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Abstract

The purpose of this research was to investigate the power and thrust coefficients of a horizontal axis tidal stream
turbine (HATST) with different blade geometries, including twist angles, blade numbers, and section profiles.
The RANS equations and Star-CCM+ commercial software were used to numerically analyze these variables.
Furthermore, the turbulence model used in this study is a Realisable k-¢ turbulent model. Nine different models
were defined by changing the twist angle, thickness, camber, and blade numbers. The results are presented, and
the power and thrust coefficients are compared against TSR for each of the nine different models. The pressure
distribution and flow velocity contour are also presented and discussed.

Introduction

The combustion of fossil fuels is responsible for
the emission of harmful greenhouse gases, and mov-
ing towards renewable energies is a major issue pres-
ently affecting mankind. Seas and oceans have many
types of energy sources, including kinetic, wind, and
thermal energy, and the prediction of marine cur-
rent energy is easier than other renewable energy
sources, such as wind and solar. Additionally, tidal
energy is the best option for use because of its high
energy potential, low noise, and low environmental
pollution (Nachtane et al., 2018; Segura, Morales
& Somolinos, 2018). These advantages have moti-
vated the further study of the design and hydrody-
namic performance prediction of this type of turbine
(Dreyer, Polis & Jenkins, 2017).

The first man-made tidal turbines were a type of
vertical-axis turbines, but as the industry advanced,
horizontal-axis turbines were introduced (Johnson,
Jansujwicz & Zydlewski, 2013; Kerr et al., 2014).
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Since these turbines operate on a lifting force basis,
they are more efficient and have caused a decrease
in the use of vertical-axis turbines over time. Major
studies on tidal energy have been devoted to hori-
zontal-axis turbines because the construction of
large-sized vertical-axis turbines is very difficult,
and they cannot generate electricity on a large scale
(Ruano-Chamorro, Castilla & Gelcich, 2018).

Computational fluid dynamics is characterized
by high computational costs and provides fairly
accurate information from the flow around a turbine
blade (Nicolas-Pérez et al., 2017). For this reason,
computational fluid dynamics are used to study com-
plex flows around turbines.

The first research on the development and vali-
dation of a numerical method for analyzing tidal tur-
bines and obtaining its hydrodynamic characteristics
was performed by Bahaj et al. (Bahaj et al., 2007).
In this report, an experiment was conducted in a cav-
itation tunnel on a 0.8 m-diameter HACT model, and
the power coefficient was investigated for different
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pitch angles and flow velocities. The results showed
that the best performance of a HACT occurred in
the TSR range of 5 to 7, and the proper choice of
a TSR prevented the creation of destructive cavita-
tion, and these experimental and numerical data are
used by other researchers. A numerical model based
on Blade Element Momentum Theory was expanded
by Batten et al. (Batten et al., 2007; 2008), which
included a combination of blade rotating effects
where three-bladed geometrical and physical vari-
ables were used as the model inputs. In this study,
the Bahaj experimental model was used to vali-
date the results, and the numerical results obtained
were in good agreement with experimental results.
Xu (Xu, 2010) applied the vortex lattice method
(VLM), the boundary element method (BEM), and
the RANS solver to the horizontal axis marine cur-
rent turbine (HAMCT). Shi et al. used ANSYS-CFX
software to determine the hydrodynamic charac-
teristics of a three-bladed tidal turbine with a flow
separation effect on the turbine performance (Shi et
al., 2013). Gunawan (Gunawan, 2014) conducted
a numerical analysis of a three-blade tidal turbine
using computational fluid dynamics. This simulation
used the RANS method and k-¢ turbulent model in
Star-CCM+ software. After comparing numerical
results with experimental data, it was found that
the calculated numerical results were highly accu-
rate (Gunawan, 2014). Zhang et al. (Zhang, Wang
& Sheng, 2015) conducted a study on a floating tidal
turbine where they used a two-bladed floating tur-
bine with a diameter of 12 m and flow velocity of
1.7 m/s. For this research, ANSYS CFX software
was used, and the angular velocity and different fre-
quencies were used to predict the amount of torque
and thrust.

Noruzi et al. (Noruzi, Vahidzadeh & Riasi, 2015)
conducted a study of the design, analysis, and per-
formance of the hydrokinetic properties of hori-
zontal marine current axial turbines, considering
the depth of the turbine installation. To model the
high amplitude of wave ocean waves, they used lin-
ear wave theory for gravity waves. The simulation
results demonstrated that as the installation depth of
HAMCT from the free surface increased, the shaft
loads and power coefficient of the turbine experi-
enced fluctuations. A study on the simulation of hor-
izontal-axis tidal stream turbines under free-surface
flow conditions was conducted by Yan et al. The
rotor diameter used in their study was 0.8 m, and
their simulation was validated for uniform flow cas-
es. Their simulations were able to obtain the effects
of the free-surface flow on the rotor hydrodynamic
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loading without previous experimental work. To
demonstrate the versatility of the approach, addition-
al computations were performed where the HATST
was exposed to more realistic Airy wave action, and
the results showed that optimal turbine performance
occurs at the minimum immersion depth (Yan et al.,
2017).

Seo et al. (Seo et al., 2016) conducted an exper-
imental study of a 100-kW horizontal axis tidal
stream turbine to investigate the momentum balance
with respect to the energy transformation mecha-
nism. Due to the high density of seawater, consider-
able thrust and torsional loadings are applied to tidal
turbine blades. Tampier et al. (Tampier, Troncoso
& Zilic, 2017) presented a new method to assess the
interaction effects in a diffuser-augmented hydroki-
netic turbine (DAHT) under the conditions present-
ed in the generalized actuator disc theory. They used
the computational fluid dynamics method to opti-
mize the turbine performance, thrust, and average
flow velocity from three modes that included a bare
turbine, a bare diffuser, and a diffuser-augment-
ed turbine. The analysis of the results showed the
importance of considering rotor-diffuser interactions
for the design of diffuser-augmented devices. Addi-
tionally, it was revealed that these interaction effects
are just as relevant as the bare diffuser and the bare
turbine characteristics.

Ren et al. (Ren et al., 2017) performed studies
on three tidal turbine models with different wing-
lets to increase the conversion energy efficiency. In
their study, they used three different types of wing-
lets, including trapezoid, triangle, and blended types
on the tip of the blade. Finally, they compared the
torque coefficient, pressure coefficient, pressure
distribution, and the tip vortex in all three modes.
The results showed that at the optimal TSR, the pro-
posed tidal turbines improved the energy conver-
sion efficiency. Among these three modes, the trian-
gular winglet turbine showed the best performance
because it reduced the severity of the tip vortex and
improved the energy conversion efficiency in all
TSRs. The power coefficient and thrust coefficient
increased by 4.34% and 3.97% in the optimal TSR,
respectively.

Rahimian et al. (Rahimian, Walker & Penesis,
2017) assessed the ability of different numerical
methods to predict the performance of two-bladed
turbine performance to finally select the best method
after comparing the results. In their study, they used
two meshing methods of moving reference frame
(MRF) and sliding mesh. According to their results,
the data obtained from the sliding mesh method was
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closer to the actual turbine performance, and the
MRF method provided reasonable results while also
saving significant computational time.

Ebrahimi and Ghassemi carried out a numerical
analysis of another turbine namely, an Archimedes
screw wind turbine (ASWT) (Ebrahimi & Ghas-
semi, 2018). Recently, Ghassemi et al. presented the
hydrodynamic performance of the horizontal axis
tidal stream turbine (HATST) using the RANS solver
and also investigated the effect of the blade geome-
tries of the HATST (Abbasi, Ghassemi & Molyneux,
2018; Ghassemi, Ghafari & Homayoun, 2018).

The performance tests of three different horizon-
tal axis wind turbine (HAWT) blade shapes were
investigated both experimentally and numerically
by Hsiao et al. (Hsiao, Bai & Chong, 2013). In their
work, three blades with a NACA4418 section were
selected. Their work is followed by this paper, which
investigates the effect of blade profiles, blade num-
bers, and blade twist angles on the power and thrust
performance.

HATST geometry and different models

The first step in turbine 3D modeling is to use
the HATST, and the main dimensions of the parent

Figure 1. 3D model of HATSTs

Zeszyty Naukowe Akademii Morskiej w Szczecinie 57 (129)

Table 1. Main dimensions of the parent HATST (m-1)

Parameters Values
Diameter 0.72 [m]
Number of blades 3
Flow speed 2 [m/s]
Design tip speed ratio 5
Blade section type NACA4418

Table 2. Profile sections of the HATST with NACA4418

Sections  #/R Chord length [m] Twist angle [deg]

1 0.17 0.096 25.92
2 0.26 0.085 17.56
3 0.35 0.072 12.20
4 0.44 0.061 8.61
5 0.54 0.053 6.08
6 0.63 0.046 4.21
7 0.72 0.041 2.78
8 0.81 0.036 1.65
9 0.91 0.033 0.75
10 1.00 0.030 0.00

turbine are shown in Table 1. To construct a 3D mod-
el of a horizontal axis turbine, the details of blade
section profiles (chord length and twist angle) at each
radius in Table 2 were used. The parent blade section
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is NACA4418. The experimental data obtained by

Hsiao et al. are available in the reference (Hsiao, Bai

& Chong, 2013). According to the available details,

CATIA software was used for turbine 3D modeling,

and 3D models of the HATST are shown in Figure 1.
Other models were defined by increasing and

decreasing the blade number, twist angle, thickness,

and camber from the parent model, the means model

m-1. From this parent model, various models were

obtained as follows:

* Model m-2: (the same as m-1, except the blade
number is 2);

* Model m-3: (the same as m-1, except the blade
number is 4);

* Model m-4: (the same as m-1, except the twist
angle is decreased by 20%);

* Model m-5: (the same as m-1, except the twist
angle is increased by 20%);

* Model m-6: (the same as m-1, except the camber
ratio is 2%), means NACA2418;

* Model m-7: (the same as m-1, except the camber
ratio is 6%), means NACA6418;

* Model m-8: (the same as m-1, except the thick-
ness ratio is 12%), means NACA4412;

* Model m-9: (the same as m-1, except the thick-
ness ratio is 25%), means NACA4425.

Computational method
Mathematical Formulation

The most commonly-used turbulence models are
two-equation models, in which there is an appropri-
ate equilibrium between the computational cost and
the accuracy of the results, and these models are an
excellent choice. One of the well-known models of
turbulent flows in computational fluid dynamics prob-
lems that is known as a standard model with high per-
formance, is the k-¢ model which is a two-equation
model with a high accuracy, low computational cost,
and good stability. The k-& model consists of three
sub-models, and the Realisable k-¢ model is used in
Star-CCM+ commercial software. The parts of the
usage of this model can be referred to as free streams,
boundary layer currents, and rotational flows.

By time-averaging the momentum survival
equation, a new term is added due to a non-linear
displacement term that is known as the Reynolds
stress, and the purpose of various RANS models
is to approximate this term. It is worth noting that
the fundamental problem in the simulation of tur-
bulent flow by the RANS equations is the lack of
equations relative to equation unknowns. Therefore,
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a number of equations equal to the number of equa-
tion unknowns should be added.

The governing equations of fluid flow include the
continuity and Navier-Stokes equations. By apply-
ing Reynolds averaging, RANS equations will be
obtained:

0 0

T )= W
opu. o _
o )=

oP 0 0
:_a_xi-'_gj(r’j_p”i“j)*'gi (2)

puju’; represents the Reynolds stresses. Based on
turbulent viscosity theory that provides relationship
between Reynolds stress terms and velocity gradi-
ents, Equation (2) will be as follows:
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A two-equation k-¢ model is used to model turbu-
lent flow, in which & represents the turbulent kinetic
energy of flow, and ¢ is the dissipation rate of energy.
In this model, eddy viscosity (5) is related to the vis-
cous kinetic energy and dissipation rate:
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solving the following transport equations:
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where: C,1, Cx, and oy are constant values, and py
is the turbulence generation due to viscous forces.
The VOF model is used to simulate complex defor-
mations at the air-water interface. In this case, the
following transport equation is solved to calculate
the volume fraction of water-to-air at each time
step.

oa - _
E+V-(au)=0 (8)
where:
0 cell inside air
a=41 cell inside water

O0<a <1 cell on the free surface

In this model, the effective density and viscosi-
ty in each computational cell are used to solve the
Navier-Stokes equations, which are calculated from
the following equations:

Per =& Py + (1 —0[) Pwater (9)
Ve = a Vair + (1 - a) Viwater (10)

where the subscripts 1 and 2 represent water and air,
respectively.

The hydrodynamic characteristics of the horizon-
tal axis tidal stream turbine can be defined using the
power coefficient (CP), thrust coefficient (CT), and
tip speed ratio (TSR). These equations are defined
as follows:

TSRzR—;) (11)
P o 7 12
Spmn
T
T 05p 7 RV (13)

where:
R — turbine radius, w — angular velocity, V' — stream
flow velocity, O — torque, T — thrust, p — water
density.

Computational domain

The first step in the simulation of an engineer-
ing problem is physical modeling. In fact, the phys-
ical model of a problem is a simple geometry of
a real problem by applying the forces and condi-
tions imposed on it. The computational domain in
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numerical simulations is defined as a region of space
in which the fluid flow equations are solved. When
problems have complex geometries and are com-
prised of different parts, the dimensions of the com-
putational domain of the problem must be selected
correctly. In problems where computational domain
dimensions are incorrectly selected, non-physical
phenomena will occur, and the resultant numerical
error may increase.

To obtain more accurate results in this research,
two regions were used to simulate the flow around
the HATST such that the two regions are modeled
by large and small cylinders. The small cylinder is
modeled to simulate the rotational flow around the
HATST, and its diameter is 1.2 D. A large cylinder is
also modeled to simulate the stationary flow around
the HATST at its diameter, its length at the upstream
of the HATST, and its length in the downstream of
the HATST, which are 5D, 3D, and 6D, respectively
in Figure 2.

Chutlet

Gl

in

5D \\

Inlet

Svmmetry

Figure 2. Boundary conditions and Computational domain
around the m-1

Boundary conditions

In any problem, there should be appropriate
information at the boundaries of the computation-
al domain. This information includes the values of
variables, their derivatives, or a combination of both.
To apply boundary conditions, their position must be
known because using an incorrect boundary condi-
tion will directly affect the numerical solution. In this
study, four boundary conditions are used, including
velocity inlet, pressure outlet, non-slip condition,
and symmetry plane (Figure 2).

Mesh generation

In the present study, a polyhedral unstructured
mesh is used for the computational domain meshing,
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and this research is conducted based on the Mov-
ing Reference Frame (MRF) method. To consolidate
the mesh and reduce error, a conformal mesh was
used for the two-region interface. The grid around
the turbine and the rotational flow region are finer
than the other parts to accurately calculate the veloc-
ity change at the boundary layer on the blade. By
approaching the boundaries of the computational
region, the mesh becomes larger. For this reason,
the y" value should be considered appropriate, so in
this study, the y" value is 30. As the mesh becomes
smaller, the numerical method error decreases, and
computing time increases sharply. To independently
test the results of the mesh and achieve a suitable
precision, five mesh sizes were used to calculate the
power coefficient (CP) in TSR 4. Figure 3 shows the
mesh generation around the m-1.

Figure 3. Mesh generated around the m-1

The accuracy of the results increases with
a smaller computational grid but eventually increas-
es the computational costs. As can be seen in the fig-
ure, as the number of meshes increases, no change
in the results will be achieved, therefore, to save on
computational costs, 1625978 meshes were used.
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Figure 4. Mesh independency for m-1 at TSR=4
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Figure 4 shows the effect of mesh size on CP of m-1
at TSR = 4.

Results and discussion

Comparing the results with experimental data is
done to determine the accuracy and validity of the
numerical results. Figure 5 shows the comparison
between the numerical results of the m-1 and the
experimental data (Hsiao, Bai & Chong, 2013) at
various TSRs. According to the graph, the accuracy
of the numerical results is very high at low TSRs,
but at high TSRs, the resultant error is also high. The
highest error value occurs within the TSR = 7 range.

@® HATST No. 1-EXP

0.45
P,
L 4

0.35

® HATST No. 1-CFD

CP

0.30

25 30 35 40 45 50 55 60 65 70 75
TSR

Figure 5. Comparison of power coefficient of m-1

In this research, the optimum power coefficient
value and optimum TSR is 0.4094 and 4, respective-
ly. Another important result is that the best perfor-
mance of the m-1 occurs in the TSR range of 3.5 to 6
because in this range, the power coefficient is higher
than 0.35. After comparing and verifying the numer-
ical and experimental results of m-1, its results are
compared with other HATSTs.

The power coefficient is shown in Figure 6 for
all nine models. This figure shows that the perfor-
mance of m-2 is better than the other turbines at
high TSRs, and its power coefficient at TSR = 7 is
18.83% higher than the main turbine. Furthermore,
the power coefficient of m-3 is higher than others at
lower TSRs. For example, TSR = 3 is 13.04% higher

=M-1 o M-2 2= M-3 == M-4 —M-5 - M-6 — M-7 .. M-8 —m-9
0.45

0.40
0.35
0.30

CP

0.25

0.20

0.15
25 30 35 4.0 45 5.0 55 6.0 65 70 75

TSR

Figure 6. Power coefficient of all nine models
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than the main turbine. In conjunction with m-4, it
can be said that it isn’t efficient, and its performance
is weaker than the other turbines. The best efficiency
of m-4 occurs at TSR = 4, which is 0.37. However,
of all the TSRs, the m-5 has better performance com-
pared to all other turbines because its power coeffi-
cient in most TSRs is higher than other turbines. For
this reason, the geometry of m-5 is optimal.

The main characteristics of a blade’s geometry
are its twisted angle, thickness, and camber, and an
increase in the camber of the blade increases its effi-
ciency. The m-6 and m-7 models demonstrate the
camber effects. The power coefficient of m-6 at the
TSR of 3 is 3.78% lower than m-1, but at the TSR
of 7, it is 10.07% higher than m-1. Furthermore, at
apower coefficient of m-7, the increase in the camber
in the blade sections at TSRs of 3 and 3.5 is 1.83%
and 1.03% higher than m-1, respectively. However,
at the TSRs of 6 and 7, it is 15.79% and 31.93% less
than m-1, respectively. In this case, it can be con-
cluded that by increasing the camber, the turbine per-
formance is not improved, and a small improvement
is seen only at low velocities. The power coefficient
of m-8 at the TSR of 3 is 21.66% lower than m-1,
but at the TSRs of 5, 6, and 7, it is 1.19%, 3.01%,
and 2.93% higher than m-1, respectively. As can be
seen from the results, by reducing the thickness of
the section, the turbine efficiency is improved at mid
and high TSRs. The optimum performance of m-9
is at the TSR = 4.5, and the power coefficient at this
TSR is 0.372, which is about 8.35% less than m-1.

Velocity: Magnitude (m/s)

Figure 9. Flow velocity contour around the HATSTs at TSR =5
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However, at all TSRs, the performance of the m-9
was weaker than the other turbines, which means
that the airfoil thickness is increased in this case;
only the cost of building a turbine and its size, mass,
and volume will increase.

Figure 7 shows the thrust coefficient of the HAT-
STs at all TSRs. The results show that increasing the
TSR, causes an increase in the thrust coefficient of
all turbines. Figure 8 and Figure 9 show the velocity
contour around the HATSTs at TSR = 5. The image
on the left indicates the upstream and downstream
flow velocities, as well as the wake current behind

= M-1 <o M-2 == M-3 == M-4 == M-5 2= M-6 === M-7 ~- M-8 ==m-9
1.30
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CP

Figure 7. Thrust coefficient of all nine models
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Figure 8. Flow velocity contour around the m-1 at TSR =5

Velocity: Magnitude (m/s)
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Pressure (Pa)

Figure 10. Pressure distribution on the m-1 at TSR=5

HATST, and the right image indicates the rotational
flow around the HATST.

The pressure distribution on the m-1 blades is
shown in Figure 10. The upper image shows the neg-
ative pressure distribution on the suction side, and
the lower image shows the positive pressure distri-
bution on the pressure side.

To influence the pressure distribution on the HAT-
ST blades, the pressure coefficient for /R = 0.26 and
r/R = 0.91 is shown. Section /R = 0.26 is close to
the root, and the /R = 0.91 section is near the tip.
Figures 11 and 12 show the pressure coefficients for
two different HATST radii at the TSR = 5.

: « /R=0.26 m-1
- + 1/R=0.91

i
e
= Y S ST

-
L] o g
i

2 H P
-4 o
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. .
-
-
-
R L
- '.“
_-Fl
™
-12
0 0.2 0.4 0.6 0.8 1
X/C

Figure 11. Comparisons of pressure coefficient distribution
of m-1 at TSR=5

The pressure coefficient can also be calculated
from the following equation:
_P-P,

ref
0.5p V7 (19

pressure

18

where P is the local hydrostatic pressure, and Prer
is the reference hydrostatic pressure.

Conclusions

This paper presents the power and thrust coeffi-
cients of different HATST models calculated using
the STAR-CCM+ software. The results of model
m-1 are compared with experimental data and are
shown to be in good agreement. Then, when using
different blade numbers, twist angles, and profile
sections with the other eight models, the following
conclusions were obtained:

* Theresults show that the two-bladed HATST (m-2)
has a better performance than the other HATSTs
at high TSRs. The four-bladed HATST (m-3) per-
forms better at the low TSRs, which means that
increasing the number of HATST blades is benefi-
cial to its performance at low velocities.

 The efficiency of the m-4 model (where the twist
angle is decreased 20% relative to m-1) was great-
ly reduced, while the m-5 model (where the twist
angle is increased 20% relative to m-1) reached
a maximum efficiency.

* The performance of the m-6 is good, and m-9 had
the weakest performance among the other mod-
els. In addition, at the low TSR, the operation of
m-7 is good, but at the high TSR its operation was
lower than the other ones.
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Figure 12. Comparisons of pressure coefficient distribution of HATSTs at TSR =5
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