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KEYWORDS Abstract Small-scale horizontal axis wind turbines (SSHAWT) have recently gained more interest
Small-scale HAWT; due to fuel shortages and environmental issues. Generally, they are installed close to the ground in
Experimental tests; the wind boundary layer, where the velocity is relatively small. This study aims to evaluate the per-
CFD simulations; formance of a commercial SSHAWT and to modify rotor design based on wind velocity in the field.
Wind The experimental measurements are performed to examine a commercial 1.5 m radius rotor of 1 kW

SSHAWT, which was designed at a rated velocity of about 8 m/s. The CFD calculations are per-
formed as well to understand flow characteristics and to verify the experimental measurements.
In the experimental procedure, the test of the wind turbine with a permanent magnet synchronous
generator showed that at a wind velocity of 5 and 6 m/s, the highest generated power is 163.9 and
306 W corresponding to power coefficients of 0.255 and 0.28 when AC voltage of the generator is
24.4 and 37.76 V, the DC voltage after rectified 22 and 34 V, and the load current 7.45 and 9 A,
respectively. Then the available wind velocity was measured in the field, and the average velocity
was 4 m/s. Therefore, a more appropriate rotor is designed based on field velocity. The CFD cal-
culations are used to test the new rotor. The results clarify that for the new rotor, the maximum

blade’s power coefficient is enhanced by more than 60 % compared to the commercial rotor.
© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
4.0/).

1. Introduction

Wind power generation is the fastest-growing energy technol-
ogy among different renewable energy sources. Wind turbine
systems are classified into two types based on the outward
appearance of their blades: horizontal-axis wind turbines
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Nomenclature
A Amperes Re Reynolds number
c Airfoil chord (m) r Blade radius at rotor plane (m)
D Drag coefficient v Free stream velocity of wind (m/s)
G Lift coefficient of an airfoil |4 Airfoil relative wind velocity (m/s)
Cy Drag coefficient of an airfoil A% Dimensionless wind velocity
Cp Local power coefficient o Angle of attack (°)
Cprar Maximum power coefficient p Air density (kg/m?)
Cp,, Mechanical power coefficient w Angular velocity (S7")
Cp, Electrical power coefficient B Pitch angle (°)
L Drag coefficient Iy Tip velocity ratio of rotor
R Radius of wind turbine rotor (m)

(HAWT) and vertical-axis wind turbines (VAWT). Because
HAWT blades always sweep towards the wind, they collect
more wind energy than VAWT blades. The HAWT can be
widely used in commercial large-scale electric power genera-
tion and in addition to small-scale power generation purposes.

In wind farms, the large-scale horizontal axis wind turbines
(LSHAWTS) are installed in large numbers due to the avail-
ability of the wasted space and are exploited in the link to
the electric grid. These LSHAWTs usually operate at relatively
high wind velocity, reaching more than 10 m/s [1]. Neverthe-
less, these velocities are not easy to be achieved in the residen-
tial areas due to the surrounding areas and the wind boundary
layer. These topographies significantly influence the character-
istics of wind in which wind shear is increased by higher den-
sely populated areas, which requires more energy. So, the
studies on the LSHAWT with blades in the range from 30 to
40 m long are performed at the high elevation range from 60
to 80 m, and it is achievable in the tower [2]. The design of
these devices is operated depending on the data from the site,
which is often provided in the wind Atlas and includes wind

(2)

Fig. 1

velocity beyond the ground’s boundary layer at levels of
roughly 50 m [3]. As a result, LSHAWTSs are unsuited for
use in residential regions. So, in residential areas, the attention
is focused on domestic small-scale horizontal axis wind tur-
bines (SSHAWTSs) than LSHAWTs. These SSHAWTSs are
commonly available on the market with rotor diameters rang-

Table 1 The main specifications of the Foshan Ouyad factory
S-rotor wind turbine.
Parameter Value Parameter Value
Generator model FD3.0- Blade material Fiberglass
1000 (quantity) 3)
Rated power (W) 1000 Rated wind velocity 8
(m/s)
Cut-in wind 3 Rated rotating 350
velocity (m/s) speed (rpm)
AC Voltage (V) 48 Current (A) 12
The shutter completly
open

The shutter completly
closed

(b)

(a) The open grid fans. (b) The shutter mechanism.
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Fig. 2

ing from 3 m to 10 m [4]. Also, These SSHAWTSs can be uti-
lized to generate electricity in urban areas where the electric
grid is unavailable. So, the interest in increasing the generated
power from the SSHAWT becomes more significant.

The SSHAWT is permanently installed near the ground,
where the wind velocity is variable based on the surrounding
area. Also, the rated velocity for the full scale of domestic
SSHAWT is still high compared to the velocities that can be
captured from the residential and urban areas for all places,
as in this work and Pagnini et al. [5]. So, the researchers aim
to expand the use of the SSHAWT in the commercial and res-
idential areas by redesigning the SSHAWT with suitable air-
foils and increasing its performance.

Giguere and Selig [6] recommended the benefits of using
four airfoils on the aerodynamic performance of the SSHAWT
with a 1 — 5 kW power range. The airfoils were SG6040 airfoil
at the root till 30 % of the blade, and SG6041, SG6042, and
SG6043 were distributed along the rest of the blade. By using
these airfoils, researchers have attempted to design SSHAWT
via various approaches. Gupta et al. [7] performed theoreti-
cally the aerodynamic performance for two different rotors
of SSHAWT, which has a 2.6 m diameter using Blade element

momentum theory (BEMT). Thereafter, the results were vali-
dated using computational fluid dynamics (CFD) calculation.
The results obtained by CFD are almost identical to those
obtained by the theoretical one, and the SG-rotor had the best
performance. Also, Aung et al. [8] investigated numerically the
aerodynamic performance of two different wind turbine rotors
at Re of 5 x 10°. Also, it was reported that the SG6043 is the
best blade in low wind velocity areas. Furthermore, Karthike-
yan and Suthakar [9] used XFoil software to investigate the
aerodynamic characteristics of different airfoils at low Re.
The result showed that the SG airfoils gave the maximum lift
to drag ratio at the small range of angle of attack (o). Also,
Nath and Bhattacharjee [10] used BEM and experimental tech-
niques to compare the performance analysis of several types of
airfoils using a rotor diameter of 1.2 m at low Re. The study
was carried out using four different airfoils, namely; SG6043,
SG6042, NACA4415, and NACA4420. It was found that the
SG6043 airfoil gives the maximum lift to drag coefficient equal
to 176 at o of 2° and Re of 200000. Moreover, Moussa [11]
investigates experimentally and numerically the performance
of a HAWT at a wind speed ranging between 2 and 6 m/s.
Experiments were conducted outdoors, while numerical simu-
lations were performed using computational fluid dynamics
with SST k-omega turbulence model. The generated electrical
power was computed using the current and voltage measure-
ments, accounting for cable losses and the inverter’s efficiency.
According to both the experiment and numerical results, a tip
speed ratio of 5.39 gives a maximum power coefficient of 0.24.
Furthermore, the numerical results demonstrate that the tur-
bulence intensity increases considerably concerning the tip
speed ratio as the tip speed ratio increases. Accordingly, the
turbine rotor rotation speed affects the pressure discontinuities
generated. Moreover, Experiment results demonstrate good
agreement with empirical and numerical models of the power
coefficient evolution with a maximum error of around 5 %.

Also, the composite airfoils showed the highly effective per-
formance of the SSHAWT at low wind speeds. So, Mwanyika
et al. [12] examined the effect of using composite airfoil
SSHAWT in low wind speed applications for a standalone sys-
tem. The BEM theory was utilized to create the five rotor
blades, and then the rotor was modeled using SolidWorks soft-
ware. SG6042 and SG6043 were the composite airfoils used.
CFD was also used to evaluate the best rotor design. The
results showed that the composite airfoil wind turbine blade
had enhanced performance, with wind power output ranging
between 4966 and 5258 W and rotor power coefficients ranging
between 0.443 and 0.457. The blade with a design angle of
attack of 6° performed the best. Furthermore, Chaudhary
et al. [13] investigated experimentally 0.5 m rotor diameter of
SSHAWT in a low wind speed region. The selected airfoils
from the analysis for the study were E216 and NACA2412 air-
foils. The Q-Blade was used to analyze the aerodynamics of the
airfoils at solidity less than 20 %. The experimental results
showed that the mixed rotor yields the maximum performance
with a Cp of 0.45 at a tip speed ratio of 6. In general, Wind
turbines with mixed airfoils were the best suitable for low wind
speed applications.

Also, the material and the start-up of the blade are the
essential factors that affect the performance of the wind tur-
bine. So, Sessarego and Wood [14] optimized small wind tur-
bines to improve the turbine start-up, power extraction, and
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Fig. 3 The contours of the measured dimensionless inlet velocity.

minimize mass. They used SG6043 with10% thickness and
SD7062 with 14 % thickness were mixed to make a set of
blades with four different materials. They found that the wind
turbine’s starting time mainly depends on the blade’s inertia
and the blade material. Also, the SG6043 airfoil is appropriate
for the E-glass & polyester resin, the flax & polyester resin, and
the timber materials.

For variable-speed turbines, the National Renewable
Energy Laboratory (NREL) recommended using mixed S-
Series airfoils (S833, S834, and S835) in wind turbines with
rotor diameters of 1-3 m. So, M. Hasan et al. [15] investi-
gated the performance of using the (NREL) airfoils type S
series on a 5.5 m radius rotor (R) of SSHAWT analytically
and numerically. The performance was studied analytically
by using BEMT and numerically by using the 3D simula-
tions with SST k-omega turbulence model. The first rotor
consists of a single airfoil profile, S833, and the second rotor
consists of mixed three airfoils S823, S833, and S822 as the
hub, primary, and tip, respectively. It was found that the
mixed airfoils gave the best aerodynamic performance. Selig
and McGranahan [16] tested the 6 airfoils as follows: E387,
FX 63-137, S822, S834, SD2030, and SH3055 in the wind
tunnel for small wind turbine application. The aerodynamic
performance was studied at various Re such as 100,000,
150,000, 200,000, 350,000 and 500,000. Flow quality oil flow
visualization and performance data on the E387 airfoil were
studied before the tests began for comparing with the data
from the National Aeronautics and Space Administration
(NASA). The new results are favorable for comparison with
the NASA data. Also, the results showed that; In low Re,
the S834 is better than the S822 airfoil. Pamuji and BRA-
MANTYA [17] investigated the performance and fluid flow
characteristics numerically using 2 & 3 blades of

counter-rotating wind turbine (CRWT) for a 3 m diameter
rotor using the NREL mixed airfoils such as S835 at the
root, S833 at the main and S834 at the tip. The investigation
was performed at a wind velocity of 4.5 m/s and A of 5. The
SST k-omega turbulence model was used for the 3D simula-
tions. The results showed that the characteristics of steady
angular velocity (®) of the 2-bladed CRWT were higher
than the 3-bladed CRWT. However, by comparing the per-
formance, the 3-bladed CRWT gives a better performance in
terms of time to reach their steady angular velocities than
the 2-bladed CRWT.

From the previous works, The NREL has several special-
purpose airfoil families for SSHAWTs; among those, the
NREL’s S8-xx series, such as (S833- S834- S835) airfoils and
the SG60xx series such as (SG6040- SG6043) airfoils. These
series are suitable for small-scale wind turbine blades at low
wind velocities. To the author’s knowledge, for commercial
SSHAWTs, there is no clear data for using these series in this
application due to the difficulty of collecting the data of used
airfoils of the commercial SSHAWT in the market. This study
aims to test experimentally and numerically the performance
of the commercial wind turbine available in the market, which
is designed from S833, S834, and S835 airfoils that are referred
to as S-rotor at the wind turbine laboratory, department of
mechanical Engineering, Benha University. The turbine’s per-
formance is examined by measuring the electrical power and
estimating the mechanical and electrical efficiencies. The study
also aims to design numerically and examine the performance
of the SG-rotor based on wind velocity in the field with the
same diameter as the S-rotor using SG6040 and SG6043 air-
foils and referred to as SG-rotor. The SG-rotor was designed
based on the average wind velocity measured in the Benha
University, Obour Campus.
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2. Experimental technique

2.1. Experimental setup

The wind is characterized by unsteady flow patterns. In resi-
dential areas, these patterns become non-uniform [18]. Almost
all previous studies on the SSHAWTs tested the scale models
and used dimensional analysis to represent the full-scale per-
formance, where the similarity is always questionable. In this
study, a full-scale commercial 1.5 m radius of SSHAWT was
examined in the wind turbine laboratory, Benha Faculty of
Engineering, Benha University. The rotor had three blades
with the S-rotor profile. The test was carried out using nine
centrifugal shutter exhaust fans, model DJF-1380.

These fans were divided into three sections and were con-
nected to steel structures working as open grid fans, as shown
in Fig. 1 (a). The overall dimension of the open grid fans is
(4200 mm x 4200 mm), and the height of the first section from

(a) The schematic diagram for the electrical load system (b) The photo of the electrical control panel.

the floor is 1000 mm. The important specification of the
selected fans was the shutter opening mechanism with a double
swung drop hammer, as shown in Fig. 1 (b), which can ensure
the shutter is completely opened or closed to reduce the dis-
tance required to obtain the fully developed flow.

A control panel was used to control each fan separately,
enabling us to simulate the wind field pattern. The rotational
speed of each fan was controlled by using the frequency chan-
ger model S3100 Multi-Function Vector Control Inverter with
a range of 11-15 kW to give variable wind velocities with a
range of 0-7 m/s affecting the wind turbine wheel velocity.
Also, this inverter can be used to simulate the transient flow
by varying the frequency of the fans with time. However, in
this study, all fans were allowed to operate at the same veloc-
ity. Each fan had a dimension of 1400mm x 1400 mm and air-
flow of 44,000 m?/hr. The wind turbine was placed at the
center point of the open grid fans and positioned at
2000 mm (1.5 radii of the turbine) from the open fan grid exit.
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The wind turbine was manufactured by the Foshan Ouyad £ L 30 £
factory [19], and its specifications are shown in Table 1. The s 7 E
turbine is directly coupled to the 1 kW permanent magnet syn- E =
chronism generator (PMSG). 6 - - 20
Due to the relatively small distance between the fans and
the wind turbine, measuring the velocity variation along the 5 I I I I I I 10
fans was required. So, a five-hole probe (AP4K USB system 180 200 220 240 260 280 300 320

type) with maximum flow velocity up to 30 m/s and
accuracy £ 0.8 % of velocity magnitude was positioned on
a grid mesh of 81 cells, as shown in Fig. 2 (a). This probe
was connected to the Data acquisition (DAQ) system (ATX
sensor module) manufactured by Aeroprobe International
Company in the USA. More details on the measurement pro-
cedure could be found in [20]. The sampling rate of this DAQ
reached up to 10,000 sample/s. The velocity magnitude was
obtained from Aeroacquire software via the laptop, as shown
in Fig. 2 (b).

Fig. 3 showed the contour of the measured dimensionless

inlet velocity (IN/) along with the open grid fans. The average

inlet velocity (I7) was calculated using the energy-weighted

The electrical power [W]

(©

Fig. 7 Measured Electrical Power, Voltage, and Current for
wind velocities (a) 4 m/s (b) S m/s (c) 6 m/s.

average of the measured velocities for all cells by changing
the load. The velocity variation was about + 10 % of the aver-
age velocity, which is acceptable considering wind velocity
variation as introduced by [21]. It also agrees with open jet
flow measurement from a wind turbine as obtained by Abdel-
salam et al. [22].
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2.2. The turbine performance evaluation

The same spinning shaft connected a permanent magnet syn-
chronous generator and the S-rotor blades. This alternative
current (AC) generator was connected to a load board with
lamps with direct-current (DC) power ranging from 10 to
500 W via a full-wave rectifier circuit, smoothing capacitors,
voltage, and current measurements devices, as shown in
Fig. 4. So, these lamps were used as an electric bulb circuit
to get different tip speed ratios by controlling the rotor’s speed
by adding an electric load gradually. The accuracy of the volt-
age and current measurements devices is = 1 %.

The following equation expresses the relation between
mechanical power extracted from the turbine and wind veloc-
ity passing through a turbine rotor plane [23]:

1
Py =3 PRV Cp, (1)

where

P.,is the mechanical power that extracts from the turbine by the wind

, pis the air density in kg .m~3, R is the rotor radius, and Cp,, is
the mechanical power coefficient. Also, the tip speed ratio is
the ratio between the rotor velocity and the wind velocity
and is expressed using the following equation:

- % )
The Cp,, value was given by [24] as follows:

Cra =022 (E — 0.4 - 5.0) B 5

where,

Ji=( 1 0.035 )—1 .

TT0088 F il

From the above equations, Cp, is the function of the tip
speed ratio, 4, and the pitch angle, B. The small wind pitch
strategy in the field, especially the urban areas, was that if
the wind velocity was less than the rated velocity of a wind tur-
bine, as shown in this work, the pitch blade angle was kept
constant at 0° to capture the maximum wind energy [25 26].
Therefore, the calculation is performed with the assumption
that the optimal pitch angle of being B = 0°. The S-rotor blade
should be B = 0°. Also, Fig. 5 showed that a pitch angle of 0°
is the best-designed angle to capture the maximum power.

However, in this study, the power from the experimental
work was measured based on the electrical load voltage and
current after the rectifier, as shown in Fig. 4. The tip speed
ratio is inversely proportional to the rotational speed for the
constant wind velocity.

Fig. 6 showed the inverse relationship between the load cur-
rent and the rotor speed in which, at low rotor speed, the load
current increased. Also, the rotational speed was measured by
a digital laser tachometer (omega, HHT13) with accuracy + 0.
01 of reading and a range of 5-200,000 rpm.

The electrical measurements were recorded when the system
reached a steady-state condition. Hence, from the measured
data, the electrical power coefficient (Cp ) of the wind turbine
was calculated. Fig. 7 showed the experimental output voltage
and current of the PMSG. For Fig. 7 (a), the maximum
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Fig. 10  The installation of the weather station on the Obour campus.
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Fig. 11  Monthly statistics of average wind velocity.

obtained power at a wind velocity of 4 m/s was 89 W at (27.5V
and 3.24A). For Fig. 7 (b), the maximum obtained power at a
wind velocity of 5 m/s was 163.9 W at (22 V and 7.45A). Also,
for Fig. 7 (c), the maximum obtained power at wind velocity
6 m/s was 306 W at (34 V and 9A).

SG6043
$G6043
$G6043
SG6043
$G6043
$G6043
SG6043

The electric system’s overall efficiency, defined as a ratio
between the electrical power after the rectifier to the mechani-
cal power before the electric generator, was used to compare
the measured electrical power to the mechanically estimated
ones. Figs. 8 and 9 studied the effect of the permanent magnet
synchronous generator (type FD3.0-1000) and the rectifier cir-
cuit used in the current paper on the measurements. These fig-
ures showed that the electric system’s overall efficiency was
about 75 % and was used to calculate all measured power
coefficients.

The permanent magnet synchronous generator (PMSG) is
the effective part of the calculating the electric system’s overall
efficiency (1,). This 7, is consists of two efficiencies, the first is
the synchronous generator efficiency (55), and the other is full-
wave uncontrolled rectifier efficiency (1), whose value equals
0.9. And by using the following equation, the 7 can be calcu-
lated as follow:

ny 0.75
g = e 09 0.833 (5)

The current open grid fans have a blockage ratio of 4 per-
cent. As a result, the power coefficient measured in this work
was corrected relating to these open grid fans. The blockage
correction calculation was discussed in Eltayesh et al. [29].
Also, the estimations of uncertainty for the measured Cp in
the experimental tests were carried out by Moffat’s formula
[30]. The largest Cp uncertainty for the three input velocities
investigated in this work is 1.28 %.

L “©

f\

-
e omee

Fig. 12 Blade Model in QBlade Software.
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Fig. 13 Chord and twist distribution along the blade.

1.0 1.2

The commercial wind turbine with the specification shown
in Table 1 has a rated wind velocity of 8 m/s. However, the res-
idential areas haven’t this velocity. Therefore, the (Davis van-
tage pro 2) weather station was used to measure the wind
velocity in the Obour campus at Benha university, as shown
in Fig. 10.

1.6

14

1.2 1

08

CL & CD

0.6

0.4 -

0.2

0.0 T T T T
5 10 15 20
a (degrees)

CL/CD

Based on the data collected from the weather station From
October 2020 to March 2021, are shown in Fig. 11, the average

wind velocity (V) is about 4 m/s, so the new rotor is designed
based on this predominant velocity by using an SG airfoil.

Egypt is one of the countries on the Red Sea and the
Mediterranean with enough windy places. These locations,
such as Ras Ghareb, where the average wind speed reached
up to 12 m/s at 24.5 height and 15.5 m/s at 100 height above
the ground in June [31]. Also, the wind speed data for Ras
El-Hekma, Farafra, Nuweiba, and Aswan has been investi-
gated using data measured at 50 m above sea level. The aver-
age wind speeds were 7, 6, 7, and 6, respectively [32].
Furthermore, the mean wind speed was measured for Abu
Darag, Zafarana, G. EI-Zayt, and Hurghada with 4 stations,
and the values were 9, 9.1, 10.4, and 6.9, respectively [33].
So, from the velocities of the wind in some locations in Egypt,
the new rotor will also have the capability to work in these
locations.

2.3. SG-rotor model

The aerodynamic design of the SG-rotor was performed by
using the Q Blade software (V0.963) [34]. The Q Blade is
open-source software for designing wind turbine blades and
aerodynamical performance [35]. Lift (L) and Drag (D) forces
are the two main components applied to any surface where the
flow passes over it. Low wind velocities are generally defined
for small wind turbine applications by airflows with Re less
than 500,000 [6]. Low-angle-of-attack airfoils are used in
low-velocity, small horizontal-axis wind turbines, resulting in
a high lift coefficient (C;) and low drag coefficient (C,) [36].

SG6040 and SG6043 were selected from the NASA airfoil
database for testing by using the Q Blade program, which
was based on the x-foil tool, at a Re of 100,000 and an angle
of attack of 7°. Power output primarily relied on L and D
[37], so the lift coefficient should be maximized to improve
wind turbine aerodynamic performance, and the drag coeffi-
cient should be minimized [38]. The 3D SG-rotor, as shown
in Fig. 12, was created by using the selected airfoils that were
distributed referring to [6] with an effective chord (c) as shown
in Fig. 13 (a) and twist as shown in Fig. 13 (b) at each section
along the blade.

The aerodynamic characteristics of the selected airfoils,
such as lift coefficient (C)), drag coefficient (C,), and lift to

5 10 15
AoA (degrees)

Fig. 14 Aerodynamic characteristics of the SG-rotor blade.
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@
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Fig. 15 The computational domain of the HAWT blade rotor.
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Fig. 16  The detail of the blade surface mesh.

drag coefficient was studied with different angles of attack
from 1° to 20°, as shown in Fig. 14.

Fig. 14 depicted the SG-rotor had a high C; of 1.6 at o of
13° as shown by the lift curve. The lift-to-drag ratio curve also
showed that the SG-rotor’s maximum lift-to-drag ratio value is
65.5 at o of 7° and that stall behavior was seen at angles rang-

0.6 T T T T T T T T T T
0.5 - -
o ././—-\_‘ ]
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] 4
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—a— (Calculated, SG-Rotor
0.0 T T T T Y T Y T Y T
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Total number of cells, million

Fig. 17 Calculated power coefficient at a different grid
resolution.
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A
Fig. 18 The power coefficient vs the tip velocity ratio at 4 m/s.
ing from 8° to 16°. Due to its high lift-to-drag ratio, it might be

deduced that the mixed airfoil was suited for low wind velocity
applications.
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Fig. 19 The power coefficient vs the tip velocity ratio at 5 m/s.
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Fig. 20 The power coefficient vs the tip velocity ratio at 6 m/s.

3. Numerical simulation

For more observation of the flow behavior around wind tur-
bine blades, numerical calculations were performed using the
commercial CFD package Ansys Fluent version 18.1 [39] to
study the aerodynamic performances of both HAWT rotors:
S-rotor and SG-rotor. The 3D incompressible and steady flow
is governed by the momentum and continuity conservation
equations, as well as turbulence closure to obtain the flow
characteristics. The SST k-omega turbulent model was used
to solve the Reynolds-averaged Naiver—Stokes (RANS) equa-
tions as introduced by [40 41]. The rotating wind turbine was
modeled using the Moving Reference Frame (MRF) strategy.
Eltayesh et al. [29] provide more information about MRF.

/R =95% _ J,‘; f‘

/R =95%

/R =75%

\
I\

IR = 45%

t/R = 39%_%

o

I>‘

(a) A=2 A=6

Fig. 21
(b) SG-rotor.

HAWT flow predictions have been reliably predicted using this
method by numerous researchers Abdelwaly et al. [42].

3.1. Computational domain

The 3D computational domain and grid topology of the two-
rotor geometry (S-rotor & SG-rotor) were generated using the
gambit program, as illustrated in Fig. 15 (a). In the current
work, the turbine blade and the hub were only simulated.
The rest of the wind turbine, including the nacelle and tower,
was not modeled. The inlet boundary condition based on the
previous works [41,43,44] was set at 4 radius length from the
center of the rotor, the outlet domain was set at 8 radius
length, and in the radial directions, the domain was set at 2
radius length. However, to make the CFD model work under
similar circumstances to the experimental condition, in the
upstream, the domain was set 1.5 radius length of the turbine,
as shown in Fig. 15 (b).

3.2. Grid generation

The grid generation was produced by using multi-blocks
around the longitude of the blade. The rotor domain is divided
into 102 blocks. The blocks adjacent to the turbine blade were
generated using an O-grid structure [29,42.,45] to fulfill the
requirements for a fine grid and the dense mesh near the solid
walls required to resolve the flow within the boundary layer
over the blade, as shown in Fig. 16. The domain’s hybrid mesh
topology was constructed. Close to the blade, a structured
mesh with quadrilateral elements was applied to the block.
Except for the blocks in the hub area, which used an

E:
/R =95% _;

(b) r=2 A=6

The distribution of limiting streamlines on the suction surface of the blade at wind velocity of 4 m/s, A of 2 and 6 for (a) S-rotor
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along the span.

unstructured mesh, the mesh for the blocks representing the
inlet and outlet regions was structured.

The recommended near-wall distance for the grid spacing
was constructed based on the recommendation introduced by
Moshfeghi et al. [46]. A grid independence study was carried
out to find suitable grid sizes required for the calculations.
The grid study was performed at an inlet velocity of 4 m/s
and a tip speed ratio of 5. Four different grid resolutions were
used for S-rotor, with a total number of cells of 3.1, 4.8, 5.8,
and 6.8 million. While 3.5, 4.6, 5.1, and 6.8 million cells were
used SG-rotor as shown in Fig. 17. The figure demonstrated
that by increasing the total number of grids above 5.8 million,
the change in Cp was about 0.0118 for S-rotor. While an
increasing number of cells above 5.1 million, the increase in

The S-rotor’s streamlines of relative velocity with A of 2
and 6 and an inflow velocity of 4 m/s at various radial positions

Cp is about 0.013 for SG-rotor. Consequently, from the grid
dependency results, The S-rotor was meshed by 5.8 million
cells, and the SG-rotor was meshed by 5.1 million cells which
are pretty good as far as accuracy and economy of solution are
concerned. Also, the y*+ < 4 for both rotors.

The incoming flow velocity was measured from the open
grid fans experimentally, and then it was used to simulate
the flow for the S-rotor and SG-rotor in CFD. In the present
study, the uniform inlet velocity of 4, 5, and, 6 m/s is applied
at the inlet boundary. The turbulent intensity had a significant
impact on the performance of the SSHAWT [47], but it was
hard to measure experimentally due to the unavailability of
measuring devices. So it was estimated as introduced by [21].
Therefore, in this study, the test rig is made to simulate the
wind pattern such as in the external aerodynamics flow and
actual boundary layer, so the turbulent intensity was consid-
ered 30 %, and the comparison of the effect of the level of tur-
bulent intensity was performed by using the CFD between 1 %
and 30 %.

4. Results and discussion

Figs. 18-20 show the power coefficient of the S-rotor and SG-
rotor at 4, 5, and 6 m/s, respectively. The measured power
coefficient of the S rotor is also represented in Figs. 18- 20.
To ensure the validity of the numerical methods, the numerical
results for the S-rotor are compared with the experimental
measurements at all wind velocities. The deviation between
the experimental and numerical results is measured using the
coefficient of correlation (R?) method that was used by Abdel-
salam et al. [22] for SSHAWT, which was computed from
MainDonald and Braun [48] by:

Z ((pe.\’[x - (pnum.)2
- 2
Z ((pe.\'p, - (pnum,)

where ¢ is the measured data, indicates here the power coeffi-

n
D Pen
n

cient and ¢, =
data.

For S-rotor, the value of (R?) is 0.935, 0.95, and 0.923 for 4,
S5, and 6 m/s, respectively. In general, a reasonable agreement
of power coefficient was obtained between numerical calcula-
tions and experimental measurements, based to Abdelsalam
et al. [22]. It can be observed that the SG-rotor has a superior
power coefficient over the S-rotor for all inlet velocities. For
4 m/s, the maximum power coefficient (Cp,,.) of the SG-
rotor is 0.378 at A of 7, while for S-rotor it is 0.253 at A of
6, with an increase in the turbine performance of 62.2 %.
While for 5 m/s, Cp,,,, of the SG-rotor is 0.381 at A of 7, while
for S-rotor it is 0.258 at A of 6, with an increase in the turbine
performance of 61.9 %. While for 6 m/s, Cp,,,.. of the SG-rotor
is 0.385 at A of 7, while for S-rotor it is 0.2588 at A of 5, with an
increase in the turbine performance of 61.5 %.

Also, the effect of changing the turbulent intensity on the
power coefficient is studied numerically, as shown in
Figs. 18-20. The study is performed for the S-rotor in which
the inlet boundary is set 4R from the rotor with the turbulence
intensity levels of 1 % and 30 %. The figures showed that the
use of turbulence intensity level of 30 % caused a reduction in
wind turbine performance by 10.4 %, 14.65 %, and 11.4 %

R=1- (6)

, where n is the number of measured
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compared to the turbulence intensity level of 1 % in winds of 4,
5, and 6 m/s, respectively.

Also, the effect of changing the distance between the inlet
boundary and the rotor on the power coefficient is studied
numerically to simulate the same condition of the experimental
tests, as shown in Fig. 18. The study is performed for the S-
rotor that was used in the experimental measurements at a
wind velocity of 4 m/s. The coefficient of correlation (R?) is
calculated to find out the deviation in the numerical results
when the distance between the inlet boundary and the rotor
changes from 4R to 1.5 R on the power coefficient. The value
of (R?) is 0.984 and this means that the change of the inlet
boundary condition has a neglected impact on the value of
the power extracted.

# 7
= =
/R = 30% 1/R = 45%
L= > i=3
— —
/R = 60% /R = 75%
r=2
e =
/R = 30% /R = 45%
1/R = 60% /R = 75%
r=6

Fig. 23  The SG-rotor’s streamlines of relative velocity with A of 2
and 6 and an inflow velocity of 4 m/s at various radial positions

along the span.

Wind turbine performance is affected by flow separation on
the blade suction surface. Therefore, understanding the flow
behavior would help a commercial wind turbine manufacturer.
Fig. 21 shows the distribution of limiting streamlines on the
suction surface of the blade when S and SG-rotors are at wind
velocity of 4 m/s and different tip speed ratios. Fig. 21-a illus-
trates that at a low tip speed ratio of 2, the separation of the
flow strongly occurs at the root close to the hub till nearly
75 % of the span of the S-rotor. Also, the radial flow is created
and then moves along the entire blade surface. This shape may
be occurred due to the increasing angles of attack at A of 2.
While with a high tip velocity ratio of 6, the separation occurs
till r/R equal 60 %, but the stable flow occurs through the rest
of the blade. However, by looking at Fig. 21-b and comparison
with Fig. 21-a, it shows that the distribution of limiting stream-
lines for SG-rotor is more stable and smoother than for S-
rotor along the entire suction surface blade.

Also, at various radii and tip-speed ratios, the correspond-
ing flow streamline patterns around the blades are shown for
the S-rotor and SG-rotor in Figs. 22 and 23, respectively.

Obviously, along the blade span at high tip speed ratios, the
flow streamline patterns are attached to the blade profile in all
cases. However, at lower tip velocity ratios and especially near
the hub, the flow separation phenomena can be noticed based
on Eltayesh et al. [44]. This phenomenon manifests more
strongly for the S-rotor than the SG-rotor (which is the design
case), even in high tip velocity ratios that occur near the trilling
edges for all sections. This is possible because, in the new
design (SG-rotor), the twist angle is designed to achieve a
smooth connection to the hub.

Also, by looking at the reasons for the increase in the power
coefficient, it is noted that the volume of the S-rotor is 0.0051
m3, but the SG-rotor is 0.0021 723. So, the volume reduction by
58.8 %. As a result, the generated torque will increase, as dis-
cussed by Abdelsalam et al. [22].

5. Conclusions

In this study, a commercial SSHAWT with a rated power of
1 kW was tested in the laboratory at lower wind velocities of
4, 5, and 6 m/s. The experimental technique is based on the
measurements of the output electrical power with the turbine
tip speed ratio. The maximum measured power at these wind
velocities was 306 W corresponding to a power coefficient of
0.28. The commercial SSHAWT showed significantly reduced
performance of this rotor at lower wind velocities than the
rated velocity. The CFD numerical simulations were also per-
formed, verified the same conclusion, and showed good agree-
ment with the experimental studies.

A new design for the rotor is proposed, which is referred to
here as SG-rotor and is examined using CFD numerical simu-
lations, and the results showed significant improvement for the
new design rotor performance compared to the commercial
rotor. The results showed that at wind velocities of 4, 5, and
6 m/s, the maximum power coefficients of the SG-rotor were
0.378, 0.381, and 0.385 at a designed tip speed ratio of 7,
respectively. While the power coefficient of the commercial
S-rotor was 0.253, 0.258, and 0.2588 at tip speed ratios ranging
from 5 to 6.

A comprehensive investigation of flow streamlines behavior
is conducted in detail for the two rotors. The results concluded
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that the flow separation phenomena manifested most strongly
for the S-rotor than the SG-rotor, particularly at lower tip
velocity ratios and near the hub. Furthermore, the SG-rotor
had a lower manufacturing cost, with the expectation of a
lower cut-in velocity resulting from the SG-volume rotor,
which was reduced by 58.8 % compared to the S-rotor. For
the future works, it is recommended to investigate the perfor-
mance of the new SG-rotor experimentally, determine its cut-
in velocity and study the stresses that affect the turbine. Also,
more tests will be performed outdoor.
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