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Abstract:

Nowadays there is an increase in the demand on renewable energy due to the
limitations of the other non-renewable sources. Using the kinetic energy of a
flowing water is becoming a great alternative for energy harvesting. Darrieus
turbine performance depends on many parameters such as the tip speed ratio,
solidity and blade geometry. In the present research, great attention was given for
the feasibility of using the blades profiles NACA0021 and S1046 with Darrieus
hydro turbine for the Nile River. Unsteady Reynolds Averaged Naiver-Stokes
Equation (URANS) with realizable k-e¢ turbulence model and enhanced wall
treatment was used to simulate the unsteady turbulent flow through the turbine. The
finite volume CFD code Fluent was utilized as a solver. The results show that
NACAO0021 is more efficient to use under the typical operating conditions of the
Nile River compared to the S1046 blade profile.
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Nomenclature:

A cross section area of turbine in flow stream (m?)
C chord length of blade (m)
Cp Power coefficient
Cr Torque coefficient
D diameter of the rotor (m)
F, Drag (N)
F, Lift (N)
Fy Normal force (N)
Fr Tangential force (N)
H Height of rotor
N Number of blades of the turbine
= Power (W)
T Torque (N m)
Wi Blade relative velocity (m/s)
A Free-stream velocity (m/s)
Y+ Non-dimensional wall distance
o Blade's azimuth position (°)
e Turbulent dissipation ( m2.s~3)
Y Tip-speed ratio
0 Fluid density ( kg.m™3)
NACA National Advisory Committee for Aeronautics
URANS Unsteady Reynolds Averaged Naiver-Stokes Equation
VAWT Vertical Axis Wind Turbine
VAT Vertical Axis Turbine

Introduction

At the present time renewable energy is considered a global trend for power
generation due to the lack of fossil fuel and the need to protect the environment.
One of the renewable energy resources that have been used for many years is the
hydro power. This power can be converted into mechanical energy using hydro
turbines. Among the different turbine designs, the H-rotor Darrieus turbine can be
used to extract energy from the low velocity water streams. This turbine was

invented in 1931 by Georges Jean Marie Darrieus and it is typically known as an air
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turbine. Its working principle is based on extracting energy from a flowing fluid
through a vertical axis turbine (VAT) [1]. In the beginning of 1970-1980, Canada
and the United States provided great attention in building many prototypes of the
Darrieus turbine which proved its efficiency [2]. The development of modern
vertical axis wind turbines (VAWT) requires investigations of the optimum design
parameters and performance prediction before fabrication [3]. Castelli et al [4]
experimentally and numerically studied the performance of a micro Darrieus turbine
in a wind tunnel. Almohammadi et al [5] introduced three alternative methods for
mesh independence test in order to understand the convergence behavior of the
turbine’s numerical simulation. Mohamed et al. [6] numerically examined 25
different airfoils to define the best blade profile for a Darrieus VAWT. Shih et al.
[7] numerically investigated the effect of the pitch angle on the Darrieus turbine
performance using the realizable k-¢ turbulence model. Meanwhile, Menter [8]
simulated the turbine performance using the transitional SST K-o turbulence model.
Du and Wu [9] reported that the realizable k-& turbulence model gives good results
in simulating the unsteady aerodynamic performance of wind turbines.
Investigations for using the straight blade hydro turbine started by Fraenkel, and
Musgrove in 1979 [10], and Hilton in 1982 [10]. The application of Darrieus turbine
for converting the energy of third world countries rivers was introduced by Hilton
[10]. Khan et al. [11] presented a detailed overview for various hydrokinetic rotors
with fluid dynamic performance. They focused on the main design characteristics
for straight bladed Darrieus turbine using the stream tube modeling. Gretton et al.
[12] examined the variation of the hydrodynamic performance of vertical axis
turbine with tip speed ratio for a number of configurations. They showed the
advantages of the variable pitch operation while limiting the angle of attack. In
recent years, great attention was given for Darrieus straight blade hydro turbine.
Prabhu et al. [13] built a simple single stream tube model to predict the coefficient
of performance for Darrieus hydro turbine rotor. Stream tube models are momentum
models based on Glauert’s blade element theory [14]. It cannot predict the
performance at all tip speed ratios and cannot be used for high rotor solidities. Lain
and Osorio [15] presented unsteady flow simulation for the flow across a vertical
axis turbine. They demonstrated that the computational fluid dynamics (CFD)
models can effectively predict the hydrodynamic performance of turbines.
Fleisinger et al. [16] implemented a flow-driven approach in CFD simulation, where
the turbine rotation is governed by the standstill stream velocity. Gorle et al. [17]
investigated the flow and performance of H-Darrieus hydro turbine in a confined
flow simulation using the k-o turbulence model.

The objective of the present work is to simulate a hydro VAT for the operating
condition of the Nile River in Egypt. This is because a Darrieus turbine was proven
to generate 5 kW in the Kurushima Straits of Japan where the maximum speed of
the tidal current exceeds 5 m/s Fig. 1 [19]. The Nile River is the longest river in the
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world, which gives great attention for use of this hydropower in power generation
applications. The use of small-scale hydro turbines in places having high water
currents will help in providing electricity in a simple and clean way, especially for
remote areas on the Nile River.

~—0.3m -+

@1.6m— \ /

Fig. 1 Kurushima Darrieus turbine in Japan [19]

Numerical Model

Navier-Stokes equations have been used for more than a century ago to simulate the
fluid flow in different applications. A CFD simulation of the Darrieus turbine is
complicated due to the high time-dependency nature of the flow around the airfoil.
Accordingly, great attention must be given to check the full numerical simulation
procedure. Moreover, the results must be validated by comparison with available
test data. Consequently, the present numerically investigated Darrieus turbine has
the same dimensions tested by Castelli [20]. The turbine’s main geometrical
parameters are given in Table 1. The turbine was investigated under the same test
conditions of Raciti Castelli where the wind speed is constant at 9 m/s and the
turbine solidity is o = 0.25.

The turbine solidity (o) is defined as,
Nc

o= — (1)
D
Where N is the number of blades, c is the chord length and D is the diameter of the

turbine rotor.
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Table 1 Geometric parameters of the investigated turbine:

Parameter Values used
Chord length (C) 0.0858 m
Number of 3

blades(N) 0.515m
Rotor radius (R) 0.25
Solidity (o)

VAT straight bladed Darrieus type is one of the most famous VAWT among the
different turbine designs. It can be used with either air or water. Despite the
simplicity of the Darrieus straight bladed design, it permits the occurrence of high
unsteady turbulent flow. It’s shown from velocity triangle on blades at different
azimuth angle Fig. 2, that the resultant velocity was generated from combination of
both free stream velocity V, and tangential velocity which equal to wR.

Vo

Fig. 2 Forces and velocities on Darrieus rotor

The turbine tip speed ratio (1) which is the ratio between tangential velocity and
free stream velocity expressed by,

r=2 )
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There is a relation between the azimuth angle 8, the angle of attack o and the speed
ratio A from the velocity triangle shown in Fig. 2, this relation is as follows:

— sin@
x = tan 1(/1+0059) (3)
The fluid flow over the airfoil will generate a lift force F, and a drag force Fp.
These forces can be resolved to get the tangential force F, and axial force F) as
shown in Fig. 2. The tangential force is responsible for the torque and power
generated from the Darrieus turbine. For a Darrieus rotor with a height H, and
incoming fluid velocityV,, the turbine power and torque coefficients can be
expressed by:

T

Cr = YT (4)
P
6= T (5)

The simulation of the turbine performance requires a spatial discretization of the
computational domain by generating a mesh. The mesh generation was performed
on Pointwise software using a high-quality discretization hybrid mesh of both
structured and unstructured meshes as shown in Fig. 3. The structured mesh was
placed around the blades where the critical flow phenomena will take place. The
unstructured mesh was used for the rest of the computational domain to reduce the
computation time while maintaining the accuracy of the results Fig. 4 shows more
details of the mesh configuration.

Fluent used as a solver with 2nd order upwind characteristics for all parameters,
through transient sliding mesh model that runs 7 complete revolutions. Obtained
results from the last two revolutions. For time step analysis test, it was performed by
decreasing time step per degree of rotation. Power coefficient relative variation
resulted was below 2% for using 1 degree of rotation/ time step, also this time step
was used to minimize simulation time while sustaining all the results independent
on the mesh size.

10000 mm 14000 mm

4000 mm

Fig. 3 Whole domain mesh around the VAWT
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Fig. 4 Mesh around the rotor (left) and structure mesh around the blades (right)

Different stages of enhancements were applied to the mesh in order to ensure that
the non-dimensional wall distance Y* < 1 in all simulated cases first cell height was
0.00019998. Despite that, the CFD results may deviate from the experimental
results due to many other reasons (e.g., the mesh size). Accordingly, the numerical
results should be validated by comparing the simulation results with the available
experimental results. Validation of the present model was assured by performing
two tests; namely mesh and time independence tests. After performing the two tests,
the numerical results were compared to the experimental results published before
[4]. The mesh size independence test was performed by regularly increasing the 2D
mesh quality and density from 100000 to 250000. The results of the mesh size have
a relative variation of the power coefficient is below 1% when using a mesh size
above 200000 cells Fig. 5. Accordingly, a mesh size range of 220000 to 230000
cells was used in the present work to minimize the simulation time while
maintaining all results independent of the mesh size.
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Fig. 5 Mesh independence test
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The Realizable k-g turbulence model was used to simulate the viscous fluid flow
through the turbine. This model uses a new transport equation for the turbulent
dissipation rate and it expresses the turbulence properties as a function of the mean
flow rather than being constant as in the standard model. This allows for additional
constraints on the normal stress and gives better simulation results for the swirling
flow which involves separation [6]. The present numerical model was validated by
comparison with the published experimental results of Castelli et al. [4] and

numerical results of Mohamed et al. [6] for the H-rotor Darrieus turbine
NACAO0021 blade profile as shown in Fig. 6.
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Fig. 6 Performance H-rotor Darrieus turbine using different A

Results and Discussion

Investigations were the geometry for the NACAOQ0021 and S1046 blade profiles
using 2D simulation. Fig. 7 shows the investigated blade profiles. The free stream
velocity data taken from the National Water Research Center where the Nile water
average velocity over the year after Assuit Barrage equals 1.1 m/s [21]. The two
blades were simulated under the same circumstances to monitor the changes in
different aspects (pressure, velocity and turbulent intensity). The main concern
while using the CFD was monitoring the behavior with reducing the Reynolds
number to capture the stall phenomena. The laminar boundary layer is relatively

very sensitive to pressure gradients. Accordingly, the realizable k-¢ turbulence
model was used.
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Fig. 7 Blade profiles comparison

The results obtained from the CFD show that the S1046 blade profile has a lower
pressure on the suction side compared to the NACA0021 as shown in Fig. 8. This
means higher velocity and Reynolds number on the suction side of the NACA0021
as shown in Fig. 9. Meanwhile, the turbulent intensity is comparable for both
profiles in Fig. 10. The higher Reynolds number on the suction side of the
NACAO0021 is crucial for the turbine performance near stall. This is because higher
Reynolds number means less stall on the suction side of the NACA0021 compared
to the S1046 blade profile.
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Fig. 8 Pressure profile on the NACAQ0021 (left) and S1046 (right)
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Fig. 9 Velocity profile on the NACAQ0021 (left) and S1046 (right)
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Fig. 10 Turbulent Intensity profile on the NACAQ0021 (left) and S1046 (right)

Investigating of the performance over different tip speed ratios shows that both
profiles have the same power coefficient at a tip speed ratio equals 2.8 as shown in
Fig. 11. The NACA 0021 have better results at lower tip speed ratios over the
S1046 due to its higher local Reynolds number on the blade suction side.
Accordingly, the blade profile NACAO0021 is better at part load performance while
S1046 is better at working on design point and free, so its recommended to use
NACAO0021 with a hydro Darrieus turbine in the Nile River. This is because the
investigated free stream velocity of 1.1 m/s [21] represents the maximum attainable
water velocity and the water velocity will be lower than that for other periods of the
year.
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Fig. 11 Performance curve using NACAQ0021 and S1046 profile

The relation between the torque coefficient and flow time for a tip speed ratio
equals 2.6 as it has the highest power coefficient is shown in Fig. 12. The maximum
torque coefficient is higher for the S1046 blade profile. However, its minimum
torque coefficient is also lower than that the NACAO0021 blade profile.
Consequently, the averages torque coefficient of the NACAQ0021 blade profile is
lower than that of the S1046 at tip speed ratio equals 2.6.
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Fig. 12 Variation of the torque coefficient for the S1046 and NACA0021 blade
profilesat A = 2.6
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Conclusions and future works

The low speed Darrieus hydro turbine is one feasible solution to overcome the
problem of lack of electric power supply in remote area. A great attention is
necessary to be given for renewable hydropower energy and its effect on power
development. Therefore, this study focuses on covering a new method for
introducing regular H-Darrieus wind turbine in water application.

The current study includes 2D simulation investigation over the H-Darrieus to
predict the power output resulted from the NACA0021 and S1046 blade profiles.
The dependent solution was reached after many refinements trials to ensure more
realistic prediction for the gained results. The present numerical results show that
the NACAO0021 is more feasible for use under the typical operating conditions of
the Nile River compared to the S1046 blade profile.

Its recommended for future work to perform proper experimental and numerical
simulation for a 3D turbine model.
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