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ABSTRACT

Hydrokinetic turbines are one of the technological alternatives to generate and supply
electricity for rural communities isolated from the national electrical grid with almost zero
emission. The Darrieus turbine is one of the options that can be used as a hydrokinetic turbine
due to its high power coefficient (Cp) and easy manufacture. In the present work, the design
and hydrodynamic analysis of a Darrieus vertical-axis hydrokinetic turbine of 500 W was
carried out. A free stream velocity of 1.5 m/s was used for the design of the blades. The
diameter (D) and blade length (H) of the turbine were 1.5 m and 1.13 m, respectively. The
blade profile used was NACA0025 with a chord length of 0.33 m and solidity (o) of 0.66.
Two (2D) and three dimensional (3D) numerical analyses of the unsteady flow through the
blades of the turbine were performed using ANSYS Fluent version 18.0, which is based on
a Reynolds-Averaged Navier-Stokes (RANS) model. A transient 2D simulation was
conducted for several tip speed ratios (TSR) using a k-o Shear Stress Transport turbulence
(SST) scheme. The optimal TSR was found to be around 1.75. Main hydrodynamic
parameters, such as torque (T) and Cp, were investigated. Additionally, 3 geometrical
configurations of the turbine rotor were studied using a 3D numerical model in order to
identify the best configuration with less Cp and T fluctuation. The maximum C, average was
0.24 and the amplitude of C, variation, near 0.24 for the turbine model with 3 blades of H
equal to 1.13 m. On the other hand, for the turbine models with 6 and 9 blades of H equal to
0.565 m and 0.377 m, respectively, the maximum C, averages were 0.51 and 0.55,
respectively, and the amplitude of C, variation, near 0.07 for the model with 6 blades and
0.17 for the model with 9 blades. This revealed that the hydrokinetic turbine with a
geometrical configuration of 6 blades greatly improves the performance of the turbine due to
this model has advantages compared to models with 3 and 9 blades, in terms of the reduction
of their T curve fluctuation.

Keywords: Darrieus hydrokinetic turbine; numerical simulation; power coefficient; tip
speed ratio.
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INTRODUCTION

Hydrokinetic turbines convert the kinetic energy of river or marine currents into mechanical
or electrical power. In this regard, hydrokinetic turbines can be considered as an alternative
for the generation of decentralized clean electrical power from renewable resources and could
be used in regions where topographical and geographical conditions become main obstacles
for the centralized power distribution system [1-2]. Additionally, this technology can be
easily adopted and efficiently run without interferring with the natural course of rivers,
reducing the environmental impact related to the store of the potential energy in artificial
reservoirs by means of the use of water dams [1-4]. Additionally, hydrokinetic turbines can
be moved to another location or entirely removed from the water current [1-4].

This type of turbines have horizontal, vertical or inclined axes of rotation, whose
function is similar to wind turbines, capturing energy through hydrodynamic processes
generated from lift and drag forces on the turbine blades [5-7]. The vertical-axis cross-flow
hydrokinetic turbines have the axis of rotation perpendicular to the free-stream and it rotates
due to the lift force or drag generated in the blades when subjected to the water flow [5-7].
Guney and Kaygusuz [8] carried out a study for a detailed comparison of various types of
hydrokinetic turbines and concluded that a vertical-axis turbine is more suitable for the cases
where water flow rate is relatively limited. Authors also reported that horizontal-axis turbines
have higher efficiency and ability to self-start; however, this kind of turbines has higher
manufacturing and transportation costs associated. Because of their high-efficiency, axial
flow turbines are mainly used in ocean and tidal applications [3,5,6,8]. Therefore, vertical-
axis turbines are generally used for small scale power generation because they are less
expensive, cause less impact on the aquatic life due to their reduced rotational speed and
larger internal empty space, and require less maintenance compared to horizontal-axis
hydrokinetic turbines. Furthermore, vertical-axis turbines generate power in spite of the
direction of the flowing medium and the electric generator can be mounted above water level,
which allows them for an easy maintenance [6,8,9]. In fact, vertical-axis turbines are
designed so that the direction of rotation is always the same, independently on the flow
direction.

The Savonius turbines, helical turbines (also known as Gorlov turbines), Darrieus
turbines and H-shaped Darrieus turbines are vertical-axis turbines [10]. The Gorlov turbine
has helically shaped blades which are more complicated to be manufactured [11] in contrast
to the H-Darrieus turbine, whose straight blades are easier to be constructed; however, the
H-Darrieus turbine has some problems including self-starting resonant at a particular
rotational speed, poor starting torque and torque fluctuations, or torque ripple of the turbine
due to blades passing in and out of torque-generating regions [6,10,11]. These cyclical loads
are of concern when designing for turbine reliability and longevity. To avoid these
disadvantages, different hydrofoil profiles, helical blade configurations (the helicity is
provided to increase the starting torque (T) and to reduce T fluctuation during rotation [12])
and the increase in the number of blades with variable pitch might be used to reduce shaking
of the blades while maintaining strong starting torque and high peak power coefficient (Cp)
[13]. On the other hand, the Savonius turbine, even though it can be constructed easily, it has
very low efficiency in comparison with the other types of vertical-axis turbines [14-15].
Indeed, the Darrieus rotor has about an efficiency of 57% higher than that of a Savonius rotor
[16-17].
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It is important to note that the technology of vertical-axis hydrokinetic turbines is still in its
emerging stage; therefore, some researches have been focused on the efficient design,
fabrication and testing of this hydrokinetic turb ine. In addition, due to the high cost of the
harvesting energy of water current by these turbines, choosing a turbine with an optimum
performance at the selected site is an aspect of crucial interest [18]. Many researchers have
conducted experimental and numerical investigations into current turbine design [16-19]. In
general, the studies show that the performance of the Darrieus turbine is strongly dependent
on the type of the blade used and other parameters, such as velocity of the water flow (V),
tip speed ratio (TSR), number of blades (N), solidity (o) and aspect ratios (AR). For example,
to design a duct in order to know its effect on the power output of a H-Darrieus turbine, a
Computational Fluid Dynamics (CFD) analysis was carried out by Malipeddi and Chatterjee
[19]. Authors designed a duct which was capable of reducing T variations and increasing Cp
from 0.4 to 0.64. The results revealed the performance of a H-Darrieus turbine using an
appropriately designed duct.

In turn, Tanaka et al. [20], designed and investigated the performance of a Darrieus
rotor under overflow and bypass conditions and when a waste screening system was installed
to avoid floating waste. It was found that the waste screening system was effective with
bypass flow rate, although the efficiency was lost.

On the other hand, the performance of two variable pitch straight blade vertical-axis
hydrokinetic turbines, one in open water and other one in a laboratory towing tank, was
modeled and measured experimentally by Kirke [21]. 2D modeling, ignoring parasitic drag
losses, over-predicts peak C, for turbines with simple sinusoidal pitch at around 45% and up
to 49% for an optimized cam-driven pitch regime. The relation of struts shape and Reynolds
number with C,was determined using laboratory experiments with a H-Darrieus turbine that
had tapered blades (o varying from 0.12 to 0.07) by Bachant et al. [22]. Authors observed
that using cylindrical struts increases drag, which resulted in adverse effects on the turbine
performance; hence they used NACAO0021 to reduce drag. Bachant and coworkers also found
that a TRS of 5 caused a performance decrease of 5% since struts drag increased even if
streamline struts are used. In addition, the C, achieved showed linear relation with Reynolds
number, while its value decreased as TSR value was increased beyond 3.1. A peak C, equal
to 0.37 and a rotor drag coefficient (CD) equal to 0.84 were observed at a TRS of 3.1 and
Reynolds number of 1.3e6.

Furthermore, Bachant and Wosnik studied the effect of Reynolds number and wake
characteristics on performance of a large laboratory-scale high ¢ cross-flow turbine [23].
They found that the performance of a high o (c/R=0.28) cross-flow turbine becomes
essentially Re-independent at a Reynolds number based on the turbine diameter ReD ~1e6
or an approximate Reynolds number based on the blade chord Rec= 2e5. Authors also
proposed a model to predict the Reynolds number dependence of a vertical-axis water rotor
by approximating its performance and wake characteristics once its diameter has reached at
1e6 Reynolds number.

The performance and flow evaluation for a low-speed hydrokinetic turbine of
Darrieus type, operating in a confined flow channel was presented by Gorle et al., in 2016
[24]. The investigation methods included computations (2D CFD) using Chimera meshes
and experiments (2D-2C PI1V), including phase-locked measurements. k-o Shear Stress
Transport turbulence (SST) model based numerical results for velocity fields, instantaneous
vortex dynamics, wake geometry and Q-criterion were validated using experimental findings.
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In turn, Gosselin et al. [25] performed a detailed 2D and 3D CFD analyses of a Darrieus wind
turbine to study all the major factors affecting the turbine performance; i.e., TSR, Reynolds
number, o, N, AR, pitch angle (0) and blade thickness. They also mentioned that for high-
Reynolds applications, optimal radius-based o is found to be around ¢ =0.2, while higher
solidities show a lower maximum efficiency than what was previously published using
simpler streamtube based methods [25].

A detailed discussion about the effect of various design parameters, including ¢ and
the type of hydrofoil on the performance of a Darrieus type hydrokinetic turbine, was
reported in detail by Patel et al. [26]. The experiments with hydrofoil NACAQ0015 and
NACAO0018 demonstrated the highest C, with a value equal to 0.15 at a 6 of around 0.382.
Further experiments to evaluate the effect of spanwise and streamwise distance on the
performance of a Darrieus turbine were investigated for its application as hydrofarm. A
minimum distance of 7- and 3-fold the rotor diameter along the streamwise and spanwise
direction, respectively, was found to be essential in a hydrofarm using Darrieus turbines.

Experiments conducted by Somoano and Huera-Huarte [27], with a 3-straight bladed
cross-flow turbine allowed explaining the performance differences in this type of turbines as
a function of the operational TSR. Authors showed the necessity of conducting analyses of
the vortex dynamics inside the rotor in order to explain the physical mechanisms leading to
the performance change. These authors [28] also analyzed the variations in flow dynamics
inside the rotor of a 3-straight-bladed cross-flow turbine for different blade pitches using a
turbine model based on symmetric NACAQ015 profiles with a chord-to-diameter ratio of
0.16. Authors showed how a 0 of 8° toe-out resulted in the highest performance curves. They
also proposed a new equation for the angle of attack (o) as a function of the azimuthal position
after detailed measurements of the local velocities around the blades.

Experimental investigations of a Darrieus type straight blade hydroturbine were
carried out and the effects of parameters, such as o, N, chord length and V, on the turbine
performance were checked by Patel et al. [29]. In numerical study, 3 non-cambered NACA
blade profiles were analyzed and concluded that power mainly depends on the blade profile.
For low-speed turbines, NACAQ0021 gave the maximum C;, for all the tested profiles. From
5 experimental trials of the Darrieus hydroturbine in a water channel with a NACAQ021 blade
profile of 0.8 o, turbine self-starting was obtained. It was found that as ¢ is increased, a better
self-starting capability of the turbine is observed. Additionally, maximum power was found
to be only achieved at higher 6 and V with lower TSR. Furthermore, as N increased more
than 3, then C, is decreased.

Recently, Patel et al. [30] concluded that the performance of a Darrieus turbine was
enhanced using a blocking plate optimally located at the upstream side of the retarding vane.
The Cp of a turbine without blocking plate was enhanced from 0.125 to 0.36 by using an
optimized blocking plate width and location.

In the literature, studies related to the determination of the relation of 3D geometrical
configuration of the blades, as proposed in this work, with the turbine performance, are not
reported from the authors’ knowledge. Additionally, it is highlighted that Darrieus turbines
are not extensively used [2, 3, 6, 8] due to their poor self-starting characteristics and high T
fluctuation. Under this scenario, in order to improve the technology for energy extraction
using a H-Darrieus turbine, numerical simulations are proposed in order to study the flow
field around the turbine blades and analyze different turbine design parameters for providing
an optimal configuration before to proceed with the turbine manufacture. The influences of
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N and TSR on T, Cp and fluctuation of these parameters are verified to define the best
configuration regarding the efficiency and costs associated with the application of this
technology in isolated regions.

MATERIALS AND METHODS

Design of the Vertical-axis Hydrokinetic Turbine

The rotor is the most important component in a hydrokinetic turbine. It is designed to capture
water energy and convert it into rotating mechanical energy. The geometry and dimension of
the rotor is determined by the performance requirements of the hydrokinetic turbine. In
general, two fundamental issues must be considered simultaneously in rotor design process:
hydrodynamic performance and structural design. The hydrodynamic characteristics of the
turbine are influenced by the selected hydrofoil [6, 7, 31, 32].

The design methods of the main characteristics of the turbine rotor are based on the
same incompressible flow techniques used for designing wind turbines. The first step
involved in the rotor design is to fix the turbine output power (P) and estimate the turbine
diameter (D) and blade length (H). For this purpose, as widely known in the literature, the
energy in moving water is in the form of kinetic energy. In this sense, the power (P) available
from the water is proportional to water density (p), area of the water being considered (S,),
and V [15, 16]. The relationship between the variables mentioned above is provided in
Equation. (1).

1
P = Epsrefv3 1)

A hydrokinetic turbine cannot extract 100% of the water energy because some of the water
energy is used in pressure change occurring across the turbine blades. This pressure change
causes a decrease in velocity and, therefore, in the usable energy. Thus, Equation (1) gives
the ideal power in a fluid flow. However, hydrokinetic turbines are limited by blade
efficiencies, mechanical losses in transmissions, electrical losses and by the theoretical
amount of energy allowed to be extracted from water [31-32]. Because of these losses and
inefficiencies, two more variables are added to Equation (1). The first variable is n, which is
a measure of the efficiency of the gearbox, the electrical inverter and the generator. It takes
into account all the friction, slippage and heat losses associated with the interior mechanical
and electrical components. Values for n can greatly differ among the turbine models. Some
smaller turbines do not have transmission; therefore, the electric generator is directly moved
by the turbine shaft, while larger turbines have transmission and reasonably involved
inverters and synchronizing gear [33]. The range of values of 1 are presented in the literature,
highlighting the study conducted by Hangerman et al., which states a range of efficiencies
between 95% and 98%. However, for the design of the blade, a reasonable and conservative
value of 1 around 70% was used in this work [34].

The second variable is Cp. Cp is a measure of the blade or hydrofoil efficiency. It takes
into account the hydrofoil shape and the hydrodynamic forces of lift and drag. Cp expresses
the hydrofoil ability to transform the water kinetic energy into mechanical power which is
delivered to a turbine transmission or generator. A higher Cp is preferred over a lower Cp
value. These Cp values vary with the turbine size and depend on the water speed, rotational
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speed of the turbine and blade parameters such as 0 and o [6, 34-36]. The pitch angle for a
horizontal-axis hydrokinetic turbine is the angle between the blade motion and the chord line
of the blade [31, 32]; whereas for a vertical-axis hydrokinetic turbine 6 is between the line
perpendicular to the blades motions and the chord line of the blade. In turn, a is the angle
between the relative water velocity and the centreline of the blade. For fixed pitch turbine,
these angles do not change and Cp is directly related to TSR, also expressed as A. A Cp equal
to 59.3% can be considered in the case of an ideal turbine; however; an ideal turbine is a
theoretical case. Cp in the range of 25-40% are very good, and this is the case for most large-
scale turbines. The maximization of the C;, is of fundamental importance in order to optimize
the extraction of energy from water [35, 36].

Placing these two variables, n and C; into Equation. (1), Equation. (2) is obtained.
1
P=- PSrerV3Cyon (2)

Equation. (2) is considered the power equation for hydrokinetic turbine. P is the net power
derived from the water after accounting for losses and inefficiencies. In Equation (2), the
area S, refers to the swept area of a turbine. For a H-Darrieus vertical-axis hydrokinetic
turbine, this area depends on both D and H [36, 37]. Therefore, the area is given by Equation.
3).

Sref = DH = 2RH (3)

In general, the performance of a rotor turbine is governed by the following parameters: blade
profile and chord (C); N; o, based on the turbine radius (R); TSR; blade AR and blade
configuration (including straight and helix blades, among others). In relation to blade profile,
there are a great number of hydrofoil families and thicknesses which might be suitable for
Darrieus turbines. Since it is impossible to analyze all of them, the choices must be narrowed
in some way. Symmetrical hydrofoils have been chosen traditionally because energy capture
is approximately symmetrical about the turbine axis. In this sense, the majority of the
previously conducted research activities on vertical-axis hydrokinetic turbines were focused
on straight bladed vertical hydrokinetic turbines equipped with symmetric hydrofoils (such
as NACA 4-digit series of 0012, 0015, 0018, 0025). In this work, the profile NACA 0025
was selected [35, 36, 38]. The maximum C, of a turbine with profile NACA 0025 was
examined numerical and experimentally by Dai and Lam [38]. The results showed that a
maximum average Cp as 25.1% was obtained for a TSR as 1,745. This value of Cp was used
for the design of the blade. C is the length between the leading and trailing edge of the blade
profile. The blade thickness and shape are determined by the hydrofoil used, where the blade
curvature and maximum thickness are defined as percentage of the chord. The parameter N
has a direct effect on the smoothness of rotor operation as it can compensate cycled
hydrodynamic loads [6, 36, 37]. For easiness of building, 3 blades have been considered for
the design of the rotor. In general, 3 blades are used for the turbine system to keep the
dynamic balance and minimize the fatigue effect. In turn, o is defined as the ratio between
the total blade area and the projected turbine area [36, 37]. It is an important non-dimensional
parameter which affects self-starting capabilities and for straight bladed hydrokinetic turbine

is calculated from Equation. (4).
NC

= (4)

o
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On the other hand, A is the ratio of the speed of the blade, at its tip, to the speed of the flowing
water. This ratio has a strong influence on the efficiency of the turbine [31, 32, 35]. TSR of
a hydrokinetic turbine is defined as Equation. (5).
2=k ;

== (5)
where w is the rotational speed of the rotor of the hydrokinetic turbine (rad/s). Each rotor
design has an optimal TSR at which the maximum power extraction is achieved. The rotor
AR is defined as the ratio between the blade length and the turbine R [36, 37]. It can be

defined as represented by Equation. (6).
H
AR =+ 6)

The optimum range for the rotor AR for the vertical-axis wind turbine was obtained using
the double-multiple streamtube (DMS) analytical approach by Mojtaba et al., [37] and it was

foundtobe 1 < % < 4. The hydrokinetic turbine was designed for a rotor with an AR of 1.5.

Nevertheless, before using Equation (2), V must be determined or assumed. In this work,
assuming that V is 1.5 m/s because it is an average speed of the great rivers of Colombia, P
is 500 W, 1 is 70% and p is 997 kg/m® (25 °C); R and H were calculated. In this study, H
and R were equal to 1.13 m and 0.75 m, respectively. Long blades can cause many natural
frequency of vibration, which must be avoided during the operation [4-6].

Subsequently, given the rotor design parameters (e.g., R, TSR, hydrofoil and water current
velocity, among others), the main task of the blade design is to determine C, which can be
obtained by equaling the thrust on the rotor determined from the momentum theory with the
thrust obtained from the blade element theory, considering the drag different of zero [5, 31].
Therefore, C can be worked out using Equation. (7).

8aRsin’a

¢= (1 —a)sin?6(Cpcos(a — 6) — Csin(a — 0)) (7

where a is the axial induction factor that is defined as the fractional decrease in the water
velocity between the free stream and the rotor plane. 6 is the azimuth angle, and « is the
angle of attack. On the other hand, C. is the lift coefficient and Cp, the drag coefficient that
depend on the shape of the blade and Reynolds number under a given operating condition.
Cv. refers to the dynamic lift characteristics of a 2D foil section, with the reference area
replaced by the foil chord. In turn, Cp is a dimensionless quantity that is used to quantify the
drag or resistance of an object in fluid environment. The values of C. (0.5097) and Cp
(0.0092) were used. a, a variable in Equation. (7) can also be found from test data, which in
this case was 5° [35]. The value of axial induction factor can be determined from Equation.
(8) that relates the C, with axial induction factor (a). Therefore, for a Cpequal to 0.25 and n
equal to 70%, three values for axial induction can be obtained (1.1916, 0.76, 0.0483). The
thrust coefficient for an ideal turbine is equal to zero when a=1.

On the other hand, the momentum theory is no longer valid at axial induction factors
greater than 0.5, because V in the far wake would be negative. In practice, as the axial
induction factor increases above 0.5, the flow patterns through the hydrokinetic turbine
become much more complex than those predicted by the momentum theory. However, when
axial induction is equal to a small value, the values of chord can be also smaller, generating
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a decrease of the surface where the water acts, and complicating the structural integrity of
the blade; therefore, the value of axial induction equal to 0.76 was used for the design of
vertical-axis hydrokinetic turbine and was calculated using Equation. (8).
_4a(l1-a)’

; ®)

With the function defined in Equation. (7) and once Ci, Cp, a, and R have been found, it is
possible to evaluate the chord length response at different values of azimuth angle (Figure
1). It is observed that the chord length change with azimuthal position and the distribution is
cyclic every 180° with asymptotic values at 0° and 180°. For values of the azimuth angle
between 0° and 60° and between 120° and 180°, the chord length is very large leading to
chord length much larger than R. Therefore, in order to find an optimal value of chord length,
the values of the chord length for the azimuth angles between 60° and 120° were averaged,
obtaining a value equal to 0.33 m.

p

0-50 T T T T T

0.45 f\ |

o

B

(=)
T

0.35

Chord length, C

0.30 [

0-25 1 1 1 1 1
60 70 80 90 100 110 120

Azimuth angle, 6 [°]
Figure 1. Chord length for different azimuth angles.

Using Equation. (4), o of the turbine was possible to be found, obtaining a value of 0.66. A
lower o requires less material and more cost effectual. On the other hand, the blade aspect
ratio (AB) is defined as the ratio of the blade length to its chord length [36]. It can be defined
as expressed by Equation. (9).

H
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For blades with smaller aspect ratio, the lift to drag ratio can be reduced. Any decrease in lift
to drag ratio will reduce tangential forces. This would decrease the turbine overall torque
and, consequently, the turbine output power. Some researchers have demonstrated an
increase in the maximum Cp with the blade AB up to the AB exceeds a value of about 15. In
spite of this, utilizing blades with relatively high AB has some drawbacks. Relatively long
blades add a great amount of weight to the turbine, which increases the manufacturing and
maintenance costs and creates a need for a more complex bearing. Moreover, such blades are
exposed to larger bending moments. In this work, the blade AB was 3.42.

After finding out the value of C for every section, the next step was to multiply these
values by the non-dimensional coordinates of the NACA 0025. The values of x and y
coordinates of the profile for each section were exported to parametric 3D design software.
From the cross sections of the blade and using the Loft command, a 3D model of the whole
blade could be produced. The resulting image is shown in Figure 2. In general, the geometric
specifications of the turbine are given in Table 1.

'

ape|q ydiens

D
H SUQQON‘\% B

v

Figure 2. Darrieus vertical-axis hydrokinetic rotor with three blades.

Table 1. Geometric specifications of the turbine.

Parameter Value (units)
Power output (P) 500 W
Blade’s profile NACA 0025
Chord length (C) 0.33m
Number of blade (N) 3

Solidity (o) 0.66

Turbine height (H) 1.13m
Turbine radius (R) 0.75m

6044



Ramirez.D. et. al / Journal of Mechanical Engineering and Sciences 13(4) 2019 6036-6058

Numerical Model of the Vertical-axis Hydrokinetic Turbine

Three basic models are used for the modeling of a vertical-axis turbine. These models are:
a) double multiple stream tube model, b) cascade model and c) vortex model. The first model
devised to predict the efficiency is single stream tube model [39-42]. This model is based on
the propeller disk theory, which assumes rotor as a solid rectangular disk on which induced
velocities are constant and depend on drag. It is important to note that drag is an integral
function of forces acting on the blades [43]. An improved version of this theory was proposed
by dividing the disk into multiple cross-sections to take into account several V and a. The
theory was further improved by dividing rotation in upstream and downstream [44-45].
Hirsch and Mansal [46] proposed the cascade model from the cascade theory. This theory is
able to consider convergence problems of high ¢ and high TSR rotor by using the momentum
model. 2D vortex models were proposed although they were limited to low TSR because of
their incapability to take dynamic stall into account [47-48]. To improve this, Strickland et
al., [49] developed a 3D model to consider dynamic stall. With the development of powerful
computers, numerical analysis software are widely used for the design of this type of turbines.
In this regard, CFD simulation is frequently used as an alternative to more expensive
experimental studies in order to validate the performance of a turbine. The CFD package,
Ansys Fluent version 18.0, was used for all the simulations performed in this study. Initial
2D CFD model with less computation cost that 3D model was used to represent the vertical
hydrokinetic turbine and the water domain. Based on the review of relevant works [6, 50-
52], it has been reported that a 2D model is sufficient in revealing the factors that influence
the performance and majority of flow physics that surround the vertical-axis hydrokinetic
turbine such as hydrofoil profile, N, 6, and D. In the 2D numerical study of this work, the
effects from supporting arms were not taken into consideration. Unsteady Reynolds-
Averaged Navier-Stokes (RANS) equations were solved using the SIMPLE algorithm for
pressure velocity coupling [53-56].

The vertical hydrokinetic turbine studied was a 3-bladed Darrieus rotor with a NACA
0025 blade profile. C was set at 0.33 m with a rotor radius equal to 0.75 m. A central post
with a D of 0.025 m was placed in the rotation axis. The mesh is a critical part of a CFD
simulation for engineering purposes. It has to be coarse enough so that the calculation is
affordable, but also fine enough so that each important physical phenomenon is captured and
simulated. In this sense, the domain mesh was created around each hydrofoil and the
surrounding water channel geometry was defined based on studies of the extents of the
boundaries. There is an inner circular rotating domain connected to a stationary rectangular
domain via a sliding interface boundary condition that conserves both mass and momentum.
The domain extents were also selected from a series of sensitivity tests to determine the
appropriate distance of the walls, inlet and outlet boundaries from the rotor of R. The domain
extends 3 R upstream and 8 R downstream of the center of the turbine and 2.5 R laterally to
either side of the turbine. The circular rotating domain has an overall diameter of 2.8 R.
Because the computational domain is 2D, the turbine blades were implicitly assumed to be
infinitely long.

Unstructured meshes were applied to both the rotor away from the near surface region
and the outer grids. Finer meshes were used around the blades and regions in the wake of the
blades. Particularly, regions at the leading edge, trailing edge and in the middle of blade were
finely meshed in order to capture the flow field more accurately. The outer mesh was
coarsened in regions expanding away from the rotor in order to minimize the central
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processing unit (CPU) time. The different mesh zones used for the present simulations are
illustrated in Figure 3, while various mesh details are shown in Figure 4a and 4b. A number
of simulations were carried out in order to determine how the mesh quality was affecting the
CFD results. In this sense, the torque was calculated for each grid using the Fluent solver.
The objective was to select the most appropriate mesh that can guarantee low computational
costs and good result accuracy. The quality of the mesh was also checked, as well as the y+
values around the blades, which is important for the turbulence modeling.

Mo-slip wall

Interface 2.8R Blade

Pressure outlet

SR

Rotating inner domain

Velocity inlet
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/ Stationary outer domain
Centre post
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Figure 3. An illustration of the 2D numerical domain.
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Figure 4. (a) Detail of the mesh of the area around the blades. (b) Detail of the mesh of the
rotor around the area of the interface.

Boundary conditions consist of two symmetry planes (top and bottom), a uniform pressure
on the outlet boundary, and a uniform velocity on the inlet boundary with magnitude 1.5 m/s
were used for the TSR and the corresponding @ shown in Table 2. k-® Shear Stress Transport
(SST) turbulence model was employed for turbulence modeling since it showed better
performance for complex flows including adverse pressure gradients and flow separations
like in vertical-axis hydrokinetic turbines. The no-slip boundary condition was applied on
the turbine wall blades. To simulate the rotation of the rotor, the circular turbine mesh with
embedded blades was allowed to move relative to the outer inertial fixed domain. An
interface wall was introduced between the fixed and rotating domain. The origin of the
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reference frame is the center of the rotor. The simulation methods used in this study is similar
to methods used in other numerical studies. Here, the rotational speed of the turbine axis is
specified by user input.

Table 2. Flow conditions in CFD Analysis.

A 0.5 1 1.75 2 2.5
w (rad/s) 0.997 1.994 3.489 3.987 4.984

To solve the viscous sublayer of the k-o turbulence model, the values of y+ generally must
be less than 1. Subsequently, several meshes were made by increasing the refinement of the
computational domain near the blade, achieving a good resolution of the boundary layer. The
mesh 4 reached a convergence of results with 298878 nodes and 1.58% error on C, (Table
3). In this way, further refinement might not improve the numerical results. The numerical
results obtained from mesh 4 were compared with several results available in the literature.

Table 3. Mesh convergence study.

Maximum power

M h N + -
es odes y coefficient Cpmax

Error (%)

Mesh1 143672 0.246 0.56 10.71
Mesh2 167896 0.221 0.64 14.28
Mesh3 187630 0.283 0.63 1.56
Mesh 4 298878 0.261 0.62 1.58

Transient analyses are carried out to characterize the performance of the investigated profile
NACA 0025. Performances are described in terms of the T and C,, calculated according to
Equation. (10). Due to the flow over Darrieus turbine is periodic, sufficient temporal
resolution is necessary to ensure proper unsteady simulation of the vertical-axis hydrokinetic
turbine and in order to ensure the solution is independent on the time step. Different time step
sizes At that are equivalent to specific rotational displacements along the azimuth were tested.
The chosen time step size was At = 0.1°, which properly captures the vortex shedding. Time
step convergence was monitored for all conserved variables and it was observed that
acceptable levels of residuals (less than 1 x 107%) were attained after 6 rotations of the
hydrokinetic turbine. This meant that periodic convergence was also achieved.
P

Cr = 0.50S V3 (10)

On the other hand, turbine P and T fluctuation levels were simulated using transient time-
accurate 3D numerical models utilizing ANSY S-Fluent version 18.0 in order to validate the
rotor hydrodynamic design. The model included all the blades and shaft, which were meshed
using unstructured elements. All dimensions of the boundary of domain (Figure 5) were
given in terms of R. The width and length of the domain were chosen as 5 R and 11 R,
respectively. The height of the domain was approximately 3 times R. The domain was made
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large enough to capture the near wake and far wake effects. The study assumed unsteady and
incompressible flow. The effect of the supporting arms and central shaft was not considered.
The supporting arms affect the power output of a turbine by additional drag on the turbine.
The velocity inlet boundary condition was applied on the left surface of the domain with
uniform axial (free-stream) velocity of 1.5 m/s. A pressure outlet boundary condition was
provided on the right surface with zero gauge pressure. The no-slip condition was applied on
the turbine blade; i.e., the relative velocity of the surface blade was set to zero and k- SST
turbulence model was also used [57, 58].

Mesh resolution was set by specifying the mesh size and growth rates to allow for
local refinement of mesh zones. Mesh density was varied according to expected flow
curvature rates resulting in increased mesh density in regions near the blades. In order to
simulate the rotation of the turbine, an inner rotating domain was utilized with the interface
placed between the stationary outer domain and the rotating inner domain, as shown in Figure
6, simulated as a transient rotor/stator using a GGI method. Turbine T was calculated using
ANSYS CFX functions. A good quality CFD model design requires mesh refinement to
achieve a grid-independent solution. Therefore, a mesh independent test was conducted by
increasing the number of elements of the mesh until the turbine T did not experience hardly
any variation by refining the mesh. Convergence was monitored by observing the residuals
as well as T. Thus, the final mesh consisted of 368187 nodes. The CFD solutions were
deemed to have converged when the scaled residuals for all solution values had dropped by
at least six orders of magnitude. The moment on blade was monitored to ensure convergence
of the solutions. Finally, the CFD simulations provided the flow field within the
computational domain and also the blade pressure distribution.

Stationary domain

Rotating domain

Figure 5. Computational domain used for CFD analysis.
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Three geometrical configurations of the blade were studied using a 3D numerical model in
order to choose the best configuration that causes less fluctuation in torque. The models are
generated by using the SolidWorks CAD software. They are a straight-bladed Darrieus
turbine with a D of 1.5 m. In model 1, the rotor consists of 3 blades with H equal to 1.13 m.
Each blade is attached to a central shaft by two supporting arms. Model 2 consists of 6 blades
with H equal to 0.565 m assembled on the axis into two groups. In both groups, the blades
are 120° separated from each other, but each group has an offset angle of 60° from each other.
Finally, model 3 has 9 blades with a H equal to 0.377 m, which are assembled into three
groups on the axis. The separations between blades and groups are 120° and 60°,
respectively. In Figure 6, the described configurations are illustrated.

. Electri to
Electric generator getnic generator
)

Blades

Blades

Blades

Model-1 Model-2 Model-3
Number of blade =3 Number of blade =5 Number of blade =9
Blade length =H/2 Blade length =H/3

Blade length =H

Figure 6. H-Darrieus vertical-axis hydrokinetic turbine.

RESULTS AND DISCUSSION

Cp variation over a range of TSR values was studied for the selection of the best TSR that led
to optimum performance of profile NACA 0025, which was used in the blade geometrical
design. The coefficient of performance versus azimuthal position of different TSR during
rotation is shown in Figure 7. A nearly sinusoidal curve was obtained with three positive
maxima at each turn and three positive minima (when TSR=1.75) or negative minima (when
TSR =0.50, 1.00, 2.00), meaning that during a revolution there are periods of time where the
turbine produces torque on the fluid. Number of maxima at each turn was equal to N. It is
observed that C, increases approximately until 50° azimuthal position and decreases until
120° azimuthal position; i.e., the main power production occurs between 0° and 120°
azimuthal position for the first blade when TSRs are 1.75 and 2.00. It can be seen that the
maximum torque for the first blade is achieved at the azimuth angle around 50°. After the
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peak, the drag begins to increase as the blade enters into a dynamic stall, and the drag starts
to be dominant until an azimuth angle of 120°. Then, the second blade repeats the motion of
the first blade and the power production is completed with the same motion of the third blade
for one rotation of the turbine. Plot of C, versus TSR shows positive values of TSR close to
1.75, meaning that fluid is providing torque to the turbine. Beyond TSR=1.75, C;, is negative,
indicating that the turbine, rotating at a constant ®, exerts torque on the fluid. This can be
explained because a high TSR implies a high turbine angular speed and, in such case, Kinetic
energy contained in flow is not enough to deliver torque to the turbine and makes it to rotate
with the same o.

In the literature, optimum values of TSR for a Darrieus turbine were reported. For
example, Kiho et al. [59], using a Darrieus turbine diameter of 1.6 m, found that the highest
efficiency achieved was 0.56 at 1.1 m/s VV and 2 TSR. In turn, Torri et al. [60], also found
that the peak Cp of a 3-blade straight vertical-axis hydrokinetic turbine was about 0.35 at a
TSR of around 2. However, Dai et al., [38], performed numerical and experimental analyses
with 4 sets of a 3-bladed rotor where blades were designed with NACA0025 with 4 different
C. These 4 sets of rotors were tested in a tank at different flow velocities and radius. The
highest Cp was achieved by the rotor with a C of 162.88 mm, R of 450 mm and TSR of 1.745.
Furthermore, authors investigated the same rotor at different flow velocities and found 1.2
m/s as the most effective velocity. They concluded that larger rotors are more efficient while
flow velocity has little effect on the turbine efficiency.
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Figure 7. Variation of the power coefficient (Cp) with the azimuth angle (0) for different tip
speed ratios (TSR).
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The same tendencies of Cp are found in the case of TSR of 1.75 and 2.00, as it can be seen in
Figure 7. The amplitude of variation of Cp is lower when TRS is equal to 1.75. This result
confirms that the blade with TSR of 1.75 has better performance than any other TSR. When
TRS is equal to 1.75, the maximum average Cp is 0.62 and the amplitude of variation of C,
is near 0.37. On the other hand, when TSR is 2.00, the turbine achieved average torque
coefficient near 0.61 and amplitude of only 0.83. Therefore, a turbine with a TRS of 1.75 has
advantages over a turbine with a TRS of 2.00 in terms of the reduced fluctuation of its torque
curve. Cp decreases for lower values of TSR because at low values of TSR, flow around blade
is separated, implying low lift and high drag. As a result, transferred torque from fluid to
turbine decreases. In general, the fluctuations in Cp and, therefore, in T can produce a high
amount of vibration in the turbine. The effect of these vibrations directly influences the
fatigue life of the turbine blades and that of the generated power.

On the other hand, the unsteady flow field is expected to be complex, particularly due
to the wake effect. This effect can be seen from the velocity contour in Figure 8.

a) b)
Figure 8. Contour of velocity magnitude for rotor.
a) Azimuth angle = 0°, b) Azimuth angle = 30°.

As evidenced from Figure 8, the wake from the leading blade interacts with the following
blade and velocity can reach a value even higher than 5.34 m/s. In order to perceive the effect
of TSR on the turbine performance, the average powers achieved for different TSRs are
depicted in Figure 9. The instantaneous C, generated by the turbine is equal to the product of
the turbine ® and T acting on it. Cp is not constant because the torque and velocity are not
constant in the Darrieus turbine. Hence, the average C;, per cycle is calculated as the product
of the average values of these terms per cycle.
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Figure 9. Average power coefficient (Cp) for different TSR.

According to the figure, TSR and Cp are in a direct relationship when the TSR is between 0.5
and 1.75. However, TSR and C, have an opposite tendency for TSR greater than 1.75. The
maximum value of the power was achieved when TSR was 1.75. Similar results were
obtained by Dai et al. [61] for NACAQ0025 blade profile. Additionally, Lain and Osorio [60]
used experimental data of Dai and Lam’s work [61], and developed numerical models. They
performed analysis on CFX solver, DMS model and Fluent solver, and achieved efficiencies
of 58.6%, 46.3% and 52.8%, respectively, when TSR was 1.745. Results observed by using
Fluent were quite accurate.

The results obtained from the 3D numerical analysis are presented in Figure 10. Many
features can be concluded from this figure; firstly, by increasing the number of blades, the
maximum C, average increases. In the case of the turbine of model 1, the maximum C,
average is 0.24 and the amplitude of Cp variation, near 0.24. For model 2, the maximum C,
average is 0.51 and the amplitude of Cp variation, near 0.07. The turbine with 9 blades (model
3), represented in Figure 10, achieved average torque coefficient near 0.55 and amplitude of
only 0.17. Model 2 have advantages over model 1 and 3 in terms of its reduced fluctuation
of its torque curve.
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Figure 10. Power coefficient (Cp) curve comparing the fluctuation of Darrieus turbine with

different geometric configurations.

Maitre et al. [63], using a modified Darrieus H-rotor with AR of 5.47 and TSR equal 2, found
an experimental Cp equal to 0.34. In turn, Marsh et al. [64], using 3D transient CFD models
of a 3 straight-bladed vertical-axis turbine in a commercial Unsteady Reynolds Averaged
Navier—Stokes (URANS) solver and using a k- SST turbulence model, found that the
maximum C, value of about 0.25 was achieved at a TSR of 2. This value is similar to that
obtained with model 1. The geometrical modifications (model 2 and model 3) made to the
rotor in this work allow finding Cp values higher than those reported in the literature [2, 3 6].
The Darrieus straight bladed turbine, or H-Darrieus vertical-axis hydrokinetic turbine, was
further examined by other researchers and the general conclusion was that this kind of
turbines exhibits T fluctuations on the central transmitting shaft when the turbine is in
operation. These fluctuations increase proportionally to the tip speed of the turbine exhibiting
high amounts of vibration. The effect of these vibrations directly influenced the fatigue life
of the turbine blades and that of the generated power [5, 6, 37, 38].

The configuration proposed in model 2 can reduce the fluctuation of the torque due
to the increase in the number of blades [65, 66]. Thus by far, the utilization of helical blades
is one of the most promising solutions to accomplish these goals [6, 7, 67]. However, the
manufacture of the blade is more complicated, as stated previously. The blades of the model
2 are easy to be constructed and, therefore, this contributes to the minimization of the cost of
energy of the hydrokinetic system.
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CONCLUSION

The design and simulation of a vertical-axis hydrokinetic turbine were presented in this work.
The numerical simulations allow analyzing many different turbine design parameters,
providing an optimal configuration for a given set of design parameters.

The TRS is a significant parameter that affects the performance of hydrokinetic
turbines. Consequently, the performance of the turbine was investigated with a simplified 2D
and 3D numerical model. From the 2D model, Cp was computed for various TSR. During a
turbine revolution, the blade of the turbine may experience large, as well as rapid variation,
in Cp. A Cp maximum of 62% was achieved when TSR was equal to 1.75. On the other hand,
using 3D transient CFD models of a 3 straight-bladed vertical-axis turbine in a commercial
URANS solver and the k- SST turbulence model, the maximum Cp value was found to be
about 0.55, 0.51 and 0.24 with model 3, 2 and 1, respectively. However, model 2 has
advantages in comparison with model 1 and 3 in terms of the reduced fluctuation of its Cp
curve.

In general terms, hydrokinetic turbine blades must be designed to convert the water
Kinetic energy into torque, while having structural properties that ensure the required static
and fatigue strength for a long operational life. In addition, they must have low but enough
material and reduced manufacturing costs so that the total hydrokinetic turbine system can
be accepted by the final users. In this sense, model 2 seems to be promising for local electrical
energy supply in developing countries, such that an operation in isolated networks is possible,
due to this technology can be adopted easily and run efficiently with less environmental
impact and less torque fluctuation.
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