67]. A detail knowledge about the behavior and magnitude of
loads variation and the effect of these loads variation on the fatigue life of blades due to
various hydrodynamic conditions is therefore required to improve the reliability of turbines
against structural failures.

A TCT should ideally be located near the free surface to utilize the higher flow velocities
of tidal current. However, the optimum locating depth will be a compromise between the
increased flow speed near the surface and distance from wave effects that could influence
the turbine performance and structural loads [68]. The influence of a wave is expected to
travel along the water column to a depth of about 50% of its wave length [69]. The wave
effect may therefore be critically considered for selecting the limits of turbine locations
and may be given due weightage in the design process [61, 67). Although, the average
performance of a turbine in terms of power and thrust is not affected by the wave influence
[62, 68]. However, the wave current interaction imposes cyclic loading of increased

amplitudes due to significant increase in the variation of thrust that increases the possibility
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of fatigue failure [70, 71]. At lower current speeds the effect of wave only minimally affects
the turbine thrust [61]. However, the change in wave height for longer waves greatly affects
the fluctuation in edge-wise (in plane) and flap wise (out of plane) bending moments [72].
Similarly, For turbine operating at constant tip speeds, the shorter waves may force a stall

that will cause a sudden increase in the thrust force [61].

Turbulence generated by various sources will impart stochastic loads to the turbine blades
and is likely to cause most of the structural failures due to fatigue. The amplitude of flap-
wise bending moment of the turbine blades increases due to unsteadiness in the
hydrodynamic loads caused by the onset turbulence. This increase is much greater for
turbine operating in dynamic stall and separation delays compared to the operating |
conditions of fully attached flow [73, 74]. The onset turbulence affects load fluctuations
below the rotational frequency, while at higher frequencies the load fluctuations are
governed by the operational phenomenon [75]. Additionally, the onset turbulence also
influence the turbine power output with peak power coefficient variation of over 10% [63].
Since, a strong correlation exists between fluctuations in the blade root bending moments
and rotor power coefficient. Therefore, the power fluctuation in turbine power output can
be used as an indication of load variation and for the estimation of fatigue loads on turbine
blades. Fatigue failure ma also arise due to the sea bed generated turbulence that also needs

careful consideration for evaluating turbine blades designs [76].

The velocity shear is caused by the sea bed friction, which reduces the current velocity
such that its value at the bed is effectively zero. The height of the water column that is
influenced by the sea bed friction is generally known as boundary layer thickness [40]. In
relatively shallow waters with a depth range of 25-50 m, the boundary layer generally
influences the entire water column. The first generation tidal devices will operate in
shallow water and experience the effect of boundary layer [77, 78], which is typically
termed as velocity profile. The effect of velocity profile will be more dominant if the
turbine blades occupy a large percentage of the water column or located in the lower part
of the water column. The velocity profile results in dropping the turbine power coefficient
from its designed value compared to uniform velocity [64, 79]. Additionally, the velocity
profiles cause cyclic oscillations in hydrodynamic loads due to the dependence of relative

velocity on angular position, which can lead to fatigue damage. While these load
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oscillations only minimally impact power and thrust fluctuation for rotors, they can
significantly impact the load variations on individual rotor blades [52, 80]. The velocity
profile increases the alternating stress on a turbine blade while the mean stress is decreased.
The mean stress and stress range (alternating stress) are the two important parameters with
prominent effects on the fatigue life of turbine blade. The fatigue strength of the blade
under an axial load will decrease with increase in the mean stress and or stress range and

vice versa.

2.4 Wake

Wake is the region of disturbed flow downstream of a solid body moving through a fluid
or vice versa. A hydrokinetic turbine extracts momentum from the flow while the mass is
conserved. The momentum loss downstream of the device creates a pressure jump and
consequently an axial pressure gradient, an expansion of the wake and a decrease of the
axial velocity. The wake is therefore characterized by a decrease in mean flow speed also
called velocity/wake deficit and increased turbulence. Wake is a complicated and device
specific phenomenon. The wake is generally divided into near and far wake region to
simplify the physics governing the wake structure [81]. A simple representation of the -

wake characteristics and transition from near to far wake is shown in Figure 2.4.
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Figure 2.4 lllustration of wake characteristics [10]

A strict distinction of the near and far wake in terms of downstream distance may not be
possible. In wind turbines, near wake is from 1-2 rotor diameters downstream [81], while
for TCT it is considered to be from 0-3/4 rotor diameter downstream [82]. However, a clear

understanding of near wake is that it is the region where the geometry of turbine has a
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direct influence on the fluid flow. A hydrokinetic turbine converts energy extracted from
the fluid flow into mechanical motion. The mechanical motion of blades produce vortex
shedding from the blade tip. Vortices shedding along with support structure has a direct
effect on the flow in the near wake region. Shedding of the vortices by the blade tip creates
sharp velocity gradients and peaks in turbulence intensity. On the contrary, the turbine
geometry affects the far wake indirectly. The indirect effect of geometry is in the form of
decreased axial velocity and increased turbulence. The wake structure is governed by
convection and turbulent mixing. For a completely inviscid flow the volume of slow
moving fluid will just be convecting downstream at a slower rate than the free stream flow.
But due to turbulent mixing the wake keeps on regaining energy and ultimately attains the
free stream velocity farther downstream. In the near wake pressure field around the device
is important, while in the far wake the turbulent mixing is important for the development
of wake deficit. Mixing of the wake and recovery of velocity deficit in far wake takes place
due to the turbulence and as a result the overall turbulence decreases [81, 83]. Wake isone
of the most extensively researched area of tidal current energy. Wake studies are necessary
to understand the effect of an upstream device on the performance and loading experienced

by the downstream devices.

The research conducted on TCT wake so far suggest that wake deficit is maximum in the
immediate wake region and tends to recover with increasing downstream distance.
However, the wake persists for quite a long distance and up to twenty 20 rotor diameters
about 90% of the free stream velocity is recovered [82]. A number of interdependent
variable can affect the wake recovery rate. The main factors affecting the wake structure
are the ambient turbulence, device thrust and the device induced turbulence [84]. The rate
of wake recovery increases with increasing turbulence intensity [18, 60, 85, 86], while a
higher device thrust reduces the wake recovery rate [85, 87]. The channel blockage and
boundaries proximity also influences the wake behavior. TCT’s operating in shallow
waters will produce a different wake structure than those operating in deep waters. A
satisfactory wake recovery will not be possible, if depth undereath the rotor is infinite
[88]. The sea bed roughness contributes to the decrease in downstream wake velocity [85].
For turbines operating in shallow channels, the free surface and sea bed restricts the vertical

expansion of the wake. However, at higher flow velocities, the wake expansion may reach
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the free surface and create turbulence [83]. Additionally, at higher blockage ratios, the
wake expansion raises the level of the free surface and will either increase the channel head
further downstream or will mix with the wake of another adjacent TCT [83]. The support
structure also has a substantial effect on the near wake along with synergetic effects from
both the rotor and support structure in the downstream with diminishing effects in the

increasing lateral distance [89].

2.5 Tidal Current Turbine Arrays

Majority of the identified tidal resources are in narrow channels [82, 86]. Full utilization
of the available spaces and maximum energy extraction is imperative to fully exploit the
global tidal energy potential. The concept of tidal turbines arrays or farms seems to be the
ultimate solution to the problem. In addition, only tidal array can make the technology
commercial and justify the cost of grid connection along with establishing, maintenance
and navigation facilities [17]. Power generation from a standalone turbine will never be

able to justify this huge cost [87].

Tidal arrays are classified into large and small arrays [17]. The term large array does not

mean that channel will have a huge number of turbines. If the turbines extracts large portion
of the channel potential, the array will be large irrespective of the number of turbines. A
few turbines in a small channel can constitute a large array. Conversely, a number of

turbines in a large channel can be a small array. A large array affects the “channel-scale

dynamics” or improves the power co-efficient of turbines through “duct-effect”. Whereas -

a small array is one that cannot significantly affect the “channel-scale dynamics” and the
performance of the individual turbine is not affected by other turbines or proximity to
channel boundaries. It is essential to understand the dynamics of turbines with in large
arrays for the development of tidal turbine arrays and the design of turbines in these arrays

[22].

An array has two competing effects on the dynamics of flow in tidal channel. One is the
“channel-scale dynamics” and other is the “duct-effect”. The channel-scale dynamics refers
to the finite head loss due to power extraction from a channel [90]. A conceptual image of

this head loss phenomenon is shown in Figure 2.5.
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Figure 2.5 Tidal urbine array showing exaggerared changes in sea level [17]

This finite head loss causes additional drag and reduces free stream flow that limits the
array power output. Due to this turbines in a channel interact with each other even if they
are far enough from the wake effects of each other. In addition, any Bitz turbine operating
in array, causes the array to lose 1/3 of its energy to turbulent mixing behind the turbine in
near wake region [91]. About 5-10% of the energy is lost to support structure [92) and
about 11% goes into electromechanical losses that imposes significant portion of the
structural loads on turbine. The proportion of these loads highly depend upon the number |
of turbines, their arrangement and tuning in array. On the other hand, the duct-effect |

increases the free stream flow. Figure 2.6 describe the concept of duct effect in tidal arrays.
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Large water body

RS

Rows of Turbines
Figure 2.6 Duct effect in a tidal array [93]

Duct-effect improves the turbine thrust and power co-¢fficient in the array. It is possible
for turbines operating in array to exhibit higher thrust and power co-efficient than that of a
Bitz turbine [22].

In addition to these two effects, the design of array will dictate the amount of power output
and loads on the individual turbine blades. Although, real turbine arrays would be based

on complicated devices layouts and may not follow regular configurations, However, the
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devices layout may somewhat resemble the axial and staggered configurations as shown in

Fiéures 2.7-2.8.
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Figure 2.7 Axial array layout
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Figure 2.8 Staggered array layout

A simplified representation of staggered array is the offset configuration as explored in
Stelzenmuller [94] and Javaherchi et al. [95]. The array lay out and longitudinal as well as
transverse/lateral spacing between turbines in array significantly influence the velocity and
turbulence intensity of downstream flow [24]. The downstream devices in certain staggered
configurations of arrays may receive a greater onset velocity than the free stream velocity
of currents. This is because the flow can be accelerated between two laterally adjacent
devices causing an increased thrust and power for the downstream devices in a staggered
array configuration [24, 57, 96]. However, this definitely is not true for all lateral and

longitudinal spacing and would also depend upon other several factors.

Several research studies have investigated the influence of array layout and interdevice
spacing on the performance of turbines operating in arrays. Turnock et al. [23] observed
higher power output compared to an unstaggered layout for the downstream turbine

operating in the gap between turbines of the upstream row. However, the increase in power
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output only took place for longitudinal and lateral spacing of less than six turbine diameters
(6D). The optimal extent of lateral spacing for staggering turbines with in arrays is array
specific and therefore various researchers have suggested different values like 3D by Lee
et al. [97], more than 2D by Malki et al. [24] and 2D by O’Doherty et al. [98]. The lateral
spacing between 1* row upstream devices cannot be reduced beyond a certain limit because
the wake recovery with in the very closely packed staggered arrays is very slow with large
areas of higher velocity deficits [99]. As observed by Nuernberg et al. [100], the shorter
lateral spacing between the 1% row upstream devices would significantly decrease the
power output of downstream device in staggered arrays. Malki et al. [24] observed that for
lateral spacing of less than 2D between the adjacent turbines in the upstream row with
downstream turbine located at more than 2D, the performance of the downstream turbine
is substantially reduced. Another important factor that would greatly influence decisions
on the array design is the turbulence intensity in the approach flow known to enhance wake |
mixing [101]. Because, the relative advantage of increased longitudinal spacing in axial
arrays diminishes with higher levels of turbulence intensity. Contrarily, in staggered arrays ‘
higher turbulence intensity reduces the relative disadvantage associated with increased
lateral spacing between devices. Similarly, the wake recovery is minimally influenced by
longitudinal spacing in a staggered array for flows with lower turbulence intensities, and
therefore the associated advantages or disadvantages would no longer be applicable
compared to arrays with flows of higher turbulence intensities [102). Several other factors
like the flow alignment is also crucial and can reverse the relative advantage of staggering
compared to the axially aligned arrays. The staggered arrays produces more power for
perfectly aligned flows along the turbine axis, while for misaligned flows the axial arrays
are more efficient [103]. The direction of rotation of adjacent device can also influence the
flow acceleration between staggered devices because the counter rotation of the adjacent
devices reduce the shear rate that would further improve the performance of downstream
devices [98, 104]. The array tuning adds another very important dimension to this
discussion on the array layout, design and performance. The array tuning refers to
employing or operating turbines with different thrust and power coefficients depending
upon its respective location across the array. The differential tuning can be equally

employed to both staggered and axial arrays. Although, the efficiency of an array can be
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maximized by employing array tuning. However, the output of a staggered array cannot be
maximized to an extent to exceed that achieved by an equivalent axial array [105]. Decision
on turbine control strategies along with maximum number of turbines that could be
installed to extract maximum power from an available resource would also have to be duly

considered for the macro and micro design of arrays [106].

Although, it is an established fact now that staggering turbines with in an array can increase
the power output of downstream devices due to the local duct effect between adjacent
upstream devices. However, this would depend on the inter row spacing and inter device
spacing with in a row specific to the array site and several other factors with some of them
interdependent to each other. More importantly, this increase in the power output in terms
of individual turbines would only be beneficial if it translates into an increase in the total
array output. It is therefore still an unresolved challenge to optimize the array output by
striking a balance between the blockage effects and wake interaction [107]. Because, single
row arrays with higher local blockage are more efficient in terms of power output compared
to multi row arrays with lower blockage [108]. Further investigations are required to
establish the competitive advantages of single row arrays that exploit the duct effect or
multiple rows staggered arrays that exploit accelerated flow between the gaps. While
multiple row staggered arrays are more efficient than axial arrays, it is not clear that
staggered layout is a better choice than single row array [104]. It is important to highlight
that most of the array design efforts have focused regular grids of devices having identical
performance coefficients. However, tidal flows in real channels have complex patterns and
the optimal array layout therefore may not be a regular grid of devices with identical power

coefficients [17]. An example of irregular grid arrays is as shown in Figure 2.9.
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Figure 2.9 Irregular grid arrays (@) Example of optimized 50 narbine array in large chaninel in the south eastern Pentland
Firth (b} Example of optimized 20 turbine array in the small chonmel with a headland constriction [17]

2.6 Summary

In this chapter, a review of the research related to the performance prediction, structural
loads, wake and arrays of tidal current turbines is presented. These areas are selected
because an understanding of the background knowledge and research in these areas is
essential to conduct the proposed rcsearch in this thesis. Three different approaches
consisting of experimental, BEM theory and RANS CFD models have been discussed
along with a review of literature pertinent to the application of these techniques to the
performance prediction of tidal current turbines. The structural loads on tidal turbine blade
have been explained and a review of the literature has been provided to describe influence
of various hydrodynamic conditions like the inflow velocity, wave cwrent interaction,
turbulence and velocity shear on the turbine performance and blade structural loads.
Similarly, the wake structure behind a TCT has been described and literature discussing
the effect of several variables like turbulence intensity, free stream velocity, turbine
placement and channel blockage on the wake recovery rate has been reviewed. The effects
of tidal turbine arrays on the dynamics of flow in a tidal channel have been described. A
review of the current literature has been provided to highlight the implications of array
layout and interdevice spacing on the turbine performance and blade structural loads.



Chapter 3

Tidal Turbine Design

Significant developments in tidal turbine technology have taken place over the last few
years. The Meygen project (1.5 MW) in Pentland Firth, Scotland and Shetland Array (200
Kw), Shetland Island, Scotland are operational since 2016 and these represent the most
significant steps towards commercialization of tidal energy [109]. All tidal current turbings
share the basic principal of converting kinetic energy of tidal flow into mechanical energy
for rotating the generator. However, the way in which this design goal is achieved differs
between various designs. Numerous designs of TCTs are reported in the literature and
about forty new designs have been introduced in the period from 2006-13 {6]. However,
this was the early phase of development and now the turbine technology has reached a
higher level of technological maturity due to growing number of deployment projects. The

‘turbine technology has not still fully converged. However, some turbine designs are now
globally recognized as the potential designs of future tidal turbine. An overview of these
turbine designs is as shown in Figure 3.1 and their Technology Readiness Level in Figure
3.2.

25
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Figure 3.1 Tidal Turbine Design (a} Horizontal Axis (b) Vertical Axis {c} Osciflating Hydrofoil (d} Enclosed Tips
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Figure 3.2 Technology Readiness Level (TRL) of tidal energy devices [109)
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Figure Note: Blue bars refer io techmology with significant progress in 2016. Red bars indicate technology with no
comsiderable wpdate/progress in 2016, Shaded bars indicaied ongoing testing. The length of bar indicates the range of
TRL attempied. The yellow dot indicates the maximon achieved TRL. '

The Horizontal Axis Tidal Turbines (HAT) are currently at the highest level of '
development (TRL 8) (Figure 3.2). The tidal energy sector developers mostly believe that '
technology will converge on HAT [109]. HATS are attracting the major portion (76%) of
the research and development (R&D) efforts [109, 110]. An overview of the R&D effort |
for tidal technologies in 2016 is as shown in Figure 3.3. |

Figure 3.3 Share of tidal energy technologies among all the R&D effort for technologies lested at full-scale [109)]

Although, designing a novel turbine is not the focus of this thesis. However, a brief over
view of some of the design aspects and steps of the design process for HAT are provided
to describe the underlying concepts.

3.1 Power OQutput

The power available in a flow stream is estimated as:

prD?V3 (3.1)
Proaiiable = 3

According to Bitz limit only 16/27 of this available power can be extracted by a
hydrokinetic turbine and this is the maximum power coefficient (Cp) that a standalone TCT
can achieve [22]. In addition, the power train efficiency (n) sets another theoretical upper
limit of 0.9 for the maximum power that can be extracted.
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3.2 Blade Shape

The blade of TCT is composed of specific foil shapes located along the blade span having
suitable twist angles and chord lengths. One of the most important consideration for
selecting a hydrofoil for TCT blade is the glide ratio or turbine efficiency (ratio of lift to
drag coefficient,C; /Cp). But there are other aspects like the sensitivity to surface roughness
which must also be duly considered. Additionally, tidal turbines operate in water and their
blades face more loads as compared to wind turbine due to the higher density of water.
Therefore, tidal applications require foils with relatively larger percentage thickness.
Thicker foils also have the advantage to easily accommodate other necessary arrangements
to make the blade stronger. Foils having low probability of stall are preferred for tidal
turbine application. Because, sudden increase in current velocity creates sudden variation
in the angle of attack (AOA). This sudden variation may force the turbine into a pre-stalled
or stalled zone. Some special purpose airfoils have been developed for application in tidal
turbines [111, 112]. However, some of the general purpose airfoils developed for other
aerodynamic applications especially wind turbines can also be used for the tidal turbine
blades. The turbine design utilized in this thesis is the University of Minnesota’s St.
Anthony Falls Laboratory (SAFL) Reference Model (RM1) and its blade profile is based
on NACA 4415 airfoil. This is a cambered airfoil with a maximum camber of 4% at 40%

chord length having a thickness of 15%.
3.3 Blade Chord

Mathematical expression for the determination of blade chord at a blade element is

provided by the Schmitz formula [113]:

16nmr (1 R (3.2)
— in 2 -_— -1
¢ C.N St <3 tan (Ar))

Where C is the blade chord at a blade element at radius r, number of blades in the turbine
is N, A represents the tip speed ratio and R is the radius of turbine. “CL” is the design co-
efficient of lift and its value is taken as 80% of the value corresponding to the design angle

of attack (AOA) from the drag polar data of the airfoil.
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3.4 Tip Losses

Rotating turbine blades form vertices at the blade tip. These vertices are a source of loss
that decrease the lift force of the blade. The blade tip losses are determined using equation
(3.3) presented by Ludwing Prandtl [113]:

frip = Ecos-l [e((N/z)(l—u}f#) ’1+(Ap2j(1—a2})] (3.3)
tip = -

Where, “p” is “r/R” with “R” representing the total radius of the turbine and “r” the radius
of the respective blade element. The axial induction factor is represented as “a” and “N”

represents the number of blades.

3.5 Blade Twist

The description of airfoil angles for a tidal turbine blade is shown in Figure 3.4, In this

Figure o is the design AOA taken as the AOA for maximum glide ratio. The incidence

angle is ‘¢’, (U (1- a)) is the component of velocity acting in the axial direction. w, {1 +

@) is the tangential velocity component and ‘B’ is blade twist angle. Twist at a blade

element is determined from equation (3.4) [114].

The relation of twist angle B, inlet angle ¢, and AQA a is as in equation (3.5) and (3.6}
[115].

U{(l—a)

Figure 3.4 Angle definition of an airfoil
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The relation of twist angle B, inlet angle ¢, and AOA «a is as in equation (3.5) and (3.6)
[115].

p=a+p (3.5)
_. i _l-a (3.6)
¢ = tan™ </1u(1 + a'))

Where, a is the axial flow induction factor, a is the tangential flow induction factor and p

is the ratio of radial direction from hub to tip and is defined as r/R.

3.6 Tip Speed Ratio (TSR)

Tip speed ratio (TSR) is a non-dimensional parameter used for representing turbine
performance in non-dimensional terms. It is defined as the ratio of blade tip velocity to

relative flow velocity and mathematically expressed as [116]:

_WR (3.7
A= U

Where, “ w “ is the angular vecoity or speed of the turbine in rads/s, mathematically

expressed as:

© = @ (3.8)
60

where N is the turbine turbine rotational speed in rotations per minute (r.p.m). Turbines

with higher optimum tip speeds are more effecient but they are subjected to higher

hydrodynamic and centrifugal stresses [117]. Blades designed for higher TSR have

comparatively smaller chords that will require less material and will have lower weight

and cost.

3.7 Number of Turbine Blades

The number of blades in a turbine affects the stability, efficiency and cost considerations.
A rotating disc is the most stable mechanical component [113]. Three blades in a turbine
is the minimum requirement to enable stable operation of the turbine like a rotating disc.
The effect of number of blades in a turbine is represented by its solidity. The Solidity of a

turbine is a reflection of its size and weight and depends upon the number of blades, mean
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chord length and turbine radius. Solidity is the ratio of the area covered by the turbine blade
to the total swept area of the turbine and is mathematically expressed as:
BC (3.9)
7= 2R
Where, B is the turbine number of blades, C is the mean chord and R is the radius of the

turbine.

The solidity in tidal turbine has not been much investigated for its effects on tidal turbine
performance and most of the knowledge is transferred from the wind turbine research.
Nevertheless, Morris [118] and Mujahid et al. [41] performed studies on the effect of
solidity on the performance of TCT. These studies suggest that devices with less number
of blades have a higher optimal TSR and therefore require smaller size gear box. Smaller
gear box size and less number of blades reduces the weight, size and cost of turbine.
Additionally, devices operating at higher TSR creates a more significant wake that could
have some implications for operation of turbine in arrays. The chances of cavitation are
also higher for devices operating at higher TSR. The value of turbine power coefficient
(Cp) increases marginally with increasing the number of blades from 2 to 3 and this increase
in negligible for increasing the number of blades from 3 to 4. The value of torque
coefficient increases significantly with increasing the number of blades. The value of total
turbine thrust is minimally influenced by the increase in number of blade, while the value
of thrust per blade reduces with increasing number of blades. The increase in thrust per
blade and corresponding flap moment with reduction in number of blades could have
serious consequences for the reliability of turbine blades. Moreover, the increased

deflection due to increased flap moment may also affect the power output of turbine.
3.8 Performance and load Parameters

The performance of TCT’s in non-dimensional terms is generally expressed by the’

relations provided in Equations (3.10)-(3.14).

The power coefficient (Cp) of turbine is the ratio of the power actually generated by the
turbine computed as torque time rotational speed to the total power available in the flow

stream. The power coefficient of turbine is mathematically represented as:
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Quw (3.10)

Cr = 05pAlz

The thrust coefficient (Cr) of turbine is mathematically expressed as:

T (3.11)

Cr = G5pA0z

Structural loads on the turbine blades are determined from the blade root bending moments.
The two most prominent and structurally significant bending moments are the flap and

edge-wise root bending moments. These are schematically represented as in Figure 3.5.
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Figure 3.3 Graphical representation of blade root bending moments [63]

The thrust force (T) acts along the stream wise direction and is responsible for the flap wise
bending moment (Mr). The flap wise bending moment is the dominant parameter for
structural stresses at the blade hub junction. It is a critical design parameter because its
value is much higher compared to the torsional or edge-wise bending moment [49]. The
edge-wise bending moment (M) is caused by the tangential force generated by the blades.
Mathematically, these structural moments in terms of their coefficients are expressed as:

Mg (3.12)

Cwr = 5E,40ZR
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M; (3.13)

Cre = 5EoAUZR

in these equations U, (m/s) represent the free stream velocity, ® (rad/s) the angular speed
of the blade tip, R (m) the radius of the rotor, A (m?) the swept area of the rotor and Q¢ (Nm)
the torque generated by the rotor. Flap wise bending moments Mg (Nm) is the moment of

thrust force and acts along the chord line and Mg(Nm) is the edge wise bending moment.

3.9 Turbine design utilized for research

The U.S Department of Energy initiated a program to develop open source designs of |
marine hydrokinetic devices as study objects for research and development [119]. The
objective of this program was to provide researchers a common turbine design for different
research objectives that would allow a direct comparison of results and facilitate the
development of related turbine technologies. As a part of this program, a two-bladed
counter rotating twin rotor horizontal axis TCT design was developed named as Reference
Model (RM1). This turbine has a diameter of 20m and its blade profile is based on the
NACA 63(4)-424 airfoil. A full scale turbine based on the RM1 design was initially utilized
in some numerical studies [120, 121]. However, later experimental tests carried out on 1:45
scaled model RM1 turbine with a dimeter of 0.45 m in the recirculating flume at Bamfield
Marine Science Centre (BMSC) in British Columbia, Canada revealed that experimental
performance of the turbine is significantly lower than the Blade Element Momentum

Theory (BEMT) predictions [94].

Reduced performance of the turbine in experimental trials was suspected to be due to the
lower chord-based Reynolds numbers (R, < 80,000) for operation in a flow speed of 0.65
m/s. The performance of a turbine is expected to sharply decrease below a critical R, value
due to laminar flow separation. However, it was not possible to remove this un-certainty
due to the unavailability of low R,(~ 70,000) lift (C,) and drag (Cp) coefficient wind
tunnel tests data for the NACA 63(4)-24 airfoil. Additionally, the acquisition of required
data from the potential flow solvers like Xfoil was deemed inadequate due to its lack of
accuracy near transitional R, numbers for predicting airfoil performance because of its
inability to capture laminar separation bubble dynamics [122]. To resolve the issue of

performance mismatch between experiment and BEMT computations at low R,, the blade
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profile of RM1 wrbine was changed to NACA 4415. The NACA 4415 airfoil was selected

due to its superior performance at low R,, lower dependency on R,, availability of

experimental data and higher percentage thickness to resist higher fluid loads. A

comparison of the original and modified RM1 turbine designs performance from I
experiments with the lab scale model (1:45) and full scale from BEMT computations is °
shown in Figure 3.6.
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Figure 3.6 Performamce comparison of the original and modified RM1 TCT [94]

Further, experiments on the SAFL modified version of RMI turbine lab scale model
showed that the performance of turbine is not much sensitive to Reynold number variations

as shown in Figure 3.7.
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Figure 3.7 Performance of I:45 lab scaled modified RM1 turbine at different flow speeds [94]

Later, the University of Minnesota’s St. Anthony Falls Laboratory (UMN-SAFL) also
tested a 1:40 scale model of the modified RM1 turbine design with dual counter rotating
rotors of 0.5m diameter in their large open channel facility [26]. The blade element sections
characteristics of the 1:40 scaled model SAFL RMI turbine is as in Table 3.1.

Table 3.1 Blade element sections characteristics for the 1:40 RM1 SAFL model
turbine blade of NACA 4415 profile

/R Radius  Pre-Twist Chord (c) tle Thickness (t)
O (nm)  (Degree)  (mm) (%) (mm)

0.21 533 13.16 30.0 100.0 30.0
0.24 60.0 13.16 30.0 100.0 30.0
0.27 66.7 13.16 34.2 84.9 29.0
0.29 73.3 13.16 46.8 51.8 242
0.32 80.0 13.16 57.2 31.1 17.8
0.35 86.7 13.16 02.6 194 12.1
0.37 933 13.16 64.5 15.0 9.7
0.40 100.0 11.28 64.4 15.0 9.7
043 106.7 10.24 63.2 15.0 95
0.45 113.3 9.43 61.5 15.0 9.2

(.48 120.0 8.76 59.5 15.0 8.9
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0.51 126.7 8.17 57.4 15.0 8.6
0.53 133.3 7.64 55.3 15.0 8.3
0.56 140.0 7.16 53.2 15.0 8.0
0.59 146.7 6.70 51.1 15.0 7.7
0.61 153.3 6.27 49.2 15.0 7.4
0.64 160.0 5.86 47.3 15.0 7.1
0.67 166.7 5.46 45.6 15.0 6.8
0.69 173.3 5.07 44.0 15.0 6.6
0.72 180.0 4.69 42.4 15.0 6.4
0.75 186 7 4.31 40.9 15.0 6.1
0.77 193.3 3.93 39.5 15.0 5.9
0.80 200.0 3.55 38.2 15.0 5.7
0.83 206.7 3.17 37.0 15.0 5.6
0.85 2133 2.78 35.8 15.0 5.4
0.88 220.0 2.38 34.6 15.0 52
0.91 226.7 1.98 33.5 15.0 5.0
0.93 2333 1.57 323 15.0 4.8
0.96 240.0 1.14 31.2 15.0 4.7
1.00 250.0 0.70 30.0 15.0 4.5

The objectives of these experimental tests were to obtain an open source robust data set
that can be utilized to assess the ability of various turbulence models for predicting turbine
performance and wake. This thesis also utilized the SAFL version of the RM1 turbine
design with single rotor configuration to utilize their open source experimental data for the

validation of results from numerical simulations.

3.10 Summary

In this chapter, an overview of the globally recognized potential design of future tidal
energy devices is presented. The design aspects for HAT is described with a discussion on
how these would influence the turbine operation. The turbine performance and load
parameters that will repeatedly appear in this thesis are also described. The turbine design
utilized in this research (SAFL RM1) is described along with a background of the evolution
of this design from the original RM1 design.



Chapter 4

Development of RANS CFD Methodology

The development of Reynolds Navier-Stokes (RANS) Computational Fluid Dynamic

(CFD) methodology for simulating the performance of horizontal axis TCT is discussed in

this chapter. The ANSYS Workbench software is utilized to replicate the experimental

model tests conducted at the University of Minnesota’s St. Anthony Falls Laboratory for

the performance prediction of SAFL modified version of RM1 turbine rotor in the RANS

CFD model. A steady state RANS CFD methodology is first developed and validated with
experimental data for the performance of turbine represented by its rotor over the entire
range of turbine operating conditions from TSR 1-9. The RANS CFD methodology is then
extended to model the performance of full scale turbine including nacelle and support tower
in steady state and transient simulations. The development of the validated RANS CFD

model for the performance and wake modeling of standalone RM1 TCT is necessary before

extending the simulations to tidal turbine arrays that will be discussed in the later chapters. |

The results presented in this chapter are mostly based on our published research articles.

4.1 Experimental setup

Experimental investigations were conducted on the RMI turbine in the large open channel
facility at the University of Minnesota, St. Anthony Falls Laboratory (SAFL) to develop
an open source robust data set of experimental measurements that can be utilized for the -

validation of numerical models for turbine performance and wake [26]. These experimental 3

results have been used for the validation purpose throughout this thesis. While
experimental work is not a part of this research, it is briefly described for the completeness
of discussion in this thesis. The SAFL main channel has depth of 1.8m, width of 2.75m and
length of 85m with continuous water supply system. The channel is equipped with
discharge control system, flow rate monitor and depth control mechanism. Two rows of
vertically oriented baffles are installed in the channel to avoid the entry of large size

turbulent structures into the testing section. The 1:40 scale SAFL modified version of RM1

38
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dual rotor turbine including major components and measuring instruments for the rotor
RPM and torque is utilized in all the model tests. Each rotor has a diameter of 0.5m, with
a spacing of 0.7m between the rotors. The experiments were conducted with a channel
depth of 1m and the model was located in the depth wisc centre at a distance of 40m | |
downstream from the inlet. A schematic representation of the experimental setup is shown ;
in Figure 4.1. ?

h - 1.0m

Figure 4.1 Schematic of the SAFL RM] experimental setup [26]

The channe) carriage is equipped with Data Acquisition system and capable of three axis
automated motion to position various sensors for monitoring fluid environment around the
turbine. Discharge measurements are continuously recorded at a sample rate of 1Hz with
an ultrasonic range sensor to monitor the water surface elevation, The Acoustic Doppler
Velocimeters (ADVs) are used to record flow velocity in the test section at a sample rate
of 200Hz. For each rotor an ADV was located aligned to the axis of rotation at the hub
height, whereas a third ADV was positioned at the same depth aligned to the tower. The
angular velocity of rotor is precisely controlled through a stepper motor and indexer drive.
Single automation direct rotary encoder on the motor shaft referenced to turbine blade
position records the blade angular position. The turbine hubs are equipped with miniature
reaction torque sensor to measure the rotor torque. The angular velocity is precisely
controlled through a stepper motor and indexer drive connected to the rotor shaft with 2
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chain drive. The rotor angular positions are measured with a rotary encoder connected to
the motor shaft. The measurements are transmitted to a computer in the form of voltage
signals via a system of torque transducer, slip ring, signal conditioner and analog to digital

acquisition board.

4.2 Review of research on CFD Simulations of RM1 Turbine

The experimental performance of SAFL RM1 1:40 scale turbine is replicated through
RANS CFD simulations as a part of this thesis. However, a few other researchers have also
modelled the performance of RM1 full scale or scaled model turbine utilizing an almost
similar methodology. Lawson et al. [120] were the 1% to develop a RANS CFD model
using the full scale DOE RM1 turbine design for three different operation conditions all
representing a fully attached flow and compared the results with BEM computations. They
presented a well-documented spatial and temporal discretization study utilizing steady state
and transient CFD simulations respectively. The predicted torque results were found to be
sensitive to grid resolution, while they were minimally influenced by the time step of
simulation. Javaherchi et al. [121] also performed RANS CFD simulation of the full scale
DOE RM1 turbine. The computed torque from these simulations closely matched the
torque values of previous RANS CFD based computations of Lawson et al. [120]. Results
for the turbine torque, lift and drag coefficients and wake was also described. The effect of
shear stress transport (SST K — w) and Spalart-Allmaras (SA) turbulence model on the
performance prediction was also evaluated. It was suggested that the two equation
(SST K — w) model is comparatively a better choice for performance studies as compared
to the one equation (SA) model. Later, Javaherchi et al. [123] also performed flume
experiments and RANS CFD simulations of the modified design 45:1 model scale DOE
RM1 turbine. The experimental and numerical results were compared at the similar
conditions and scale. The objective of the study was to develop a methodology for the
performance and wake studies and to establish a data base of experimental data. The CFD
simulations were performed at a TSR range of 5.5-10.3 to match the experimental
conditions. Javaherchi et al. [95] extended their numerical and experimental work to the
investigation of energy extraction efficiency and wake flow studies on a three turbine array

utilizing a modified scaled model of DOE RM1 turbine. The numerical results for turbine
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performance and wake deviated from the experimental measurements at low TSR’s due to

flow separation at the blades.

The proceeding sections in this chapter describes the RANS CFD simulation methodology

developed in this thesis.

4.3 Software and Governing Equations

The RANS CFD simulations performed in this research utilized the ANSYS CFX solver,
which is a node centered finite volume solver, employing an element based finite volume
method to the solution of Navier-Stokes equations [124]. CFX is a fully implicit code that
utilizes co-located (non-staggered) grid layouts and a modified form of Rhie and chow
discretization for the mass flow that avoids decoupling. The software uses an incomplete
lower upper (ILU) factorization technique with a particular implementation of algebraic
multigrid acceleration known as additive correction for the solution of discrete system of
linearized equations. The exact solution of discrete equations is obtained through an

iterative procedure over the course of several iterations.

CFX numerically models the advection term (i.e. the often dominant term accounting for
bulk fluid motion) in several different ways known as advection schemes. In general, the
CFX advection schemes are interpreted as the integration point value is equal to the

upstream value plus a correction due to the gradient.
Pip = Pup +.BV¢'AF “4.1)

Where V¢ is the variable gradient and 7 the vector between the upstream node and the
integration point. Whereas, § can assume any value between 0 and 1 that results in different
advection schemes. Several options for the selection of an advection schemes are available
in CFX. Amongst these, the upwind difference advection scheme uses a pre-specified f
value of 0 to employ no correction. While this scheme is robust, it is only first order
accurate. Contrarily, the specified blend scheme allows the specification of § values
between 0 and 1 to employ between no corrections up to full correction. However, this
scheme is unbounded and may therefore cause the solution to overshoot or undershoot and
cause non-physical oscillations in regions of rapid solution variation. The CFX “high

resolution” scheme maximizes the value of 8 to a value to be as close to 1 as possible while
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keeping the solution bounded. While a 8 value of 1 effectively renders the advection
scheme to be second order accurate in space, a f value of zero employs a first order
accurate scheme. The “high resolution” advection scheme in ANSYS CFX is a blend of
the second order accurate central difference scheme and the first order accurate upwind
scheme. The blend factor tries to implement the central difference scheme unless there is a
situation that could compromise the stability of the solution. For all simulations
contributing to this thesis a “high resolution” advection scheme was employed in view of

its additional accuracy especially on boundary layers with unstructured meshes.

The ANSYS CFX software is a general-purpose fluid dynamics code equipped with a
variety of simulation approaches. However, during the course of this thesis, the Reynolds-
averaged Navier Stokes (RANS) equations are used for all simulations. For an
incompressible Newtonian flow, the RANS equations in Einstein notation in Cartesian
coordinates are written as:

0t

Continuity Equation: — =
y Eq o

4.2)

. a; a1 6 —
Momentum Equation: p— 3 + plij — 3%, =pfi + —[-p6i; + 2uS;; — pU ] (4.3)
0x;

where, §;; is the mean rate of strain tensor and mathematically expressed as:

v 2 an axl- ’
The time derivative is eliminated because the integrtion in time removes the time

dependence of the resultant term and the momentum equation reduces to:

d%; —
& =pfi + [ —p8;; + 2uS;; — pit,iy)] 4.5)

where, vector f; represents the external forces and §;; is the Kronecker delta function. §;; =

1 for i = j and zero otherwise. For TCT, the incompressibility assumption holds and the
energy equation is also omitted because the thermal effects are negligible. Therefore, the
simulations will neither account for the contribution of heat due to the dissipation of

turbulence kinetic energy nor viscous shear.
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4.4 Turbulence Model

Turbulence in a flow field refers to the unsteady and irregular motion due to fluctuation of
the transport variables in time and space. The fluid properties and velocity exhibit random
variations in turbulent flow that enhances the mixing of matter, momentum and energy.
Turbulent flows are generally characterized by high Reynolds numbers. However, other
factors like free stream turbulence, surface condition and disturbances in the flow may
cause transition to turbulence even at low Reynolds number. Turbulence is a complex
physical phenomenon due its unsteady three dimensional nature consisting of many scales.
The turbulent flow structures contains a wide range of turbulent eddy sizes (scales
spectrum). The large eddies derive energy from the mean flow and therefore, travels with
a velocity of the same order. Whereas, the smaller eddies receive energy from the larger

eddies, which is converted to internal energy by viscous dissipation.

The Navier-Stokes equations can equally resolve laminar and turbulent flows directly
through Direct Numerical Simulation (DNS). However, this would require the resolution
of whole scales spectrum that would require much higher computational power than what
could be possible in the near future. The resolution of whole scales spectrum would
generally require resolving length scales much smaller than the finest volume mesh of any
practical use in the numerical analysis. The Large Eddy Simulation (LES) type models are
developed to address this issue by solving the spatially averaged Navier-Stokes equations.
In this approach the large size eddies (i.e. turbulence structures) are directly resolved and
eddies smaller than the mesh are modelled. Although the LES models are less expensive
than DES, the requirement of computational resources and efforts are still infeasible for
most applications. The LES models have been recently used for modeling the spectral

distribution of blade bending moments for TCT’s [48, 49, 125].

Additionally, several turbulence models have been developed to resolve turbulent flows
without requiring a prohibitively finer mesh. These models employ a statistical averaging
procedure to account for the turbulence related transport mechanism and are therefore also
termed as statistical turbulence models. The averaging procedure introduces averaged and
fluctuating quantities into the original unsteady Navier-Stokes equations to produce

Reynolds Averaged Navier-Stokes (RANS) equations.
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The RANS CFD approach solves time averaged Navier-Stokes equations and models all
the length scales. The time averaging is used to extract mean flow properties from the
instantaneous properties by splitting the instantaneous velocity,u;, into average, #;, and

fluctuating, i;, component as:
u (X, t) = w (X, t) + (X, t) (4.6)

The Reynolds-averaged momentum equation can also be written as:

(aﬁl+_ 6171)_ 6ﬁ+ d aﬁl +6R” 47
P8 "M Gx) T Tax ox \F o) T Tox “7)
Here, R;jj = —p Tu] is the Reynold stress tensor. The time averaging introduces additional

unknowns (Reynolds stresses) in order to close the system of governing equations. In the
RANS CFD approach, the unknown Reynolds stresses are related to the known mean flow
variables through additional equations representing turbulence models. Several turbulence
models are available with some of these only applicable to very specific applications while
others are applicable to a wider class of flows. There is not yet a single turbulence model

that can reliably predict all turbulent flows with sufficient accuracy.

The turbulence models are generally classified into Reynolds-Stress Models (RSM) and
Eddy Viscosity Models. Reynolds-Stress Models are based on the transport equations for
Reynolds stresses. They are more suitable for anisotropic flows as they model all the
components of the Reynolds stress tensor. However, they are computationally expensive
due to solving six additional partial differential equation and difficult to converge due to
the absence of stabilizing eddy viscosity term [126]. Alternately, the Eddy Viscosity
Models are based on the Boussinesq hypothesis and the Reynold stresses are modelled
using an eddy (or turbulent) viscosity as:

— (6171 617,) 2 duy 2

Rij = —pul’u"] = Ur -67]-*-5;—1 —§,LIT‘aTk6” ——pk6ij (48)

A review of the previous RANS CFD modelling works on tidal turbine over the last decade
reveal that the k — w based Shear Stress Transport (SST) model has generally performed
better for tidal turbine applications [127-130]. The k — w SST model is known to predict

the onset and amount of flow separation under adverse pressure gradient with better
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convergence [124]. Therefore, the k — w based Shear Stress Transport (SST) model is also
used for all the simulations in this thesis. The SST model belongs to the group of eddy
viscosity models, and considers the Reynolds stress term to be proportional to the mean
rate of deformation:

A LIS BN 4.9

where, k represent the turbulent kinetic energy per unit mass expressed as:

1
k =E(ﬁ_‘2) (4.10)

The SST model combines the Willcox k — w model and standard k — € model to utilize
the advantages of both models. This is accomplished using a blending function to apply
k — w model in the viscus sub layer region of the no slip boundary and k — & model in
outer part of the boundary layer. The SST model uses transport equation for the turbulent
kinetic energy "k" as:

ok _ ok @

+ = [( +Vt)ak]+P + Py — Bk (4.11)
at “‘axi‘ dx; v o/ 0x; ¥ Py = Bk '

The term Py, represent the buoyancy production term. The buoyancy has not been
modelled in all the simulations through out this thesis. Because, we have assumed that the
free surface woud not ifluence the turbine performance for the evaluated case studies. The
shear production term P, is mathematically expressed as:

p =y 0 (00 0% 4.12)
k tax}' ax}- ax,- )

The specific dissipation "w" is evaluated through a second transport equation as:

Oxi

+(1=F) 2 0k dw
1 Gwzaxiaxi

6w+_6w_ d [( vt)aw]_l_ wP £ P,y + Bw?
ot T Max - axnl\V TG, % Tk T Twp T PO

(4.13)

Despite combining the advantages of Willcox k — w and standard k — & model, the base

line model still fails to predict the onset and amount of flow separation from smooth
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surfaces. This is primarily because of the over prediction of eddy-viscosity arising due to
not accounting for the transport of turbulent shear stress. This deficiency in the proper
modeling of transport behavior is addressed by applying a limiter to the formulation of the

eddy-viscosity as:

k
Yy = ek (4.14)
max(a,w,SF,)
where
v =Ht/, (4.15)

and S is an invariant measure of the strain rate expressed as:

S= ’251'}'51'}' (416)

The formulation of blending functions is based on the distance to the nearest surface and

on the flow variables. The blending function F; is expressed as:

F, = tanh(arg?) 4.17)
vk 500v 4pk
arg, = min [max —,— ], P 2] (4.18)
Bwy Y w | CDyy0u2y
where “y” is the distance to the nearest wall and
1 0k dw
Dy, = 2 ——,1.0x 10710 4.19
Dre max[ pawzw dx; 0x; l (4.19)
The blending function F2 is expressed as:
F, = tanh[arg3] (4.20)
2vk 500v
arg, = max |=—,— ] (4.21)
wy Yy w

The coefficients for SST model are a linear combination of the corresponding coefficients

formed by blending the coefficients of k — w and k — € models as:

¢ =F¢+ (1 - F)o, (4.22)
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where ¢ representing the coefficient for the SST model is a linear function of ¢, and ¢,
representing the coefficients for k — w model and transformed k — & model respectively.
The turbulent Schmidt number ok, assumes a value of 1.176 for SST model in the k — w
regime against a value of 2 in the original Willcox k — w model. All other coefficients

between the two models have identical values as in Table 4.1.

Table 4.1 Coefficients for the Willcox k¥ — w and SST turbulence models

Coefficient Value
p’ 0.09
ay 5/9
B4 0.075

le 2
0.44

a

0.0828
B

|

Ok2

1/0.856
Ow2

4.5 RANS CFD modeling of scale model SAFL RM1 Turbine

Steady state CFD simulations are performed to model the performance of SAFL RM1 1:40

scale model TCT. The flow domain is subdivided into a stationary rectangular domain and

rotating cylindrical domain. The stationary domain of rectangular shape represents the flow

channel and the cylindrical domain encloses the turbine blades and hub. A Multiple Frame

of Reference (MFR) technique with a frozen rotor frame change model is used to simulate

the rotation of rotor about an axis with a specified angular velocity. In this approach, the |

governing equations are solved in a rotating reference frame and the computational grid is

not physically rotated. In a Frozen Rotor model the two frames connect such that their -

relative position is fixed throughout the calculation. This provides a steady state solution

to the multiple frame of reference problem and require less computational effort [131].

The turbine blades are assumed to be neutrally buoyant. It is also assumed that the density

of sea water is constant and that the chances for cavitation are negligible. This assumption
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is made because SAFL RM1 turbine design is used. During the initial design made using
BEMT code Harp_Opt, it is ensured that the turbine should be free from cavitation. This is
accomplished by comparing the minimum pressure over the blade to the fluid vapor
pressure and avoiding blade designs for which cavitation is likely over the entire range of

turbine operating conditions.

The main objective of the CFD simulations is to model the experimental performance curve
of the 1:40 scale model SAFL RM1 turbine rotor. The experiments utilized the counter
rotating twin rotor turbine, while the CFD simulations took advantage of the design
symmetry and modelled only one rotor. The earlier research work, [94, 95, 121, 123, 132]
have successfully adopted this strategy for modelling the performance of RM1 turbine to
reduce the computational cost of the simulations without any influence on the outcome of

results.

The Shear Stress Transport (SST) turbulence model is used in its low Reynolds number
formulation. The convergence criteria is based on the stabilization of residuals of numerical
solution and deemed to be achieved when the residuals are reduced to the order of 1E-4.
Further, the torque values on turbine blades are also monitored during the solution process |
to ensure the convergence. All the simulations are performed on the HP Z840 Workstation
with Intel(R) Xeon(R) CPU ES5-2699 v3 @ 2.30 GHz, 36 Core(s), 72 Logical Processor(s)
having an Installed Physical Memory (RAM) of 128 GB.

4.5.1 Computational domain and boundary conditions
The flow domain is subdivided into a rectangular stationary domain to represent the flow

channel and rotating cylindrical domain enclosing the rotor to model the rotation of turbine |

as shown in Figure 4.2.
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Figure 4.2 Geometric details of turbine and computational domain

The dimensions for the rectangular channel domain are selected to replicate the water
channel actually used in the experiments. The depth [1m] of the domain is set equal to the
flow depth of channel used in the actual experiment. However, the width [1.375m] for the
domain is half the width of the experimental channel, because only one rotor of the twin
rotor turbine is modelled. Similarly, the length [4.755m] of the domain is set to 10 rotor
diameters (10D), a length suggested to be sufficiently large to mitigate the end effects and
minimize the computational cost [51, 133]. The turbine rotor is enclosed in cylindrical
domain to model the rotation of turbine with a Multiple Frame of Reference (MFR)
approach. This domain has a diameter of 0.70m (1.4D) to ensure a clearance of about 50%
of the blade length between the circular interface and blade tip to avoid poor numerical
diffusion [79]. The length of cylindrical domain is 0.23m, with its front face located at Im
(2D) from the inlet face.

The boundary conditions are specified to conform to the actual experiment. A uniform
velocity of 1.05 m/s and medium turbulence intensity (TI) of 5% with a viscosity ratio of
10 is specified at the inlet. The density of water is set to 1000 kg/m® to match the density
of water used in the actual experiment and dynamic viscosity of 8.9x10* Pas. The Turbine
diameter based Reynolds number Rep is = 5.2 x 10° and chord based Re, is ~ 3.0 x 10°.
The R, and turbulence intensity in CFD model is similar to the University of Minnesota’s
St. Anthony Falls Laboratory (UMN-SAFL) water channel experiment intended to be
replicated. The outlet is specified as an outlet with 0 Pa relative pressure. Specifying
velocity at the inlet and static pressure at the outlet represents the most robust boundary

conditions in CFX [131]. This boundary condition forces the flow solver to erect an
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artificial wall to stop the flow from entering into the domain from outlet. The floor and side
wall that represent the wall of the test channel are specified as no slip walls. For no slip
walls the fluid immediately next to the wall assumes the velocity of wall, which is zero by
default. This boundary condition is the most appropriate to represent the physical model of
experimental water channel as the experiments are conducted in a flow channel and not a
towing tank. The side wall that represents the middle of channel is defined as symmetry
and the top as free slip wall. All the hub and blade surfaces are specified as no slip walls.
The three connecting surfaces of the inner and outer domain are defined as mesh interfaces
to allow for the transport of flow properties across both the domains. The interface
condition of General Grid Interface (GGI) is used for all the three interfaces connecting the

stationary and rotating domains.

45,2 Mesh definition and refinement

High fidelity solutions of CFD simulations are subjected to the quality of CFD mesh. For
most industrial application, it is very difficult to generate a structured mesh. Contrarily,
tetrahedral mesh can be efficiently generated for problems involving complex geometrical
shapes. The tetrahedral meshes can efficiently resolve the complex three dimensional (3D)
computational domains of TCT and can provide spatially accurate results. Therefore,
tetrahedral mesh has been extensively used for 3D CFD simulations of TCT [52, 54, 133-
135]. For the steady state CFD performance modeling of scaled model RM1 turbine in this
thesis, a selective body meshing technique is used with a patch confirming method to setup
a tetrahedral mesh. The geometric model is converted into a single part consisting of
multiple bodies to obtain a matching conformal mesh on the shared faces between bodies.
The mesh generation is started with the turbine blades in the mesh component system of

ANSYS Workbench. The mesh used in these simulations is shown in Figure 4.3.
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Figure 4.3 Mesh on the rotor, rotuting and stationary domaints wtilized in the CFD simulations

Although three different meshes are generated for the grid refinement study, but the
proceeding discussion only describes the selected mesh that also gives an idea of the overall
meshing strategy. Tetrahedral mesh elements are used to generate mesh on blades with an
element size of 0.75 mm, hub 2 mm and rest of the cylindrical domain with 6 mm. The °
stationary rectangular domain is meshed with an element size of 30 mm. Prism layer
elements are generated around the blade surfaces to capture the boundary layer flow
separation as shown in Figure 4.4, |

Figure 4.4 Prism layer elements arosnd the blade surfaces for the sclected mesh

Distance of the first node away from the wall (blade surface) is set to 2.1 x 10> mm, with
a growth rate of 1.2 and the total pumber of layers is 27. This mesh setup ensured that the
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value of dimensionless wall distance (y™) is less than 1 along the lower and upper blade
surfaces for all the simulated TSR’s. This (y*) value is required for fully resolved boundary
layer mesh when using SST turbulence model with its low Reynolds Number formulation
[124]. Additionally, it is ensured that the total thickness of boundary layer is resolved with
the 27 prism layers. The number of elements in rotor domain is 10.3x10° elements and in
channel domain the number of elements is 3.1x10° for the selected grid. The total mesh
count for problem is 13.4x10° elements with ~ 77% of the elements in rotating domain and

~ 23% in the stationary domain.

Three grids with progressively greater densities are generated for the grid refinement study.
The number of elements for these grids and their distribution between the rotating and

stationary domains is as in Table 4.2.

Table 4.2 Grids Statistics

No. of Elements

Grid #
Inner Domain Outer Domain Total
1 5.89 x 10° 1.5 x 10° 7.43 x 10°
2 8.09 x 10° 3.10 x 10° 11.20 x 10
3 10.3 x 10° 3.10 x 106 13.40 x 10°

The meshing strategy is to use 70-80% of elements in the rotating domain with similar
number of 27 inflation layers and keep the y* value to less than 1 to ensure the proper

resolution of boundary layer with SST turbulence model in its low R, formulation.

The CFD model is aimed to simulate performance of turbine over the entire range of TSR.
Therefore, all meshes are required to be tested for different operating conditions
corresponding to different flow regimes. These flow regimes can be identified from the
experimental performance curve of the turbine. Three turbine operating conditions each
represented by a TSR from the lower, optimum and higher TSR regions are selected from
the experimental performance curve for the grid refinement study. This is done because all
these three operating conditions offer a different CFD modelling challenge and it is
important that each is accurately represented. These operating conditions are represented
here by their respective TSRs. The 2.23 TSR represents an operating condition where the
AOA at the turbine blade is high and the flow is separated. The 5.11 TSR represents an
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operating condition where the turbine is producing maximum power. Finally, the 9.02 TSR
represents the operating condition with the maximum blade tip velocity. Each of these
TSRs are simulated utilizing the three generated grids to evaluate the turbine torque. For
the mesh refinement study, the turbine torque is selected as the target variable because it is
a direct output of the CFD solution. The quantitative evaluation of turbine torque for each
operating condition is plotted against the total number of grid elements in the three

generated grids in Figure 4.5.
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Figure 4.5 Variation of blade torque with grid density at (a) TSR 9.05 (b) TSR5 11 (c) TSR 2.23

An increase in grid density resulted in monotonic convergence of the predicted torque
values. The difference between the torque value predictions for grids 1-2, with respect to

grid 3, is presented in Table 4.3.

Table 4.3 Torque predictions from the mesh refinement study
Grid # Predicted Torque (N-m) Difference to grid #3 (%)
TSR22 TSRS5.11 TSR9.05 TSR22 TSRS.11  TSR9.05
1 1.398 2371 0.563 16.7 -3.8 -8.9
2 1.233 2.450 0.606 2.9 -0.5 -1.9
3 1.198 2.463 0.618 - - -

The torque prediction for grid 2 and grid 3 are nearly similar, with a maximum difference

of less than 3% for all operating conditions. Therefore, it is concluded that further
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refinement of grid is not required in view of the associated increase in computational time

and grid 3 is selected for further simulations.
453 Validation of RANS CFD methodology

Eight simulations at TSRs ranging from 1.42-9.05 are conducted to simulate the full
performance curve of scale model SAFL. RM1 turbine. These TSRs corresponds to the
rotor rotational rates from 56.9-363.1 RPM. Simulation of the complete performance curve -
require RANS CFD models that can accurately simulate the attached as well as separated
flow regimes. This requires higher fidelity CFD models that accurately capture flow
separation and reattachment. The boundary conditions described in Section 4.5.1 are used
with selected Grid# 3.

To validate the utilized CFD methodology simulated results are compared with the
University of Minnesota’s St. Anthony Falls Laboratory (UMN-SAFL) water channel |
experimental data [26]. The coefficient of power obtained from the CFD simulations is
compared with experimental data over TSRs from 1.42-9.05 as shown in Figure 4.6.
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Figure 4.6 Comparison of experimental and RANS CFD simulated performance curve

The average error is 6.4% and the maximum error is 9.2%, with an error of 4.9% occurring
near the TSR associated with maximum power production. Therefore, the CFD predictions
for Cp are a reasonable approximation of experimental data, indicating the adequacy of
developed CFD methodology for simulating turbine performance. The computed €
increases with TSR up to a peak value of 0.503 near TSR 5. Experimental data showed a
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similar peak value of 0.479, occurring at TSR 5.07. The quantitative difference between
experiment and RANS CFD simulation for Cp are as in Table 4.4.

Table 4.4 Difference between experimental and simulated performance coefficients

Power Coefhicient (CP}
TSR % Difference
Experimental [26] RANS CFD Simulations
1.52 0.038 0.040 52
227 0.105 0.112 6.6
3.03 0.321 0.335 4.3
4.26 0.453 0.489 7.9
5.07 0.479 0.503 49
6.06 0.455 0.483 6.1
7.58 0.370 0.404 9.2
9.04 0.232 0.216 6.9

To understand the flow field near the blade, contour plots for pressure and velocity

streamlines at selected TSRs for three blade stations are presented in Figure 4.7.
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Figure 4.7 Velocity stream lines with pressure contowr af seiected blade sections for (a) TSR 2.23 (b) TSR 3.03 (c) TSR
5.1 (d) TSR 9.05

Flow separation is clearly visible along the low pressure face of the entire blade at TSR of
2.23. A similar flow pattern was observed at TSR of 1.42, but has not been shown here for
brevity. At these TSRs the turbine blade is stalled throughout its full span. The structure of
flow separation at TSR 1.42 and TSR 2.23 changes along the blade span because the AGA
decreases as we move from blade root to tip. Weak flow separation is observed at trailing
edge of the airfoil near the blade root, t/R=0.35, for a TSR of 3.03. This separation gets
weaker as distance from the hub increases (see r/R=0.65). It also gets weaker as TSR
increases (see TSR= 5.11, 1/R=0.35). The separation at the root portion (i.e., transition
region) is not important because the contribution of root portion to the overall power output
is minimal. The flow is fully attached at 65% and 95% of the blade length at TSR 4.29 (not
shown in Figure 4.7) and the entire blade length for TSRs from 6.11-9.05. Within this range
only a TSR of 9.05 is shown in Figure 4.7 for brevity.

454  Effect of blockage on turbine performance

The performance of turbine operating in a tidai array or as a standalone device in a channel
will be impacted by the spacing, size and placement of turbines within the channel. These
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deployment specific effects can be evaluated in more general terms by investigating the
blockage ratio (i.e., the ratio of turbine swept area to the channel cross sectional area) and
boundary layer effects on the turbine performance. In a tidal array, blocked flow conditions
are associated with adding turbines to a channel, which alters the hydrodynamic
performance of each turbine [136]. For a standalone turbine, the relative size of a turbine
with respect to the channel size determines the blockage conditions. When blockage ratios
are small an infinite flow field can be assumed, where water freely accelerates around a
turbine. However, boundaries near turbine restrict this expansion, typically resulting in
increased power production. For a standalone device, the performance of turbine increases
with increasing blockage ratio [137, 138]. However, the information available thus far are
insufficient to properly explain all the dimensions of the effect of blockage ratio on turbine
performance and the way it would impact array design. Therefore, it is necessary to study
the effect of blockage and boundary proximity on the performance of TCT before

extending the investigations to tidal turbine arrays.

Most TCT deployments will likely be in relatively shallow waters. These TCTs will be
subjected to a collective blockage effect due to solid and wake blockages. The solid
blockage refers to flow restriction caused by the turbine swept area and is commonly
represented by the blockage ratio. The wake blockage is created by the rotation of blades
which creates a low pressure and low velocity region behind turbine. These blockage
effects accelerate the flow near rotor, resulting in improved turbine performance compared

to an unblocked condition.

Steady state CFD simulations are conducted using the developed CFD methodology for
scaled model SAFL RMI1 turbine to investigate the effect of blockage on turbine
performance. The investigation is accomplished using eight computational fluid domains

with varying blockage ratios and constant depth of 2D as in Table 4.5.
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Table 4.5 Details of fluid domain for blockage study

Domain Width Blockage Ratio

1 19.6D 0.02
2 9.8D 0.04
3 6.5D 0.06
4 49D 0.08
5 3.6D 0.11

6 2.8D 0.14

7 2.4D 0.165
8 2.1D 0.19

Three different TSRs (2.23, 5.11 and 9.05) are simulated for an inflow velocity of 1.05m/s
and turbulence intensity of 5% with a viscosity ratio of 10. Symmetry boundary conditions
are applied to the bottom and lateral walls of fluid domain. This is done to eliminate the

effect of channel boundaries to solely study the effect of blockage on performance.

For TSR 2.23, blockage ratio has negligible effects on TCT performance over the entire
range of evaluated blockage ratios. The Cp and Cy of turbine for this TSR is minimally
changed by 0.04% and 0.6% respectively over the entire range of evaluated blockage ratios.
A similar observation of minimal performance change at lower blockage ratios is also
reported by Nitin et al. [51]. One reason for this is that the thrust coefficient is lower at this
TSR, allowing a greater volume of water to pass through the area swept by the blade. ‘1
Another reason is associated with the angle of attack (AOA) being higher at low rotation
speeds. This higher AOA causes separation at the low pressure surface of blade, as seen in
Figure 4.7. An increased blockage ratio increases the effective flow velocity and
corresponding AOA. This increased flow velocity and AOA further increases flow
separation and decreases device performance. These competing effects, an increase in
effective velocity that increases the turbine torque and aggravated flow separation that
decreases the turbine torque, counteract each other and reduce TCT sensitivity to blockage

ratio.

The variation in turbine performance with increasing blockage ratio for TSRs of 5.11 and

9.05 is shown in Figure 4.8.
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The power coefficient of turbine (Cp) increases by 13% for TSR 5.11 and 47% for TSR
9.05 when the blockage ratio is increased from 0.02 to 0.19. Similatly, Cr also increases
over this blockage ratio range with increase of 8% and 10% for TSRs of 5.11 and 9.05
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respectively. These findings are consistent with results of other blockage studies on marine
hydrokinetic turbine [51, 138, 139]. It is clearly evident from Figure 4.8 that a positive
correlation exist between performance and blockage ratio for the turbine operating at and

beyond optimum TSR for the evaluated range of blockage ratios.

To better compare our results with other studies we focus our analysis on blockage ratios
from 2-11%. For a small wind turbine in a wind tunnel, it has been shown that variation in
blockage ratio below 10% does not affect performance [140]. A scaled tidal turbine rotor
in RANS CFD simulation also exhibited a similar variation in performance for variation of
blockage ratios in this range [51]. A similar blockage study utilizing an actuator disc model
observed a linear relationship between performance and blockage ratio for the evaluated
blockage ratios of 1.9, 3.3 and 8.7% [138]. The blockage study presented in this thesis
extended these studies by utilizing a real turbine rotor and added data points representing
additional blockage ratios in this range. Furthermore, boundary conditions are also changed
to study the sole effect of blockage to further clarify the relation between performance and
blockage ratios below 10%. Over this range, the increase in Cp and Cr is 6% and 3%
respectively for a TSR of 5.11 and 16% and 3% respectively for a TSR of 9.05. These
results does not compliment the findings presented in [51, 138, 140]. The conflict might be
attributed to the difference in level of details between the two turbine models and the
difference in boundary conditions, as well as the fact that most relations seems linear if we
only have a few sets of results. The discrepancy in effect for blockage ratios below 10%
will be increasingly important as the size of turbine farms increase. Thus, it is suggested
that further studies may be carried out at an increased range of blockage ratios containing
more data points and equal distribution below and above the value of 10% to resolve this

conflict.

4.5.5 Effect of boundary layer on turbine performance

TCTs operating in shallow water are expected to be impacted by boundary proximity [138].
For a standalone device, this effect will predominantly be from the sea bed. However, in
the case of a tidal farm it could be due to proximity to the side of the channel where a strong

shear layer exist between the slow and relatively faster moving sea water. It is considered
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necessary to develop a clear understanding of the effect of boundary proximity on TCT
performance before extending our investigations to tidal turbine arrays.

Two sets of CFD simulations are conducted using eight flutd domains described in Table
4.5, to investigate the effects of boundary layer on TCT performance. These two sets of
simulations have different boundary conditions at the bottom and side walls of the channel.
Symmetry boundary conditions are used for the 1* set, whereas no slip boundary conditions
are used for the 2™ set for the bottom and side walls of the channel. The simulation
condition of optimum TSR of 5.11, inlet velocity of 1.05 m/s and TT as 5% are used for
both sets of simulations. All the channels used in the simulations have a Froude number of
0.34.

The effect of boundary layer on the flow is presented through a counter plot of the
stationary frame velocity along longitudinal vertical center plane for the two sets of
simulations representing a case for each of flow with and without boundary layer for the
domain with blockage ratio of 14.3% in Figure 4.9.

&)

Figure 4.9 Velocity contowr through the centerline plane of turbine (a) Withowt Boundary Layer (h) With Boundary
Layer

The bypass flow between the turbine and channel bottom has been constrained in Figure
4.9(b) compared to Figure 4.9(a) by the effect of boundary layer. Moreover, the decrease
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in volumetric flow rate in the lower bypass region has caused an increase in flow rate in

the upper bypass region as evident from a stretched upper bypass region in Figure 4.9(b).
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Figure 4.10 Effect of Boundary Layer on turbine (a) power coefficient (b) thrust coefficient

The presence of boundary layer increased the predicted performance for all blockage ratios
as shown in Figure 4.10.
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Power coefficient of the turbine Cp increased between 2.7 and 3.5%, whereas the thrust

coefficient Cr increased between 1.6 and 3.5% for the evaluated blockage ratios.

4.6 RANS CFD modeling of full scale SAFL RM1 turbine

Section 4.5 presented the development of CFD methodology for the performance
prediction of 1:40 scale model SAFL RM1 turbine. In this section, the developed CFD

methodology is further extended to simulate the performance of full scale SAFL RM1

turbine of 20 m diameter including nacelle and monopile support tower. This is necessary

because our ultimate goal is to extend these simulations to tidal turbine arrays. Where the

role of support structure may be crucial for the performance of downstream devices. The

blade design for full size SAFL RM1 turbine adopted in this thesis is as in Table 4.6.

Table 4.6 Blade design parameters for full size SAFL RM1 Turbine

r/R Radius  Pre-Twist Chord (c) % Thickness (t/c)  Thickness (t)
O (mm)  (deg) (mm) (%) (mm)
0.21 2100 13.16 1200 100.0 1200.0
0.24 2400 13.16 1200 100.0 1200.0
0.27 2700 13.16 1368 84.9 1161.4
0.29 2900 13.16 1872 51.8 969.7
0.32 3200 13.16 2288 31.1 711.6
0.35 3500 13.16 2504 19.4 485.8
0.37 3700 13.16 2580 15.0 387.0
0.40 4000 11.28 2576 15.0 386.4
0.43 4300 10.24 2528 15.0 379.2
0.45 4500 9.43 2460 15.0 369.0
0.48 4800 8.76 2380 15.0 357.0
0.51 5100 8.17 2296 15.0 3444
0.53 5300 7.64 2212 15.0 331.8
0.56 5600 7.16 2128 15.0 319.2
0.59 5900 6.70 2044 15.0 306.6
0.61 6100 6.27 1968 15.0 295.2
0.64 6400 5.86 1892 15.0 283.8
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0.67 6700 5.46 1824 15.0 273.6
0.69 6900 5.07 1760 15.0 264.0
0.72 7200 4.69 1696 15.0 254.4
0.75 7500 4.31 1636 15.0 2454
0.77 7700 3.93 1580 15.0 237.0
0.80 8000 3.55 1528 15.0 229.2
0.83 8300 3.17 1480 15.0 222.0
0.85 8500 2.78 1432 15.0 214.8
0.88 8800 2.38 1384 15.0 207.6
0.91 9100 1.98 1340 15.0 201.0
0.93 9300 1.57 1292 15.0 193.8
0.96 9600 1.14 1248 15.0 187.2
1.00 10000 0.70 1200 15.0 180.0

Several critical parameters need to be related for translating the performance of 1:40 scale
model to a full size turbine. For TCT, the scaling of physical properties can be adopted
from the proven and established practices used in marine propellers outlined in tidal
measurement best practice manual [141]. The identity of kinematic condition can be
ensured through identical tip speed ratios for comparing the performance of different size
of devices of similar design. The performance of fully immersed turbines would mainly
depend on the device scale Reynolds number. The Strouhal Number similarity would be

important when dealing with unsteady, oscillating flow problems as it will influence the

wake shedding by structural members. The Froud number scaling would be necessary for

device operating in shallow waters under some influence from the free surface. However,

it would generally be impossible to achieve similarity for all the scaling parameters.

The non-dimensional scaling parameters for TCT has been derived by Mason-Jones et al.
[64] and described here for the completeness of discussion. The power output (P) of TCT
is a function of the turbine size represented by its diameter(D), angular velocity(w), fluid

density (p), dynamic viscosity (u) and flow velocity (V) as:

P=f(D wpuV) (4.23)
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This relationship contains (n = 6) independent variable with (k = 3) repeating variable
as D, p,V and can therefore be represented through (n — k = 3) non-dimensional groups

using Buckingham Pi theorem as:

P (pVD ﬂ) (4.24)

pD?V3 - u'v

The non-dimensional groups in equation (4.24) is expressed in more conventional terms

as:
Reynolds number: R = pVD (4.29)
¢ om
Tip Speed Ratio (TSR): TSR = wD (4.26)
2V
Power coefficient: I 4.27)
Cp=g——
5DV

The constant 7/8 and 1/2 does not change the dimensionless form of the groups, therefore

we can express the relationship in equation (4.24) as:
Cpr = f(R,,TSR) (4.28)
Similar non-dimensional analyses for the turbine torque (T') and thrust (F) would yield:
Co = f1(R.,TSR) (4.29)
Cr = f,(R,, TSR) (4.30)

Equations (4.28-4.30) shows that the performance in terms of coefficients of power (Cp),
torque (Cy) and thrust (C;) for turbines of similar design having different sizes would be

same at similar R, and TSR.

Mason-Jones et al. [64] developed a CFD model for the performance of a scaled model
TCT and validated it through flume experiments. Later, the performance of several sizes
of turbines of similar design was simulated through RANS CFD model as shown in Figure
4.11.



67

48
a0
s
e B ‘MerME Sm:iline &
©s g TecmNE:MaiMas
3 e s SLGrHE: 20w 300 A “
| J ofip v SLATH: 30 = 300 el Y
wu1s B o - HeHE: 1 m : W Y
.l +lin = VR HE: 134 mia 18w -
o afinsatih: 2o 0 m
o . olie = 2P ME: 157 e : W &
!’ sl s MBIMIB ML 10 t
°n —
& 85 115 225 3 15 443 3 55 8 85 717 7S
TSR

Figure 4.11 Power coefficient {Cp) vs TSR with increasing turbine diameter and velocity f64}

Figure 4.11 shows that the performance of turbine has neither been varied by the variation

of turbine diameter nor uwpstream velocity. This indicates that the performance of this

turbine is insensitive to Reynolds number variation within the R, range{1x 107 —
9.24 x 107). However, this independence of performance in terms of non-dimensional '
performance parameters was achieved for R, > 5 X 105, In a similar experimental study,
Tedds et al. {142] also showed that the critical Reynolds number for their turbine design is '
5 x 10%, Below this critical Reynolds number the performance of turbine significantly -
varies, while above this value the performance is insensitive to Reynolds number
variations. For the SAFL RM]1 turbine design, the subject of investigation in this thesis, |
Stelzenmuller [94] in their experimental study utilizing the 1:45 scaled model demonstrated '
that the performance of turbine is insensitive to Reynolds number variation above the Re
value of 3.2 x 105, |

For the study presented in this thesis, the turbine diameter based Reynolds number of model
scale turbine is 5.2 x 10%, whereas the Reynolds number for full scale device is 3 x 107,
Therefore, enough justification to conclude that the performance of full scale device for
this thesis in terms of non-dimensional parameters will be comparable to the 1:40 scale .
model without the need for Reynolds number scaling. Further, the blockage ratio for the
model scale device is 14.27%, whereas for the full scale device the blockage ratio is 6.54%.
The effect of this difference in blockage ratio on turbine performance has been discussed
later in this chapter in section 4.6.4. Finally the Froud number for the channel in model

scale is 0.34, whereas for the full scale channel it is 0.06. However, since we are not
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modeling the free surface effects, therefore no scaling would be applied for the Froud

number.

A similar approach to the one described in section 4.5 is adopted for the development of
CFD methodology for the performance prediction of full scale RM1 turbine. However,
some necessary changes are made to the domain specification, mesh definition and
boundary conditions that are discussed in the proceeding sections. Additionally, for the full

scale device both steady state and transient simulations are conducted.

4,6.1 Numerical method

The simulation methodology adopted is such that for each TSR a steady state simulation
utilizing a Multiple Frame of Reference (MFR) technique with frozen rotor frame change
model is first conducted. The steady state method has been discussed in detail in section
4.5. This converged steady state solution is then used as the starting point for transient
simulation. The time dependent (Transient) models simulate the rotating turbine in a
manner comparatively more closely to real turbine. For the transient simulations, Transient
Rotor Stator (TRS) frame change model is used with a sliding mesh method and the
transient terms is solved through Second Order Backward Euler implicit time stepping
scheme. A frame change model decides the way in which the interfaces between the
domains communicate with each other. This approach simulate the transient relative
motion between the components on each side of the interface and accurately models the
relative motion. Although, this approach more accurately models the relative motion but
expends more CPU time, computational power and disk storage. In the transient rotor stator
approach, the inner cylindrical domain containing the rotor is physically rotated at every
time step using a sliding mesh technique. Mesh deformation is enabled for the rotating

domain with region of motion specified and displacement relative to previous mesh.

For the model scale device a wall resolved turbulence model is adopted and the distance of
the first node away from the wall is set such that to ensure that the value of y* is less than
1. The value of y* < 1 with a growth rate of not greater than 1.2 is the necessary condition
for wall resolved turbulence model. However, for the full scale models achieving a target
value of y* < 1 would require a higher level of grid stretching from the wall resulting in

higher aspect ratio cells [143]. These cells can possibly cause solution instabilities and
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convergence problems. An alternate approach to the wall resolved turbulence model could
be the effective use of wall function model that works with relatively coarser grids in the
near wall regions. The wall functions determine the near wall profiles, which are often
predictable, rather than actually resolving the profile with a very fine mesh. The ANSYS
CFX implements the wall function models through an automatic wall function switch, and
its activation is subjected to the value of y*. If y* is too low the first node will lie in the
laminar (viscous) part of the boundary layer where wall functions are not valid. On the
other hand, if y* is too high the first node is outside the boundary layer and wall functions
will be imposed too far into the domain. The necessary condition for the wall function
model is that the first node be located in the logarithmic layer with 30 < y* < 100 [143].
The ANSYS CFX documentation prescribes this range to be 2 < y* < 300 and the
minimum number of nodes to be greater than 10 to take full advantage of the automatic
wall function switch for the SST turbulence model [131]. This shift from a wall resolved
turbulence model to a wall function model is necessary to ensure the quality of mesh

necessary for the stability and convergence of solution.

The total time of simulation for the transient runs are set to correspond to a time length
which the turbine takes to complete three rotations at the respective angular velocity against
each TSR. The time step for simulation corresponds to six degrees rotation of the turbine.
A time step study is conducted to establish the adequacy of this time step value in view of
the computational expense, accuracy and system memory requirements provided in section
4.6.4. The convergence criterion is set to the residual target value of 1E-3 with maximum

coefficient loops set to 5 to limit the number of iterations within each time step. Further,

the torque values on turbine blades are also monitored during the solution process to ensure

the convergence. All the simulations are performed on the HP Z840 Workstation with
Intel(R) Xeon(R) CPU E5-2699 v3 @ 2.30 GHz, 36 Core(s), 72 Logical Processor(s)
having an Installed Physical Memory (RAM) of 128 GB.

4.6.2 Computational domain and boundary conditions
The domain configuration for the full scale model is conceptually similar to the scaled

model simulations. However, the nacelle and support structure is included and the

dimensions are changed as detailed in Figure 4.12.
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The full scale simulations utilized a more realistic turbine design with hub, nacelle and .

support tower. The full scale turbine has 20 m rotor diameter and the support structure is a
28 m long steel mbular monopile with a diameter of 2 m. The stationary domain of
rectangular shape is 3D deep, 4D wide and has length of 10D to represent the flow channel
in the CFD model. The cylindrical rotational domain uses a diameter of 1.2D and width

0.3D to enclose the turbine blades and hub for modeling the rotation at turbine angular
velocity. The domain reference (x,y,zy=(0,0,0) is set at the center of the back face of turbine
hub. In the transient CFD simulations, the rotational domain containing the rotor is

physically rotated through a sliding mesh approach at every time step . Mesh deformation
is enabled for the rotating domain, with the region of motion specified using the

displacement relative to previous mesh. For the rectangular channel domain, the inlet is

specified with a turbulence intensity of 5% and viscosity ratio of 10 for all simulations.
Velocity specified imlets intended for incompressible flows are predominantly used for
regions where inflow is expected. To make the boundary condition robust, the outlet of the
flow channel is specified as a pressure outlet, with a relative static pressure of 0 Pa [131].
No slip wall boundary condition is assigned to the bottom and two sides of rectangular
channel domain, as welt as to the turbine blades, hub, nacelle and tower surfaces. In a no
slip wall boundary condition the velocity of the fluid immediately next to the wall is zero.
The top of the rectangular channel is assigned a free slip wall boundary condition,
specifying that the velocity of fluid immediately next to the wall is not retarded by wall
friction effect. The free surface deformation is neglected, although this omission could
have an effect on the predicted turbine performance. However, this effect depends upon
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the clearance between the blade tip and top surface. Several previous studies [33, 51, 144}
have established that a clearance of 1D is large enough to make the free surface effects |
negligible, and the simulation results presented in this thesis shows that this assumption is
reasonable for the utilized stimulation conditions. Three mesh interfaces are specified at the
three connecting surfaces between the cylindrical and rectangular domains. These
interfaces are essential for connecting the two domains, as well as to model the changes in
reference frame between domains. For these interfaces, a general connection interface
model is used with transient rotor stator frame change model and the meshes are connected
through a General Grid Interface (GGI) method. The interface models and mesh connection
method controls the way data are transferred across the interfaces. Additionally, for the
rotational domain side of interfaces, an interface boundary condition is specified and the
mesh motion is activated. Similarly, for all the no slip wall boundaries in the rotating
domain specified for the blades and hub, the mesh motion is activated and the wall velocity
is set relative to boundary frame.

4.6.3 Mesh definition

The meshing scheme utilized for the model scale simulations is adopted with a few
necessary adjustments. A selective body meshing technique is used with a patch confirming
method to setup a tetrahedral mesh starting from the turbine blades in the mesh component
system of ANSYS Workbench. The geometric model is converted into a single part
consisting of multiple bodies to obtain a matching conformal mesh on the shared faces
between bodies. The mesh used in these simulations is shown in Figure 4.13.

Figure 4.13 Mesh used jor the full scale turbine simulations
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Tetrahedral mesh elements are used to generate mesh on blades with an element size of 60
mm, hub and nacelle with 150 mm and rest of the cylindrical domain with 260 mm. The
distance of first node away from the wall (y*) and number of nodes in the boundary layer
depends upon the choice of turbulence model and the selection of either a fully resolved
wall or wall function model. A wall function model is intended to be utilized for the full
scale simulations to avoid higher aspect ratio cells in the near wall mesh. The necessary
condition for the wall function model is that the first node be located in the logarithmic
layer with 30 < y* < 100 [143]. The ANSYS CFX documentation prescribes this range
to be 2 < y* < 300 and the minimum number of nodes to be greater than 10 to take full
advantage of the automatic wall function switch for the SST turbulence model [131]. With
these guidelines in mind, prism layer elements are generated around the blade surfaces to
capture the boundary layer flow. Distance of the first node away from the wall (blade
surface) is set to 0.18 mm, with a growth rate of 1.2 and the total number of layers is 11.
This mesh setup ensured that the value of y* and minimum number of nodes is within the
prescribed range to properly utilize the automatic wall function switch for the SST
turbulence model. The value of y* on the lower and higher pressure surfaces of the blade
is monitored throughout the solution by creating user functions through expressions. The
value of y* is 31 < y* < 43 for all the steady state and transient CFD simulations of full
scale turbine, which is within the prescribed range of y* values required for the proper
functioning of SST turbulence model with wall function approach. For the cylindrical
domain the total mesh count is 3.1x10% elements (7.6x10° nodes). The stationary
rectangular domain is meshed with an element size of 2900 mm except the surface of the
monopile support tower that is meshed with an element size of 100 mm. The total mesh

count for the rectangular domain is 1.4x10% elements (2.7x10° nodes).

4.6.4  Verification and validation of RANS CFD methodology

A mesh sensitivity study is performed to verify that the fluid dynamic model is providing
a mesh independent solution. For this purpose the steady state RANS CFD (MFR) model
is utilized on four different grids generated with almost a similar mesh scheme but having

different grid densities in the rotating and stationary domains detailed in Table 4.7.
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Table 4.7 Mesh details and predicted torque results for sensitivity analysis
' No. of Elements (x10°) Torque Difference!
Grid Inner Domain Outer Domain Total (%)
1 1.34 0.72 2.07 -3.2
2 2.23 1.07 3.30 -1.1
3 3.10 1.40 4.50 -0.5
4 5.02 2.39 7.42 -

! % Torque difference denotes the difference of predicted torque value from each grid with respect to Grid 4.

The meshing strategy is to use 70% or more elements in the rotating domain and keep the
number of inflation layers and y* value nearly constant for all the grids utilized in the mesh
sensitivity study. The MFR model is selected to eliminate the uncertainties associated with
temporal discretization at this stage. The simulations are conducted at uniform velocity of
1.5 m/s and turbulence intensity of 5% with a viscosity ratio of 10 for the turbine operating
at optimum TSR of 4.87. The value of torque on a single blade is a direct output of the
CFD solution, and is used to evaluate the effect of grid density on the simulation results as

shown in Figure 4.14.

3

Blade Torque (KNm)
[ ]

1 2 3 4 5 6 7 8
No. of elements [x10°)

Figure 4.14 Variation of blade torque with grid density

It is evident from Figure 4.14 that increasing the grid density monotonically increases the
predicted torque value between the last two grids. Difference in the predicted values of
torque for a single blade is only about 0.5% between the last two grids (Table 4.7).
Therefore, grid with 4.5x10® elements (Grid 3) is selected for further simulations. To |

establish the temporal accuracy of the fluid dynamic model a time step sensitivity study is |
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performed by utilizing the transient CFD medel described in section 4.6 with selected Grid
3. Three simulations at time steps corresponding to 2°, 4° and 6°0of turbine rotations and
total time corresponding to three turbine rotations are conducted at the optimum TSR 4.87
and each simulation is initialized by the steady state solution. The difference between the
torque values with respect to the 2° case is 0.08% and 0.32% for the 4° and 6° case -
respectively. The value of predicted torque is found to be less sensitive to the size of time
step. This observation is similar to the findings in other similar studies [51, 120] and
supported by the fact that ANSYS CFX is an implicit solver and does not require very
small Courant numbers for stability [ 124]. Thus, a time step corresponding to 6° of turbine
rotation is selected to ensure computational efficiency is achieved without compromising

the accuracy and stability of numerical solution.

To validate the utilized CFD methodology, power coefficients predicted by the steady state
and transient performance analysis of the full scale model is compared with model scale
experimental data [26] in Figure 4.15 and Table 4.8,
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Figure 4.15 Comparison of model scale experimensal and fidl scole simulated performance curve
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Table 4.8 Quantitative comparison of turbine Cp between full scale simulations and

model scale experiment

TSR Experiment Steady State CFD Transient CFD
Cr[26] Cr % Difference* Cr % Difference*

3.02 0.320 0.347 8.5 0.354 10.7

3.79 0.408 0.406 0.4 0.411 0.8

4.87 0.477 0.449 5.8 0.447 6.3

5.76 0.471 0.440 6.6 0.442 6.2

6.82 0.414 0.401 32 0.402 2.8

7.57 0.368 0.369 0.4 0.368 0.1

8.32 0.295 0.322 9.2 0.319 8.2

9.05 0.230 0.260 13.0 0.254 10.4

! % Difference indicates the absolute percentage difference to the experimental values in [26].

The value of turbine (Cp) is different than the experimental value by 6.3% at the optimum
TSR. The maximum difference between the steady state and transient CFD simulation in
term of (Cp) prediction is observed at the extreme operating conditions at the lowest and
highest TSR. Similarly, both the models provided an average difference of 1.9% with the
model scale experimental data. The maximum difference for the transient model is 10.7%
against a value of 13% for the steady state CFD model. For the sole purposes of
performance prediction of turbine, it can be concluded that both the steady state and
transient CFD models are similar. However, the development of transient CFD model is
necessary for the achievement of the other outlined objectives in this thesis that will be
discussed in chapter 6. It is further mentioned here that the blockage ratio for model scale
and full scale device is 14.3% and 6.5% respectively. Additionally, in the experiment each
rotor of the twin rotor turbine is located at off center position. Therefore, the results
outlined in Table 4.8 are subjected to corrections. Later in chapter 6 section 6.1.2, the effect
of this blockage ratio and location change between the experimental channel and
simulation domain on the turbine (Cp) at the optimum TSR is quantified in Table 6.2. The
value of turbine (Cp) in a simulation domain with a blockage ratio (14.3%) and the turbine
located at a position similar to the experimental channel is predicted to be different than

the experimental value by 0.2%. However, when the turbine is shifted to the center of the
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same simulation domain, the value of (Cp) is predicted to be different than the experimental

data by 2.8%.

4.7 Summary

In this chapter the experimental setup used for the investigation of model scale turbine
performance is presented. The experimental data obtained from these tests is used for the
validations of our computational models throughout this thesis. The development of steady
state RANS CFD methodology for the performance prediction of 1:40 scale SAFL RM]1
turbine rotor is described. The numerical method is verified through a mesh independence
study and successfully validated with experimental data over the entire range of turbine
operating conditions from TSR 1-9. This validated RANS CFD method is then used to
investigate the effect of blockage and boundary layer on the performance of SAFL RM1
model scale TCT rotor. This study is necessary for extending the RANS CFD methodology
to the simulation of tidal turbine arrays. The RANS CFD methodology for the model scale
rotor is further extended with necessary modifications to the steady state and transient
RANS CFD simulations of the full scale SAFL. RM1 turbine including nacelle and support
tower. The CFD methodology for the performance prediction of full scale turbine is once
again verified through mesh and time step sensitive study and validated with experimental

data.



Chapter S

Development of Fluid Structure Interaction

Methodology

This chapter describes methodology for the development of coupled Fluid Structure
Interaction (FSI) simulations for modeling the performance and structural response of
SAFL RM1 turbine. Transient coupled FSI simulations are conducted for the simple 1:40
scaled model RM1 turbine rotor. Results from these simulations are successfully validated
with the experimental data. This model is modified to simulate the performance and
structural response of the full scale RM1 turbine with realistic blade structure and including
nacelle and support tower in transient FSI simulations. The FSI investigations are necessary
to establish the effect of blade deformation on the performance of full scale turbine based
on realistic blade design. The fatigue and structural response of real turbine blades would
also be described. These simulations would help to understand the pros and cons of both
the CFD and FSI models and their utility for simulating tidal arrays. The Results presented

in this chapter are mostly based on our published research articles.

S.1 Fluid Structure Interaction (FSI) modeling

CFD based numerical models treat the turbine blade as a rigid structure and does not take
into account the hydroelastic interaction between the blades and flowing water. Whereas,
in reality the tidal turbine blades are flexible and deform due to the onset flow [145]. A
deflected turbine blade would present different angle of attack and pressure difference
across the blade surfaces when compared to a rigid un-deflected blade. The hydrodynamic
and structural response of a deformed turbine blade is expected to be different than an
undeformed rigid blade, if the blade deformation is significant. Therefore, the CFD models
may be less accurate for modeling the turbine performance, wake and structural response

for cases involving larger blade deformations. Additionally, the CFD based numerical
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models only solve the fluid field and are unable to describe the structural mechanics of
turbine in terms of structural stresses and deformations. Most of the turbine CFD
performance studies including those presented in chapter 4 have provided an acceptable
accuracy because the experimental data is based on model scale turbines with solid blade
designs that undergo minimal deflections. However, for real size turbines, the blades are
large and hollow that can face larger deformations due to the onset flow. Therefore, it is
expected that the FSI based numerical methods that can model interaction between the fluid
and structure as well as take into account the hydroelastic behavior of the blades can more

closely assess the turbine performance.

Fluid Structure Interaction (FSI) occurs when a fluid interacts with a solid structure in such
a way that the fluid pressure causes deformation to the structure, and the deformed structure
in return alters the flow field. An FSI problem can be solved either through a monolithic
(single domain) or a partitioned (independent domain) approach. In the monolithic
approach a single system of equation represents the structural mechanics and fluid
dynamics systems that are solved simultaneously. In the partitioned approach the structure
and fluid computational domains are treated separately and solved in their respective
domains. Both the systems are represented explicitly by their respective systems of
equations and are solved separately in their respective domains. The partitioned approach
can further be classified into uncoupled, coupled or integrated approach. Similarly, the
coupled approach could either be a strongly or loosely coupled approach and the data
transfer could be either 1-way or 2-way. In the 1-way data transfer arrangement, data from
the CFD solver is transferred to the FEA solver. However, data from the FEA solver is not
transferred to the CFD solver. Whereas, in the 2-way data transfer arrangement, both the
solver transfer data to each other at every coupling step. In this thesis, a loosely coupled
partitioned (independent domain) approach has been adopted. In this approach, two
separated codes for the solution of fluid field and structural field are coupled through a
coupling scheme to establish a communication mechanism between the two participating
codes. This approach does not require any modification to the constituent CFD or Finite
Element Analysis (FEA) code. The coupling scheme acts as a “black box” to manipulate
the output of CFD and FEA and to exchange data between the solvers at each coupling

step.
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The use of coupled FSI models in tidal turbine research has thus far been very limited due
to the associated computational cost. However, their use is growing due to advancement in
the numerical models, computational capabilities and greater access to the necessary
computers. Kim et al. [146] and Jo et al. [147] used the uncoupled FSI approach where the
data transfer is executed after obtaining solution from a steady state CFD model with 1-
way data transfer to investigate the structural integrity of turbine and tower respectively.
Habib et al. [148] and Hafeez et al. [149] also used a similar post CFD mapping 1-way data
transfer FSI approach to model the vibration and fatigue response of TCT. But this
approach is only useful for modelling minimal non-linearity and the shared data represent
a single point solution. Nicholls-Lee et al. [150] adopted a loosely coupled modular FSI
approach but utilized a 2D panel code flow model to assess the performance of new concept
(i.e. bend twist coupled) blades made from adaptive composite. Suzuki et al. [151] used an
integrated approach by combining the beam element theory based structural solver and
Blade Element Momentum Model for the hydrodynamics solver to investigate the
performance of turbine through simulating a single blade. Tatum et al. [134] performed the
loosely coupled modular FSI simulations with 2-way data transfer. However, the focus of
the study was solely on the hydrodynamic performance of turbine under the effect of wave ‘
current interaction. Nevertheless, these studies have provided a good foundation for
executing more robust and higher fidelity coupled FSI models capable of simulating the

hydrodynamics and structural mechanics of a full scale tidal turbine design.

5.2 FSI simulation methodology for scale model rotor

Transient Coupled FSI simulations are setup in the ANSYS Workbench software by using
the fluid flow analysis system (ANSYS CFX) and transient structural analysis system
(ANSYS Transient structural) that are coupled through the component system (ANSYS
System coupling). This is an independent domain (partitioned) FSI approach with 2-way
data transfer. This approach does not require any modification to the constituent CFD or
Finite Element Analysis (FEA) code. The flow chart for the loosely coupled 2-way FSI

solution procedure implemented in ANSYS Workbench is shown in Figure 5.1.
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The 1:40 scald model rotor of the SAFL RM1 turbine design with solid blades discussed
in detail in section 3.3 is utilized in these simulations. The optimum Tip Speed Ratio (TSR)
of 5.11, corresponding to an angular velocity of 21.48 rads/sec, is selected as the

calculation condition.
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5.2.1 CFD setup

The fluid field is modelled through transient CFD simulations in ANSYS CFX. The
simulation setup discussed in section 4.5 for the steady state CFD simulation of the scaled
model SAFL RMI rotor is modified into transient simulations. The transient CFD
simulations utilized a Transient rotor stator approach to physically rotate the rotor through
a sliding mesh method that has already been discussed in detail in section 4.6.1. The
meshing scheme for the CFD domain, adopted a similar settings as those already described
in section 4.5.2. However, in view of the increased computational cost of FSI simulations,
the boundary layer mesh is changed to utilize the automatic wall function switch with k —
w SST turbulence model. The number of prism layers are reduced to 16 and the distance
of the first node away from the wall is increased to 0.17 mm. This mesh setup ensured a
value of y* = 4 for the dimensionless wall distance for the simulated TSR of 5.11.
Additionally, the ANSYS prescribed criteria of 2 < y* < 300 and minimum number of
nodes greater than 10 has been satisfied [131]. It has been already verified in section 4.6.4, |
that once this criteria is satisfied the wall function switch would work properly and the
results will almost be similar to those of the wall resolved turbulence model. The total mesh
count for the fluid domain is ~ 4 x 10° elements with ~ 2 x 10 elements in the rotational
domain. A similar fluid domain definition is used as that described in section 4.5.1. The
boundary conditions are specified such that the inlet is setup with a uniform velocity
condition of 1.05m/s and uniform turbulence intensity of 5%. The outlet is set as a pressure
outlet with floor and side wall of the tank set to a no slip walls. The top is specified as a
free slip wall. The side wall representing the longitudinal centerline of the test tank is
specified as a symmetry boundary. Three conformal mesh interfaces are defined at the three
surfaces connecting the stationary and rotating domains with a general connection interface
model and the meshes are connected through General Grid Interface (GGI) method. These
boundary and interface conditions are similar to those setup for the uncoupled CFD model
of the full scale device described in section 4.6.2. However, for the coupled FSI
simulations, the Rotor is assigned a no slip wall boundary condition and set to receive mesh
motion from the system coupling to account for the deformation of the rotor at each
coupling step that will be received from the FEA solver. The total simulation time for the

turbine was 0.6 sec to model two full rotations of the turbine. A time step equivalent to 2°
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of the turbine rotations was set as 0.0016 sec in view of the numerical stability, accuracy
and computational expense. The solver settings and convergence criteria is setup with
similar settings as those employed for the uncoupled CFD model. The CFX solver is run a
a shared memory parallel distribution mode utilizing 18 CPU cores (36 logical processors).
One of the major issues with coupled FSI simulations is the requirement of higher
computational time, partly due to the simultaneous solution of two independent physics
fields of fluid dynamics and structural mechanics at every time step and the data transfer
between the two fields. Secondly, these solutions are required to be run for enough rotor
rotations to achieve a stable solution. In order to run the simulations for lesser number of
rotor rotations while still obtaining a stable solution, an uncoupled steady state CFD
solution of the fluid field is first obtained. This solution is used to provide initial values to
another uncoupled transient CFD simulation of the fluid field, and this solution is then used
to provide initial values to the fluid solver participating in the coupled FSI simulations.

This approach provides fast and improved convergence of the coupled FSI simulations.

5.2.2  FEA and system coupling setup

The transient structural analysis system within the Ansys workbench is used for the FE
analysis. The RM1 turbine design geometry used for the CFD analysis is shared between
the FE and CFD modules. The FEA system only require the solid parts and therefore the
fluid domain is suppressed. The turbine rotor is assumed to be made from structural steel. |
The use of steel material for the FE analysis reduces the model complexities as compared |
to composite material. In addition, the carbon steel is amongst the prospective materials
for turbine blades and intended to be used for one of the two types of turbines planned for
the world first commercial array project [152]. Material properties of the utilized steel

material are as in Table 5.1.
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Table 5.1 Properties of the utilized structura! steel material

Density 7850 Kg/m®
Young Modulus 2E+11 Pa
Poisson's Ratio 0.3 (-)
Tensile Yield Strength 2.5E+08 Pa
Compressive Yield Strength 2.5E+08 Pa
Tensile Ultimate Strength 4 60E+08 Pa

The mesh is different than the CFD mesh and is more suited for the FE analysis. The loosely
coupled modular approach has this advantage to use different meshes for the CFD and FE
analysis. The CAD geometry of turbine rotor and fluid domain is a single part consisting -
of multiple bodies and therefore a conformal mesh with almost 100% node to node.
correspondence is generated on the shared faces of the rotor and fluid domain. A patch
confirming method is used to generate tetrahedral mesh elements with body sizing of 2 mm
applied to the blades and hub. The FE model for the rotor is meshed with 8.9 x 105
elements containing 1.3 X 10° nodes. The mesh used for the FE analysis of the structural
field is shown in Figure 5.2.

Figure 5.2 Mesh on the turbine rotor for FE Analysis

Time settings for the FE analysis are kept similar to the CFD settings with a time step of
0.0016s and total time of 0.6s. To include the effect of centrifugal forces the rotor is
assigned an angular velocity of 21.48 rad/s for rotation along the x-axis to match the
rotational velocity assigned in the CFD domain. A remote displacement boundary
conditions is applied at back face of the hub and large displacement is assumed. Remote
displacement is a type of constraint that enables to apply rotation at an arbitrary location in
space. A fluid solid interface is specified at the rotor surfaces to receive force data and
transfer displacement data to the CFX solver.
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In the coupled FSI simulations, both the constituent solvers can be run in parallel mode to
enable the solution of large problems. The FEA solution of the transient structural analysis
system is performed with a shared memory parallel solver distribution utilizing 4 CPU

cores and GPU acceleration.

For the system coupling setting the analysis type parameters is set to transient to setup a
transient FSI simulation. The coupling duration definition is set to end time and similar
time settings as those employed in the transient structural and CFX systems are employed.
To communicate information between the two solvers, two data transfers are created for
the turbine rotor to act as a 2-way data transfer interface. One of the data transfer is set to
transfer incremental displacement from the FEA system as mesh displacement to the CFD
system. Whereas the other data transfer is set to transfer force from the CFD system as
force to the FEA system. The RMS convergence target for all data transfers are set to 0.1,
and no ramping is employed for the data transfer. The simulation is executed such that the

FEA system is to be solved first.

5.2.3 Results and discussion

To compare the accuracy of the FSI simulations, the results are plotted against the
experimental data {26] and results from the steady state RANS CFD simulations described
in section 4.5. Figure 5.3 shows the comparison of power coefficient Cp obtained from the
experimental data, Steady state RANS CFD and FSI simulations. The quantitative
comparison of experimental data and predictions of the numerical models are as in Table
5.2.
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Figure 5.3 Comparison of experimenial and simulated performance coefficient

Table 5.2 Quantitative comparison of Numerical and Experimental predictions

Torque Cr Thrust Cp Error

(N.m) ) N) (%)
Experiment 2.08 0.4337 - -
Steady state RANS CFD Model 2.28 0.4761 100.22 9.78
Coupled FSI Model 2.18 0.4545 99.29 4.80

The difference between experimental value of Cp and predicted value from the steady state
RANS CFD and FSI models is less than 10%. The coupled FSI model predicted a lower
value of turbine €5(0.45) compared to a Cp value of 0.48 predicted by the uncoupled rigid
blade CFD model. This result is in contrast to Tatum et al. [134] where the FSI model
predicted a greater value of Cp than the RANS CFD model. Tatum et al. [134] attributed
this discrepancy to the fact that mitially blades of their turbine were not in its optimum
position. A thrust force of 100.22 N and 99.29 N is predicted by the steady state RANS
CFD and FSI models respectively. Experimental data for the thrust force is not available
to validate the thrust results and evaluvate the prediction difference. However, the prediction
pattern is totally in accordance to the physical observation that the deformed blade will
experience a lesser thrust as compared to an undeformed blade. To further investigate the

reason for the difference in Cp prediction between the two numerical models, pressure
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contour with velocity stream lines at blade sections at 37% and 96% of the blade length are
plotted in Figure 5.4.

Steady state RANS CFD Coupled FSI Model

r/R=0.37

1/R=0.96

Figure 5.4 Pressure comtowr with velocity streamlines ot TSR 5.11

Both the numerical models clearly show fully attached flow at both the blade sections. The
blade deformation has not resulted in a significant change in the angle of attack that could
have resulted in any variation in the separation and reattachment behavior. However, the
pressure contour shows a difference in pressure at low pressure side of the blade between
both the models. To more clearly elaborate thus difference, pressure contour along the blade
length with velocity streams is plotted in Figure 5.5.

‘The maximum pressure for the Steady state RANS CFD model is more as compared to the
coupled FSI model. To further visualize changes in the flow behavior due to blade
deformation, velocity contour at 96% of the blade length for both models is plotted in
Figure 5.6.
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Figure 5.6 Velocity contowr around the blade foil at 96% of the blade length

A small increase in local flow velocity along the high pressure side of the foil can be clearly
observed for the coupled FSI model. Reading Figure 5.4 along with Figure 5.5 and 5.6,
the reason for the difference in C; prediction between the two models is attributed to the'
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difference in pressure difference and flow velocity across the low pressure and high
pressure side of the blade. In the coupled FSI model the blade has deflected but the extent
of deflection is not enough (0.12 mm) to create a significant variation in the angle of attack
but it certainly has changed the pressure difference and flow velocity across the blade
surfaces. The pressure difference across the blade surfaces is responsible for generating the
lift force. For the Steady state RANS CFD model the pressure difference is more therefore, -
the predicted Cp is on higher side.

One of the advantages of coupled modular FSI simulations is that results of individual
component systems can be post processed in their respective post processors. All the results
that are possible in standalone FEA and CFD system solutions can be obtained from the
coupled FSI simulations. Taking advantage of this utility, the contour plot of deformation
and equivalent stress on rotor obtained from the couple FSI simulations is provided in
Figure 5.7. Similarly, the time histories of deformation and stress predicted by the FSI:
model at every time step during the solution are provided in Figure 5.8. |
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Figure 5.7 Contour plot of equivalent stress and deformation at the rotor

A maximum deformation of 0.116 mm occurred at the blade tip. This deformation is very
small due to the reason that the blade is completely solid. It is highly unlikely for a real
turbine blade to be made in this manner but this was necessary to replicate the actual model

utilized in the experiments,
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There is not much too choose between the two models in terms of the accuracy for turbine
performance prediction for the evaluated turbine design and flow conditions. However, the
requirement of computational resource and solution time are very different. Both the
uncoupled CFD and coupled FSI simulations presented in this thesis are performed on the
HP Z840 Workstation with Intel(R) Xeon{R) CPU E5-2699 v3 @ 2.30 GHz, 36 Core(s),
72 Logical Processor(s) having an Installed Physical Memory (RAM) of 128 GB. The
details of utilized computational resource and time are as in Table 5.3.

Table 5.3 Details of utilized computational resource and time

No. of Utilized Solution Time
Numerical Model .
Cores Days Hours Minute
30 Cores/
Steady State . . 2 30
RANS CFD 60 Partitions
. 36 Cores/
Transient .. - 3 9
72 Partitions
18 Cores/
CFD Solver
Coupled-FSI 36 Partitions
11 19 16
04 Cores and
FEA Solver

1 GPU
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Although, the computational resources dedicated to different simulations are not similar. .
However, Table 5.3 still provides a clear picture of the computational solution time -
requirement for both the methods. The uncoupled CFD model clearly has far lower solution -
time compared to the coupled FSI model.

5.3 FSI simulation methodology for full scale turbine
The coupled FS! simulation methodology described in section 5.2 is extended to utilize the

full scale SAFL RM]1 turbine with nacelle, support structure and realistic blade design
shown in Figure 5.9.

Figure 5.9 Internal structure of the blade utilized in the FSI simulations of full scale turbine

The blade cross section is hollow with 10 mm skin thickness and re-enforced with a shear
web of 10 mm thickness. The transition region (not shown in Figure 5.9) is completely
solid. The large scale turbine has a 20 m rotor diameter and the support structure is a 28 m

long steel tubular monopile with a diameter of 2 m.

5.3.1 Simulation conditions

Two sets of operational conditions are simulated. These operating conditions are 1)
uniform velocity and 2) a velocity profile following the 1/7% power law, which are used a$
the inlet velocity conditions to model the fluid dynamics and structural mechanics of tida)
turbine. Tidal turbine rotor blades are typically nearly neutrally buoyant. In this case, the
buoyant forces and gravitational forces approximately balance and therefore the
gravitational/buoyant effects are ignored in the simulation. The turbine is considered to be
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fixed pitched with neutrally buoyant blades. The density of sea water is assumed to be
constant (1000 Kg/m?®), and that the flow was free of cavitation. Therefore, the effects of
cavitation are also not considered in the simulations. The turbine is simulated at the peak
power condition of Tip Speed Ratio (TSR) 4.87 corresponding to the turbine rotational rate
of 0.7 rad/s. This operational condition is selected because the largest bending moments
occur when the turbine operates near peak power [48]. For the uniform velocity case, mean
free stream velocity is set at 1.5 m/s, with a turbulence intensity of 5% and viscosity ratio
of 10. For the velocity profile case, it is assumed that the velocity profile follows the 1/7%
power law. While velocity profiles vary considerably from site to site depending on the
local bathymetric conditions, these velocity profiles can typically be approximated using
power laws. The 1/7" and 1/10™ power laws have been used to estimate the velocity
profiles for EPRI North American tidal in stream power feasibility demonstration project
[153] and other previous research works [79, 154]. The flow is assumed to only vary along
the depth, and stays uniform across the width of domain. The velocity profile is estimated
using a simple 1/7™ power law equation (v, =Vox (3i/ yD)l/ 7). Here, V, is the velocity
at the surface of fluid domain, y; is the depth at position i and y,, is the total domain depth.
To enable direct comparison with the uniform velocity case, the velocity is distributed such
that velocity at the hub height is 1.5 m/s. The mean velocity above the hub height is
therefore greater than this value, while the velocity below the hub is smaller. The average
velocity across the turbine swept area is 1.496 m/s, and the turbine rotational velocity is
calculated using this velocity for an estimate of the optimum TSR. A plot of the velocity

profile used at the inlet condition is provided in Figure 5.10.
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Figure 5.10 Velocity profile based on 1/7" power law (dashed lines represent turbine location)
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5.3.2 Numerical method

The simulation methodology adopted is similar in essence to that described in section 5.2.
The coupled FSI simulations full scale device only considered the elastic behavior of
turbine blades, while the support tower is considered rigid. The transient structural analysis
system is coupled through system coupling with CFX in ANSYS Workbench to perform
coupled simulations with two way data transfer. The individual physics of the fluid and |
structural field are solved separately and set to exchange data with each other at every
coupling step through the coupling system by passing information across the fluid solid
interfaces. The turbine blades, hub, nacelle and tower are all assumed to be made from
structural steel with material properties defined in Table 5.1. The computational domain
for the simulation is shown in Figure 5.11.

(IR | 3 S

Figure 5. 11 Dimensions of the (o) Fluid domain; (b) Turbine

The stationary domain of rectangular shape used a domain that is 3D deep, 4D wide and
has length of 10D to represent the flow channel in the CFD model. The cylindrical
rotational domain uses a diameter of 1.2D and width 0.3D to enclose the turbine blades and
hub for modeling the rotation at turbine angular velocity. The domain reference
(%,5,2)=(0,0,0) is set at the center of the back face of turbine hub. The Transient Rotor
Stator frame change model is and the inner cylindrical domain containing the rotor is
physically rotated using a sliding mesh approach at every time step. Mesh deformation is
enabled for the rotating zone, with the region of motion specified using the displacement
relative to previous mesh. The shear stress transport {SST) turbulence model is used with
an automatic wall fuonction model. Details about the values of y* used for the simulations
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are available in section 4.6.3. A turbulence intensity of 5% with a viscosity ratio 10 is
specified at the inlet for all simulations. The outlet of the flow channel is specified as a
pressure outlet, with a relative static pressure of 0 Pa. No slip wall boundary condition is
assigned to the bottom and two sides of rectangular channel domain, as well as to the
turbine blades, hub, nacelle and tower surfaces. The wall boundaries specified at the two
blades and hub are set to receive mesh motion from the system coupling. The top of the
rectangular channel is assigned a free slip wall boundary condition, specifying that the
velocity of fluid immediately next to the wall is not retarded by wall friction effect. The
free surface deformation is neglected, although this omission could have an effect on the
predicted turbine performance. However, this effect depends upon the clearance between
the blade tip and top surface. Several previous studies [33, 51, 144] have established that a
clearance of 1D is large enough to make the free surface effects negligible, and our
simulation results show that this assumption is reasonable for the simulation conditions
utilized in this study. Three mesh interfaces are specified at the three connecting surfaces
between the cylindrical and rectangular domains. Mesh motion is activated for these
interfaces connecting the meshes between the domains with a General Grid Interface (GGI)
method. The total time of simulation for the fluid solver, structural solver and system
coupling is set to 25.86 seconds, corresponding to three complete rotations at angular speed
of 0.7 rad/s (TSR 4.87). Throughout this study the data has been presented for only two
rotations, because the data from the first few time steps during the first rotation is not stable.
This is an acceptable behavior normally associated with CFD and FSI simulations. The
time step for simulation is taken as 0.144 seconds, and this corresponds to six degrees
rotation of the turbine in a single time step. A time step study is conducted to establish the
adequacy of this time step value in view of the computational expense, accuracy and system
memory requirements. For the structural analysis system participating in the coupled FSI
simulations, the turbine rotor is assigned an angular velocity of 0.7 rad/s, corresponding to
the turbine TSR of 4.87 to account for the centrifugal forces. A remote displacement
support is assigned at the turbine hub center and the turbine is fixed with two fix supports
at the nacelle tower connection and tower base. Two fluid solid interfaces are defined at
the two blades to receive force data and transfer displacement data to the CFX solver.

ANSYS system coupling has the capability to solve each physics in serial or parallel mode.
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In this paper, the FEA solution is performed with a shared memory parallel solver
distribution utilizing 18 CPU cores and one GPU for solver acceleration. The CFX solver

is also set to run in a shared memory local parallel mode utilizing 72 CPU cores and the .
solution is initialized with an already completed uncoupled transient CFD simulation. For |

the system coupling setting the analysis type parameters is set to Transient. The coupling

duration definition is set to end time and similar time settings as those employed in the

transient structural and CFX systems are employed. To communicate information between
the two solvers, two data transfers are created for each blade. One of the data transfer will
transfer incremental displacement from the FEA system as mesh displacement to the CFD
system. Whereas the other data transfer will transfer force from the CFD system as force

to the FEA system. The RMS convergence target for all data transfers are set to 0.1, and |

no ramping is employed for the data transfer. The simulation is executed such that the FEA

system will be solved first.

The meshing scheme for CFD solver is the same as that already described in section 4.6.3
and shown in Figure 4.13. For the structural analysis system participating in the coupled
FSI simulations, the turbine model is meshed with a patch confirming tetrahedral method.
The turbine blades are meshed with a body sizing of 60 mm, hub and nacelle 300 mm and
tower 200 mm. The mesh for the structural solver of the coupled FSI simulations is shown

in Figure 5.12.

Figure 5.12 FEA mesh used in the coupled FSI simulation of full scale SAFL RM] turbine
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For blades the mesh size function is set to curvature to properly resolve the leading edge.
The hub, nacelle and tower had a uniform size function. The FEA model has a total mesh
count of 4.4x10° elements (7.1x10° nodes), of which 67% of the elements are at the turbine

blades.

5.33 Verification and validation of numerical method

The accuracy of coupled FSI simulations depends largely on the constituent fluid and
structural dynamic models. If the spatial and temporal discretization of the constituent fluid
and structural dynamic models is verified then the other parameter that can possibly affect
the accuracy of coupled simulation is the mapping error in data transfer. The mesh and
time step sensitivity study described in section 4.6.4 also applies to the CFD solver
participating in the coupled FSI simulations and is not discussed here to avoid repetition.
Additionally, conformal mesh at the shared faces between the blade surfaces and fluid
domain guarantee a node to node correspondence and 100% mapping of the nodes for data
transfers between the meshes of CFD and structural solver. However, to reassure the proper
execution of data transfer between the fluid and structural dynamic models, the expert
parameter “DumplnterfaceMeshes” in the FSI model setup is set to the CFD post. A
summary of the data transfer report displayed on the solver run window of the coupled
simulation and contour plot of “DumplnterfaceMeshes” showed that 100% of node data is

successfully exchanged between the solvers.

To further validate the results, power coefficient predicted by the coupled FSI simulations
of full scale device is compared with transient CFD analysis of the full scale device and

model scale experimental data [26] in Figure 5.13 and Table 5.4.
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Figure 5.13 Comparison of power coefficient predicted by the coupled FSI simulations with transient CFD analysis
and experimental daia
Table 5.4 Quantitative comparison of turbine Cp between coupled FS1 simulations,
transient CFD analysis and experimental data
TSR  Experiment Transient CFD Coupled FSI
Cr j26] Ce % Difference* Cr % Difference!

3.02 0.320 0.354 10.7 - -

3.79 0.408 0411 0.8 - -

4.87 0.477 0.447 6.3 0.447 6.2

5.76 0471 0.442 6.2 - -

6.82 0414 0.402 2.8 - -

1.57 0.368 0.368 0.1 - -

8.32 0.295 0.319 8.2 - -

9.05 0.230 0.254 10.4 - -

I % Difference indicates the absohute percentage difference to the experimental values in [26].

The coupled FSI simulation predicted similar values to those measured in the experiment

for the turbine power coefficient () at the optimum TSR. Experimental values for turbine

thrust coefficient (Cr) are not available. However, both the numerical models predicted
similar values of thrust coefficient(C;) that confirm the consistency of the simulated
results. The turbine diameter based Reynold number (R, = U, X D/v) for the utilized
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turbine design in this study is 3x107, whereas the turbine in experiment has a Reynold -
number of 5.2x10°. But still the performance coefficients of full scale model matched well
with the scaled model experimental data. This observation is consistent with the findings
in [64] and supports the fact that performance in terms of non-dimensional parameters is

independent of Reynold number beyond a critical value. Detailed discussion about all the |
scaling parameters and justification is described in section 4.6 and is not provided here to

avoid repetition.

5.3.4 Results and discassion

This section presents important results from the coupled FSI simulations of full scale SAFL
RM1 turbine with realistic blade design and including nacelle and support structure. These
results would help to present the effectiveness of the utilized coupled FSI simulation

methodology and describe the performance and structural response of a full scale device.

3.3.4.1 Turbine performance
Power and thrust coefficients of the whole rotor during two rotations, predicted by the

coupled FS1 simulations, for a uniform inlet velocity and velocity profile are presented in
Figures 5.14-5.15.
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Figure 5.14 FSI simulation results for rotor power coefficient during two turbine rotations
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Figure 5.15 FSI simsdation reswlts for rolor thrust coefficient during two turbine rotations

The mean cycle values of power and thrust coefficient has decreased by about 0.69% and |
0.38% respectively due to the effect of velocity profile. The percentage drop in power and
thrust cocfficient is considerably small compared to Mason-Jones et al. [79]. This is mainly
because of the velocity profile employed in this study. Two maxima and minima per cycle
are evident in Figure 47 and Figure 48, which are due to the effect of two blades passing
the tower. When any of the turbine blade passes the tower the whole rotor power and thrust
drops below its mean value due to the tower effect. The whole rotor power and thrust
coefficients vary from its mean value by 2.31% and 1.25% respectively due to the sole
effect of tower. For a combined effect of velocity profile and tower the variation in power
and thrust coefficients is 2.73% and 1.42% respectively. Although, it seems that velocity
profile will complement the tower shadow effect in reducing the rotor power and thrust.
Because when a blade passes the tower it is also operating in the lower part of the water
column. However, Figures 47-48 show that the combined effect of velocity profile and
tower on the whole rotor power and thrust is not much different than the sole effect of
tower. This finding is in accordance to similar studies for wind turbines [155, 156]. This is
because the rotor achieves its peak value near the horizontal position(8 = 90° — 270°)

(Figure 5.16),
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e

Figure 5.16 Rotor angular positions for presentation of results

At this position the effect of velocity profile is not prominent and the onset velocity is
almost equal to the hub height velocity of the uniform velocity case. Therefore, the effect
of velocity profile is almost negligible. Similarly, the rotor achieves minimum power when
it is aligned vertically with the tower (6 = 0° — 180° ). At this position the lower blade
experiences the maximum effect from tower and velocity profile. However, at the same
time the upper blade is almost free from the effect of tower and operates in the maximum
velocity region in the water column. Therefore, the cumulative effect balances out and the
resultant combined effect of tower and velocity profile on the whole rotor power coefficient

is not much extravagant.

Another important finding is that the variation in mean cycle values of the thrust coefficient

for the whole rotor is smaller than the power coefficient as clear from Table 5.5.
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Table 5.5 Turbine loads variation during a rotation cycle
Uniform Velocity Velocity Shear
Parameter Value Single Blade Rotor Single Blade Rotor
Thrust Coefficient Peak 0.437 0.877 0.445 0.869
Mean 0.433 0.872 0.429 0.864
Range 0.012 0.011 0.039 0.012
% Variation' 2.8 1.3 9.0 1.4
Torque Coefficient Peak . 0.046 0.093 0.048 0.092
Mean 0.045 0.092 0.045 0.091
Range 0.002 0.002 0.009 0.002
% Variation' 5.2 2.3 19.3 2.7
Flap Wise Bending Peak 1.013 - 1.078 -
Moment Coefficient Mean 1.0 - 1.0 -
Range 0.049 - 0.185 -
% Variation! 4.9 - 18.5 -

1% Variation indicates the variation from mean cycle value during a rotation.

This observation is significant for the useful life of turbine shaft, bearings, seals and other
associated components. It was anticipated that a two bladed rotor would exhibit larger
power and thrust coefficient variation compared to a tri-bladed rotor due to the effect of
velocity profile and support tower. However, for a tri bladed device [47] the mean cycle
values of power coefficient varied by about 10% with three maxima and minima per cycle.
The two bladed device in this study and another similar study [157] showed a much lower
variation in power coefficient of 2.73% and 5.72% respectively with two maxima and
minima per cycle. However, since these studies utilized different turbine design and tidal
conditions therefore, this conflict may be resolved by utilizing similar turbine design with

different number of blades operating in similar flow conditions.

In terms of structural loads, Flap wise bending moment at the blade root is considered a
critical design load for causing blade failures [48]. Flap wise bending moment is caused by
the moment of thrust force and acts along the chord line. The peak rotor loads

predominantly comes from the thrust characteristics of turbine. The thrust behavior of a
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single blade is similar to the flap wise blade bending moment but has not been shown here
for brevity. Contrary to the total rotor loads represented in terms of thrust force, the velocity
profile has a significant effect on the variation of individual blade loads as presented in
Figure 5.17 by the flap wise bending moment coefficient. Similarly, the variation of blade '
torque or edge wise bending moment is also significantly influenced by the effect of
velocity profile (Figure 5.18),
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Figure 5.17 Flap wise bending mament (normalized by cyele mean) for Blade I during two rotation:
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Figure 5. 13 Torque coefficient Cg for Blade 1 during two rotation cycles

Table 5.5 quantitatively shows that the sole effect of tower on load variation on an
individual blade is about twice the load variation on whole rotor. Due to the combined
effect of velocity profile and tower, the variation in thrust coefficient from mean cycle

value of an individual blade increases from 2.8% to 9%. Whereas, for flap wise bending
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moment the addition of velocity profile increases the load variation on a single blade from
4.9% to 19%. The change in both these loads variation is quite significant and indicative
of the importance of considering the velocity profile as a possible source of fatigue failure.
For the uniform velocity case, the rotor thrust reduced by about 1.3% due to the tower
shadow effect. A similar reduction in thrust of 1-2% due to tower shadow has been reported
for wind turbines [155, 156]. The mean value of the blade wise thrust decreases due to
combined effect of tower and velocity profile compared to the tower only effect (Table
5.5). But the peak and range of blade wise thrust increases resulting in increasing the
variation. The thrust behavior between the two cases is significantly different from each
other and can have serious consequences for the fatigue life of turbine components. For the
sole effect of tower, both the blade will almost contribute a similar value of thrust that will
be transferred to the shaft and associated components. The thrust force can be expected to
act almost along the center line of the shaft. For the combined effect of tower and velocity
profile the upper blade will contribute significantly more to the rotor thrust compared to
the lower blade. The thrust force in this case will not act in axisymmetric manner and will
affect the life of shaft, bearings, seals and other associated components. Moreover, the
significant variation in flap wise bending moment reasserts its position as the most
dominant and critical design load consideration for tidal turbine blade. Torque as a moment
(edge wise bending moment) and torsional bending moment are less critical and their
contribution towards causing blade failure is not significant. Therefore, they are not
discussed here in details. The torque variation are more relevant for the representation of
power fluctuations and has been represented in terms of power coefficient variations in the
earlier part of this discussion. The results presented so far in this section are purely based
on simulations and are not compared with full scale experimental data due to the
unavailability of required details. Nevertheless, this study is important as a preliminary

step upon which future studies can be based.

A part from load variations, the constituent fluid dynamic component of the coupled FSI
analysis is capable to provide a very good visualization of the turbine flow field as shown

in Figure 5.19.
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Figure 5.19 Axial velocity (normalized by the free siream velocity) comtour for (@) Uniform inlet velocity (b) Velocity
profile

It is quite evident from Figure 5.19 that for uniform velocity case the wake is axisymmetric.
However, the addition of velocity profile has shifted the wake upwards and velocity in the
lower part of the wake has decreased. To further quantify this effect, velocity variation
along depth of the channel at different downsiream locations is provided in Figure 5.20.
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Figure 3.20 Velocity variation along depth of the channel ai different downstream location for (a) Uniform velocity (b)
Velocity profile (Red dash dot line represent location of turbine hub center and the biack dashed lines represents the
extent of blode tips)



104

The inflow velocity is unaffected upto a distance of 2D upstream (x/D= -2) in both cases.
At the turbine location (x/D=0) and 1D downstream (x/D=1), the velocity variation is
almost similar between the two cases. However, further downstream at (x/D=3) and beyond
that the wake has clearly shifted upwards. For the velocity profile case, the velocity in the
upper by pass region of the wake has increased.

To further clarify this phenomenon, a plot of velocity deficit along the length of channel at
different channel depths for the uniform velocity and velocity profile case is shown in
Figure 5.21.
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Figure 5.21 Velocity deficit along the length of channel at different channel depths for (a) Uniform velocity (b) Velocity
profile

Figure 5.21 shows that for the uniform velocity case at 1D above and below the turbine,
the velocity deficit gradually reduces along the channel length with almost a similar -
velocity recovery. However, for the velocity profile, at 1D above turbine the velocity
deficit is negative throughout the length of the channel. This indicates that higher velocity
than the mean free stream velocity is available at this height. This finding can be utilized -
for the future array designs as the power out of turbine is a function of the cube of velocity.
In an axial array layout, if the downstream devices are positioned successively higher than i
the upstream devices, this higher velocity can be utilized to obtain higher power outputs. |
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However, there are several other complications and site constraints that needs to be further

analyzed.
5.3.4.2 Blade structural response

The coupled FSI model provides a detailed insight into the structural response of turbine
components against the imposed fluid loads by providing all the results that are possible
from a standalone FEA analysis. The maximum blade deformation in the evaluated cases
is relatively small about 40.9 mmn for the uniform velocity case and 41.9 mm for the

velocity profile as shown in Figure 5.22.
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Figure 5.22 Comtour plot of blude deformation for (o) Uniform velocity (8) Velocity prafile

Similarly, the maximum equivalent stress for the uniform velocity and velocity profile is

118 MPa and 121 MPa respectively as shown in Figure 5.23.
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Just like the load forces, the blade deformation and stress vary with the blade angular
position during a rotation cycle as shown in Figure 5.24.
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Figure 5.24 Variation of Blade 1 {a) Deformation (b} Equivalens stress during two rotation cycies

The blade deformation and stress varies by about 2.5% and 2.8% respectively from its
mean cycle value during a rotation cycle due to the sole effect of tower. The variation in
blade deformation and equivalent stress are significantly increased to a value of 9.8% and
10.3% respectively due to the added effect of velocity profile. The velocity profile
augments the tower effect resulting in increased variation in blade deformation and stress.
It is however interesting to note that thc mean cycle value of deformation and stress

decreases with the added effect of velocity profile as given in Table 5.6.
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Table 5.6 Turbine load fluctuations from the last rotation cycle
Parameter Value Uniform Velocity Velocity Profile

Deformation [mm] Peak 40.9 41.9
Mean 40.6 40.2
Range 1.0 3.9
% Variation' 2.5 9.8

Stress [MPa] Peak 118.1 121.1
Mean 117.1 116.0
Range 3.2 12.0
% Variation' 2.8 103

! % Variation denotes variation from cycle mean value during a rotation cycle.

This is because, when a blade comes in front of the tower along its rotation cycle, at this
moment it is in the lower velocity region of the water column. Therefore, the minimum
value of thrust force is further reduced due to the combined effect of tower and velocity
profile. Contrarily, when a blade is at the top, it is free from the tower effects and operates
in the higher velocity region of the water column. Therefore, the maximum value of thrust
force further increases due to the combined effect of tower and velocity profile. This
reduction in the minimum value of thrust and increase in the maximum value of thrust
causes a reduction in the mean value of stress due to the added effect of velocity profile.
On the contrary, the values of stress range and variation is considerably increased. The
mean stress and stress range (alternating stress) are the two important parameters with
prominent effects on the fatigue life of turbine blade. The fatigue strength of the blade will
decrease with increase in the mean stress and or stress range and vice versa. The fatigue
strength under an axial load is decreased due to increase in the tensile mean stress.
However, in case of torsion the fatigue strength is unaffected by the increase or decrease
in mean stress. For the case study presented here, the mean stress decreases by a very little
margin however, the stress range (alternating stress) increases considerably by more than
three times due to the added effect of velocity profile. The stress response of blade (Figure

5.24b) shows a repeating cyclic behavior indicating the possibility of fatigue failure.
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To further investigate the fatigue behavior of rotating turbine blade, fatigue analysis was
performed using a stress life fatigue model. The stress life fatigue model determines the
total fatigue life and does not differentiate between crack initiation and propagation. The
stress life fatigue model is based on S-N curve and deals with high cycle fatigue. A constant
amplitude proportional loading was assumed because the principal stress axis does not
change over time. A stress ratio, (R = 0pyin/Omax) of 0.97 and 0.90 is used for the uniform
velocity and velocity profile case respectively. Fatigue S-N curves for materials are mostly
generated from fully reversed constant amplitude experimental tests. For in service
application such loading condition is very rare and mostly a mean stress will exist that must
be accounted for in the fatigue analysis. In the stress life fatigue model of the ANSYS
fatigue module the mean stress effect can be taken into account through direct interpolation
between experimental S-N data. But such experimental data is usually not available due to
the cost of experimental tests. Empirical relations like Goodman, Soderberg and Gerber
theories can be used as an alternate to the experimental data. These empirical relations use
the static material properties together with the S-N data to account for the mean stress
effects. The experimental data generally lies between the Goodman and Gerber relation.
For brittle materials the Goodman relation is considered as a better choice whereas for the
ductile materials the Gerber relation is often preferred. The turbine blades for the current
study are made from structural steel and therefore a Gerber equation is selected. Equivalent
(VonMises) stress was used as the stress component for the fatigue analysis to convert from
a multiaxial stress state obtained from FE analysis to the uniaxial stress state of the

experimental fatigue data.

The stress state of the blade for the evaluated cases of uniform velocity and velocity profile

is shown in Figure 5.25.
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Figure 5.23 Bimxiality indication for hlade in uniform velocity and velocity profile

The green color corresponds to a biaxiality indication of (0) indicating a umaxial stress
state at majority of the blade. The blue color with a biaxiality indication of {-1) indicate a
pure shear and red with a biaxiality indication of (1) represent a pure biaxial state. The
contour plot clearly shows that major portion of the blade is in a uniaxial stress state (green
color) and S-N data for torsional loading is not required for the fatigue analysis of turbine
blades for the evaluated case. The contour plot of fatigue factor of safety for both the cases

is shown in Figure 5.26.
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Figure 526 Fatigue factor of safety for blade (a) Uniform velocity (b) Velocity profile

Figure 5.26 shows that for the uniform velocity the fatigue factor of safety is 3.8. The
additional effect of velocity profile has reduced the fatigue factor of safety by about 8% to
a value of 3.5. It is important to note that although this study utilized a near to real turbine
design but only the hydrodynamic conditions of velocity profile is modelled with
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contribution to the fatigue failure of blades. But other important contributors like

turbulence and waves etc., will also contribute to decide the final fatigue life of the blade.

5.4 Summary

Coupled FSI simulation methodology for modelling the performance and structural
response of 1:40 scale model SAFL RMI tidal turbine rotor comprised of blades with
simplistic design has been developed. Results of the FSI simulations are compared with
experimental data and steady state RANS CFD simulations. A good agreement between
the result of numerical simulations and experimental results has been observed with a
maximum difference of less than 10%. The coupled FSI model predicted a lower value of
turbine Cp(0.45) compared to a Cp value of 0.48 predicted by the steady state RANS CFD
model. The blade deformation (0.12 mm) in the evaluated case was not enough to result in
a significant change in the angle of attack that could have resulted in any variation in the
separation and reattachment behaviour. However, the pressure contour shows a difference
in pressure at low pressure side of the blade between both the models. The reason for the
difference in Cp prediction between the two models is attributed to the difference in
pressure difference and flow velocity across the low pressure and high pressure side of the
blade elaborated through contour plots. Contour plot of rotor deformation equivalent stress
and time histories of deformation and stress obtained from the structural analysis
component of the coupled FSI simulations has been used to describe the structural response
of the blade. The maximum blade deformation (0.12 mm) observed in the evaluated case
is very small due to the reason that blade is completely solid. It is highly unlikely for a real
turbine blade to be made in this manner but this was necessary to replicate the actual model

utilized in the experiments.

To gain in insight into the hydrodynamic and structural response of full scale SAFL RM1
turbine, the developed coupled FSI simulation methodology is utilized to simulate the
turbine operation for a uniform velocity and velocity profile case. Results from the
simulations are spatially and temporally verified and validated with experimental data. It
was observed that the influence of velocity profile on the whole rotor power and thrust is
not much different than the sole effect of tower. The variation in mean cycle values of the

thrust coefficient for the whole rotor was observed to be smaller than the power coefficient.
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The variation in thrust coefficient from mean cycle value of an individual blade increases
from 2.8% to 9% due to the influence of velocity profile. Whereas, for flap wise bending
moment the addition of velocity profile increases the load variation on a single blade from
4.9% to 19%. The change in both these loads variation is quite significant and indicative
of the importance of considering the velocity profile as a possible source of fatigue failure.
While the influence of velocity profile deceases the mean cycle value of blade wise thrust,
the peak and range is increased resulting in increasing the variations. Contrarily, it was
observed that for the profiled inlet velocity the mean value of stress and deformation

decreases as compared to a uniform inlet velocity.

It was observd that the blade deformation and stress also vary with the blade angular
position during a rotation cycle like the blade loads. For the evaluated case of uniform
velocity this variation was 2.5% and 2.8% for the deformation and stress respectively
during a rotation cycle. However, for a profiled inlet velocity the variation in deformation
and stress during a rotation cycle significantly increased to 9.8% and 10.3% respectively.
The velocity profile augments the tower effect resulting in increased variation in blade
deformation and stress. It is however interesting to note that the mean cycle value of
deformation and stress decreases with the added effect of velocity profile. For the evluated
case of profiled inlet velcoity, the mean stress decreases by a very little margin however,
the stress range (alternating stress) increases considerably by more than three times
compared to a uniform inlet velcoity. To investigate the effect of load variation on the
fatigue life of rotating turbine blade, a stress life fatigue model based analysis was
performed. The stress state of the blade for the evaluated cases of uniform velocity and
velocity profile showed that major portion of the blade was in a uniaxial stress state. The
fatigue factor of safety was reduced by about 8% due to the influence of velocity profile.
However, it was alos pointed out that this reduction can further incraese due to the

contribuion of turbulence and wave effects that were not considered in these simulations.



Chapter 6

Effect of array layout and inter device spacing on the

performance and structural loads on the blade

The RANS CFD simulation methodology adopted for investigating the influence of array
layouts and inter device spacing on the performance and structural loads variations on the
blade of TCT is discussed in this chapter. RANS CFD methodology for a standalone
turbine has been developed in chapter 4. However, that methodology cannot be readily
extended to simulate tidal turbine arrays. Because, the size of computational domain is not
sufficient to accommodate three turbines array. Therefore, this chapter starts with the
development of RANS CFD simulations for a standalone turbine operating in a domain

that can accommodate all the array layouts planned for this research.

6.1 Single turbine in array domain

A verified and validated RANS CFD methodology for modelling flow over a single turbine
has been developed for full scale device as discussed in section 4.6. However, the
computational domain utilized in those simulation described in section 4.6.2 could not
accommodate three turbines array. To ensure a similar domain for all the array simulations
and verify new domain definition and new hybrid mesh scheme, a series of simulation is
again conducted for the single device. This is necessary because due to change in meshing
scheme the already performed verification and validation of RANS CFD method for single
turbine is no more valid. The changes in domain sizes result in the change of blockage
ratios and wall effects that would in turn affect the turbine performance and flow field.
Therefore, the changes to domain definition are executed sequentially and successively to

monitor the effect of every change individually on the turbine performance and flow field.

The simulation are executed in a sequence such that:

112
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1. Inthe 1% simulation the hybrid meshing scheme is implemented and the domain length
is changed from 200 to 600 m (10D to 30D). The blockage ratio (6.5%) is kept

unchanged.

2. Inthe 2™ simulation, the domain width and depth is changed to make the blockage ratio
(14.5%) and the turbine is located off center to exactly replicate the experimental

channel.

3. In the 3" simulation, domain dimensions are unchanged while the turbine is shifted to

the center of domain.

4. In the 4™ simulation, the domain is sized such that it would be able to simulate all the
array layouts planned in this thesis with in a channel of blockage ratio 4.4% and length

of 600 m (30D).

Domains definition for all the simulations conducted as part of the development of RANS

CFD methodology for single device in array domain is as in Table 6.1.

Table 6.1 Domains details for developing RANS CFD methodology for simulating

flow over a turbine operating in array domain

Domain Size (m) Blockage Ratio
S# Simulation

Width  Depth Length (%)
Experiment 1.38 1 12.0 14.3

1  Single turbine with hex mesh
(standalone domain) 80 60 600 6.5

2 Single turbine off-center

located (experimental domain) 35 40 600 14.3

3 Single turbine center located
(experimental domain) 35 40 600 14.3
4  Single turbine (array domain) 120 60 600 4.4

6.1.1 RANS CFD methodology

All simulations listed in Table 6.1 are conducted using a steady state approach through
Multiple Frame of Reference (MFR) model. However, the single turbine located in array

domain is also simulated through a transient model using a transient rotor stator approach.
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Because the single turbine simulations in array domain would be extended to the simulation
of tidal turbine arrays for investigating the performance and blade loads variation. The
adopted RANS CFD methodology is similar in essence to that described in section 4.6.
However, certain changes have been sequentially and successively implemented to evolve
a RANS CFD methodology for simulating turbine arrays. The domain size required for
array simulations is much larger to accommodate three turbines, therefore the blockage
ratio for simulating a single turbine in the array domain would drop from 6.5% of the
already developed RANS CFD methodology to 4.4%. The dimensional details of

computational domain for single turbine in array domain are shown in Figure 6.1.
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Figure 6.1 Dimensiona! details of domain used for all the arvay simulations

Additionally, for the larger size domain containing 1-3 turbines, the number of mesh
elements would also significantly increase. Therefore, the meshing scheme is changed from
tetrahedral to a hybrid mesh scheme to keep the number of mesh elements within the range
of available computational resource. The mesh used for simulation domain and wrbine

surfaces is shown in Figure 6.2.
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Figure 6.2 Mesh in the computational domain () and turbine surfaces (b) for arrap simulations

A similar hybrid mesh scheme for modelling flow over tidal turbines is not rare and has
been successfully implemented in other research studies like Nitin et al. {51]. In the new
hybrid mesh scheme, the blade surfaces and major portion of stationary rectangular
domain, except a small portion of 25 m domain Jength in the vicinity of turbine, is meshed
with a structured hexahedral mesh. The exact dimensions of these domain segments with
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hexahedral and tetrahedral mesh are provided in Figure 6.1. A selective body meshing
technique is used and conformal meshes are generated on the shared faces between bodies.
The mesh generation is started from the blade surfaces and a sweep method is applied for
generating a hexahedral mesh. The blade is divided into 126 divisions along the airfoil
edges at the blade tip and 217 divisions in the span wise direction. A patch confirming
tetrahedral mesh method is used for generating mesh on the hub, nacelle, tower, rotating
domain and part of the stationary domain in the vicinity of turbine. The turbine hub and
nacelie is meshed with tetrahedral element of 150 mm and rotating domain with an element
size of 260 mm. The growth rate throughout meshing is kept at the default rate of 1.2. Prism
element layers are generated around blade surfaces to capture the boundary layer flow as
shown in Figure 6.3.

‘\losh oo the blade surface

Figure 6.3 Prism elements layers generated around rhe blade surfaces

The thickness of first layer normal to blade surface is set at 0.7 mm and 11 layers of prism
elements are generated with a growth rate of 1.2. This mesh setting ensured an area
averaged y* value of 151 and 231 along higher and lower pressure surfaces of the blade
respectively. The combined area averaged y* value along both blade surfaces is 191
recorded for the final converged state of solution. These y* values are well within the range
2 < y* <300 as prescribed by ANSYS CFX along with 11 number of nodes in the
boundary layers for the proper functioning of k — w SST turbulence model with an
automatic wall function switch [131]. Mesh generation in the rotating domain is followed
by generating a swept hexahedral mesh for the inflow segment of rectangular domain. The
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inflow segment of rectangular domain is divided into 60, 30 and 45 divisions along the
width, depth and flow direction respectively. Similarly, the outflow segment of the
rectangular domain is divided into 60, 30 and 243 divisions along the width, depth and
flow direction respectively. Finally, mesh for the tetrahedrally meshed segment of
stationary domain in the vicinity of turbine is generated. The tower is first meshed with an
element size of 100 mm followed by the rest of domain with an element size of 1000 mm.
Total mesh count of the model is 6.7 X 10° elements with 4.3 X 10® elements in the

rotating domain.

The boundary conditions is adopted similar to those as described in section 4.6.2, except
that boundary conditions at the side walls and bottom is changed to symmetry from a no
slip wall and the top to symmetry from a free slip wall. These changes are necessary to
ensure that simulation results are minimally affected due to the wall effects between
various configurations of arrays. All the simulations represent the optimum operating TSR

of 4.87 and the inflow velocity is 1.5 m/s with a turbulence intensity of 5%.

6.1.2 Results and discussion

The performance of turbine in terms of power coefficient (Cp) computed through RANS

CFD simulations for various domain sizes is as in Table 6.2.
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Table 6.2 Quantitative comparison of RANS CFD prediction for turbine Cp within

different sizes computational domains

Torque [KN.m] Cp diff. to
Rotor )
S# Simulation Name experiment
Blade 1 Blade 2 (Cr)
[%]
Single turbine
1 (standalone domain) 156 154 0.428 -10.2
Single turbine off-center
2 ocated (experimental domain) 176 171 0.478 0.2
Single turbine center located
3 (experimental domain) 169 167 0.464 -2.8
Single turbine steady state
4 (array domain) 141 137 0.384 -19.5
5 Single turbine transient 139 138 0.382 220.0

(array domain)

Table 6.2 shows that steady state RANS CFD simulations with new hybrid mesh scheme
has very closely predicted the turbine Cp with a difference of 0.2% to the experiment.
However, when the turbine is shifted to the center of domain, this difference increases to
2.8%. For simulation listed at serial No. (1), the change in domain blockage ratio (from
14.3%-6.5%) and increasing distance from the side wall has jointly resulted in dropping
the turbine Cp value to 10.2% compared to the experimental value. Similarly, the turbine
Cp further drops to 19.5% due to reduction in the blockage ratio of computational domain
from 6.5% to 4.4%. From the understanding developed in section 4.5.4 and 4.5.5, it can be
concluded that the change in difference between experiment and simulation for turbine Cp
from 10.2% to 19.5% could not be the sole effect of blockage ratio due to the range of
blockage ratios (6.5%-4.5%) involved. Therefore, this drop in turbine Cp is attributed to

the combined effect of blockage ratio and wall/boundary effect.

The flow passing through turbines operating in channels with different cross sections under
the influence of changing wall/boundary effects is further described through the contour
plots of stationary frame velocity normalized with respect to free stream velocity (U /U, )

for all simulations. Figures 6.4-6.7 show the contours of normalized velocity along a
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horizontal plane across the width of domain at mid depth of the channel. An enlarged view
for the portion from -1D to 8D has been provided along with complete normalized velocity
contour. Because, in this portion of wake further devices will be installed to extend our
investigations to tidal turbine arrays.
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Figure 6.4 Normalized velocity contowr on a horizontal plane across the width of charmel at mid depih for single

turbine in siondalone domain
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Figure 6.5 Normalized velocity contour on a horizontal plane across the width of channel at mid depith for single
turbine off-center located in experimental domain
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Figure 6.6 Normalized velocity contour on a horizontal plane across the width of chamnel at mid depth for single
turbine center located in experimental domain
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Figure 8.7 Normalized velocity contour on a horizontal plane across the width of chamnel at mid depth for single
turbine in array domain
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Figure 6.4 shows a symmetric wake that has travelled along the entire length of the channel
and up to a distance of about 25D the velocity has not fully recovered its free stream value
along the turbine center line. However, the wake is restricted in a narrow portion around
the turbine centerline and is mixing with the surrounding fluid as it travels along the length
of channel. The narrow yellow strips along the channel side boundaries are indication of
wall/boundary effect. For a turbine operating off-center in a channel having the same
configuration as the experimental setup, the flow is accelerated between the side
boundaries and turbine as shown in Figure 6.5. Since, the area between channel boundaries
and turbine is not similar therefore, the flow acceleration is also different in these areas.
The friction effect caused by the shear layer between faster and slower moving fluids is
also not similar and therefore wake is shifted towards side wall located close to the turbine.
When the turbine is shifted to the center of channel as shown in Figure 6.6, the wake
become symmetric along the turbine centerline with similar flow acceleration in the upper
and lower bypass regions. These highly accelerated flow regions extend upto about SD
downstream of turbine. Whereas, the core of wake region travels about 16D downstream
before it mixes with the bulk channel flow. The blockage ratio of channel in this case is
14.3% compared to 6.5% for the channel in Figure 6.4, therefore an enhanced wake mixing
takes place and the velocity deficit does not extend along the entire length of channel. In
Figure 6.7, the turbine is operating in the enlarged size domain of 4.4% blockage ratio and
the wall effects have also been eliminated by applying symmetry boundary conditions. This
domain is intended to be used for simulating all array cases in this thesis. The wake is

symmetric and travels along the entire length of channel due to a lesser blockage ratio.
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Figure 6.8 Normalized velocity contour acrass the depth of chammel on a vertical plane passing through terbine
cenierline for single turbine in stondalone domain

Figure 6.9 Normalized velocity comtour across the depth of chanme! on vertical plame passing through turbine
centerline for single turbine offcenter located in experimental domain

Figure 6.10 Normalized velocity contour across the depth of chanrel on a vertical plane passing through urbine
centerline for single turbine center located in experimental domoin
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Figure 6.1 1 Normalized velocity contowr across the depth of channel on a vertical plane passing through turbine

centerline for single turbine in array domain

The vertical placement of turbine is at the mid depth of channel for all simulations. The
normalized velocity contour in vertical plane for the case of standalone domain in Figure
6.8 shows that the wake extends throughout the length of channel beyond 25D. The
velocity of fluid in upper bypass region is more compared to the lower bypass region due
to the bottom effect and tower. The dominant effect of tower on slowing down the fluid
velocity diminishes upto a distance of about 1.5D. However, the effect of tower and bottom
on the velocity continues upto a distance of about 15D till the core wake mixes with the
tower wake. The accelerated fluid in upper bypass region also keeps mixing with core wake
along the length of channel. However, a narrow strip of brown color in upper bypass region
shows that all of the accelerated fluid does not mix with core wake upto a distance of about
25D. For the off-center located turbine in the experimental domain in Figure 6.9, the
accelerated flow regions in the upper and lower bypass regions completely mixes with the
core wake upto a distance of about 8D due to enhance wake mixing because of increased
blockage ratio. The contour also shows that horizontal off-center placement has also caused
vertical asymmetry in the wake. The overall enhancement in the mixing process has further
reduced the dominant effect of tower on the flow velocity to 2 distance of about less than
1D. A similar velocity contour for the center located turbine in experimental domain is
shown in Figure 6.10. This contour is almost similar to Figure 6.9 except that the wake has
become verticaily symmetric. For turbine operating in the larger size domain intended for
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array simulations shown in Figure 6.11, the wake is symmetric along the turbine centerline.
However, the fower bypass region of wake is influenced by the tower effect and shows
comparatively less velocity than the upper bypass region. The wake mixing is slower due
to reduced blockage ratio of 4.4% and the core wake does not mixes with upper bypass
region even upto a distance of 25D.

The velocity deficit for all the simulations aimed at developing RAN CFD methodology
for simulating turbine arrays is shown in Figure 6.12.
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Figure 6.12 Velocity deficit along a line passing through the hub center throughout the length of domain

For turbine operating in standalone domain and amay size domain, the centerline velocity
deficit exhibits almost a similar behavior. However, for the standalone domain the velocity
recovery is more due to enhance wake mixing because of increased blockage ratio. For the
turbine operating in domains with blockage ratio of 14.3% equal to the experimental
channel, the velocity deficit behavior is almost similar upto about a distance of 10D
downstream for the case of off-center located and center located turbines. However, after
this distance the velocity deficit behavior changes between the two cases due to asymmetry
of wake along the turbine centerline. Additionally, for both these cases the velocity

recovery is more compared to the other two cases of lower blockage ratios.



6.2 Tidal turbine arrays

125

The RANS CFD methodology adopted for simulating a single turbine in array domain is

further extended to simulate two and three turbine co-axial and staggered arrays. These

array configurations are simulated to investigate the effect of array layouts and inter device

spacing on the performance and structural loads on the blade of TCT operating in arrays.

The description of all simulated array configurations is provided in Table 6.3. A

nomenclature has also been provided to avoid lengthy array descriptions while presenting

and discussing results throughout this chapter.

Table 6.3 Definition and nomenclature of simulated array configurations
Array Description Nomenclature
(A) Co-axial array
1 Two turbine (8D interdevice spacing) CA-2T-L8D
2 Two turbine (10D interdevice spacing) CA-2T-L10D
3 Three turbine (8D interdevice spacing) CA-3T-L8D
4 Three turbine (10D interdevice spacing) CA-3T-L10D
(B) Staggered array
1 Two turbine (1.5D transverse spacing) SA-2T-S1.5D
2 Two turbine (2D transverse spacing) SA-2T-S2D

3

Three turbine (1.5D transverse and 4D longitudinal spacing)
Three turbine (1.5D transverse and 6D longitudinal spacing)
Three turbine (2D transverse and 4D longitudinal spacing)

Three turbine (2D transverse and 6D longitudinal spacing)

SA-3T-S1.5D-L4D

SA-3T-S1.5D-L6D

SA-3T-S2D-L4D

SA-3T-S2D-L6D

The schematic of co-axial and staggered arrays along with turbine identifiers A, B and C

is shown by a representative case from each group shown in Figures 6.13-6.14.
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Figure 6.13 Schematic of three turbine co-axial array with 8D imerdevice spacing

Figure 6.14 Schematic of three turbine stagpered array with 2D transverse and 4D longitudinal spacing

6.2.1 RANS CFD methodology

The numerical methodology adopted for simulating turbine arrays is similar in essence to
that of a single turbine in array domain described in section 6.1. The domain definition for
all array simulations is similar and has already been provided in Figure 6.1. A steady state
RANS CFD converged solution is first obtained for each three turbine array configuration
using Multiple Frame of Reference (MRF) model. This solution is used as the starting point
for transient simulation based on transient rotor stator approach for each configuration of
three turbine array. The steady state RANS CFD simulation would have been sufficient, if
the focus of these investigations was only the performance. But we are also interested to
study the structural loads behavior of turbines blade, therefore transient simulations are
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necessary. Additionally, initiating transient simulations with a converged steady state
solution would ensure a stable solution for transient simulations and the final converged
transient results would require less number of turbine rotations and corresponding total
simulation time. The boundary conditions for all array simulations are similar to that of
standalone turbine in array domain described in section 6.1.1. All array devices have the

same TSR of 4.87.

The first row device/devices receive an inflow velocity of 1.5 m/s and rotates at 0.73 rad/s
corresponding to the optimum TSR of 4.87 for full scale SAFL RM 1 turbine. The rotational
speed for downstream devices corresponding to the optimum TSR of 4.87 is selected in a
similar way to the experimental procedures. In this procedure, vertical velocity profile at
2D upstream of the 2™ turbine placement location is obtained from the simulation results
of standalone device operating in array domain. The depth averaged velocity is calculated
from vertical velocity profile and rotational speed for the 2" downstream device is
computed from this velocity corresponding to the optimum TSR. Similarly, steady state
simulation for the two turbine array with intended interdevice spacing is performed for the
determination of rotational speed for the third turbine. The velocity profile at 2D upstream |
of the 3" turbine placement location is obtained from the simulation results of two turbine
array. The depth averaged velocity corresponding to this velocity profile is used to compute
rotational speed of the 3" device corresponding to the optimum TSR. The velocity profiles
used for calculation of rotational speeds for downstream devices in all the array

configurations is shown in Figures 6.15-6.16.
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Although, this procedure is quite lengthy because each three turbine array simulation would
first require the simulation of a two turbine array with similar configuration. However, this
is essential to ensure the comparison of performance and structural loads behavior of blades
for turbines operating in arrays at the similar operating conditions. Otherwise, the effect on
performance and structural loads would not be solely due to the array configuration and
interdevice spacing. Turbine operating condition is one of the most dominant parameter
and comparing performance and structural loads on the blades between devices at different
operating conditions would be misleading. The rotational speeds set for all turbines in the
simulation of all array configurations are as in Table 6.4. The total simulation time for all
array configurations is set such that to ensure that turbine operating at the lowest angular
velocity completes six turbine rotations. Similarly, the time step for all array simulations
is set such that turbine operating at the highest angular velocity completes 6 degree rotation
in one time step. The adequacy of this time step has already been discussed in section 4.6.4.
Where it has been established through a time step study that a time step equivalent to 2°,

4° and 6° of turbine rotations would yield similar results.
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Table 6.4 Depth averaged values of incident velocities and corresponding rotational

speeds set for turbines in all simulated array configurations

Depth averaged value of the Rotational speed at
Array incident Velocity TSRop—=4.87
Configuration (m/s) (rad/s)
Turbine location Turbine location

A B C A B C
CA-2T-L8D 1.500 0.818 - 0.731 0.398 -
CA-2T-L10D 1.500 1.057 - 0.731 0.515 -
CA-3T-L8D 1.500 0.818 0.969 0.731 0.398 0.472
CA-3T-L10D 1.500 1.057 0.984 0.731 0.515 0.479
SA-2T-81.5D 1.500 - 0.731 -
SA-2T-82D 1.500 - 0.731 -
SA-3T-81.5D-L4D 1.500 1.629 0.731 0.794
SA-3T-S1.5D-L6D 1.500 1.614 0.731 0.786
SA-3T-82D-L4D 1.500 1.614 0.731 0.786
SA-3T-2D-L6D 1.500 1.600 0.731 0.779

6.2.1.1 Mesh setup

A similar technique of selective body conformal meshing and sizing is utilized for al} array
simulations as described in section 6.1.1. This meshing strategy ensured a similar mesh
ltke the one utilized for standalone turbine simulations shown in Figure 6.2 for the

simulations of all array configurations. An instance of mesh utitized for three turbine arrays

is shown in Figure 6.17 to give an overall idea of the utilized mesh for array simulations.

Figure 6.17 Mesh for three turbine arrays

The enlarged views showing details of mesh near turbine and on turbine surfaces has

already been provided in Figure 6.2 and is not provided here to avoid repetition. The total
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number of mesh elements and its breakup in the rotating and stationary domains for all

array simulations is as in Table 6.5.

Table 6.5 Grid statistics for array simulations

Total number of mesh elements (x 10%)

Array Configuration Rotating Domain  Stationary Total
A B C Domain
CA-2T-L8D 4.3 4.3 - 4.4 13.0
CA-2T-L10D 4.2 4.2 - 4.4 12.8
CA-3T-L8D 4.3 4.3 4.3 6.2 19.1
CA-3T-L10D 4.2 4.3 4.3 6.2 19.0
SA-2T-S1.5D 4.2 4.1 - 29 11.2
SA-2T-S2D 4.3 4.2 - 29 114
SA-3T-S1.5D-L4D 4.3 4.2 4.3 4.7 17.5
SA-3T-S1.5D-L6D 4.2 4.2 4.2 4.7 17.3
SA-3T-S2D-L4D 4.3 4.2 4.3 4.7 17.5
SA-3T-2D-L6D 4.2 4.2 4.2 4.7 17.3

The specification of prism elements layers generated around blade surfaces for capturing
the boundary flow is also similar to that described in section 6.1.1 shown in Figure 6.3. For
all the turbine blades in all array configurations, it is ensured that the values of y* stay
within the range of 2 < y* < 300 with 11 number of nodes in the boundary layer to meet
the criteria specified by ANSYS CFX for the proper utilization of k — w SST model with
an automatic wall function switch [131]. The value of area averaged y* for the blades of

all turbines in all simulated array configurations is as in Table 6.6.
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Table 6.6 Area averaged y* values on the turbine blades for array simulations
Area averaged y*
Array :
Turbine A Turbine B Turbine C
Configuration
Blade1 Blade2 Blade1 Blade2 Bladel Blade2
CA-2T-L8D 189 188 125 116 - -
CA-2T-L10D 189 188 146 142 - -
CA-3T-L8D 189 188 125 123 142 141
CA-3T-L10D 190 188 144 148 141 136
SA-2T-S1.5D 194 192 188 190 - -
SA-2T-S2D 190 189 184 182 - -
SA-3T-S1.5D-L4D 192 188 183 182 206 207
SA-3T-S1.5D-L6D 195 191 191 191 209 208
SA-3T-S2D-L4D 192 189 183 182 202 201
SA-3T-2D-L6D 193 192 191 190 203 202

6.2.2 Results and discussion

6.2.2.1 Power output

The performance in terms of non-dimensional parameters for a single turbine is generally
quantified through its power coefficient (Cp) computed at certain tip speed ratios (TSR).
This method has attained wider acceptability for describing the performance of a
standalone turbine. In the case of multi device tidal arrays, this method can be applied to
describe the performance of front row turbines. However, for the downstream array
devices, the turbine power coefficient (Cp) can be computed through ratio of the power
extracted by turbine to either the undisturbed free stream velocity or the actual onset
velocity for a specific device. Although, the later approach is more accurate but could not
provide a physically meaningful sense of the overall power extraction from the array. The
former approach may be based on an abusive notation but provides a clear picture of the
overall power extraction from various array configurations and performance of individual
turbines deputed in the array. The power coefficient values computed in this way may be
treated as nominal values and the actual values based on true incident velocity for

downstream devices will be higher than these nominal values. A similar procedure for
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describing the downstream turbines performance in tidal turbine arrays has previously been
used by Mycek et al. [158] and Stelzenmuller [94]. To clearly convey in a true physical
sense, the effect of interdevice spacing in different array configuration on the performance
of array as well as individual array devices, the power coefficient (Cp) for all array devices
in this thesis is calculated on the basis of undisturbed free stream velocity of 1.5 m/s. The
(Cp) values for all turbines in all array configuration simulated in this thesis is as in Table

6.7.

Table 6.7 Power coefficient (Cp) values for turbines in all the array configuration

Cp based on undisturbed free stream velocity

Array Configuration
Turbine A Turbine B Turbine C

CA-2T-L8D 0.39 0.18 -
CA-2T-L10D 0.42 0.24 -
CA-3T-L8D 0.42 0.18 0.18
CA-3T-L10D 0.41 0.21 0.16
SA-2T-S1.5D 0.40 0.44 -
SA-2T-S2D 0.40 0.45 -
SA-3T-S1.5D-L4D 0.43 0.43 0.39
SA-3T-S1.5D-Lé6D 0.43 0.44 0.40
SA-3T-S2D-L4D 0.42 0.43 0.50
SA-3T-2D-L6D 0.43 0.44 0.49

The power coefficient of downstream devices significantly drops compared to the upstream
devices for both the two turbine co-axial array configurations. However, for 8D interdevice
spacing the drop in power coefficient is comparatively greater than 10D spacing. For three
turbine co-axial array with 8D interdevice spacing the power coefficient of the 2" and 3™
turbine is similar. Similarly, the power coefficients of all array devices minimally changes
for a change in inter device spacing from 8D to 10D in three turbine co-axial arrays.
However, the power coefficient of 2" downstream device is more influenced compared to
3" downstream device by a change in interdevice spacing from 8D to 10D. The
downstream device exhibits higher power coefficient compared to the upstream devices in

a three turbine staggered array configuration with transverse spacing of 1.5D between the
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1 row devices. Nuernberg et al. [100] in their experimental work also observed that for
shorter transverse spacing between upstream devices the power coefficient of downstream
device would significantly decrease in staggered arrays. This decrease in power coefficient
for the downstream device in very closely spaced staggered arrays is due to the slower
wake recovery with large areas of higher velocity deficits [99]. However, still the power
coefficient of downstream devices in 1.5D staggered array is considerably greater than any
of the co-axial configuration. Turnock et al. [23] presented a similar finding in analyzing
the power capture of tidal turbine arrays. Contrarily, the power coefficient of downstream
device is significantly higher compared to the upstream devices in staggered array with
transverse spacing of 2D between the upstream devices. Several other researchers have
observed similar increase in power coefficient of downstream device in optimally spaced
staggered arrays [24, 58]. The downstream device located at 4D in the staggered array
configuration with 2D lateral spacing exhibit the maximum power coefficient compared to
all other devices in all simulated array configurations. However, this is closely followed

by the 6D downstream located device in staggered array with 2D lateral spacing.

To further compare the performance of arrays, the overall power extracted from all array

configurations is quantified in Table 6.8 and pictorially represented in Figures 6.18-6.19.
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Table 6.8 Total power extracted by all simulated array configurations

Array configuration

Power extracted (kW]

Array total power

Turbine A Turbine B Turbine C [kW]
Standalone 203.3 - - 203
CA-2T-L8D 204.3 928 - 297
CA-2T-L10D 2224 128.7 - 351
CA-3T-L8D 2248 98.0 97.1 420
CA-3T-L10D 218.1 113.8 £4.0 416
SA-2T-S1.5D 2138 233.1 - 447
SA-2T-S2D 213.2 238.8 - 452
SA-3T-S1.5D-L4D 226.9 2283 207.3 663
SA-3T-S1.5D-L6D 227.2 235.5 212.7 675
SA-3T-82D-L4D 222.9 230.3 263.5 M7
SA-3T-2D-L6D 2303 234.0 258.0 722

g 8 8 B

Power [kW)

S

Figure 6.18 Power extraction from co-axial configuration of turbine arrays
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Figure 6.19 Power extraction from staggered configuration of turbine arrays

The staggered configuration arrays clearly outperform their counterpart of co-axial arrays
in terms of total array power output. However, the results show that transverse spacing
between the upstrean devices should be optimal for the downstream device located at
certain longitudinai spacing to maximize the total array power extraction. The optimal
extent of transverse spacing between the upstream devices is array specific and aiso
depends upon the longitudinal spacing of downstream device. Turnock et al. {23} suggested
a broad range of less than 6D for both the longitudinal and transverse spacing in staggered
arrays for optimal power extraction, while Malki et al. [24] suggested that the minimum
staggering distance should be more than 2D. Other researchers like Lee et al. [97] and
O’Doherty et al. [98] suggested that the optimal staggering distance between upstream
devices should be 3D and 2D respectively. The study presented in this thesis observed that
optimal staggering distance between the upstream devices would depend upon spacing
between the front row and downstream device. Because, accelerated flow region along the
gap of 1 row adjacent devices would mix with surrounding flow as it travels along the
length of channel. Therefore, the area of this higher velocity region would increase with
increasing downstream distance along the channel length. The closely located downstream
devices would therefore require a wider staggering distance between the upstream devices
compared to the farther located downstream devices. For the 2D staggered configuration
in this study, the tip to tip clearance between the front row turbines is 1D and this should

be the lowest possible distance to ensure that blades of the downstream turbines receive a
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higher velocity throughout the most part of its length. Whereas, for the case of 1.5D
staggered configurations, the tip to tip distance between the front row adjacent devices is
only 0.5D. Which means that major portion of the downstream turbine blades (about 50%
of the blade length) operates in a flow regime that has been largely influenced by blades of
the upstream devices. This fact can be clearly observed from the incident depth wise
velocity profiles for the staggered arrays as already shown in Figure 6.16. For 2D staggered
configurations, the relatively closely spaced (4D) downstream device produces more
power compared to when the device is located at 6D. Contrarily, in the case of non-
optimally close staggered configuration of 1.5D, the widely spaced (6D) downstream
device produces more power compared to when the device is located at 4D. Again this
increase in power with increasing downstream distance in a staggered array is attributed to
the momentum gain in regions where it was influenced by the blades of upstream devices.
Although, the 1.5D staggered configuration may be non-optimal but still it produces more
power compared to any of the co-axial configuration. The total array power output for the
two turbines arranged in a staggered configuration is significantly greater than even the
three turbine co-axial arrays. This clearly highlights the relative advantage of staggered
arrays compared to co-axial arrays both in terms of array output and capital cost. However,
this is a very simplistic view based upon a very simplistic representation of limited number

of array configurations.

The real scenario is much more complicated and would involve several other factors like
for example, the flow alignment that can reverse the relative advantage of staggering
compared to the axially aligned arrays. The staggered arrays produces more power for
perfectly aligned flows, while for misaligned flows the axial arrays are more efficient
[103]. The counter rotation of adjacent devices can also influence the flow acceleration
between staggered devices by reducing the shear rate that would further improve the
performance of downstream devices [98, 104]. The differential tuning can be equally
employed to both staggered and axial arrays to maximize their efficiencies. However, the
output of a staggered array cannot be maximized to an extent to exceed that achieved by
an equivalent axial array [105]. Decision on turbine control strategies along with maximum
number of turbines that could be installed to extract maximum power from an available

resource would also have to be duly considered for the macro and micro design of arrays
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[106]. Although, it is an established fact now that staggering turbines with in an array can
increase the power output of downstream devices due to the local duct effect between
adjacent upstream devices. However, this would depend on the inter row spacing and inter
device spacing with in a row specific to the array site and several other factors with some
of them interdependent to each other. More importantly, this increase in the power output
in terms of individual turbines would only be beneficial if it translates into an increase in
the total array output. It is therefore still an unresolved challenge to optimize the array
output by striking a balance between the blockage effects and wake interaction [107].
Because, single row arrays with higher local blockage are more efficient in terms of power
output compared to multi row arrays with lower blockage [108]. Further investigations are
required to establish the competitive advantages of single row arrays that exploit the duct
effect or multiple rows staggered arrays that exploit accelerated flow between the gaps.
Multiple row staggered arrays are more efficient than axial arrays, while it is not clear that

staggered layout is a better choice than single row array [104].

For the co-axial arrays these results suggest that the 2" downstream device would produce
more power when located at larger downstream distance. Contrarily, for the 3™
downstream device the increased spacing would reduce the power output. This finding is
in accordance to the fact that wake mixing would enhance due to device generated
turbulence added by the devices as it flow through more and more devices. Although, this
data set is not enough to provide a certain conclusion. However, these results suggest that
the downstream distance between adjacent devices would need to be incrementally reduced

to obtain maximum power output from co-axial arrays.

6.2.2.2 Wake characteristics

The wake field with in the computational domain is studied to examine the influence of
turbines operation on the flow. The velocity deficit (Uy, — U,)/Us is the measure of
velocity reduction as the flow travels along the channel. The velocity deficit along the

centerline of the computational domain for the co-axial array configurations is shown in
Figure 6.20.
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Figure 6.20 Velocity deficit for {a) Two turbine (b) Three turbine co-axial arrays

The overall behavior of the velocity deficit is similar between all the co-axial
configurations. Turbine B in the case of two turbines separated by 8D receive about 60%
less velocity compared to the undisturbed free stream velocity at the hub height. Whereas,
in the case of 10D spaced two turbine configuration the approach velocity for turbine B at
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the hub height is about 40% less than the undisturbed free stream velocity. The velocity
deficit at the exit of the channel is about 13% and 16% for the 8D and 10D spaced two
turbine co-axial arrays respectively. For the three turbines co-axial arrays, the approach
velocity for turbine C in the 10D spaced three turbine array is about 2% less than the 8D
case. The velocity deficit at the channel exit is about 28% and 54% for 8D and 10D spaced

three turbine co-axial arrays respectively.

The velocity deficit along the centerline of computational domain for the staggered

configuration arrays is shown in Figure 6.21.
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Figure 6.21 Velocity deficit for (a) Two nurbine (b) Three twrbine staggered arrays

For both the two turbine staggered arrays the velocity accelerates between the front row
adjacent devices as evident from Figure 6.21 (a). For the 1.5D staggered arrays the
maximum flow velocity is about 11.2% greater than the undisturbed free stream velocity
at the widthwise centerline of the channel at about 0.3D downstream of the 1% row devices.
Whereas for the 2D staggered arrays the maximum velocity is about 8.4% greater than the
undisturbed free stream velocity at the channe! widthwise centerline at about 0.8D
downstream of 1¥ row devices. For the 1.5D transversely spaced devices the flow
accelerations starts immediately downstream of the 1% row devices and extends upto about
9D downstream along the channel length, while for the 2D spaced configuration the
accelerated flow extends upto about [4D. The hub height undisturbed free stream
centerline velocity accelerates by about 7-8% within the range 4D-6D along the channel
length for the two turbines 1.5D staggered configurations. For the 2D spaced devices the
flow acceleration within this region is about 1% less than the 1.5D staggered arrays. The
velocity deficit for the 1.5D case at the channel exit is about 10% compared to 8% for the
2D spaced devices. Although, this velocity deficit plot shows that the closely spaced
configuration of 1.5D may be marginally beiter suited for placing a downstream device to

extract more power from the channel. However, this is not actually tte because the
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velocity deficit plot is along the centerline of the channel and represent the approach flow
velocity along a line at the hub center for the third downstream device. The blades of the
third downstream device may be operating in a highly disturbed flow regime in this case
of non-optimally closely spaced devices. This aspect will be further explained in the
proceeding discussion in this section. The approach velocity 2D upstream of turbine C for
the case of 1.5D transversely spaced 1 row and turbine C longitudinally spaced at 4D
downstream is about 8% greater than the undisturbed free stream velocity. Increasing the
longitudinal spacing from 4-6D in this case results in negligible reduction in the approach
velocity for the downstream stream device. In the case of 2D transversely spaced staggered
configuration the approach velocity at the hub centerline for the downstream device located
at either 4D or 6D is about a percent less than the 1.5D configuration. However, as already
described this may be misleading as the turbine power extraction would not depend on the
velocity received at the hub center but the overall velocity in the flow area swept by the

turbine rotor.

The normalized velocity contour for the three turbine co-axial array with 8D interdevice

spacing in Figure 6.22 further elucidate the flow behavior with in the channel.
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The velocity contour shows that turbine B is operating with in the wake of turbine A and
would therefore be subjected to lower velocity than the undisturbed free stream velocity.
The vertical contour shows that downstream of turbine A, the wake of rotor and tower are
clearly separated upto turbine B and the dominant effect of tower is upto 2D downstream.
However, the less pronounced effect of tower extends upto turbine B located at 8D.
Immediately downstream of turbine B the rotor wake along the depth expands and the
tower and rotor wake merges to form a single wake. The wake extends throughout the
length of the entire channel. The wake expansion along the depth increases after passing
through successive devices and almost covers the entire depth of the channel after passing
the third turbine. On the horizontal plan the wake downstream of turbine A is narrow and
contains comparatively less velocity for the most part of horizontal span of the wake. The
wake in this portion is strong and the mixing rate seems be uniform and slow throughout
the entire interdevice space of 8D. The wake expands horizontally after passing through
turbine B as in the case of vertical contour. Downstream of turbine B, the strong portion of
the wake central core remains intact only upto about 4D. The mixing of the wake central
core with the surrounding flow is easily noticeable upto about 4D downstream of turbine
C and after this distance the wake mixing seems to slow down and convict downstream
almost unaffected till the exit of the channel. The normalized velocity contours on the (2D
x 2D) cutouts from the transverse plan immediately behind each turbine shows that turbine
C significantly contributes to the vertical and horizontal expansion of the wake. All these

cutouts show that the wake is not symmetric.

A similar behavior is also exhibited by the three turbine co-axial array with 10D interdevice
spacing as shown in Figure 6.23. In this case the approach flow and wake behavior of
turbine A is essentially similar to the earlier case. However, the behavior of turbine B and
C is markedly different than the 8D case. This is quite obvious because these downstream
devices are located at comparatively larger distance of 10D compared to 8D in the 1% case.
Therefore, the flow has comparatively more distance to regain its undisturbed momentum
and shape before reaching the downstream device. In the horizontal plan, the wake
successively expands after passing through each additional downstream device. Unlike the

earlier case, the wake mixing may be different between the devices of array but it is uniform
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downstream of each device. The cutout of transverse plan for turbine B also shows that
the wake immediately behind this turbine is comparatively more uniform. Similarly, the
turbine C is now afso exhibiting a more uniform wake compared to the earlier case of 8D

spaced co-axial array.

The transverse (width wise) profiles of normalized velocity (IJ /U, ) 2D upstream of each
turbine for both the 8D and 10D spaced co-axial three turbine arrays is provided in Figure
6.24 to further elucidate the flow approaching each device.
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Figure 6.24 Transverse profiles af normolized velocity 2D} upsiream of each turbine for the three turbine co-axial
arrays (Red dash dotted lines represent the spam of turbine blades)
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The transverse profile of velocity at mid depth (hub height) at 2D upstream approaching
turbine A is similar for both the 8D and 10D longitudinally spaced co-axial arrays. For
turbine B and C the approach velocity in the 8D spaced co-axial array is less than the 10D
spaced array. However, this reduced velocity does not cover the entire span of the rotor but
is limited to a narrow region covering the hub and only a smaller portion of the rotor near
the hub. However, the vertical profiles (Figure 6.25) over the same distance 2D upstream
of turbine B shows that the whole span of this turbine rotor is operating in a comparatively

reduced velocity in the case of 8D spaced compared to the 10D spaced array.
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The transverse profiles clearly shows that turbines B and C are better positioned in the case
of 10D spaced array to produce comparatively more power. However, the vertical profile
shows that only turbine B has this competitive edge in the case of 8D placement. Whereas,
the output of turbine C will nearly stay the same for both the cases of 8 and 10D spaced

arrays.

To understand the effect of devices on the channel flow the transverse and vertical profiles
4D downstream of each turbine is provided in Figure 6.26. The velocity behavior is similar
in essence for both the cases in the transverse and vertical directions. The transverse profile
shows that the velocity reduction at 4D downstream for the 10D spaced array is about 8-
10% greater than the 8D array at the center of the channel for all the turbines. Similarly,
for the vertical profile the velocity reduction for the 10D spaced co-axial array is about 7%
greater compared to the 8D spaced array. All these profiles suggest that the 10D spaced
arrays have marginally greater effect on the channel flow compared to the 8D spaced

arrays.
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The normalized velocity contours in the vertical and horizontal plans for the 1.5D staggered
arrays is given in Figures 6.27-6.28. These contour plots shows that that the wake of the
front row turbines separated by a transverse spacing of 1.5D from hub center to center is
clearly separated upto the downstream turbine C. The vertical and horizontal contour plots
shows that the flow is accelerated between the gap of 1% row devices and the approach
velocity for turbine C is greater than the undisturbed free stream velocity. However, the
clearance between the blade tips of the 1% row turbines is 0.5D and therefore a significant
portion of the blades of turbine C has to pass through the disturbed flow in the near wake.
The vertical contours of turbine A and B are similar and seems to be the upside down
images of each other. The wake of turbine A is shifted upwards and that of the turbine B is
shifted downwards. This is due to the fact that all the array devices form a single wake after
turbine C and these vertical contours should be viewed as the cut outs along the vertical
central plan along the center of each turbine. The combined wake of all the array devices
is almost symmetric in both the vertical and horizontal planes and travel along the entire
length of the channel. The wake mixing is slow and uniform and till the exit of the channel
the velocity recovery with in the wake is about 80%. For the 2D laterally separated
staggered arrays, the blades tip to tip clearance between the 1% row devices is 1D. The
normalized velocity contour for the 2D staggered arrays (Figures 6.29-6.30) also shows
that the flow is accelerated within the gap of 1% row turbines and the approach velocity to
turbine C is greater than the undisturbed free velocity. Unlike the previous case, the wake
of 1° row turbines does not immediately mixes with the wake of turbine C to form a single
wake. The horizontal contour for the 2D staggered array with turbine C placed at 4D
downstream (Figure 6.29) shows that the wake merging is not symmetric and the wake of
turbine B and C merges at about SD. Whereas, the wake of turbine A and C is separated
till about 11D. After this distance the wake of all array devices merges together to form a
single wake. However, still the velocity in the lower part of the wake (i.e. the combined
wake of turbine A and C) is comparatively greater than the upper part. This non-uniformity
in the wake velocity diminishes completely at about 19D. On the contrary, the velocity
contours of the 2D staggered array with downstream turbine located at 6D longitudinal
spacing (Figure 6.30) shows an almost uniform wake merging. In this case the wake of all

array devices merges together before 8D to form a single wake.
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The cutouts of velocity contours from the transverse plan (Figure 6.31) shows that the
direction of rotational flow is counter clock wise as seen from the front for all the turbines.
The interaction of turbine C with the wake of 1% row turbines is stronger for the two
staggered array configurations having the third device longitudinally spaced at 4D.
Looking into the transverse contours it can be anticipated that for counter rotating turbines
in the 1* row, the flow through the gap between devices would be more uniform and

probably more energetic and the wake merging would be smoother.

NI o S o > H
Q'} o Qﬁ@ Q‘) Q.@ Q“.\ Q‘." Qi& \.@ :\ '."

Figure 6.31 Normalized velocity contours for three turbine staggered arrays on cur outs of transverse plan immediately
behind each turbine
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The normalized velocity profiles in the transverse direction up and downstream of the

devices in the two staggered amrays with 1* row devices laterally spaced at 1.5D is given
in Figure 6.32 to further illustrate the behavior of flow.
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Figure 6.32 Transverse profiles of normalized velocity for the three turbine 51.50 staggered arravs (black dashed lines
represent the span of 14 row turbines blades and the red dashed lines the span of downstream turbine C blades)
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The upstream velocity for both the cases of turbine C placed at 4D and 6D is similar. At
2D downstream of turbine C the velocity outside the wake zone in the bypass regions is
about 9-10% greater than the undisturbed free stream velocity for both the cases. However,
the velocity in the bypass region for the case of turbine C placed at 4D is about 1% greater
than when turbine C is placed at 6D. The velocity gradually decreases as we move from
the sides of the channel to the center of the channel. A sharp gradient of velocity increase
is observed in the velocity profile where the wake of the 1% row turbine merges with the
wake of downstream device. However, shortly the velocity again starts to decrease at the
extent of the downstream turbine blades and continue to decrease till the limits of the gap
between the upstream turbines. Here the velocity once again starts increasing till the center
of the gap. The velocity at the center of the channel is about 65% and 63% of the
undisturbed free stream velocity for the cases of turbine C longitudinally spaced at 4D and
6D respectively. Further downstream of turbine C at 4D, the sharp gradient due to the wake
merging of the 1% row and downstream devices diminishes for the case of turbine C placed
at 6D longitudinal spacing. However, for the case of turbine C placed at 4D the effect of
wake merging between the upstream and downstream devices is still visible. Additionally
the wake centerline velocity which was greater than the rest of the wake at 2D downstream
is now less than the rest of the wake region at 4D downstream. The velocity at the wake
centerline at 4D downstream for both the cases of turbine C placed at 4 and 6D longitudinal
spacing is about 47-48% of the undisturbed free stream velocity. At 6D downstream the
wake has started to attain a uniform shape with no clear distinction for the wake of upstream
and downstream devices. Further down at 8D and then 10D the wake attains almost a
uniform shape that extend throughout the entire length of the channel till 25D. At 1D
upstream of the channel exit the wake flow recovers almost about 80% of the undisturbed

free stream velocity for both the array configurations.

The vertical (depth wise) profile of normalized velocity at the mid width of the channel for

the staggered arrays with transverse spacing of 1.5D is given in Figure 6.33.
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Figwre 6.33 Vertical profiles of normalized velocity for the three turbine 1.5D staggered arrays (Red dush dotted lines
represent the span of turbine blades)

At 2D downstream of turbine C, the extents of lower and upper by flows is also aimost
similar (about 0.5D) from the channel boundaries in both the cases. The velocity in the
lower by pass region is about 4-6% lower than the undisturbed free stream velocity for both
the array configurations. Whereas, the velocity in the upper bypass region is about 10%
greater than the undisturbed free stream velocity. The velocity difference in the upper and
lower bypass regions indicate that the tower effect in both these cases is significant at 2D
downstream of turbine C. The velocity starts gradually decreasing at the extents of bypass

regions in almost a linear manner. The wake region of turbine C in the vertical plan extends
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upto about 0.6-0.8D from the center of the channel on each side. Within the wake region
of turbine C the effect of upstream devices is clearly evident and the velocity profile is not
uniform. The velocity increases as we move from the edges of the wake region to center of
the channel. However, the velocity once again decreases at the central core of the wake
that is clearly shifted towards the upper by pass region for both the cases. The velocity with
in the wake region continuously changes in the vertical direction with in the range of 34-
72% of the undisturbed free stream velocity. At 4D downstream the wake region is
expanded showing the mixing of wake flow with the surrounding flow. Additionally, the
effect of upstream device on the wake of turbine C has become less pronounced and the
vertical velocity profile within the wake region is transforming into a more uniform single
device like profile. The wake gradually expands further downstream to cover almost the
entire depth of the channel at about 12D. At 1D upstream of the channel exit the velocity
along the entire depth of the channel ranges from about 80-94% of the undisturbed free

stream velocity.

The transverse profiles for the 2D staggered arrays is shown in Figure 6.34. In this case the
wake of each turbine is clearly distinguishable unlike in the 1.5D staggered arrays. Velocity
in the upper and lower bypass region 2D downstream of turbine C is about 8-9% greater
than the undisturbed free stream velocity. The velocity deficit in the wake behind the 1°
row turbines is more for the case of turbine C placed longitudinally at 4D compared to 6D.
The velocity at 2D downstream of turbine C along the hub center line of the 1% row turbines
is about 50-55% of the undisturbed free stream velocity for the case of turbine C
longitudinally placed at 4D. Whereas, for the case of turbine C longitudinally placed at 6D
this velocity is about 70-80% of the undisturbed free stream velocity. The velocity profile
in the transverse direction within the wake region of turbine C is similar for both the array
configurations. However, the velocity at the hub centerline of turbine C is about 67% and
61% of the undisturbed free stream velocity for the case of turbine C placed longitudinally
at 4D and 6D respectively. Two areas of extreme velocity drop are clearly evident within
the wake region of turbine C downstream of each blade. These apex of these velocity zones
is at 0.2D (4m) from the channel centerline towards both the side boundaries. The velocity3
at the upper apex point is about 33% of the undisturbed free stream velocity and similar f01‘i

both the array configurations. Whereas, for the lower apex point the velocity is about 28%
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Table 6.9 Load variation statistics for the blade of turbines operating in co-axial arrays
Turbine A Turbine B Turbine C
Moment Load
CA-3T-L8D CA-3T-L10D CA-3T-L8D CA-3T-L10D CA-3T-L8D CA-3T-L10D
2 - Mean 0.291 0.293 0.145 0.183 0.164 0.153
g §
m 2~ Peak 0.292 0.296 0.177 0.217 0.202 0.189
= 5 Z
v o
m M Qo Range 0.008 0.008 0.071 0.067 0.074 0.061
& 8
= % Variation 3 3 49 36 45 40
2 Mean 0.043 0.040 0.035 0.032 0.032 0.027
o
g .2
m pﬁw < Peak 0.044 0.041 0.051 0.046 0.047 0.040
v 8 W
m M Q Range 0.002 0.003 0.032 0.025 0.028 0.022
g &
s - % Variation 6 7 91 78 89 82
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