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ABSTRACT - The blades of a hydrokinetic turbine have a great impact on its performance due to
they are the elements responsible for capturing the kinetic energy from water and transform it into

rotational mechanical energy. In this work, numerical analyses on the performance of a multi-
element blade section were developed. The lift and drag coefficients (C. and Cp, respectively) of
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the hydrofoils with traditional and multi-element configurations were studied. For this purpose, 2D KEYWORDS
numerical analyses were conducted by using JavaFoil code. S805, S822, Eppler 420, Eppler 421, Multi-element blae;
Eppler 422, Eppler 423, Eppler 857, Wortmann FX 74-CL5-140, Wortmann FX 74-CL5-140 MOD, hydrokinetic turbine;
Douglas/Liebeck LA203A, Selig $1210, Selig $1223 and UI-1720 profiles were tested. The results ”%dfgol’y”am’_c analysis;
indicated that the Eppler 420 multi-element hydrofoil provided high efficiency to the turbine. This 333;,_.;730 de-

was attributed to its higher relationship between the maximum Cv and Cpb (Crmax/Cb), which was CFD: ’

equal to 47.77, compared to that of the Selig $1223 profile (39.59) and other hydrofoils studied. Gurney flap

Therefore, the final optimized blade section selected was an Eppler 420 multi-element hydrofoil
with a flap chord length of 70% of that of the main profile. The hydrodynamic and structural designs
of the optimized blade section were validated with detailed 3D numerical models, through ANSY's
Fluent software. The fluid and structural domains were connected using one-way coupling. The
influence of the blade geometry and the operational parameters on the stresses supported by the
blades were found by analyzing the fluid-structure interaction. From the numerical analyses
conducted, it was observed that the blades did not exhibit structural fails. In this regard, the multi-
element hydrofoil might be used for the design of a horizontal-axis hydrokinetic turbine with a high
efficiency.

INTRODUCTION

Harnessing the kinetic energy from rivers is regarded as an attractive option to produce electricity in regions of
developing countries with geographical difficulties for extending the electricity transmission line [1]. Regardless of the
governmental efforts and actions of non-governmental institutions to extend electricity to these isolated areas, the progress
in this direction is marginal and extremely slow [2]. In this way, among the different renewable energy technologies, the
power generation through the application of hydrokinetic turbines seems to be the most appropriate solution for providing
energy at large and small scales in remote areas containing a vast number of rivers [2, 3].

The power generation using hydrokinetic turbines is not associated with the negative environmental impacts generated
by large hydroelectric plants [4, 5]. In addition, dams are not required to store energy. Furthermore, hydrokinetic turbine
installations do not interfere with the natural course of the rivers and the flood of large forest areas is not needed, which
prevents the local displacements of native people, as well as the extermination of natural life in the area [6-9].

The design of hydrokinetic turbines is simple and are easy to be installed in free-flowing rivers or streams for the energy
extraction improvement. Additionally, local population inhabiting rural and remote areas can be in charge of hydrokinetic
turbine maintenance at a low cost. These aspects make the hydrokinetic turbines a highly competitive technology for
producing energy in comparison with conventional hydropower plants [1, 2] and other power supply options, such as
stand-alone photovoltaic systems, small hydropowers, wind turbines, diesel generators and grid extension lines [2].

In the hydrokinetic turbine configuration, the blade is the main component [2]. The role of a blade in this kind of turbines
is to obtain the energy from water and transform it into rotational mechanical energy. In general, the performance,
efficiency and stability of the turbine are greatly influenced by the geometry of the blade and the shape of the hydrofoil
used. The blades of a turbine are utilized to generate a lift force for rotating and, subsequently, extracting the optimum
power from the system [1, 2]. The design process of a blade mainly includes its hydrodynamic and structural designs in
order to obtain its optimal configuration [10, 11].

An optimal blade design can be obtained using flaps or slats in a multi-element hydrofoil configuration due to these
geometric configurations can increase the lift to drag ratio (L/D), the lift coefficient (C.) and the structural efficiency [12,
13]. It is important to note that L/D can be found by dividing C. over the drag coefficient (Cp); i.e., C./Cp. This
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configuration is already used in the racing car industry to improve the ground adhesion of the car at very high speeds. It
is also used for aircraft application to achieve a high C. and increase the stall angle of attack (o) [14]. For example,
numerical studies carried out by Smith showed that multi-element airfoil systems have complex flow characteristics as
numerous effects govern the flow around these systems [13]. Therefore, the complex flow characterization around the
multi-element airfoil is required during the wing design.

It is important to note that in the field of hydrokinetic and wind turbines, few studies on the use of multi-element
hydrofoils or airfoils are reported [12, 15]. As a matter of fact, Raghed and Selig employed the multi-element airfoil
configuration for a horizontal-axis wind turbine [12] in order to reduce the drag generated by the large root sections
without compromising the blade strucural integrity. Seven multi-element airfoil configurations with several combinations
of flaps, slats and struts were analyzed. These configurations demostrated the capability to produce significantly higher
Cu/Cp and C. than the traditional DU 00-W-401 airfoil, obtaining a C./Cp increase of up to 82%. On the other hand,
Narsipur et al. conducted a 2D numerical simulation to study five configurations of the multi-element airfoil system
varying the flap deflection, the gap and the overhang in order to understand the effect of these geometric parameters on
the system performance [16]. The geometric confinguration consisted of a main element and two flap elements. The
results informed that changes in these parameters between each element can increase the aerodynamic efficiency of the
multi-element airfoil system. However, the authors concluded that the optimal location of the flaps cannot be defined due
to the complex coupling of the effects associated with the parameter variation [16]. In turn, Yavez et al. studied a
hydrofoil-slat arrangement for hydrokinetic and wind turbine applications. The authors found that the C_max generated
increased from 1.45 to 2.78 in comparison with the traditional geometric configuration. The numerical results showed a
maximum power coefficient (Comax) Of 0.506. They concluded that the slat-hydrofoil or airfoil arrangements may be
applied in the design of wind and hydrokinetic turbines [17]. Recently, Aguilar and coworkers designed and optimized a
multi-element hydrofoil for a horizontal-axis hydrokinetic turbine employing a hydrofoil-flap arrangement [18]. For this
purpose, 2D Computational Fluid Dynamics (CFD) simulations and multi-objective optimization methodology based on
surrogate modelling were used. The Eppler 420 hydrofoil was utilized for the design of the multi-element hydrofoil. The
multi-element design selected as the optimal one had a gap of 2.825% of the chord length (Cs), an overlap of 8.52 %C;,
a flap deflection angle (9) of 19.765°, a flap chord length (C;) of 42.471 %C; and a a of —4°. In spite of these studies,
further researches related to the impact of multi-element hydrofoil configurations and the values of geometric parameters
defining the configuration on the performance of the blade are required. Nevertheless, it must be highlighted that the
multi-element configuration increases the overall complexity of the blade design and may present challenges during the
manufacturing process for the complex geometry and structures associated with the flap and slat support.

On the other hand, there are other devices used to enhance the lift, such as the Gurney flap, which consists of a small
plate located perpendicularly to the trailing edge of the airfoils on their pressure side. Liebeck was the first one reporting
an increase in the aerodynamic performance by the use of Gurney flaps in aircraft applications [19]. The results of this
study showed that an increase in the region of attached flow in the upper side of the airfoil with a recirculation region
behind the Gurney flap led to a rise in the lift with low drag penalty. However, according to the authors’ knowledge, the
influence of the Gurney flap on the geometric configuration of a multi-element blade for horizontal-axis hydrokinetic
turbines has not been investigated yet, since the studies reported in the literature on the field have been focused on wind
turbines with traditional hydrofoils [20, 21].

Under this scenario, with the purpose of designing a high-performance rotor of a horizontal-axis hydrokinetic turbine
of 1 kW, a detailed CFD study was performed using ANSYs Fluent software and JavaFoil code for examining the
influence of a multi-element blade on the turbine efficiency. The analyses were conducted on several airfoils, which were
used as hydrofoils, with a traditional and a multi-element flap configuration, including a Gurney flap. The blade section
of the hydrokinetic turbines was selected based on C_ and C./Cp values, aiming at their maximization.

METHODS AND MATERIALS

Turbine Blade Geometry

For generating electric power, the blades, which are the main elements of a hydrokinetic turbine as mentioned
previously, are connected to a central hub and rotate with it, producing electric power from the shaft [1, 5]. The part of
the blade farthest from and closest to the hub are named the blade tip and the blade root, respectively. The hydrofoil
stands for the blade cross-section perpendicularly drawn to the imaginary line linking the blade root to the tip. The shape
of the hydrofoil is involved in the production of a lift coefficient by creating suction on the hydrofoil upper surface [2,
5]. While this process is occurring, a drag is also produced, which is an undesirable phenomenon for the hydrokinetic
turbine output power maximization tasks. Therefore, in order to achieve the maximum power output and torque from a
hydrokinetic turbine with horizontal-axis, the generation of high C. and C./Cp values are of utmost importance, being the
hydrofoil design a crucial parameter. It is noteworthy that C. is a dimensionless number that evaluates the capability of
the hydrofoil for generating lift. This coefficient is defined by Eqg. (1) [2]:

L
CL=

1 (1)

ZpVZS
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where p and V are the fluid density and velocity, respectively; S refers to the hydrofoil surface; and L is the lift force. In
turn, Cp can be calculated using Eq. (2) [2]:

D

CD= 2
%szS (2

where D is the drag force or the force component in the direction of the flow velocity.

During the first stages of the design process, the selection of a proper hydrofoil is highlighted [2] due to the blades of
traditional hydrokinetic turbines should create lift [2], whose value is influenced by the blade hydrofoil and the chord
length (C). Considering that multiple-hydrofoils conform the turbine blade, several lifts are generated according to the
number of hydrofoils, resulting in the lift of the entire blade [8]. In applications requiring strong lift forces, as hydrokinetic
turbines with large o and reduced flow velocities, the traditional hydrofoil profiles tend to produce flow separation near
the trailing edge, generating vortices and decreasing the profile efficiency [22, 23].

The multi-element profiles are often an appropriate solution increasing the lifting force, allowing a greater curvature
for a high « operation and delaying the separation of the flow close to the trailing edge [16]. This delay in the separation
of the flow at the blade is achieved by introducing a slat in front of the trailing edge of the blade or a flap behind it for
the control of the boundary layer [16]. Nevertheless, the parameters of multi-element profiles should be appropriately
adjusted, including the width of the space between the element and the orientation of each adjacent element for the given
conditions [24, 25] so that the efficiency increase is possible.

As illustrated in Figure 1, several configurations might exist for a multi-element blade design. As observed, the
combination of slats and flaps around a main hydrofoil element is possible to be performed in order to obtain an optimal
profile with the maximum C.
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Figure 1. Geometry of a multi-element hydrofoil: (a) main element, (b) main element with slat, (c) main element with
flap and (d) main element with slat and flap [26]

Hydrofoil Cross-section Design and Optimization by using JavaFoil Code

To design a high-performance rotor of a hydrokinetic turbine of 1 kW with a multi-element blade, a detailed numerical
study was performed by using JavaFoil code [26]. Initially, for the design of the multi-element profile represented in
Figure 2, the guidelines reported by Narsipur and coworkers were followed [16]. According to the authors, the length of
the second element (flap), the vertical space (d), the horizontal space (h) between the trailing edge of the main element
and the leading edge of the second element, ¢ and a must be 30%C,, from 2 to 3%C4, close to 5.3%C;, between 20 and
50°, and between -5 and 20°, respectively. It is important to note that ¢ refers to the angle between the flap chord and the
main element chord.
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Figure 2. Multi-element hydrofoil configuration [28]

By using JavaFoil code, 14 multi-element and 14 traditional hydrofoil configurations were analyzed. The profiles
analyzed were S805, S822, Eppler 857, CH 10-48-13, Eppler 420, Eppler 421, Eppler 422, Eppler 423, Wortmann FX
74-CL5-140, Wortmann FX 74-CL5-140 MOD, Douglas/Liebeck LA203A, Selig S1210, Selig S1223 and UI-1720. In
this work, only the effects of the flap length and & were investigated on such configurations in order to quantify the
change in C. and Cp for the multi-element hydrofoil studied. The profiles were analyzed for a Reynolds number (Re)
equal to 750000, which is considered as a characteristic Re for hydrokinetic turbines. Additionally, C remained equal to
1 in traditional and multi-element configuration profiles. Furthermore, C_and Cp were analyzed every 1° in a wide range
of a. This procedure was followed for the whole set of the analyzed profiles.

In order to calculate these coefficients for a given flow condition (o and Re), JavaFoil code combines a potential flow
panel method and an integral boundary layer formulation. The procedure used consisted of the following stages. a) First,
the velocity distribution on the hydrofoil surface is calculated by using a potential flow analysis module based on a higher
order panel method. b) The pressure distribution is integrated along the hydrofoil surface to obtain the pitching moment
coefficient and the lift. ¢) Afterwards, the boundary layer behavior is calculated using the boundary layer analysis module,
enabling to find the boundary layer parameters by solving a set of differential equations. d) Finally, the hydrofoil drag is
calculated from the obtained boundary layer data.
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Figure 3. Hydrofoil with a Gurney flap

It is important to note that JavaFoil code offers good results when compared to experimental results and other
numerical analysis tools [27]. The Gurney flap constitutes another mechanical simple way to increase the hydrofoil C..
It is defined as defined as a flat plate located perpendicularly to the hydrofoil pressure side at the trailing edge [28], as
shown in Figure 3. When properly sized, the Gurney flap will increase the total lift of the hydrofoil while reducing the
drag. Bianchini and coworkers conducted CFD to perform numerical analyses in order to evaluate the potential of using
Gurney flaps for the power augmentation of a Darrieus wind turbine. Two length values of the Gurney flap were studied
by the authors, corresponding to 1% and 2%C [21]. On the other hand, Jain et al. analyzed the effect of the Gurney flap
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on airfoil aerodynamics using ANSYs Fluent software. Six different Gurney flap lengths, from 0.5% to 4%C, were used
for 2D computational investigation. The influence of the Gurney flap length on the best hydrofoil with and without multi-
element configuration previously analyzed with a high C./Cp was also numerically investigated by using JavaFoil code.
Under this scenario, in the current study, Gurney flap sizes of 1%, 2%, 3%, 3.5% and 4%C were studied.

Fluid Dynamics and Structural Analyses

The sizing of other components that are part of the hydrokinetic turbine was processed once the best profile was
selected. For this purpose, the blade element theory was used [5]. A hydrokinetic turbine of 1 kW was designed for 1.5
m/s of a free stream water velocity (V) and 6.325 of tip speed ratio (1), a water density (p) of 997 kg/m? (at 25°C), an
initial o and pitch angle (¢) of 5 and 0°, respectively, a drive train efficiency (1) of 70%, and a power coefficient (C,) of
0.4382 [5]. It is highlighted that A refers to the ratio between the tangential speed of the blade tip and V. In turn, & and C,
stand for the angle formed by the chord of the profiles and the blade rotation plane, and the ratio between the energy
captured by the turbine and the kinetic energy available in the free stream water, respectively.

It is important to note that the design power of 1 kW was chosen due to the rivers of developing countries rarely flow
at a velocity higher than about 1 m/s. In addition, they are not deep enough for horizontal-axis hydrokinetic turbines
greater than about 2 m of diameter are immersed [29, 30]. The power output (P) of a horizontal-axis hydrokinetic turbine
was calculated using Eqg. (3), where A is the area swept by the rotor blade (4 = wR?) and R refers to the rotor radius or
the blade length [5].

1
P =5 pAV Cpn @)

Therefore, if P is equal to 1 kW, then the turbine rotor diameter is 1.58 m. In this regard, the rotor of the turbine has 3
blades of R equal to 0.79 m. It should be noticed that 3-bladed turbines are characterized by their higher stability and
reduced vibration, with the subsequent reduction of fatigue failures owing to the rise in their bearing life [5, 31].
Additionally, turbines with 3 blades exhibit a lower 4 compared to turbines with 2 blades, leading to the reduction of
cavitation inception chances [32]. In this study, the blades were developed with the best hydrofoil (Eppler 420) with and
without a multi-element configuration.

The twist distribution angle () and C are presented in Figure 4. C of a blade element can be calculated by Eq. (4). In
turn, g at any point along the blade can be calculated as represented by Eqg. (5). Eg. (4) and Eq. (5) depend on the number
of blades (B), a, C. and Cp of the Eppler 420 hydrofoil selected, the local point along the blade (r), the angle of the
relative water current to the plane of rotation (¢), the axial flow induction factor (a), the local tip speed radio (4,.) and the
angular induction factor (a”) [2, 5]. ¢, a, 4, and a” can be obtained from Eq. (6) to Eq. (9), respectively. It is important
to note that a must be less than 0.5 for the the moment theory can be applied.

8a’rA,mSin?¢
C= , (4)
(C,Singp — CpCosdp)B(1 — a)

B=d-a ©)

G )
Tan<;l) = m (6)
C, = 4al —a)* @

n

A=l =l 8
r = 7 - E ( )

a(l—a) o,
ddvay 7 ©

After having found C and g values for each section, the chord values were multiplied by the non-dimensional coordinates
of the Eppler 420 profile.

SolidWorks software was used to export the profile x and y coordinates for every section along the blade. Thus, the
blade cross-sections were obtained from the root to the tip for several distances. Finally, a blade 3D-model was achieved
by utilizing the Loft command [33]. In Figure 5 the resulting image is represented. During the process, the first section
near the blade root was removed and the second section of the blade profile was modeled with the same g of the third
section. Furthermore, for the blade structural strength improvement, a corrective factor (F¢) or geometric scale equal to
17.1 was introduced. Therefore, each previously calculated chord length was multiplied by this Fc. The blade model also
includes a rectangular transition area from the steel hub to the first station of the blade.
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Figure 4. Radial location of the chord length (C) and the twist angle () along the blade

Figure 5. 3D model of the hydrokinetic turbine of 1 kW

A complete 3D CFD analysis was carried out for the validation of the obtained rotor hydrodynamic design with the
aid of ANSYs Fluent software version 17.0. Simulation was conducted using a sector of the rotor formed of one blade
and 120° of angle, considering the features ascribed to the cyclic symmetry of the hydrokinetic turbine rotor structure.
The dimensions of the computational domain, which was generated by using SolidWorks software, were provided in
terms of R, as represented by Figure 6. The rotation plane of the turbine was located 2R of the inlet. In order to take the
remote wake effect, behind the plane of the turbine, the fluid domain was extended 5R.

% Pperiodic Boundary conditions

Pressure Qutlet

Velocity Inlet

Figure 6. Computational domain used for CFD analysis
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The study assumes steady regime and incompressible flow. For flow simulations, RANS model, which stands for the
Reynolds-Averaged Navier-Stokes model, was utilized. Correspondingly, as illustrated in Figure 6, for the domain left
surface, 1.5 m/s uniform velocity inlet was provided as the boundary condition in the normal left face. In turn, in the right
surface, a zero-gauge pressure was applied as the pressure output limit condition. Additionally, across the computational
domain back and bottom surface, a rotational periodic boundary condition was implemented with a rotation velocity of
12.009 rad/s. On the other hand, Shear Stress Transport (SST) k — w turbulence model was chosen due to its accuracy for
flows exhibiting detrimental adverse pressure gradients [34], as it is the current case. This model has been successfully
used by several authors [27, 35, 36]. 5% of turbulence intensity was also set. Moreover, 0 m/s was applied as the blade
and the hub relative speed values. Therefore, the no-slip condition was established either for the blade or the hub of the
turbine. Details of the simulation variables used are listed in Table 1.

Table 1. Parameters involved in the CFD analysis

Parameters Value
Hydrofoil Eppler 420
Density (p) 997 kg/m?®
Number of blades 3
Velocity inlet 1.5m/s

Pressure outlet
Blade and hub walls
Rotor speed

Zero gauge pressure
No-slip condition
12.009 rad/s

Turbulence model k—wSST
Turbulence intensity 5%
Interpolating scheme 2" order upwind

Pressure scheme PRESTO
Residual error 1x10°

The computational domain was meshed using ANSY's Fluent software. An unstructured tetrahedral mesh with a layer
of very thin elements near the walls of the turbine blade was used. To capture the boundary layer near the blade walls, a
prism layer was grown from the blade surface. A closer grid view in the hydrofoil vicinity is represented in Figure 7. In
order to find an appropriate boundary layer resolution close to the trailing edge and the hydrofoil surface, a grid clustering
is required. Such as grid clustering was also needed to obtain a proper resolution of the region surrounding the Gurney
flap.

Figure 7. Mesh used for CFD analysis

It must be noted that the highest gradient of static pressure and velocity are located in a region around the blade.
Therefore, this region plays a crucial role on the hydrokinetic turbine performance [37]. In addition, the wake flow has a
great effect on the power [38, 39]. The wake can extend up to downstream the blade. During the computational fluid
dynamics analysis of this phenomenon around the hydrokinetic turbine, the desired accuracy and solution costs depend
on the mesh geometry domain. Turbulent flows are widely known to be influenced by the walls, where the regions affected
by the viscosity exhibit high gradients in the solution. The successful prediction of the turbulent flow around the blade
wall is determined by the near-wall region accurate meshed. In this regard, a refinement in the boundary layer and a
sensitivity study of y+ are very important, since both of them can affect the turbine hydrodynamics. y+ is a non-
dimensional distance utilized in CFD for describing how coarse or fine is a mesh. It refers to the ratio between the effect
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of a turbulent flow and a laminar one on a particular cell [40]. y+ is defined by Eq. (10), being Ay, u+ and v the first node
distance from the wall, the wall shear velocity and the kinematic viscosity, respectively.

y* = (Ayu*/v) (10)

Therefore, three layers can be obtained from the rough subdivision of the near-wall region: the viscous sublayer (y+
< b), the blending region or the buffer layer (5 < y+ < 30) and the low region or the fully turbulent layer (y+ > 30 to 60)
[41]. In general, for wall functions and near-wall modeling, y+ = 30 and y+ = 1 are regarded as the most desirable values,
respectively. In order to evaluate the effect of the number of elements in the computational fluid dynamics analysis, a
study of the mesh independence was conducted, as observed in Table 2. Therefore, by augmenting the near wake
refinement, 6 meshes were generated. A boundary layer appropriate resolution was found. For assuring the solution
convergence, the torque on the blade was controlled. The mesh 6, which consisted of 7738124 elements and 3381663
nodes, provided the convergence of the results with an error of 0.389% on the torque. Consequently, the obtained
numerical results might not be improved by a further mesh refinement. Additionally, a steady-state condition was assumed
for the simulation using approximately 2000 iterations. A decrease of at least 6 orders of magnitude in the scaled residuals
of the achieved CFD solution values was considered for convergence. As illustrated in Figure 8, utilizing the k — w SST
turbulence model, the final mesh had a y+ < 5. This result allowed achieving the solution of the laminar sub-layer.

Table 2. Mesh convergence study

Mesh Nodes Elements y+ Torque Error %
Mesh 1 543704 1660605 18.915 143.189 3.231
Mesh 2 789489 2836275 34.794 138.707 3.130
Mesh 3 937017 3064066 23.881 138.139 0.409
Mesh 4 1169225 3471202 13.725 143.860 4.141
Mesh 5 2085542 6118335 10.685 142.263 1.110
Mesh 6 3381663 7738124 1.901 142.816 0.389

Wl Yplus
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€20 068 106 164 212 260 308 3 404 422 500
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Figure 8. y* on the hydrofoil
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Furthermore, the structural design of the rotor was also validated with a detailed 3D fluid-structure interaction analysis
using ANSYs Fluent software. The structural and fluid domains were connected by using one way coupling.
Subsequently, the analysis of a fluid-structure interaction was performed for obtaining the influence of experimental
conditions and the geometry of the blade on the stresses developed. In this regard, the hydrokinetic turbine blades were
analyzed under hydrodynamic, centrifugal and gravitational loads that the turbine may experience during its operating
life.

Fluid Structure Interaction system was created for determining hydrodynamic loads associated with extreme flow

conditions and performing static analyses throughout the use of the blade pressure loads from Fluent software.
Additionally, mapping algorithm and the Static analysis module were used for transferring and projecting the pressure
loads on the surface geometry of the blade, respectively, considering that in Fluent module the blade geometry position
is equal to that of the Static Structural module concerning the global coordinate system.
In the set-up of ANSY's Static Structural module, the gravity and the centrifugal load, which was placed at 12.009 rad/s
rotation velocity, were also defined. By fixing all the degrees of freedom at the hub, the models of the analyzed blades
were considered as a cantilever beam. In addition, two materials, aluminum (6061-T6) and AISI 304 steel, were used for
the numerical analyses. The mechanical properties of the materials considered for the structural analysis are presented in
Table 3.

Table 3. Mechanical properties of the materials used for the blade

Material Elastic Modulus Density Poisson ratio Tensile strength ultimate/Yield
[GPa] [kg/mq] [MPa]
Aluminum (6061-T6) 69 2700 0.33 310/276
AISI 304 Steel 193 8000 0.30 305/215

In general, the processes described in this work are presented in Figure 9. The framework is made of three different
parts to analyze the hydrofoils in order to know their characteristics and performance: a) a main 2D analysis using JavaFoil
code in order to select the best multi-element high-lift hydrofoil for the design of the blades of hydrokinetic turbines, b)
a 3D CFD analysis for validating the hydrodynamic behavior of the blade design and c¢) a 3D Finite Element Analysis to
validate the blade structural performance.

2D numerical analysis (JavaFoil code) 3D hydrodynamic analisys (Solver-Fluent)
Import the geometry of Model and flow domain
hydrofoil creation
Design multi-element Mesh generation and
hydrofoil Best multi-element boundary condtitions settings

hydrofoil selected

Estimation of the lift and drag
coefficient of hydrofoil for a
given Reynolds number,
angle of attack range and flap

deflection I Post-processing |

Inicialization and problem
solution

Analysis of results

| Validate convergence |

coupling)

3D structural analysis (Static structual-ANSYS)

Hydrodynamic
loads

Fluid-structure interaction analysis (one way

v A v B
7 - - 2
39 <&, Fluid Flow (Fluent) b8 = Static Structural ,
Model, mesh generation and
2 | [B Geometry id 2 | @ EngineeringData v/ boundary condtitions settings
3 |@ Mesh v g 3 @) Geometry v 4
4| @ setwp il 4@ Model v 4 | Problem solution |
5 | @@ Solution vV a5 @ setp v 4
6 @ Resuts 7 2 6 | @ Solution ¥ 5 | Post-processing |
Fluent 7 @ Resits v i
static Structural | Validate convergence |

Traditional hydrofoil Multi-element hydrofoil

Figure 9. Framework used for the blade design
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RESULTS AND DISCUSSION

Analysis of a Hydrofoil with a Traditional and a Multi-element Configuration

After having conducted repeated comparative studies between 14 multi-element and 14 traditional hydrofoil
configurations, the obtained Cimax, CLmax/Cp, @ and & values calculated using JavaFoil code are compiled in Table 4. As
it can be observed, the multi-element hydrofoil configurations caused a significant improvement of the hydrofoil
hydodynamic performance. This result was supported by several experimental and numerical studies found in the
literature [12-17, 24].

From the results, the best profiles resulted to be the Eppler 420 and the Selig S1223 multi-elements with o and &
values equal to 8° and 30°, and 3° and 10°, respectively. The Selig S1223 multi-element had a Crmax (3.84) higher than
that of the Eppler 420 multi-element (3.69). However, the Eppler profile had a higher Cimax /Cp (47.77) compared to that
of the Selig profile (39.59), as illustrated in Figure 10. In addition, the Eppler profile is thicker and capable of supporting
higher hydrodynamic loads during its operation. Therefore, this profile was chosen for the blade design of the 1 kW
hydrokinetic turbine. In Figure 11, C. and Cp for the Eppler 420 traditional and multi-element hydrofoils are compared.
Reza and coworkers also compared the traditional airfoil Eppler 420 and Selig S1223 for aerodynamic applications. The
analysis was carried out considering standard values of wing area (1.2 m?), relative wind speed (40 km/h) and R, (450000)
for conventional low speed unmanned aero vehicles. As in the current study, the obtained results by the referred authors
showed that the Selig S1223 profile had a CLmax (2.36) higher than that of the Eppler 420 (2.16). Additionally, the Eppler
profile had a higher CLmax/Cop (152.14) compared to that of the Selig profile (112.38) [42].

Table 4. Performance of hydrofoils

Hydrofoil a ) Criax Cromar/Cp
S805 11 - 1.32 38.25
S805 multi-element 6 20 1.74 31.85
S822 12 - 1.42 35.20
S822 multi-element 7 20 1.85 38.18
Eppler 857 18 - 2.08 19.50
Eppler 857 multi-element 9 25 3.04 33.76
Selig S1210 10 - 2.33 58.00
Selig S1210 multi-element 2 35 3.21 45.83
CH10 13 - 2.36 34.51
CH10 multi-element 4 25 3.20 42.13
Eppler 420 17 - 2.57 24.47
Eppler 420 multi-element 8 30 3.69 47.77
Eppler 421 17 - 2.28 23.37
Eppler 421 multi-element 8 25 3.21 38.88
Eppler 422 17 - 1.97 20.75
Eppler 422 multi-element 7 20 2.71 62.17
Eppler 423 15 - 2.45 30.18
Eppler 423 multi-element 6 30 3.39 48.63
Wortmann FX 74-CL5-140 13 - 2.30 27.26
Wortmann FX 74-CL5-140 multi-element 5 30 3.40 93.32
Wortmann FX 74-CL5-140 MOD 12 - 2.26 32.51
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Hydrofoil a ) Clomax Crpar/ Co
Wortmann FX 74-CL5-140 MOD multi-element 3 30 3.21 42.28
Douglas Liebeck LA203A 18 - 2.17 23.22
Douglas Liebeck LA203A multi-element 9 30 3.09 33.92
Selig S1223 12 - 2.80 49.41
Selig S1223 multi-element 3 10 3.84 39.59
UI-1720 19 - 1.72 12.70
UI-1720 multi-element 11 20 2.27 22.60
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Figure 10. Comparison between the Eppler 420 multi-element and the Selig S1223 multi-element hydrofoils
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Figure 11. Comparison between the lift and drag coefficients (C. and Cp, respectively) for the Eppler 420 traditional
and the Eppler 420 multi-element hydrofoils

Influence of the Gurney flap on a Hydrofoil with and without a Multi-element Configuration

The Eppler 420 traditional and multi-element hydrofoils were the geometries utilized for studying the Gurney flap. A
Gurney flap size range from 1 to 4%C, with the flaps placed on the main profile back edge, was used for computations.
The results obtained from JavaFoil code are compiled in Table 5. In most cases, it can be observed that the hydrofoils
with a Gurney flap result in a Cimaxand a Cmax/Cp increase and decrease, respectively, when a is decreased. The numerical
results show an increase in efficiency when a gurney flap is used [43, 44].
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A Gurney flap of 4% and 3.5%C was selected for the traditional and the multi-element hydrofoil, respectively. In the
literature, the effect of Gurney flaps have been widely studied for lift enhancement in aircraft applications; as well as on
the aerodynamic performance of wind turbines, especially the Darrieus wind turbine [43, 44]. For example, Bianchini
and coworkers investigated the effect of Gurney flaps on a Darrieus turbine designed with the airfoil NACAQ0021. The
results showed than the best configuration of the hydrofoil with a Gurney flap resulted in a Gurney flap length of 2%C
[21]. On the other hand, Jain et al. conducted a numerical simulation on NACA 0012 airfoil. The study concluded that
the Gurney flaps with a size of 1.5%C must be installed perpendicularly to the chord and as close to the trailing edge as
possible to obtain the maximum lift enhancement with minimum drag penalty [45]. The optimal Gurney flap length varies
for different airfoils, which means that a fixed Gurney flap length would not reach the optimal C.ma/Cp . Therefore, this
result suggests that a careful analysis of the Gurney flap length is needed for each airfoil or hydrofoil and multi-element
configuration. In conclusion, the Gurney flap was observed to provide a lift improvement and a drag reduction once it
was properly sized.

Table 5. Performance of several Eppler 420 hydrofoil configurations

Hydrofoil a Clinax Clmax/Cp
Eppler 420 17 2.57 24.47
Eppler 420 with a Gurney flap of 1.0%C 16 2.61 23.18
Eppler 420 with a Gurney flap of 2.0%C 16 2.71 22.32
Eppler 420 with a Gurney flap of 3.0%C 15 2.78 22.02
Eppler 420 with a Gurney flap of 4.0%C 15 2.82 19.20
Eppler 420 with a multi-element configuration 8 3.69 46.12
Eppler 420 with a multi-element configuration and a Gurney flap of 1.0%C 7 3.74 45.65
Eppler 420 with a multi-element configuration and a Gurney flap of 2.0%C 7 3.84 42.81
Eppler 420 with a multi-element configuration and a Gurney flap of 3.0%C 7 3.84 39.48
Eppler 420 with a multi-element configuration and a Gurney flap of 3.5%C 7 3.85 39.48
Eppler 420 with a multi-element configuration and a Gurney flap of 4.0%C 7 3.20 28.90

Effect of the Flap Length

The influence of the flap length of the Eppler 420 multi-element hydrofoil on C; and C, was studied. The data found
by using JavaFoil code are listed in Table 6. It can be observed that the most appropriate length of the flap was identified
to be 70%C; with a a value equal to 0°, which implies a low Cp and a high C..

Table 6. Flap length influence on the Eppler 420 multi-element hydrofoil performance [46]

Flap length 40% 50% 60% 70% 80%
a Covur Co Cipee Co Cipee Co Cpoe Co Cipue Co
5 280 004 304 004 322 004 338 004 351 005
-4 291 004 315 004 333 004 349 005 362 005
3 303 004 326 004 344 005 360 005 372 006
-2 314 004 337 004 355 005 370 006 3.8 006
-1 325 004 348 005 365 005 38 006 389 007

0 33 004 358 005 375 006 386 006 393 0.07
1 339 005 361 006 374 006 380 007 383 0.08
2 349 005 369 006 379 007 381 007 381 0.08
3 358 006 374 006 382 007 379 008 376 0.08
4 366 006 377 007 381 008 373 008 367 0.09
5 372 006 377 007 378 008 364 009 356 0.10
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Flap length 40% 50% 60% 70% 80%
6 375 007 374 008 372 009 352 014 340 0.16
7 376 007 367 012 362 014 337 016 316 0.20
8 374 008 357 013 348 015 310 019 296 0.21
9 365 013 332 016 321 018 291 021 278 0.23
10 340 015 315 018 303 020 272 023 259 0.25
12 311 018 280 021 267 023 236 027 224 029
14 278 021 244 024 231 027 197 032 192 0.35
15 261 023 227 026 214 030 181 034 178 0.38
16 244 024 210 028 197 032 166 037 164 041
18 209 029 178 034 163 038 145 044 134 048
19 193 031 163 037 154 041 132 047 123 051
20 178 034 149 040 141 045 122 050 1.13 055

CFD Analysis Results

Simulations from CFD allow obtaining the pressure distribution on the blade, as well as the flow field within the
computational domain, as represented in Figures 12-16, in a cross-section of the blade located at 0.5R from the hub. Five
geometries (geometry A, B, C, D and E) were studied. Geometry A and B consisted of solid blades with an Eppler 420
hydrofoil without and with a Gurney flap of 3.5%C, respectively. In turn, geometry C and D were generated by using
solid blades with an Eppler 420 multi-element hydrofoil 30%C; without and with and a Gurney flap of 3.5%C. Finally,
geometry E consisted of a solid blade with an Eppler 420 multi-element hydrofoil 70%C;. The pressure distribution and
the flow field were visualized and analyzed in the wake region in order to understand the complex flow field near the
trailing edge and between the main element and the flap in multi-element configurations.

Veloaty [ms*1] Pressure [Pa)
(a) m—— = — (b) — == e
FFFLLNPPTF ST AU G R . N N

Figure 12. Geometry A- solid blade with an Eppler 420 hydrofoil: (a) flow field and (b) pressure distribution on the
plane located at 0.5R from the hub
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Figure 13. Geometry B- solid blade with an Eppler 420 hydrofoil and a Gurney flap of 3.5%C: (a) flow field and (b)
pressure distribution on the plane located at 0.5R from the hub

Velocity Pressure Pa)

Figure 14. Geometry C- solid blade with an Eppler 420 multi-element hydrofoil of 30%C;: (a) flow field and (b)
pressure distribution on the plane located at 0.5R from the hub
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Figure 15. Geometry D- solid blade with an Eppler 420 multi-element hydrofoil of 30%C; and a Gurney flap of 3.5%C:
(@) flow field and (b) pressure distribution on the plane located at 0.5R from the hub
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Figure 16. Geometry E- solid blade with an Eppler 420 multi-element hydrofoil of 70%C,: (a) flow field and (b)
pressure distribution on the plane located at 0.5R from the hub

From Figures 12-16, it is possible to appreciate the detachment of the flow at the trailing edge of the profiles studied.
Figures 12-15 allow identifying that this detaching is delayed in multi-element and Gurney flap configurations, which
explains the increase of C. of these profiles. This increase in the C. improved the torque output of the turbine for the
multi-element configurations with and without Gurney flap. Chougule et al. selected a double-element airfoil for the
design of a vertical-axis wind turbine. The geometric configuration consisted of a main element and a slat airfoil. It was
found that the use of a double-element airfoil instead of a single airfoil increased the C. and delayed the stall angle [47],
as it was achieved in the current research. This fact is highly advantageous for the turbine torque output increase.

Furthermore, as observed in Figures 12, 14 and 16, which were related to the pressure contours, over a cross-section
located at 0.5R from the hub of the Geometries A, C and E, the pressure reached minimum values of —3.0385, —3.1507
and —3.6032 kPa in the upper surface of these hydrofoil configurations, respectively. Additionally, maximum values of
14.4186, 15.7175 and 19.6775 kPa in the lower region of the hidrofoil arrangements, respectively, were obtained. As
showed in Figures 14-16, the flap had a very important effect on the pressure distributions. In the pressure contours, the
multi-element hydrofoil was observed to provide lower pressures than the traditional one, resulting in a minimum negative
pressure coefficient higher than in the traditional hydrofoil. Additionally, an increase in the pressure was observed at the
stagnation point. In the traditional and in the main element of multi-element hydrofoils, pressure was observed to diminish
and increase in the upper and the lower region, respectively, due to the velocity increase. In the multi-element hydrofoil,
the flow was trapped beneath the hydrofoil, leading to a decrease in the flow velocities and an increase in the pressure
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below the hydrofoil. Therefore, a higher pressure difference is available for the lift generation. In the velocity contours,
the fluid was observed to leave the trailing edge of the main element, being deflected and accelerated, and subsequently
adhered to the flap. This fact postponed the occurrence of the boundary layer separation, which only occurs in a small
area near the trailing edge of the flap. In the traditional hydrofoil, the boundary layer separation was much larger than in
the multi-element hydrofoil. The delay in the separation of the boundary layer is one of the factors that contribute to the
multi-element hydrofoil, achieving a higher C, than that observed in the traditional one [18]. Yavuz and coworkers studied
the performance of hydrofoil-slat arrangements using NACA 4412 and NACA 6411 hydrofoils. The results showed that
the slat also had a significant effect on the pressure distributions [17]. These studies confirm the enhancement of the
hydrodynamic performance when the multi-element hydrofoil configuration is employed, as observed in the current study.

The Gurney flap generated a downward turning wake behind the hydrofoil, as observed in Figure 17 in a cross-section
of the blade located at 0.5R from the hub. Hence, the hydrofoil effective camber was augmented. In addition, the Gurney
flap increased the total pressure on the hydrofoil lower surface. A long wake region downstream the flap was generated,
resulting in a delay or elimination of the flow separation at the trailing edge over the upper surface. Such as differences
of pressures between the hydrofoil lower and upper surfaces resulted in a circulation rise with an improved lift. In general,
the Gurney flap rose both the C_ and Cp of the hydrofoil, being the increase in the C. value considerably larger, which
lead to a high Cimax/Cp. Therfore, the performance of the hydrofoil was improved [48-50].

.

Velocity [m s™1]

& & P
RO RGN “vq, oF ,;; KA

Figure 17. Flow field produced by the Gurney flap

The flap in multi-element configurations provoked a circulation effect on the main element, as represented in Figure
18 in a cross-section of the blade located at 0.5R from the hub. Such as circulation effect resulted in an increase of the lift
on the main element. However, the pressure was also increased in that region. The large flow on the trailing element
upper surface enabled the flow to leave the main element at a higher velocity, resulting in the main element pressure
reduction.
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Figure 18. Flow field produced by the main element: (a) geometry D and (b) geometry E on plane at 0.5R blade length
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The operating principle of the multi-element profile has been reported in detail by Smith [13] and validated by several
researches, which informed that the purpose of a multi-element profile is to increase the C_ without separating the flow
and delaying the stall angle in comparison with a traditional configuration [17, 47, 51]. This fact was validated with the
geometric configurations studied in the current work, since a C. rise was observed using multi-element hydrofoils with
and without Gurney flap arrangements. This is very useful for the hydrokinetic turbine performance, as the amount of
power captured is increased with the subsequent low cost in energy transformation.

Structural Analysis Results

The stresses and displacements were calculated for the same geometries used in CFD analysis using different
materials, under hydrodynamic, centrifugal, and gravitational loads. In Figure 19, the results obtained for maximum von
Mises stresses and displacements over the blade entire geometry are illustrated. As it is worldwide known, the von Mises
stress is a value used to determine when a given material will yield or fracture. The von Mises yield criterion states that
if the von Mises stress of a material under load is equal or greater than the yield limit of the same material under a simple
tension, then the material will yield [53]. Therefore, according to the von Mises criterion, failure occurres when the value
on the left side represented by Eq. (11) reaches the value represented on the right side, where oy, ag;;, and ay;; are the
principal stresses action on the blade, and gy refers to the yield stress [52].

(o7 — 0'11)2 + (0, — 0'111)2 + (o — 0'111)2 = 20'}? (11)

With regard to the material mechanical strength for yielding purposes, the established limit values for the stresses
were not surpassed in any blade region. For all the geometries tested, the stresses were maximum at the root of the blade,
as represented by Figure 19, where the maximum stress and its location over the geometry E are illustrated. The large C
near the blade root is favorable for resisting the large bending moments experienced by the blade when it is operated,
while the smaller chord close to the blade tip results in a thinner hydrofoil profile, leading to a drag reduction and a
hydrodynamic performance improvement. The geometries C, D and E with a multi-element blade made of steel AISI 304
showed higher levels of stress than the other models. Only, the stresses exhibited in some regions of the blade of geometry
D made of steel AISI 304 achieved the mechanical strength limit values of the material for yielding.

Under load, an excessive blade deformation may influence the turbine output power, rising the likelihood of failure.
The blades with a multi-element hydrofoil (geometry C and D), which were made of aluminum, reached a maximum
displacement of 8.09 and 8.00 mm, respectively, at the tip vs. 1.33 mm of displacement of the blade with only a main
hydrofoil (geometry A) made of steel AISI 304. It is noteworthy that the turbine output power can be affected by such as
deformations, since the effective a is changing. Therefore, increasing the blade section thickness and reducing the
displacement of the blade tip for these geometries are crucial aspects for analyzing their effect on the performance of the
blade.

It is important to note that the structural analysis showed high loads in the flap. In this regard, a larger flap is needed
to increase its thickness and strength. This fact was demonstrated in the current study when the chord length of the flap
changed from 30%C; (C geometry) to 70%C; (geometry E).
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Figure 19. Maximum von Mises stress and displacement values over the blade geometries studied
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CONCLUSIONS

The numerical analyses obtained by using JavaFoil code informed that the hydrofoils with multi-element
configurations had a C. higher than the traditional profiles with and without a Gurney flap. This fact can be attributed to
the contact surface increase by the flap, which results in a decrease in the flow separation along the blades. The Eppler
420 multi-element configurations with flap lengths of 30% and 70%C; resulted to have Cimaxand Crmax/Cp values equal
to 3.69 and 47.77, and 3.87 and 56.29, respectively. In turn, a C_ and a Cimax/Cp equal to 2.57 and 24.47, respectively,
was achieved for the Eppler 420 traditional profile. Additionally, the Eppler 420 traditional profile with a Gurney flap of
4%C length had a C. equal to 2.82 and a CLmax/Cp equal to 19.20. The Eppler 420 multi-element configuration with a
Gurney flap resulted to have a C of 3.85 and a Cimax/Cp of 39.48 when the Gurney flap size was 3.5%C. Therefore, the
Gurney flap led to a Cy rise in comparison with a traditional hydrofoil. Nevertheless, a high Gurney flap might lead to a
rise in C_and Cp simultaneously. Gurney flap sizes lower than 4.0%C might lead to an increased in C. in the order of
8.8%, with only a slight increase in Cp. Therefore, Gurney flaps are simple mechanical devices with a significant impact
on the hydrodynamic performance of hydrofoils.

For the Eppler 420 multi-element hydrofoil, Cimax/Cp increased with the flap length rise up to 70%C;. Beyond this
value, the benefits ascribed to the multi-element profile are decreased. Each hydrofoil with a multi-element configuration
was characterized by a boundary layer generated on the element referred above. A thick turbulent boundary layer might
withstand weaker gradients of pressure in comparison with a thin one. Furthermore, a thick turbulent boundary layer
resulted to be more prone to be separated. The thickness of the obtained boundary layer is much higher compared to an
ordinary boundary layer. Thus, the optimization of h and d parameters is required to define the best flap location.
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