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Abstract

Vertical Axis Tidal (VAT) turbines are used as ocean-powered devices to generate electricity
from movements in ocean as a renewable source of energy. In this research, a number of CFD
simulations have been carried out using the mixed-level modified Taguchi technique to
determine the optimal hydrodynamic performance of a VAT turbine. The influence of four
parameters: twist angle, camber position, maximum camber, and chord/radius ratio has been
studied. The interaction of these parameters is investigated using the Variance of Analysis
(ANOVA) approach. The Taguchi analysis showed that the most significant parameter
affecting hydrodynamic performance of the turbine is the twist angle and the least effective
parameter is chord/radius ratio. The ANOVA interaction analysis showed that the twist angle,
camber position and maximum camber have significant interaction with each other. The results
showed that the power coefficient (Cp) for the optimized VAT turbine is improved by 24%
compared to the baseline design. Analysis of the pressure coefficient (Qp) indicates that the
hydrodynamic performance of VAT turbine is sensitive to cambered blade. Moreover, the flow
separation in the optimized model is greatly reduced in comparison with the baseline model,
signifying that the twisted and cambered blade could be effective in normalizing the spraying
vortices over blades due to suppressing dynamic-stall. The findings of this research can provide
guidelines for optimization of vertical turbines.

Keywords: VAT Turbine, Optimization, Taguchi method, ANOVA, Orthogonal Arrays,

Hydrodynamic performance, CFD.

Nomenclature

VAT Vertical Axis Tidal K Quality loss factor

HAT Horizontal Axis Tidal Vi Target quality

S/N Signal to noise Ve Calculated response

H Blade height (m) n number of the observed response
D Length of blade chord (m) | Y Observed response

r Radius of turbine (m) Ym Average of the observed response
a Angle of attack (°) o Solidity ratio

Cp Power coefficient Nb Number of blades

Po Output power n Average of total mean S/N ratios
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0 Estimated S/N ratio
Interaction term

Effect of each factor
Pressure (Pa)
Freestream pressure (Pa)
Pressure coefficient
Variance

Tip speed ratio

Moment coefficient
Torque (N.m)

Density of water (kg/m®)
Blade area (m?)
Velocity of water (m/s)
Angular velocity (rad/s)
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1. Introduction

With the increasing interest and dependency on clean energies, the reliability and predictability
of the energy resources become essential. One of the most reliable and predictable sources of
renewable energy is tidal energy [1]. Tidal energy is estimated to have a global potential of 120
GW and could generate up to 150 TWh annually [2, 3]. Tidal turbines are used as sea-powered
convertors to produce electricity or desalinate saline water [4, 5]. Similar to wind turbines,
tidal turbines are divided into Vertical Axis Tidal (VAT) turbines and Horizontal Axis Tidal
(HAT) turbines [6]. HAT turbines consist of a radial axis rotor which is parallel to the inlet
water flow. With its drag or lift style blades, which are usually perpendicular to the rotational
axis, it can convert the kinetic energy of water to mechanical energy [7]. On the other hand, in
VAT turbines, the radial axis rotor is perpendicular to the inlet water flow and, similar to HAT
turbines, their blades can be either drag or lift style [8]. VAT turbines have advantages of
simple structure and independency to stream path in comparison to HAT turbines, and have
been commonly used in both small and medium scales [9]. According to Kumar et al. [10], the
number of published papers on optimization of tidal turbines is significantly less than wind
turbines (see Figure 1). Table 1 presents a review of the notable optimization procedures
conducted on VAT turbines in terms of optimization methods, objective functions, optimized
parameters, and results. As it can be seen in this table, there are different parameters that need
to be optimized for design, as well other parameters (e.g., roughness) that affect the
performance of VAT turbines during their operation [11]. A review of research on turbines

indicates that three parameters, namely twist angle [12], camber [13], and chord/radius ratio
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[14] could have significant effect on turbine performance. The impacts of these three
parameters on performance of VAT turbines have not been investigated in depth and their
combined effects are unknown thus far. In this research, the effects of these three parameters
on turbine performance are studied simultaneously. The Taguchi method is one of the powerful
optimization methods in product design. The method, also known as the Robust Design
method, significantly improves the performance and quality of engineering products [15]. The
basic concept of the Taguchi theory is to improve a product's quality by minimizing the number
of needed experiments without removing the parameters [16]. The Taguchi method offers
Orthogonal Arrays (OA) or matrix of experiments (as a mathematical tool) in order to
implement minimum experiments for providing wide range of variables to make better
decision. For constructing OA, equal-level or mixed-level pattern can be used depending on
the problem to be investigated. Mix-level Taguchi method provides a wider range of levels for
significant factors [17]. Moreover, the Taguchi method introduces the signal to noise (S/N)
ratio which can be used to calculate the quality of the output that is deviated from the desired
values. In other words, the S/N ratio is an indicator for measuring the quality and also
Orthogonal Arrays (OA) is to provide minimum design parameters concurrently [18]. The
target quality of output is a key factor in the Taguchi method and should be defined for every
application. The Taguchi method can be combined with numerical simulation (e.g.,
Computational Fluid Dynamic, CFD) models [19] in order to estimate optimized parameters.
In this work, the objective is to maximize the performance of a tidal turbine. The power
coefficient (Cp) which is an indicator of output, can be calculated from CFD simulations.
Recently, the Taguchi technique has been used for optimizing turbine parameters. In 2015,
Rao [20] optimized a Vertical Axis Wind (VAW) turbine by using the Taguchi method. In their
work, the impacts of wake revolution and tip loss were considered when calculating the

performance of the VAW turbine. They defined two different sets of parameters and levels,
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called inner and outer loops, and analyzed each one separately. They used a standard L7 (3'9)
OA for the inner loop and a standard L1, (2°) OA for each outer loop. In the design phase, the
performance of the turbine was maximized by focusing on blade size and twist angle as the
design parameters. The results showed an increase of 52.7% in the efficiency of the turbine.
Although they considered blade size, the effects of cambered airfoil was overlooked.

In 2018, Wang et al. [21] optimized the efficiency of VAW turbine by using CFD and Taguchi
technique. They considered amplitude, wavelength, and twist angle as the design parameters
and power coefficient (Cp) as the objective function. They used a standard L9 (3%) OA for the
Taguchi technique. Although, they improved the VAW turbine efficiency by 18% and provided
valuable information about using the Taguchi technique for optimizing turbines, there was a
significant gap in the selected levels for twist angle of blade, which has tremendous effect on
the performance of turbine.

Permanasari et al. [22] used the Taguchi method to optimize a water wheel turbine in 2019.
They considered flow rate, number of buckets, and blade size as design variables and a standard
L6 (4%) OA for the Taguchi method. The optimized parameters achieved 4% higher efficiency.
In their work, the effects of hydrofoil (i.e., the cross section of a blade of tidal or water turbine
which controls the hydrodynamic efficiency of a turbine for a specified flow environment) was
not considered [23]. Review of the literature indicates that the impacts of combinations of twist
angle, camber position, maximum camber, and chord/radius on performance of VAT turbines
has not been studied. Moreover, the greatest weakness of these turbines is the high price of
design and manufacturing. Traditionally, optimization of turbine efficiency is achieved by
running several numerical models of the turbine which could become time consuming and
expensive. In this work, an inexpensive method is developed and used to optimize a VAT
turbine in order to maximize its hydrodynamic performance. The combined effects of twist

angle, cambered blades, and solidity on performance of the VAT turbine is investigated. Using



109 the mixed-level modified Taguchi approach and comprehensive 3D CFD simulations, a new
110  set of optimized factors are identified and tested. The mean of the signal to noise (S/N) ratio is
111  used to analyse how the selected factors affect the hydrodynamic performance of the VAT
112 turbine, whilst ANOVA is used to evaluate the interaction of each factor with the others.
113 Moreover, the physics of flow around the optimized and baseline turbines is evaluated and

114  discussed.
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Figure 1. Publications on tidal turbines, optimization of tidal turbines, and optimization of
wind turbines [10].

116
117



118

119

120

121

122

123

124

125

126

127

128

129

130

Table 1. Research works on VAT turbine optimization
Researcher(s) Method Optimized | Functional Results
parameters | objectives
Yong et al. [24] | Genetic Chord/ Maximizing of the | Optimizing the
algorithm Radius power coefficient performance of
VAT turbine
about 20%
Alidadi [25] Sequential Duct Maximizing of the | Optimizing the
Quadratic power coefficient performance of
Programming VAT turbine
about 10%
Hwang et al. | Genetic Pitch Maximizing of the | Improving the
[26] algorithm angles power coefficient performance of
VAT turbine
about 25%
Mannion et al. | Blade element | Solidity Maximizing of the | Improving the
[27] momentum power coefficient performance of
theory VAT turbine
about 10%
Luo et al. [28] New Blade Maximizing of the | Improving the
mathematical deflection | power coefficient performance of
strategy ~ with | angle VAT turbine
regards to the about 8%
rate of energy

2. Initial design, CFD modelling and validation

Initial design parameters of a VAT turbine are listed in Table 2. The blade height, chord length,
and radius of the turbine are chosen as 0.4 m, 0.06 m, and 0.20 m respectively. In this section,
the twist angle is zero and the blades are completely straight, and the number of turbine blades
is three. For the hydrofoil, NACA 4-digit (XYZW) airfoils is chosen as they can be
parameterized and also this type of airfoil has been used frequently in previous works for tidal
turbines [29-32]. In this series, X is maximum camber, Y is camber position, and ZW is the
value of thickness. Among the NACA 4-digit series airfoils [33] symmetric NACAQ0015 is
selected. The basic terminology of an airfoil (or hydrofoil) is shown in Figure 2. The effect of
a hydrofoil on the performance of the turbine depends on four parameters, chord length, blade
thickness, camber position, and maximum camber.

7



131

132 Table 2. Initial parameters of VAT Turbine

133 Blade height (H) 0.4m

134 Chord length (D) 0.06 m

135 Radius of the turbine (r) 0.2m

136 Type of baseline hydrofoil NACA 0015
137 Twist angle 0°

138 Number of blades 3

139

140

angle of attack

aj\

Flow .
leading edge

chord line
_camber line

upper surface

max. thickness
max. camber  lower surface

141 trailing edge

142 Figure 2. Basic hydrofoil terminology [34].

143

144  Figure 3 illustrates the general configuration of the straight-blade VAT turbine (baseline case)
145  submerged in horizontal water flow. The inlet velocity is considered 1.0 m/s.
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Figure 3. Schematic of the baseline VAT turbine.
Figure 4 summarises the computational domain and boundary conditions. Optimization of this
domain is extremely important in order to decrease the time needed for computational runs and
to provide sufficient space for suitable meshing. The computational domain is considered as a
cubic domain of 1.5m*2.5m*7.0m for CFD modelling [35]. An unstructured mesh is built
around the blades, whilst the rest of the domain is discretized using a structured mesh. A finer
mesh is considered around the VAT turbine blade (Figure 5). A mesh sensitivity test is
performed with 9 different grids for convergence analysis to find the optimal mesh size. The
number of cells is increased consistently from 524,329 to 2,097,316, whilst the y+
(dimensionless wall distance) is 1 in all the tested grids. Considering that the torque of the
turbine is not constant, the average output torque is used to measure the mean torque coefficient

(Cy). The value of C; for each of the 9 cases is determined using Eqs. 1 & 2 [36]. The results
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show that the relative standard deviation (RSD) of C: for 1,048,658 cells is around 0.98 %. As
in CFD analysis the computational cost increases rapidly with the number of cells, 1,048,658
cells is selected for the rest of the CFD simulations of the baseline model. A similar approach
is used for all CFD tests in this paper.

A 3D transient and sliding mesh model is developed, using the ANSYS Fluent 19 software, for
CFD analysis of the VAT turbine. The turbulence model of the Shear Stress Transport (SST)
k-0 and the PISO (Pressure Implicit with Splitting of Operator) algorithm (coupling of the

velocity and pressure equations) are adopted for the CFD simulation [37].

Walls - Pressur

Stationary domain

Rotating domain

Figure 4. Computational domain and boundary conditions.
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Figure 5. Intensive mesh around the blades.
One of the most common ways for validating CFD model for simulation of turbines is based
on the power coefficient (Cp) (which is an indicator of the performance of turbines) and tip
speed ratio (1) (which is defined as the ratio of the water velocity to the velocity at the turbine
blade tips) [38]. The baseline VAT turbine was fabricated by a 3D printer in the Engineering
Department of the University of Exeter according to the selected dimensions (Table 2). An
experimental model is developed to validate the CFD model. Figure 6 shows the fabricated
turbine that is submerged in a large flume. For measuring the power coefficient (Cp) according
to Eq. 3, the power output (Po) of the baseline turbine is measured using an energy meter, a
resistance panel, and a small electromotor. The energy meter's sensitivity for voltage and
current is £0.5%. Moreover, different tip speed ratios (1) are provided by changing the water
velocity based on Eq. 2. An Acoustic Doppler Velocimeter (ADV) is used to monitor the

current stream patterns in the channel.”
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Figure 7 shows the variations of Cp with A for both the numerical and experimental results,
calculated using Egs. 1-3 [39]. The power coefficient (Cp) of vertical turbines can be calculated

by following equations:

T

Ce = 0.5pSU3 (1)
_or
=2 2
P, _
Cp = 0.50SU° ACe (3)

where Ct: the moment coefficient, T: the torque; p: the density of water; S: the blade area; A:
the tip speed ratio, U: the velocity of water; w: the angular velocity of turbine; r: the radius of

turbine’s hub; Po: output power.

Figure 6. Experimental set up in a large flume at the Hydraulic Laboratory.

It can be seen from Figure 7 that, in general, the CFD results are in good agreement with the
experimental results. However, there is some difference between CFD and experimental
values. The main reason for this difference is that the CFD simulations assume rigid body
geometries which overlook turbine blade hydroelastic behaviour [40, 41]. Vibration and

deformation can adversely influence the performance of the turbines. In reality, the blades of
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the tidal turbine bend due to the pressure of the edge. The deformation of the turbine blades
changes the angle of attack, which alters the pressure between the blade's low- and high-
pressure sides. This results in reduction in turbine's output power. Accordingly, the difference
between Cp values in the CFD and experimental analyses is less than 13% (with A=1.25 which
is used in all tests in this paper). However, the results indicate that this error is much greater at
high tip speed ratios which can emphasize that the effects are higher at high speeds.

A review of previous research on turbines indicates that Cp : 4 curves for all turbines have a
peak point; i.e., the power coefficient increases with increasing 4 up to a point beyond which,
further increase in A leads to reduction in Cp. For wind turbines, the maximum amount of power
coefficient is limited to 16/27 (~0.59) according to the Betz Limit [42]. The maximum power

coefficient of the baseline model is computed numerically as 0.16 at a tip speed ratio of 1.2.
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Figure 7. Comparison of CFD and experimental results for validation of the bassline case
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3. Optimal design
3.1. Taguchi method
The Taguchi method provides an inexpensive and efficient way to find optimized geometry of
devices by minimum number of experiments [43]. The process of identifying the optimal
parameters can be summarized into seven steps [44]. The block diagram of the whole process

is illustrated in Figure 8.

1. Determination of 2. Selection of the )
objective function factors and levels 3. Construction of an
J = =P appropriate OA
7. Superposition - 6. ANOVA 3. ?;aéZﬁling - 4. CFD
model analysis - regu Its simulation

Figure 8. Block diagram of the process optimization.

Step 1: Determination of the objective function

To calculate the output of the VAT turbine and determine the objective function, a Quality
Loss (QL) function (Eq. 4) is determined to measure a parameter's deviation from its target
quality (the maximum amount that can be obtained) [45].

OL =K(V-V,)’ @)
where K: the quality loss factor; Ve: the calculated response; V. the target quality.

The QL function can estimate quality loss in a meaningful way [46]. In the current study,
maximum power coefficient (Cp) is as the quality target. Vennell [47] states that the power

coefficient of tidal turbines can exceed the Cp of wind turbines. Accordingly in this research,
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the maximum C, is considered as 16/27 (corresponding to wind turbine) based on the Betz
Limit which is a safe assumption [42].

The Taguchi method uses a signal to noise (S/N) ratio to measure the output volatility of the
chosen variables as the optimization objective [48]. In the Taguchi technique, the S/N ratio for

each category of products can be determined as follows [49]:

Larger — the — better: S/N, 5 = —10log %2?:1(},% (5)
Nominal — the — better: S/Nyrg = 10 log Z—’Z (6)
Smaller — the — better: S/Ngr5 = —10 log %Z?zl(Yi)z (7)

where Y: the observed response; Ym: the mean of the observed responses; S% the variance; n:
the number of the observed responses.

The Quality Loss function belongs to the “smaller — the — better” type problem class. In this
study “small” refers to “QL function”. The QL function can generally be converted into an
S/N ratio (Eq. 8) to measure the quality of a product [45].

S/Nspp = —101log(V, — V;)? 8)
As it can be seen from Eqg. 8, the margin between maximum and optimum responses must be
as small as possible for maximising the S/N ratio. Maximizing Ve is equivalent to minimising
quality loss in Eq. 8 which makes the noise sensitivity minimum [50]. Therefore, by replacing

maximum power coefficient and target quality, the objective function can be defined as:

S/N = —101log(C, — 16/27)2 (9)

Step 2: Selection of the factors and levels
According to the parameter design tests, an optimal set of parameter response is defined as one

that produces an inexpensive design while maintaining sufficient quality variation.
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Determining the optimal amount of each factor can be achieved by choosing the factor levels
with the maximum S/N ratio. In the Taguchi method, the goal is to find the optimum
combination of controlling factors. In this study, four standard factors which have significant
effects on the hydrodynamic performance of vertical turbines [51-56] are chosen, including
twist angle (A), camber position (B), maximum camber (C), and chord/radius ratio (D).

The twist angle aims to minimize flow separation, making a positive lift at zero angle of attack
() to allow self-start in ideal wind or water conditions. It also improves the performance of
the turbine by increasing the blade's effective area [57]. As the selected VAT turbine has three
blades, the total twist angle of experiments can be increased up to 120°. 6 levels have been
selected for the twist angle, including, 20°, 40°, 60°, 80°, 100°, 120°.

The camber position in the NACA family of airfoils can be varied from 0% to 90%. For
investigating this factor, 70%, 45%, and 20% have been selected as levels of camber position
(B). Moreover, the maximum camber in NACA airfoils can vary from 0 to 9.5%. There levels
of 2.5%, 5.0%, and 7.5% are chosen for this factor. In the current study the thickness of
hydrofoil is considered as constant.

Solidity ratio is among the most important factors that influence the efficiency of vertical tidal
turbines [58]. Solidity ratio is defined as the ratio of the swept area to total blade area of turbine
[59]. As the highest power coefficient (Cp) can be dependent on solidity ratio [60], this ratio is
chosen to be optimized.

The solidity ratio can be determined as [61]:

5 = oD (10)

2r

where o: the solidity ratio; Np: the number of blades; D: the length of blade chord; r: the radius
of turbine.
Since the number of the blades of the turbine is considered as three, a chord/radius ratio is

considered to be optimized as a representative of the solidity ratio. Because, the solidity should
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not exceed 0.5 as the proximity of the blades degrades the turbine output [62], chord/radius
ratios of 0.1, 0.2, and 0.3 are selected for this factor. All the above mentioned factors and their

levels are summarized in Table 3.

Table 3. Determined factors and levels

Levels 1 2 3 4 5 6
A: Twist angle 20° 40° 60° 80° 100° 120°
Levels 1 2 3

B: Camber 0.70 0.45 0.20
position

C: Maximum 0.025 0.050 0.075
camber

D: Chord/radius 0.10 0.20 0.30

Step 3: Construction of an appropriate Orthogonal Array (OA)

In the Taguchi approach, only a certain number of experiments is needed to test according to
the orthogonal array (OA) rather than all feasible models. Generally, the selected optimization
approach needs a parameter matrix with a variety of levels that the parametric differences can
be analyzed. The minimum number of tests that is required in the Taguchi method can be
determined based on degrees of freedom (DOF) [63]. The OA is adjusted in the experimental
design to test one factor at 6 levels and 3 factors at 3 levels. The possible OA for the total
number of selected parameters and levels is Lig (6**3%) (mixed-level orthogonal array) which
is constructed as shown in Table 4. Accordingly, based on the constructed orthogonal array,
instead of 162 cases, 18 cases will be analysed to achieve maximum hydrodynamic
performance of the turbine determined by the four factors, namely twist angle (6 levels),

camber position (3 levels), maximum camber (3 levels), and chord/ radius ratio (3 levels).
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Table 4. L5 (6!*3%) Orthogonal array (OA)

No. A B C D
Run 1 1 1 1 1
Run 2 1 2 2 2
Run 3 1 3 3 3
Run 4 2 1 1 2
Run 5 2 2 2 3
Run 6 2 3 3 1
Run 7 3 1 2 1
Run 8 3 2 3 2
Run 9 3 3 1 3
Run 10 4 1 3 3
Run 11 4 2 1 1
Run 12 4 3 2 2
Run 13 5 1 2 3
Run 14 5 2 3 1
Run 15 5 3 1 2
Run 16 6 1 3 2
Run 17 6 2 1 3
Run 18 6 3 2 1

Step 4: CFD simulation

In this section, 18 different models (see Figure 9), according to the dimensions listed in Table
3 and the constructed OA (Table 4), are designed using SOLIDWORKS 2017 and simulated
by ANSYS Fluent 2019 software in order to quantify the hydrodynamic performance of the
turbines. The moment coefficients (Ct) for a single revolution at 1=1.25 for the baseline case
and other 18 cases are calculated using Eq. 1 and the results are presented in Figure 10.
Moreover, the power coefficients (Cp) are calculated using Eq. 3 and the results are presented
in Table 5. From the results, it can be seen that the twist angle has an important effect on the
output of the VAT turbine. The highest average moment coefficient (Ct) and power coefficient
(Cp) correspond to case 12 which are 0.134 and 0.202 respectively. The value of C, (0.202)
obtained for case 12 is 21% higher than the C; (0.16) for the baseline case which was calculated

in section 2.
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Figure 9. All turbine designs according to the Lig Orthogonal array (OA).
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Figure 10. Variations in moment coefficient for single revolution, form 0° to 360° at water
velocity of 1.0 m/s and 1=1.25.

Step 5: Analyzing Taguchi results

The S/N ratios of 18 different cases are calculated using Eg. 9 and the results are presented in
Table 5. According to Eg. 9, the maximum S/N ratio occurs at the maximum power coefficient.
The maximum S/N ratio is 8.232 which corresponds to case 12. In the next step, the Taguchi
method is used to determine the order of impact and the optimal combination of the parameters
to be selected for the design. The mean S/N ratios for parametric design are calculated using
Eg. 9 and Table 5. For instance, the mean S/N ratio of Ag is calculated from the average values
of three level 6 factors [(7.001 + 6.238 + 6.714)/3 = 6.651] . Similarly, the S/N ratios are
calculated for the rest of the factors with deferent levels and the results are plotted in Figure
11. The results show that the combination of A4, B3, C2, and D2 results in the maximum output.
To find the order of the effect of each factor, a parameter (&) is defined, which is the difference
between the maximum and minimum responses of each factor. The values of this parameter

for factors A, B, C, and D are 0.863, 0.136, 0.151, and 0.684 respectively. This implies that
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351  factor A, which is twist angle, is the most significant factor among the 4 tested factors, affecting
352  the hydrodynamic performance of the turbine. Moreover, factors B (camber position) and C

353  (maximum camber) have the least impact on the output power of the turbine.

354
355
Table 5. Lig Orthogonal array (OA)
No. Twist Camber Maximum Chord/ Cp SIN
angle position camber Radius
Run 1 20° 0.70 0.025 0.10 0.148 7.099
Run 2 20° 0.45 0.050 0.20 0.169 7.522
Run 3 20° 0.20 0.075 0.30 0.160 7.338
Run 4 40° 0.70 0.025 0.20 0.172 7.584
Run 5 40° 0.45 0.050 0.30 0.143 7.001
Run 6 40° 0.20 0.075 0.10 0.148 7.099
Run 7 60° 0.70 0.050 0.10 0.147 7.079
Run 8 60° 0.45 0.075 0.20 0.192 8.011
Run 9 60° 0.20 0.025 0.30 0.155 7.238
Run 10 80° 0.70 0.075 0.30 0.132 6.790
Run 11 80° 0.45 0.025 0.10 0.169 7.522
Run 12 80° 0.20 0.050 0.20 0.202 8.232
Run 13 100° 0.70 0.050 0.30 0.142 6.982
Run 14 100° 0.45 0.075 0.10 0.146 7.060
Run 15 100° 0.20 0.025 0.20 0.140 6.943
Run 16 120° 0.70 0.075 0.20 0.143 7.001
Run 17 120° 0.45 0.025 0.30 0.102 6.238
Run 18 120° 0.20 0.050 0.10 0.128 6.714
Baseline 0° N/A N/A 0.30 0.159 N/A
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Step 6: Assessing the interactions between turbine parameters

Interactions between the turbine parameters are crucial and they should be considered in order
to make the experiments and their analysis meaningful [21]. To evaluate the interaction of the
turbine parameters, the two-way Analysis of Variance (ANOVA) technique is used for the S/N
ratios. The ANOVA technique can be used to provide a measure of reliability. Instead of
analysing the data directly, this method determines the data variability and analyses the mean
difference in quality of experiments conducted [64, 65]. ANOVA interaction plot can be used
to visualize the relationship between the factors [66, 67]. Figure 12 illustrates three different
possible scenarios comprising two three-level factors according to the tested responses. In
parallel trends, either interaction does not occur or is negligible while in non-parallel ones, the
interaction between factors occurs and it must be considered [68]. In this analysis, the
interaction of each two factors is calculated according to the S/N ratios listed in Table 5 and
plotted in Figure 13. The mean S/N ratio interaction graphs illustrate that the major impacts on
the responses is due to the interaction of twist angle (A) with other factors. The parallel patterns
in the lines of interaction between D and other factors clearly indicate negligible interaction

and therefore in the following section A*D, B*D, and C*D will not be applied.
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A
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2
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—
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g B:
L
= Bio
g /
As A As ’

Levels
Figure 12. Interaction plot in three different possible scenarios.
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380  Step 7: Superposition model, considering the effects of interaction
381  Superposition model can be used to estimate all possible responses (S/N ratios) outside of
382  orthogonal array (OA). According to Phadke [45], superposition model for the four factors,

383  assuming that the amount of error is negligible, can be defines as:

384 TIO(Ai; Bj, Ck;Dl) =n+Mau—n+ (TIBj - TI) + (e —m) + (pr — 1) (11)
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where 1°: the estimated S/N ratio; n: the average of total mean S/N ratios; n4;, Ngj, Nck Noi: the
S/N ratios with the factors A, B, C, and D at levels i, j, k, and | respectively.

The superposition equation should be updated to contain the interaction of factors by adding
extra terms in order to provide the impacts of relationship between any two variables.
Accordingly, additional term of A and B is determined as follows:

U*(Ai» Bj) = (nAiBj - 77) —Mai—m) — (UBj -n) (12)
where n*: the interaction term; n;;: the average of total mean S/N ratios including both Aj
and B;.

This approach can be used for other interactions (A*B, A*C, and B*C) and by adding the
interaction terms to the superposition equation, the modified superposition equation for

calculating 162 (6*3*3*3) possible cases can be written as follows:

(4B, Cr 1) = 1 + (Mai =m) + (g5 = 1) + (e = 1) + (pr =M + (Maisj — 1) =
ai =m = (155 = 1) + Oaicr =1 = Oai =1 = Ccre = 1) + (Mewsj = 1) = Mk —
n) — (TIBj - 77) = —(Ma) — (7731') — (Mer) + (pr) + (TYAiBj) + (Maick) + (UCkBj)

(13)
To solve Eq. 13, a program is written in MATLAB and by using the data in Table 5, the total
possible S/N ratios for 162 cases are calculated and the results are presented in Table 6.
The results in Table 6 show that, the case 104 provides the maximum signal to noise ratio
(9.456) in the combination of A4, Bs, C2, and D> that is considerably greater than the optimal
case (case 12) with the combination of As4, Bs, Cs, and Dz, calculated by 18 cases in the Taguchi

orthogonal array.
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410

411

Table 6. Estimated S/N ratios for all possible combinations

No.| A| B| C| D | Estimated | No. | A| B| C| D | Estimated | No. | A| B | C | D | Estimated
S/N ratio S/N ratio S/N ratio

1 1 1 1 1 7.123 55 3 1 1 1 7.119 109 | 5 1 1 1 7.174
2 1 1 1 2 7.576 56 3 1 1 2 7.572 110 | 5 1 1 2 7.628
3 1 1 1 3 6.958 57 3 1 1 3 6.955 111 | 5 1 1 3 7.01
4 1 1 2 1 7.084 58 3 1 2 1 6.498 112 | 5 1 2 1 6.751
5 1 1 2 2 7.537 59 3 1 2 2 6.952 113 | 5 1 2 2 7.204
6 1 1 2 3 6.919 60 3 1 2 3 6.334 114 | 5 1 2 3 6.587
7 1 1 3 1 6.803 61 3 1 3 1 7.333 115 | 5 1 3 1 6.733
8 1 1 3 2 7.257 62 3 1 3 2 7.787 116 | 5 1 3 2 7.186
9 111]3]|3 6.639 63 3]11|3]3 7.169 117 | 5 (1| 3 | 3 6.568
10 1 2 1 1 6.948 64 3 2 1 1 7.452 118 | 5 2 1 1 6.655
11 1 2 1 2 7.401 65 3 2 1 2 7.906 119 | 5 2 1 2 7.108
12 11213 6.784 66 3|12 |13 7.288 120 5 (2|13 6.49
13 1 2 2 1 7.602 67 3 2 2 1 7.524 121 | 5 2 2 1 6.924
14 1122 1|2 8.055 68 31222 7.978 122 |5 (2|2 |2 7.377
15 1 2 2 3 7.437 69 3 2 2 3 7.36 123 | 5 2 2 3 6.759
16 1 2 3 1 7.73 70 3 2 3 1 8.768 124 | 5 2 3 1 7.314
17 1 2 3 2 8.183 71 3 2 3 2 9.221 125 | 5 2 3 2 7.767
18 112]3]|3 7.565 72 312|313 8.604 126 | 5 (2|3 | 3 7.149
19 1 3 1 1 6.939 73 3 3 1 1 6.855 127 | 5 3 1 1 6.713
20 1 3 1 2 7.392 74 3 3 1 2 7.308 128 | 5 3 1 2 7.166
21 13|13 6.775 75 313|113 6.69 129 | 5 (3|1 3 6.549
22 113|211 7.594 76 31321 6.928 130 5 (3|2 |1 6.983
23 1 3 2 2 8.047 77 3 3 2 2 7.381 131 | 5 3 2 2 7.437
24 113|213 7.43 78 313|213 6.764 132 | 53|23 6.819
25 13|31 7.194 79 313|131 7.643 133 5 (3|3 |1 6.846
26 13|32 7.648 80 3|13 |32 8.097 134 | 5 (3|3 | 2 7.299
27 1]13]3]|3 7.03 81 313 |3]3 7.479 135 5(3]3 |3 6.681
28 2 1 1 1 8.185 82 4 1 1 1 7.042 136 | 6 1 1 1 6.833
29 2 1 1 2 8.638 83 4 1 1 2 7.495 137 | 6 1 1 2 7.286
30 2 1 1 3 8.021 84 4 1 1 3 6.877 138 | 6 1 1 3 6.668
31 2 1 2 1 7.14 85 4 1 2 1 7.289 139 | 6 1 2 1 6.847
32 2 1 2 2 7.593 86 4 1 2 2 7.743 140 | 6 1 2 2 7.3
33 2 1 2 3 6.975 87 4 1 2 3 7.125 141 | 6 1 2 3 6.682
34 2 1 3 1 7.141 88 4 1 3 1 5.751 142 | 6 1 3 1 7.037
35 2 1 3 2 7.594 89 4 1 3 2 6.204 143 | 6 1 3 2 7.49
36 211|313 6.977 90 4 111]3]|3 5.587 144 | 6 | 1 | 3| 3 6.873
37 2 2 1 1 7.004 91 4 2 1 1 7.176 145 | 6 2 1 1 5.472
38 2 2 1 2 7.457 92 4 2 1 2 7.63 146 | 6 2 1 2 5.925
39 2 2 1 3 6.84 93 4 2 1 3 7.012 147 | 6 2 1 3 5.307
40 2 2 2 1 6.651 94 4 2 2 1 8.116 148 | 6 2 2 1 6.178
41 2 2 2 2 7.105 95 4 2 2 2 8.57 149 | 6 2 2 2 6.632
42 2 2 2 3 6.487 96 4 2 2 3 7.952 150 | 6 2 2 3 6.014
43 2 2 3 1 7.061 97 4 2 3 1 6.987 151 | 6 2 3 1 6.777
44 2 2 3 2 7.515 98 4 2 3 2 7.44 152 | 6 2 3 2 7.231
45 2 2 3 3 6.897 99 4 2 3 3 6.822 153 | 6 2 3 3 6.613
46 2 3 1 1 7.277 100 | 4 3 1 1 8.061 154 | 6 3 1 1 6.123
47 2 3 1 2 7.73 101 | 4 3 1 2 8.515 155 | 6 3 1 2 6.576
48 2 3 1 3 7.113 102 | 4 3 1 3 7.897 156 | 6 3 1 3 5.959
49 2 (13|21 6.925 1034|321 9.003 157 6 | 3|2 |1 6.831
50 2 3 2 2 7.379 104 | 4 3 2 2 9.456 158 | 6 3 2 2 7.284
51 21323 6.761 1054|323 8.838 159 | 6 | 3|2 | 3 6.666
52 2 3 3 1 6.807 106 | 4 3 3 1 7.345 160 | 6 3 3 1 6.902
53 2 3 3 2 7.261 107 | 4 3 3 2 7.798 161 | 6 3 3 2 7.355
54 213|133 6.643 08| 4 | 3|3 | 3 7.18 162 | 6 | 3 | 3 | 3 6.737
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4. Fluid physics of the baseline and optimized VAT turbines

A new turbine is designed based on the obtained optimized dimensions in the previous section.
Figure 13 shows a comparison of the new design and the baseline case design. The new design
is simulated numerically, as described in section 2, and by using Eq. 3 and the data obtained
from the CFD model, the power coefficient (Cp) is calculated as 0.210, which is 24% higher
than the baseline case. Moreover, the optimized model reduces the required material by 57%

compared with the baseline model, indicating that the new model is more economical.

A
\

a
Figure 14. (a) Baseline and (b) optimized configurations.

Although the updated superposition in the Taguchi approach enables to determine the optimal
configuration of the VAT turbine to gain a significant increase in hydrodynamic output, the
fundamental fluid dynamics of this development still remains unknown. The pressure
coefficient (Qp) and the moment coefficient (C) around a single blade (leading blade) are
calculated using the CFD data and the results show that the optimized turbine produces a

promising improvement in power output.
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The variations of moment coefficient (C;) with azimuthal angle for the baseline and optimized
models at A= 1.25 are calculated and the results are presented in Figure 15. The results show
that in the first half rotation, a significant part of positive moment contributions is located in
the region between 40 ° and 180° and this is a very general characteristic demonstrated in
several previous research [69, 70]. Although the maximum (Cy) in some parts of the graph (40-
100°) of the baseline model is higher than that in the optimized model, however the
combination of the cambered-blade and twisted model has advantages when the whole region

is considered.

@ o Baseline model
Optimized model

315 7~

2701

Figure 15. Moment coefficient (Ct) versus azimuthal angle (0-360 degree) for a single blade

of the baseline and optimized models at 1 = 1.25.

Since the efficiency of a VAT turbine is quite sensitive to the particular shape used for the
hydrofoil [71], a qualitative assessment for the pressure coefficient for the baseline (symmetric)
and cambered hydrofoils is performed to obtain a deeper understanding of this impact. The
pressure coefficient over a hydrofoil can be determined by the pressure and stream properties

as follows [72]:
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Q, = PP (14)

"~ 0.5pSU2

where Qp: the pressure coefficient; P: the pressure; Pi: the freestream pressure.
Figure 16 demonstrates the distribution of the pressure coefficient (Qp) over leading blade for
the baseline and optimized models at 2 = 1.25 with the corresponding length of the chord. Qp
IS negative at the bottom (lower surface) of hydrofoil and positive on its top (upper surface),
and the hydrofoil's lift is heading upward. The suction peak is described as the highest suction
value across the airfoil's bottom surface [73]. The suction peak of Q, for the cambered hydrofoil
is greater than the baseline hydrofoil. Moreover, the margin (the difference between suction
and pressure levels) of Qpat the cambered hydrofoil is much greater than the symmetric

hydrofoil, indicating a greater lifting force in the cambered hydrofoil.

1

Baseline hydrofoil

—_ Optimized hydrofoil
& 025
N
+—
5 d 0.2 0.4 0.6 0.8 4
. —
Q 05
=
[ P]
=]
Q
L 1.25
5
175}
&%
]
=
~ 2

-2.75

X position
Figure 16. Pressure coefficient (Qp) distribution for baseline and optimized hydrofoils at

azimuthal angle: 45°.

One of the fluid dynamics phenomena which can be used to compare and analyse the baseline
and optimized turbines is dynamic-stall. To visualize the flow around the turbine, vorticity
contours at 4 azimuthal angles and 3 planes (1, I, and 111) are plotted using CFD-Post ANYS

2019 (Figure 17). To analyse the performance of the turbine, a blade is indicated as IB (see
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Figure 17) so that azimuthal angle could be measured. The azimuthal angle for the baseline
model is shown with the location of the indicated blade (IB) illustrated in the contours and this
angle for the optimized model is defined and measured in plane Il. Examining the vorticity
contour plots indicates that the stream separation in the optimized model is greatly reduced compared
to the baseline model, suggesting that the twisted and cambered blade will be effective in regulating the
spraying vortices over blades by suppressing dynamic-stall. According to Figure 17, in the baseline
model, dynamic-stall on the turbine blade increases as the angle of attack increases by turbine rotation.
Significant stream separation is seen at azimuthal angle of 45° and this is expanded until azimuthal
angle of 90°. On the other hand, the optimized turbine which takes advantage of twisted and cambered
blades, can suppress dynamic-stall by interacting with water in a different angle of attack at each
azimuthal angle. In the baseline model, which has straight-blades, the turbine interacts with water with
constant angle of attack; however, twisted blades interact with water with different angles of attack at
different points on the blade. To illustrate this effect, in Figure 17 all contours are plotted in three
different planes. For instance, at azimuthal angle of 45° (plane I) of the optimized model, the separation
is almost negligible in comparison with the same plane for the baseline model. This can be explained
by considering the moment coefficient (C;) and pressure coefficient (Qp) curves of both turbines.
According to Figure 15, the average moment coefficient of the optimized turbine is 30% higher than
the baseline one from azimuthal angles of 45° to 90°. Moreover, based on Figure 16, the torque that the
positive cambered blade generates is consistently higher than the torque produced by the symmetric
blade (baseline) due to greater lifting force. In addition, the wake (the span labelled W™ in Figure
17) generated by the baseline model stretches to a large region of the turbine blade, while for
the optimized turbine it is a smaller region. The maximum region of wake for the baseline
model is between 45°to 90°. In all contours plots displayed in the 4 azimuthal angles, the span

of produced wake in the baseline model is more than the optimized one, which results in

decrease in kinetic energy and in effect, lowers the performance of the turbine.
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Figure 17. Vorticity distribution for the baseline and optimized models on 3 different
planes.
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5. Conclusion

In this research, a mixed-level Taguchi approach and comprehensive CFD simulations were

employed to optimize the main parametric factors that affect the hydrodynamic performance

of a VAT turbine. The following conclusions can be drawn from the results presented in this
paper:

(1) The highest average moment coefficient (Ct) and power coefficient (Cp) correspond to case
12 which are 0.134 and 0.202 respectively. The value of C, (0.202) obtained for case 12 is
21% higher than the baseline case (0.16). The S/N ratios of the 18 different cases were
calculated. The maximum S/N ratio occurred at the maximum power coefficient. The
maximum S/N ratio is 8.232 which corresponds to case 12.

(2) The results of the Taguchi method show that the combination of As, B3, C», and D2 results
in the maximum output. The values of & for factors A, B, C, and D are 0.863, 0.136, 0.151,
and 0.684 respectively. This implies that twist angle is the most significant factor among
the 4 tested factors, affecting the hydrodynamic performance of the turbine.

(3) Superposition method was used to estimate all possible responses (S/N ratios) outside
orthogonal array (OA). The results of the superposition method showed that case 104 has
the highest S/N ratio which is higher than the optimal design obtained by the Taguchi
method (case 12). The value of S/N ratio for case 104 is 13% higher than case 12.

(4) The power coefficient (Cp) of the optimized turbine was calculated as 0.210, which is 24%
higher than the baseline case. In addition, the optimized model reduced the required
material by 57% compared with the baseline model, indicating that the new model is more
economical. Moreover, the size of the wake generated in the baseline model was greater
than the optimized model, resulting in a decrease in kinetic energy and a reduction in

turbine output.
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In this paper, the effects of vibration and deformation of turbine blades have not been
considered. The interaction between water and structure and turbine frame is another factor
that was not taken into consideration. Moreover, the blade roughness which is caused by
erosion or/and dogged marine animals, affects the hydrodynamic performance and can be
considered as a factor in the Taguchi method and its individual impacts as well as combination
with other factors can be investigated.
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