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Abstract This study presents experimental and numerical investigation for the effect of number of

blade (solidity) on the power and thrust coefficients of a small-scale horizontal-axis wind turbine

HAWT. An experimental set- up was installed on wind turbine rotors with different number of

blades, i.e. three, five and six, and at different tip speed ratios, in the closed-circuit open-test section

wind tunnel. The obtained results from CFD simulations were performed to compare numerical

data with experimental measurements. In addition, there is a lack of information presented for

the effect of rotor blade number on the flow field for HAWT like vertical axis wind turbine VAWT.

Therefore, the current study extends to study the effect of solidity on the flow field using numerical

calculation. The numerical simulation was performed using a steady-RANS method. The SST k-x
turbulence model was used to represent turbulence characteristics. It is found that decreasing the

number of blades (which makes the turbine less sensitive to the change in tip speed ratio) the wind

turbine with 3 blade configuration has the maximum power coefficient in respect to 5 and 6 blade

turbines, higher by around 2 and 4 percent respectively.
� 2021 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria

University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

Wind energy has proved to be an important source of clean
and renewable energy. Power generation from wind can be
performed by two main categories of wind turbines: large

http://crossmark.crossref.org/dialog/?doi=10.1016/j.aej.2021.02.048&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:francesco.castellani@unipg.it
https://doi.org/10.1016/j.aej.2021.02.048
http://www.sciencedirect.com/science/journal/11100168
https://doi.org/10.1016/j.aej.2021.02.048
http://creativecommons.org/licenses/by-nc-nd/4.0/


Nomenclature

CP power coefficient [–]

CQ torque coefficient [–]
CT thrust coefficient [–]
F1;F2 functions [–]
I current [ampere]

R Rotor radius [m]
T thrust force [N]
TSR tip speed ratio [–]

U wind velocity [m/s]
V voltage [volt]
i:j tensor indices [–]

k turbulent kinetic energy [m2/s2]
r radial position
b; c

0
model coefficients [–]

b� model constant

l molecular viscosity [Pa s]
lt turbulent eddy viscosity [Pa s]

q air density [kg/m3]

rk; rx model coefficients [–]
sij turbulent Reynolds stresses [–]
x specific dissipation rate [1/s]
X magnitude of mean vorticity [1/s]

BEMFW Blade Element Momentum with Finite Wing
Theory Correction

BEMT Blade Element Momentum Theory

CFD Computational Fluid Dynamics
EWM Expanding Wake Method
HAWT Horizontal-Axis Wind Turbine

MRF Moving Reference Frame
RANS Reynolds Averaged Navier Stokes
RWM Rigid Wake Method
SST Shear Stress Transport

VAWT vertical-axis wind turbine
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and small-scale wind turbines. During the past years, the num-
ber of large-scale wind farms have greatly increased. Every
years, a significant growth in small-scale wind turbines has

been observed as well Pitteloud and Gsänger [1]. Small-scale
wind turbines are thought to be used in a large number work-
ing in parallel, adopting the strategy known as distributed

power production. This is done by using small machines, dis-
tributed throughout an area of interest, intended to feed few
utilities nearby, such as streetlight, highways, and telecommu-
nications. This strategy is very different from that which until

now has been dominant with the installation of wind farms in
few places intended to cover the needs of large portions of ter-
ritory Sauter and Watson [2]. One of the main problems with

small-scale wind turbines is that they are installed close to the
ground, where the wind velocity is usually relatively low and
possibly disturbed by nearby obstacles. Large-scale wind tur-

bines are equipped with pitch and yaw control to keep the
proper orientation and optimize the power production,
whereas small-scale wind turbines are not both for technical

and economic reasons. Hassanzadeh et al. [3] optimized the
chord and twist angle of HAWT to maximize the power out-
put. The results showed that the power output from the opti-
mum turbine is increased by 8.51% compared to

manufacture turbine.
Abdelsalam et al. [4] used computational Analysis to study

the effect of curvature angle and curvature position on the per-

formance of small scale HAWT with a linear blade profile. The
studied conducted with two curvature angles namely, forward
angles of 5, 10, 15, 20, 30 and 45 deg and backward angles of

�5, �10, and �15 deg, and three different positions of r/
R = 0.8, 0.9, and 0.95. The results, showed that, the rotor with
forward curvature of 5 deg and r/R = 0.9 has the highest

power coefficient compared with the other rotors. In addition,
it reduces the axial thrust by about 12.5% compared with ref-
erence rotor.

Abdelsalam et al. [5] proposed two design of small scale

HAWT and investigated experimentally their performance in
open air jet test rig. The first one is a classical rotor with
non-linear chord and twist and the second one is the proposed
linearized rotor design. The experimental carried out on 1 m
diameter rotor at different wind speed varied from 5 to
10 m/s and different blade pitch angle of �3, 0 and 3�. The
results showed that, the maximum Cp of classical and lin-
earized rotor are 0.446 and 0.426, respectively. The linearized
rotor operates at low wind speed of 5 m/s compared to classi-

cal rotor which starts operation at 6 m/s. Furthermore, the lin-
earized rotor has small volume size by about 26% compared to
classical one.

Many researchers tried to maximize the performance of

small-scale wind turbines with different methods such as using
shrouded wind turbine shape [6–8]. While employing a shroud
increases the velocity on the rotor, additive drag force is pro-

duced on the shroud and the required tower should withstand
the drag obtained on the rotor and on the shroud itself. More-
over, using a shroud can produce downstream wake which is

usually unsteady with associated unsteady flow at the location
of the rotor. Vaz and Wood [9] developed a new model to opti-
mize wind turbine rotor in presence of a diffuser based on

Blade Element Momentum (BEMT) theory. Optimized rotor
blade chord length and twist angle according to the velocity
ratio through the diffuser. They recommended that, the power
output could increase by 35%. Tavares Dias Do Rio Vaz et al.

[10] also used BEMT approach to investigate diffuser aug-
mented wind turbines.

Using a shroud is however meaningless if the wind turbine

rotor is not optimized to operate over a wide range of wind
speeds without pitch and yaw control system as well as to
adapt to rapid changes in wind speed intensity and direction.

This is the reason why in the present paper the focus is on
the evaluation of the performance of a small-scale
horizontal-axis wind turbine (HAWT) rotor, whose number

of blades is changed from three to six in order to determine
how this affect the turbine’s power output at different tip speed
ratios.

Predescu et al. [11] performed experimental work to study

the effect of number of blades, blade tip angle and twist angle
on the performance of HAWT. The experiments were con-
ducted in a closed loop wind tunnel at different inlet velocities
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of 6.5, 8.5, and 10.5 m/s. They used two different sets (A & B)
of blades to evaluate the effect of blade angle on the perfor-
mance of wind turbine. Set A had a blade twist of 22�, while
set B had a blade twist of 17�. The results showed that, the
rotor with higher blade twist angle had higher power output
at low wind velocities, while rotors with low blade twist angle

behave the opposite, showing higher power output for high
wind velocities.

Duquette and Visser [12] studied the effect of solidity and

blade number on the performance of HAWT using various
theories, including BEMT with Prandtl tip-hub loss factor,
blade element momentum with finite wing theory correction
(BEMFW), rigid wake method (RWM) based on Kotb [13],

and an expanding wake method (EWM) based partly on
the method of Gould and Fiddes [14], used two published
experimental data to validate these numerical methods: the

first one contains the results of Rijs and Smulders [15] and
it was used to study the case of high solidity and low turbine
speed, while the second one was the case of high-speed, low-

solidity turbine using the data got from Tangler [16]. The
results found that, the EWM method had a reasonable agree-
ment over the entire tip speed ratios (TSR) among other

numerical methods. In their results they demonstrated that
at a given solidity the power coefficient (CP) increases with
increasing blade number for all studied tests. Also, they
showed that it is necessary to conduct results over a wide

range of wind velocities.
Duquette et al. [17] performed an experimental study to

investigate solidity and number of blades on a 50 W HAWT.

The experimental work was carried out in an open circuit wind
tunnel. The wind tunnel has a cross-section area of 1.11 m2.
Their tests were conducted at solidity of 0.07, 0.14, and 0.24

and number of blades of 3, 6, and 12, and they changed solid-
ity by changing blade number and/or chord length. They used
two types of HAWT; one had constant cord length without

twisting and the other one was designed by BEMT. In their
experimental measurements they scaled down the size of the
turbine rotor due to wind tunnel cross section limitation.
The experimental results were compared to the results from

Duquette and Visser [12]. While the numerical results showed
that the CP of the constant-chord wind turbine is improved
increasing the number of blades, this outcome was not verified

in the experimental results. The only observed increase in CP
was from increasing the solidity. They attributed the discrep-
ancy between wind tunnel experiments and theoretical predic-

tions to the Reynolds number range of operation.
Wang and Chen [18] investigated numerically the effect of a

blade number of 2, 4, 6, and 8 on the performance of ducted
wind turbine using CFD. Numerical calculations were per-

formed using k-e turbulence model with wall function. The
inlet velocity was 12 m/s, and the turbine diameter was
1.4 m. It was found that increasing the number of blades leads

to higher starting torque, and reduces the cut-in speed. On
other hand, a higher number of blades leads to more blockage
and lower blade entrance velocity which leads to reduced CP.

Rector and Visser [19] experimentally studied the effect of
solidity, blade number and pitch angle on a 2.5 m HAWT
under ambient conditions. They used 3- and 6-blade wind tur-

bine rotors. Results showed that the performance of the wind
turbine increased with increasing blade number and solidity at
low wind speed region. While the 3 blade rotor had better per-
formance than the 6 blade at higher wind speed region.
Erich Hau [20] theoretically showed that using the BEMT,
every increase in blade number leads to increase output power,
but this is not going linear. The power increase from one to

two blades is 10% and the difference from two to three blades
amounts to 3–4 percent only. The fourth blade only affects a
power increase of not more than 2%. The TSR for maximum

CP is reduced when number of blade increases.
Other researchers have focused on the effect of solidity on

the vertical-axis wind turbine (VAWT) performance. For

example, Miller et al. [21] performed experimental work to
investigate the effect of Reynolds number for different blade
number on the performance of an H-rotor VAWT. The solid-
ity was changed by changing the number of blades. The exper-

iments were conducted at a Reynolds number ranging from
6 � 104 to 5 � 106, and blade numbers of 3 and 5. They used
1:22.5 scaled model turbine rotors. For the same Reynolds

number, the results showed that the values of the power curve
of the 3-blade rotor case (lower solidity) are higher than in
the5-blade rotor case (higher solidity) by about 16%. The 3-

blade turbine operated at higher TSR ranges than the 5-
blade turbine. In addition, for a given solidity the performance
of the turbine increased as the Reynolds number increased.

Rezaeiha et al. [22] performed a numerical calculation to
study the effect of solidity and blade number on the aerody-
namic performance of 2, 3 and 4 bladed Darrieus H-type
VAWT. The solidity varied from 0.09 to 0.36. They also inves-

tigated the effect of Reynolds number and turbulence intensity.
The Reynolds number varied from 0.51 � 105 to 6.41 � 105,
and turbulence intensity changed from 0 to 25%. They also

changed the solidity changing the blade chord length at given
number of blades. The results indicated that, at given Rey-
nolds number, low solidity turbine works optimally at higher

TSR, while a high solidity turbine works at relatively low TSR.
Eboibi et al. [23] studied experimentally the effect of solid-

ity on the performance and flow field of VAWT. The experi-

mental was conducted at solidity of 0.26 and 0.34 and inlet
velocity of 6, 7 and 8 m/s. the solidity changed based on blade
chord length. The results showed that the CP of VAWT
increases with increases solidity for all case studies. A high

solidity turbine makes a narrow power curve than a low solid-
ity turbine. However, at the same Reynolds number the max-
imum value of CP was discovered to be almost the same for

higher and lower solidity turbine. Also, lower solidity turbine
promotes earlier the stall vortices than higher solidity turbine
which leads to lower CP.

Sagharichi et al. [24] studied numerically the effect of solid-
ity on fixed and variable pitch H- Darrieus VAWT using 2D
simulation. The study have been conducted at solidity range
of 0.2–0.8. During this study the solidity changed by changing

number of blades and blade chord length. The results illus-
trated that, the CP increases as solidity increases for both fixed
and variable pitch turbine. The CP of fixed turbine is higher

than variable pitch turbine at low solidity of 0.2. However, in
case of high solidity turbine and high TSR the variable pitch
turbine has higher CP than fixed pitch turbine. This can be

attributed to the fact that, when the rotor rotates at very high
TSR values, the angle of attack decreases until the rotor almost
reaches the stall condition, which in its turn causes the compo-

nent of the flow orthogonal to the blades to get close to zero
and the blockage to increase very much. While variable pitch
turbine can decrease angle of attack and therefore the perfor-
mance of variable pitch turbine increased as comparing to fixed
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pitch. Rezaeiha et al. [25] studied different parameter affecting
the accuracy of CFD simulation on VAWT using unsteady
RANS. The results showed that, the minimum distance

required for inlet and outlet domain from the center of turbine
is 15 and 10 rotor diameters to ensure solution accuracy.

In addition, the CP of a fixed pitch turbine increases as

number of blades increased (2, 3 and 4 blade). While increasing
the number of blades above 3 leads to decrease CP for variable
pitch turbine.

From the previous review one can conclude that the topic
of wind turbine solidity and number of blades is very interest-
ing for researchers and the results got from their researches are
not always consistent. For instance Wang and Chen [18]

obtained different results between experimental and numerical
study. And they attributed the discrepancy to the Reynolds
number range of operation. In addition, there is no informa-

tion presented for the effect of solidity on flow field for HAWT
like VAWT Eboibi et al. [23]. Therefore, the aim of the present
study is to investigate experimentally and numerically the

effect of rotor solidity, according to blade number ranging
from 2 to 6, on the aerodynamic performance of HAWT for
a wide range of TSR

2. Experimental description

The experimental work of this study was constructed in Depart-

ment of Engineering of the University of Perugia. It basically
consists of a closed-circuit wind tunnel. Fig. 1 shows a schematic
diagram representing the used wind tunnel. The wind tunnel has
a cross section of 5.7mwidthX 3.4mheight. Experimentalmea-

surements were performed to study the effect of the blade num-
ber on the performance of HAWT ANEMOS 455 model at
different wind speeds and to determine the range of TSR and

its optimum condition. A number of blades of three, five and
six were used. The wind tunnel has a single stage axial flow
fan with variable rotational regime and is driven by an asyn-

chronous electric motor of 375 kW. The maximum achieved
air velocity of this wind tunnel is 47 m/s at the inlet of the test
section. Velocity and pressure at the inlet of the test section

are measured by means of two Pitot tubes and a cup anemome-
ter with a maximum error in velocity of 0.8%. More details
about this wind tunnel are presented in Castellani et al. [26].
Fig. 1 Sketch of the ‘‘Raffaele Balli” wind tunnel of the

University of Perugia. The air flows counter-clockwise in this

representation.
In the present study, a small-scale wind turbine (2 m diam-
eter) with a varying number of blade equal to three, five and
six were used. The turbine blades had a constant pitch angle

and were attached to the hub, which had a diameter of
26 cm. The rotor had variable rotational speed from 100 to
700 RPM. The turbines with three- and five-blade configura-

tions are shown in Fig. 2.
The wind turbine is instrumented with a three-dimensional

load cell Futek model MAT400 (maximum capacity of 250 Ib

and accuracy of 0.353% of the measured value) and was
mounted below the nacelle at the top of the tower. The thrust
force generated from the wind in the axial direction (x-axis is
selected along wind) was measured for different tested wind

turbine cases with different blade numbers. The turbine rota-
tional speed was measured and monitored using an optical sen-
sor model XUB5APBNL2, which was also mounted at the top

of the tower using the blade passing as tracking reference. In
Fig. 3, the layout of the sensor arrangement is shown. The sig-
nals produced by force, pressure and temperature transducers

are acquired by a National Instruments NI- 6251 card. The
program that manages the data acquisition saves results and
provides a user interface is built with the National Instruments

LABVIEW software.
This study was conducted at different inlet velocity of 6, 7,

and 8 m/s. The CP and the thrust coefficient at the wind tunnel
conditions are calculated from the measured data using the fol-

lowing relations.

CP ¼ V � I
0:5 � q � pR2 �U3

CT ¼ T

0:5 � q � pR2 �U2

where I is the generated current, V is voltage, U is the wind
velocity in the wind tunnel, q is the measured air density, T
is thrust force and R is rotor radius. The current was measured
using MCR-S-1-5 current transducers with a maximum error

of 2% at the operating range, while voltage was obtained using
LV 25-P/Sp5 transducers, which have a scale range of 10–
1500 V and accuracy of 2.2%. The uncertainty calculations

for the measured CP and CT are performed based on the Mof-
fat’s formula [27]. For the three inlet velocities tested in this
paper, the maximum uncertainty of CP and CT were 5.8%

and 3.7%, respectively. Also, in order to compare the mea-
sured CPs with the ones calculated numerically, Bastianelli
et al. [28] tested the Permanent Magnet Generator (PMG) that
was used in the current measurements and found that the gen-

erator efficiency was about 85%. Therefore, all measured
power coefficients were calculated using a generator efficiency
of 85%.

The blockage ratio for the current wind tunnel is 16.2%.
Therefore, the measured power and thrust coefficients pre-
sented in this paper were corrected according to the existing

tunnel blockage. The method used for blockage correction
for this tunnel is discussed in detail by Eltayesh et al. [29].

3. Numerical procedure

Reynolds Average Navier Stokes (RANS) simulations were
carried out with the CFD solver Ansys Fluent to study the

effect of solidity, caused mainly by varying the turbine number



Fig. 2 Three- and five-blade wind turbine’s rotor configuration.

Fig. 3 Layout of the sensors arrangement used to measure thrust

force and rotational speed.
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of blades, on the power and thrust coefficients of a the small-

scale HAWTs described in Section 2. The flow was considered
steady and incompressible. The numerical calculations were
performed using a steady-RANS method with SST k-x turbu-

lence model. The governing equations for incompressible flow
are given by
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The eddy or turbulent viscosity lt was calculated in this
study using the shear stress transport SST k-x model, dij is
the kronecker second- order tensor given by:

dij ¼
1 if i ¼ j

0 if i–j

�
ð4Þ

Bardina et al. [30] discussed the performance of different
turbulence models. They found that the SST k-x model was

able to predict the flows with separation properly where
adverse pressure gradients occur. The SST k-x model is an
empirical model based on model transport equations for the

turbulence kinetic energy k and the specific dissipation rate
x Menter [31]. Eddy or turbulent viscosity is calculated as:

lt ¼
qk=x

maxð1; XF2

a1xð ÞÞ
ð5Þ

In the turbulent boundary layers, the maximum value of the

eddy viscosity is limited by forcing the turbulent shear stress to
be bounded by the turbulent kinetic energy time a1. This effect
is achieved with the auxiliary function F2 and the absolute

value of vorticity X. The auxiliary function F2is defined as a
function of wall distance y as:

F2 ¼ tanh max 2

ffiffiffi
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The transport equations as developed by [31] and presented
by [30] are:
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Px is the production term of x and the function F1 is designed
to blend the model coefficient in the boundary layer zones. The

constants of the model area1and b�. Model coefficients are b,
c
0
, rk and rw. Complete details on the model can be obtained

from the original papers.



3936 A. Eltayesh et al.
The semi-implicit method for pressure-linked equation
(SIMPLE) was used to solve the discretized equations. The dis-
cretization schemes used in numerical calculations were the

upwind differencing scheme. It was chosen to use first- order
upwind discretization for the initial part of the solution to help
the convergence then it was set to second- order upwind to

obtain higher- order accuracy. The simulations were run until
the residuals reached values below 10�4, which occurred in
between 2000 and 2500 iterations depending on TSR values.

All calculations were performed on HP Z800 workstation
(Intel Xeon CPU X5650, 2.66 GHz) with 24 cores and
32 GB RAM.

Many researchers have used SST k-x turbulence model and

compared their results with experimental measurements,
obtaining a good agreement between measurements and
numerical calculations. For instance, Lee et al. [32] performed

an experimental and numerical work to study the aerodynamic
of two types of HAWT. One is non twisted blade with constant
chord length, another one is designed by BEMT. They used

Spalart–Allmaras and SST k–x turbulence models to solve
(RANS) equations. They obtained a reasonable agreement
between experimental measurements and the theoretical simu-
Fig. 4 Computational meshes for: (a) tw
lation with SST k-x. Hsiao et al. [33] also performed extensive
experimental and numerical work to investigate the aerody-
namics and flow field of three different HAWT having the

same diameter of 0.72 m and same NACA4418 airfoil profile.
The first one was designed using BEMT, the second blade was
un-tapered and twisted and the third blade was un-twisted with

constant chord length. The numerical calculation was per-
formed using SST k–x turbulence model. They obtained good
agreement between measured and calculated CP for all studied

turbine blades.
The Moving Reference Frame (MRF) strategy was used to

model the rotating wind turbine. More details are about MRF
are presented in Eltayesh et al. [29]. This method was used by

many researcher and proved to be reliable for the flow predic-
tion in HAWT Abdelwaly et al. [34]

3.1. Computational domain and grid generation

The preprocessor ANSYS ICEM 14 was used to generate com-
putational domain and mesh for two, three, five and six blades

respectively illustrated in Fig. 4. The two-blade turbine is here
included for completeness of analysis, as this is quite a com-
o, (b) three, (c) five and (d) six blades.



Fig. 6 Contours of y+ for the 5-blade configuration at 7 m/s

and TSR of 5.
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mon configuration especially for large wind turbines, but it
was not measured in the wind tunnel. Turbine rotor and hub
were the only parts simulated, whereas the rest of the wind tur-

bine such as nacelle and tower were not explicitly included in
the models.

Lee et al. [32] used a length of 1.5 and 10 blade radius

upstream and downstream the turbine, respectively, whereas
Van Rooij and Arens [35] used a downstream length of six-
blade radius. Accordingly, in this paper the computational

domain before the rotor extended three times the rotor radius
in the upstream and radial direction, and seven times the
radius downstream of the rotor. The turbine symmetry and
periodicity allow simulating only 180, 120, 72 and 60 degrees

of the whole rotor for the two-, three-, five- and six-blade wind
turbine case, respectively. The domain was divided into 72
blocks and the grid was generated in each block individually.

The blocks close to the blade are generated using structure
O-grid to allow fine grid near the solid walls to solve the flow
in the boundary layer near the blade, as shown in Fig. 5.

The net for the blocks representing inlet and outlet regions
was a structured one, except for the block near the hub region
that was constructed utilising an unstructured grid. The sur-

face of the blade was structurally meshed with 150 cells in
the chord wise direction and the cells were more concentrated
at the leading and trailing edges than on the other parts, and
with 154 cells on the span wise direction. A fine mesh in the

normal direction was created for the expected thin boundary
layers on the blade surface. Moshfeghi et al. [36] studied the
effect of different grid spacings near the wall boundary on

the performance of wind turbines. They recommended that
12–20 nodes are used inside the boundary layer for getting reli-
able results. An identical distribution was used by Castellani el

al. [37] to study the effect of blade pitch unbalance on the aero-
dynamic of small scale HAWT. Accordingly, 14 rows were
used inside the boundary layer with first row height around

0.003 mm from the wall and the growth factor of the grid
was 1.3, with y+ varying from 2 to 3.5 on the pressure and suc-
tion side of the wind turbine, while y+ reaches 11 in the front
area of the hub as shown in Fig. 6.
Fig. 5 Detail of the blade and hub surface mesh for the three-

blade HAWT.
The grid dependency was examined for each turbine config-
uration at inlet velocity of 7 m/s and TSR equal to 5. Four

grids were used to check the grid dependency on the calculated
power coefficient until the change in calculated CP was lower
than 0.01 for all turbine configurations. Fig. 7 shows the com-
parison among CPs calculated using different grid sizes. The

final meshes for the two, three, five, and six blades are about
4.1, 4.3, 3.8 and 3.4 million cells for the entire domain, respec-
tively. The average mesh skewness varies from 0.24 to 0.28 and

the maximum skewness was below 0.89 for all turbine config-
urations and the mesh orthogonality is about 0.62 and these
values are accepted in the literature [38]. Mesh type is confor-

mal. Fig. 4 presents the final meshes obtained and boundary
conditions used for the simulations.

The velocity of the incoming flow was obtained from the
current experimental measurements (i.e. velocity perpendicular

to inlet and far from the wall) and was applied at the inlet and
outer boundary to simulate a free field simulation Khlaifa
et al. [39]. In this study the performance of wind turbines

was investigated at different inlet velocities of 6, 7, and 8 m/s
for the two, three, five, and six turbine blade cases. The air
density was 1.128 kg m�3 depending on the value measured

during experimental measurement and the viscosity of
Fig. 7 Calculated power coefficient at different grid resolution.



Fig. 10 Measured and calculated power curves for two- (only

calculated), three-, five-, and six-blade wind turbine at 8 m/s wind

speed.
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1:775� 10�5 m2 s�1. Turbulence intensity is set to 0.5% as
measured in wind tunnel and the viscosity ratio (ratio between
the turbulent viscosity to laminar viscosity) as 10 based on the

default turbulent parameter of the NASA Ames Wind Tunnel
Somers [40]. A non-slip boundary condition and specified rota-
tion were imposed at the walls of the blade. The flow was
assumed fully developed at the outlet boundary and atmo-

spheric static pressure was considered.

4. Results

Figs. 8–10 show the measured and calculated dimensionless
characteristics curves of HAWT at inlet velocity of 6, 7 and
8 m/s. In general, good agreements were achieved between

the calculated and measured CP. These curves can be discussed
to show the effect of changing the solidity, according to the
change of the turbine number of blades, and the effect of the

Reynolds number, caused by changing the inlet wind speed.
The figures show that the optimum CP in case of using the

three-blade wind turbine is the highest one among the other

used blade numbers and is located at tip- speed ratio of 6 for
Fig. 8 Measured and calculated power curves for two- (only

calculated), three-, five-, and six-blade wind turbine at 6 m/s wind

speed.

Fig. 9 Measured and calculated power curves for two- (only

calculated), three-, five-, and six-blade wind turbine at 7 m/s wind

speed.
all inlet velocities. This means that the effect of changing the
Reynolds number in this range caused by changing the wind

speed has a negligible effect on the maximum power extracted
from the 3 bladed wind turbine. The same behaviour holds for
the two cases of 5 and 6 blades with respect to changes of the

inlet wind speed and accordingly the Reynolds number. Also,
increasing the number of blades over 3 decreases the optimum
value of the CP and shifts the curves towards the lower TSR,

which means that increasing the number of blades obliges the
turbine to operate at lower tip speed ratios. This can be
explained considering that the generated power is the product
of torque times angular velocity: increasing the number of

blades, the torque increases as well and hence rotational speed
and TSR must decrease, assuming the power in the wind is
constant. It can be seen also that the operating curves get nar-

rower with increasing the blade number.
It can be concluded that increasing the number of blades

(i.e. the solidity) leads to produce a narrow power curve, than

for low solidity wind turbines. Hence, the turbine with high
solidity is very sensitive to tip speed ratio or in other word is
sensitive to the change in the angle of attack and its sequence
of occurring flow separation. The obtained maximum value of

the measured and calculated CP for the three-blade configura-
tion is more than that for five- and six-blade by around 2 and 4
percent respectively, which confirms the results obtained by

Burton et al. [41].
Figs. 11–13 show the measured and numerical calculations

of the torque coefficient (CQ) at various TSR for inlet velocity

of 6, 7 and 8 m/s. the CQ is calculated from corrected mea-
sured and numerical calculation of CP at different TSR using
the following equation

CQ ¼ CP

TSR
CQ ¼ CP

TSR

The figures show reasonable agreements between the calcu-

lations and the experiments. It can be concluded from these
figures that the change of the Reynolds number in the studied
range of varying the inlet wind speed between 6 and 8 m/s has

small effect on the torque coefficient as well.
As presented, the figures illustrate that the maximum CQ

increases with increasing the number of blades, which is impor-
tant in case of the need of high starting torque. As explained



Fig. 11 Measured and calculated torque coefficient for two-

(only calculated), three-, five-, and six-blade wind turbine at 6 m/s

wind speed.

Fig. 12 Measured and calculated torque coefficient for two-

(only calculated), three-, five- and six- blade wind turbine at 7 m/s

wind speed.

Fig. 13 Measured and calculated torque coefficient for two-

(only calculated), three-, five- and six- blade wind turbine at 8 m/s

wind speed.
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before for the CP, increasing the number of blades increases
the torque and correspondingly the torque coefficient. How-
ever, the curves get narrower as the number of blades

increases. This can be explained using the Lift and Drag the-
ory: the sensitivity to wrong angle of attack can decrease the
lift and increase the drag, which in turn drops the values of

the torque coefficient that is far from the optimum case and
makes the curves narrower. The maximum torque coefficient
for five- and six-blade wind turbine is located around a tip

speed ratio of 3.3, while the maximum torque coefficient for
the three-blade wind turbine is at a tip speed ratio of 4.

From the figures of power and torque coefficients, it can be
seen that the higher the solidity of a wind turbine the smaller

the cut-in wind speed, which makes high-solidity wind turbines
suitable to work in low wind speed conditions. They can for
instance be connected directly to drive water pumps due to

its high starting torque at low TSR.
An important parameter for wind turbine designers is the

acting thrust on the turbine and consequently the holding

tower. Figs. 14–16 show the measured and numerically calcu-
Fig. 14 Measured and calculated thrust coefficient for two-(only

calculated), three-, five- and six-(only calculated), blade wind

turbine at 6 m/s.

Fig. 15 Measured and calculated thrust coefficient for two-(only

calculated), three-, five- and six-(only calculated), blade wind

turbine at 7 m/s.



Fig. 16 Measured and calculated thrust coefficient for two-(only

calculated), three-, five- and six-(only calculated), blade wind

turbine at 8 m/s.
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lated distributions of the thrust coefficient CT at different TSR
for inlet wind speed of 6, 7 and 8 m/s. The thrust coefficient
was measured only for 5 and 3 blades configuration because

these rotors gives higher CP than rotor with 2 and 6 blades.
It is clear from Figs. 14–16 the unsteady behaviour of the

measured curves, especially at high TSR. This unsteady trend
shows the need, especially for the tower designers, to take the

unsteadiness character during the calculations into considera-
tion. Generally, a good agreement is achieved also here
between calculations and averaged measurements. Negligible

effects can be observed when the inlet wind speed, and accord-
ingly the Reynolds number, is changed. Increasing the number
Fig. 17 Suction surface limiting streamlines for three blad
of blades (solidity) leads to increase the thrust force on the tur-
bine rotor and accordingly on the tower, on which the rotor is
supported. For instance, in Fig. 15 at TSR of 6 the thrust coef-

ficient increase from two to three blades is 39.6% and the dif-
ference from three to five blades is 36.6%. Increase blades
from five to six increase CT by only 6.4%.

The effect of increasing the solidity through the increase of
the blade number can be shown and discussed using the shape
of the limiting wall stream lines on the suction- and pressure -

side of the blades of the wind turbine. For example, the two
cases of 3 and 5 blades has been chosen and discussed because
the original HAWT prototype has 5-blades and the results
show that a similar turbine with 3 blades gives better

performance.
Figs. 17 and 18 show suction surface limiting streamlines

for three- and five- blade turbine. The surface limiting stream-

lines are drawn from surface wall shear stress at TSRs of 2.6,
3.5, 4.5 and 6.5 and at inlet velocity of 7 m/s. These tip speed
ratios represent a great portion of the calculated and measured

points for the original HAWT with 5 blades and as the effect
of the Reynolds number is negligible in the present study,
the cases of inlet wind speed values different from 7 m/s are

not shown.
In Fig. 17at TSR of 2.6 a region of strong flow recirculation

is clearly seen near the blade leading edge above the hub up to
r/R about 40% for the three blades. In addition, the radial flow

is observed on the blade suction surface and eventually covers
the entire blade. The reasons for this might be that the angle of
attack is pretty high at TSR 2.6, and much higher near the

blade hub where the boundary layer thickness increases, and
flow separation can occur. These results are also obtained
for the case of five blades at the same TSR Fig. 18 but the

effect is not so strong. Increasing the TSR, the limiting line
moves towards the leading edge and adjust the flow to fulfill
e at wind speed of 7 m/s, TSR of 2.6, 3.5, 4.5 and 6.5.



Fig. 18 Suction surface limiting streamlines for five blade at wind speed of 7 m/s, TSR of 2.6, 3.5, 4.5 and 6.5.

Fig. 19 Relative velocity streamlines for three blades at TSR of 2.6 and 3.5 and inlet velocity of 7 m/s at different radii.
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the Kutta requirements for the presence of the two stagnation
points at the leading and trailing edges. From Figs. 15 and 16

it can be clear shown that the limiting streamlines are smoother
for the case of five blades turbine. The streamlines around the
blades at different radii and tip speed ratios are presented in

Fig. 19 and Fig. 20 for 3 blades and Fig. 21 and Fig. 22 for
5 blades cases.
The flow around the blades for all cases is almost flow con-
gruent to the blade profile, except for low TSRs separated

flow and vortices are observed. These vortices system are
stronger for case of 3blades case and extend to levels of higher
TSRs more than the case of 5 blades, which is the design case.

The question rises now is how the flow around the blades in
case of 5 blades is better than that of 3 blades and the CP is



Fig. 20 Relative velocity streamlines for three blades at TSR 4.5 and 6.5 and inlet velocity of 7 m/s at different radii.

Fig. 21 Relative velocity streamlines for five blades at TSR of 2.6 and 3.5 and inlet velocity of 7 m/s at different radii.
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lower for design case with five blades? The expected reason is
that in spite the losses are lower for case of 5 blades but the

number of blades is higher and the end result the total losses
for the turbine is higher which causes lower CP. This impor-
tant remark requires from the designers to compromise

between the number of blades used (forces, torque, and losses)
and rotation number. This can be seen from the case of using
2 blades, 3 blades, 5blades, and six blades. The design is done
for 5 blades. Increasing or decreasing the number of blades

than the design case deteriorates its performance except the
case of 3 blades. Therefore, it is advised for the designers to
check the optimum number of blades, increasing or

decreasing, after their calculations to get the better number
of blades.



Fig. 22 Relative velocity streamlines for five blades at TSR of 4.5 and 6.5 and inlet velocity of 7 m/s at different radii.
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5. Conclusions

The effect of wind turbine solidity on HAWT performance has
been presented in this study using experimental measurements
and numerical calculations. The solidity was changed in this
study by changing the number of blades.

It is shown that there is a significant improvement ofCPusing
3 blades rather than 5 blades, which was the originally designed
rotor.Moreover, a detailed analysis of the flowbehavior around

blades is reported which shows that flow separation and vortices
are stronger for the 3 blades, especially for lower TSR values.
Despite this fact, the overall loss for the 5-blade rotor is higher,

leading to lower CP values. Accordingly, this paper provides
designers with some novel clues that should be considered to
get higher wind turbine performances. In particular, two com-
plementary strategies are suggested: on the one hand, the aero-

dynamic performance of blades should be increased through
the reduction of flow separation areas, which can be detected
using the methodology proposed in this paper; on the other

hand, it is highlighted the importance of controlling the rota-
tional speed, which has to be fine-tuned based on the number
of blades, in order to get the optimal turbine configuration.

From the present study it can be concluded that increasing
the number of blades and hence the blockage has two major
effects, namely to increase torque and friction losses. There-

fore, rotor with high number of blades (solidity) let the turbine
to work at lower TSR which is suitable for some applications
like water pumping. In addition, the optimum condition of a
wind turbine doesn’t mean only maximum CP, but also wide

operating values not far away from the maximum one, hence
the designers must take into consideration not only the aerody-
namics of the flow around the blades but also the number of

blades used and the operating TSR. The optimum number of
blades can be determined either theoretically or experimentally
(which is expensive) by studying different wind turbines having

different blade number at different conditions. This study also,
demonstrated that, the effect of the Reynolds number in case
of small scale HAWT is negligible in the range of the wind

speeds analyzed in the present paper (not more than 10 m/s),
but for HAWT with high diameters the effect of the Reynolds
number must be considered.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

References

[1] J. Pitteloud, S. Gsänger, SMALLWind World Report, WWEA,

World Wind Energy Association Bonn, Germany, 2016.

[2] R. Sauter, J. Watson, Strategies for the deployment of micro-

generation: Implications for social acceptance,EnergyPolicy 35 (5)

(2007) 2770–2779, https://doi.org/10.1016/j.enpol.2006.12.006.

[3] A. Hassanzadeh, A. Hassanzadeh Hassanabad, A. Dadvand,

Aerodynamic shape optimization and analysis of small wind

turbine blades employing the Viterna approach for post-stall

region, Alexandria Eng. J. 55 (3) (2016) 2035–2043, https://doi.

org/10.1016/j.aej.2016.07.008.

[4] A.M. Abdelsalam, W.A. El-Askary, M.A. Kotb, I.M. Sakr,

Computational analysis of an optimized curved-bladed small-

scale horizontal axis wind turbine, J. Energy Resour. Technol.

Trans. ASME 143 (6) (2021), https://doi.org/10.1115/1.4048531.

[5] A.M. Abdelsalam, W.A. El-Askary, M.A. Kotb, I.M. Sakr,

Experimental study on small scale horizontal axis wind turbine

of analytically-optimized blade with linearized chord twist angle

profile, Energy (2020) 119304.

[6] D.G. Phillips, P.J. Richards, R.G. Flay, Diffuser Development

for a Diffuser Augmented Wind Turbine using Computational

Fluid Dynamics, Dep. Mech. Eng. Univ. Auckland, New Zeal.,

2008.

[7] Y. Ohya, T. Karasudani, A. Sakurai, K. Ichi Abe, M. Inoue,

Development of a shrouded wind turbine with a flanged diffuser,

J. Wind Eng. Ind. Aerodyn. 96 (5) (2008) 524–539, https://doi.

org/10.1016/j.jweia.2008.01.006.

http://refhub.elsevier.com/S1110-0168(21)00138-1/h0005
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0005
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0005
https://doi.org/10.1016/j.enpol.2006.12.006
https://doi.org/10.1016/j.aej.2016.07.008
https://doi.org/10.1016/j.aej.2016.07.008
https://doi.org/10.1115/1.4048531
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0025
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0025
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0025
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0025
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0030
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0030
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0030
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0030
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0030
https://doi.org/10.1016/j.jweia.2008.01.006
https://doi.org/10.1016/j.jweia.2008.01.006


3944 A. Eltayesh et al.
[8] Y. Ohya, T. Karasudani, A shrouded wind turbine generating

high output power with wind-lens technology, Energies 3 (4)

(2010) 634–649, https://doi.org/10.3390/en3040634.

[9] J.R.P. Vaz, D.H. Wood, Aerodynamic optimization of the

blades of diffuser-augmented wind turbines, Energy Convers.

Manag. 123 (2016) 35–45, https://doi.org/10.1016/j.

enconman.2016.06.015.

[10] D.A. Tavares Dias Do Rio Vaz, A.L. Amarante Mesquita, J.R.

Pinheiro Vaz, C.J. Cavalcante Blanco, J.T. Pinho, An extension

of the Blade Element Momentum method applied to Diffuser

Augmented Wind Turbines, Energy Convers. Manag. 87 (2014)

1116–1123, https://doi.org/10.1016/j.enconman.2014.03.064.

[11] M. Predescu, A. Bejinariu, O. Mitroi, A. Nedelcu, Influence of

the number of blades on the mechanical power curve of wind

turbines, in: International Conference on Renewable Energies

and Power Quality (ICREPQ’09), 2009, pp. 825–830.

[12] M.M. Duquette, K.D. Visser, Numerical implications of solidity

and blade number on rotor performance of horizontal-axis wind

turbines, J. Sol. Energy Eng. 125 (November) (2003), https://doi.

org/10.1115/1.1629751.

[13] M.A. Kotb, M.M. Abdel Haq, A rigid wake model for a

horizontal axis wind turbine, Wind Eng. (1992) 95–108.

[14] J. Gould, S.P. Fiddes, Computational methods for the

performance prediction of HAWTs, J. Wind Eng. Ind.

Aerodyn. 39 (1–3) (1992) 61–72, https://doi.org/10.1016/0167-

6105(92)90533-G.

[15] R.P.P. Rijs, P.T. Smulders, Blade element theory for

performance analysis of slow running wind turbines, Wind

Eng. 14 (1990) 62–79.

[16] J.L. Tangler, The nebulous art of using wind-tunnel airfoil data

for predicting rotor performance James, in: Proceedings of

WIND2002 2002 ASME Wind Energy Symposium, 2002, pp.

1–7.

[17] M.M. Duquette, J. Swanson, K.D. Visser, Solidity and blade

number effects on a fixed pitch, 50W horizontal axis wind

turbine, Wind Eng. 27 (4) (2003) 299–316, https://doi.org/

10.1260/030952403322665271.

[18] S. Wang, S. Chen, Blade number effect for a ducted wind

turbine, J. Mech. Sci. Technol. 22 (2008) 1984–1992, https://doi.

org/10.1007/s12206-008-0743-8.

[19] M.C. Rector, K.D. Visser, Solidity, blade number, and pitch

angle effects on a one kilowatt HAWT, in: 44th AIAA

Aerospace Sciences Meeting and Exhibit, 2006, no. January,

2006, pp. 1–10.

[20] H. Erich, Wind turbines: fundamentals, technologies,

application, economics.

[21] M.A. Miller, S. Duvvuri, W.D. Kelly, M. Hultmark, Rotor

solidity effects on the performance of vertical-axis wind turbines

at high Reynolds numbers, Phys. Conf. Ser. 1037 (2018) 052015.

[22] A. Rezaeiha, H. Montazeri, B. Blocken, Towards optimal

aerodynamic design of vertical axis wind turbines: Impact of

solidity and number of blades, Energy 165 (2018) 1129–1148,

https://doi.org/10.1016/j.energy.2018.09.192.

[23] O. Eboibi, L. Angelo, M. Danao, R.J. Howell, Experimental

investigation of the influence of solidity on the performance and

flow field aerodynamics of vertical axis wind turbines at low

Reynolds numbers, Renew. Energy J. 92 (2016) 474–483, https://

doi.org/10.1016/j.renene.2016.02.028.

[24] A. Sagharichi, M. Zamani, A. Ghasemi, Effect of solidity on the

performance of variable-pitch vertical axis wind turbine, Energy

161 (2018) 753–775, https://doi.org/10.1016/j.

energy.2018.07.160.

[25] A. Rezaeiha, H. Montazeri, B. Blocken, Towards accurate CFD

simulations of vertical axis wind turbines at different tip speed
ratios and solidities: Guidelines for azimuthal increment,

domain size and convergence, Energy Convers. Manag. 156

(September) (2018), https://doi.org/10.1016/j.

enconman.2017.11.026.

[26] F. Castellani, D. Astolfi, M. Becchetti, F. Berno, F. Cianetti, A.

Cetrini, Experimental and numerical vibrational analysis of a

horizontal-axis micro-wind turbine, Energies 11 (2) (2018),

https://doi.org/10.3390/en11020456.

[27] R.J. Moffat, Describing the uncertainties in experimental

results, Exp. Therm Fluid Sci. 1 (1) (1988) 3–17, https://doi.

org/10.1016/0894-1777(88)90043-X.

[28] L. Bastianelli, F. Castellani, V. Morettini, M. Pompei, E.

Raschi, F. Tissi, Permanent magnet synchronous generator

coupled to variable speed small wind turbine: Modeling and

experimental testing, in: 2014 AEIT Annu. Conf. - From Res. to

Ind. Need a More Eff. Technol. Transf. AEIT 2014, 2015, pp. 3–

8, https://doi.org/10.1109/AEIT.2014.7002037.

[29] A. Eltayesh et al, Effect of wind tunnel blockage on the

performance of a horizontal axis wind turbine with different

blade number, Energies 12 (10) (2019), https://doi.org/10.3390/

en12101988.

[30] J.E. Bardina, P.G. Huang, T.J. Coakley, Turbulence modeling

validation, testing, and development, Nasa Tech. Memo. 110446

(1997) 8–20, https://doi.org/10.2514/6.1997-2121.

[31] F.R. Menter, Two-equation eddy-viscosity turbulence models

for engineering applications, AIAA J. 32 (8) (1994) 1598–1605,

https://doi.org/10.2514/3.12149.

[32] M.H. Lee, Y.C. Shiah, C.J. Bai, Experiments and numerical

simulations of the rotor-blade performance for a small-scale

horizontal axis wind turbine, J. Wind Eng. Ind. Aerodyn. 149

(2016) 17–29, https://doi.org/10.1016/j.jweia.2015.12.002.

[33] F. Bin Hsiao, C.J. Bai, W.T. Chong, The performance test of

three different horizontal axis wind turbine (HAWT) blade

shapes using experimental and numerical methods, Energies 6

(6) (2013) 2784–2803, https://doi.org/10.3390/en6062784.

[34] M. Abdelwaly, H. El-Batsh, M. Bassily Hanna, Numerical study

for the flow field and power augmentation in a horizontal axis

wind turbine, Sustain. Energy Technol. Assessments 31 (March)

(2019), https://doi.org/10.1016/j.seta.2018.12.028.

[35] R.P.J.O.M. Van Rooij, E.A. Arens, Analysis of the experimental

and computational flow characteristics with respect to the

augmented lift phenomenon caused by blade rotation, J. Phys.

Conf. Ser. 75 (1) (2007) 1–11, https://doi.org/10.1088/1742-6596/

75/1/012021.

[36] M. Moshfeghi, Y.J. Song, Y. Hui, Effects of near-wall grid

spacing on SST-K- o model using NREL Phase VI horizontal

axis wind turbine, Jnl. Wind Eng. Ind. Aerodyn. 107–108 (2012)

94–105, https://doi.org/10.1016/j.jweia.2012.03.032.

[37] F. Castellani, A. Eltayesh, M. Becchetti, A. Segalini,

Aerodynamic Analysis of a Wind-Turbine Rotor Affected by

Pitch Unbalance, 2021, pp. 1–16.

[38] T.D. Canonsburg, ANSYS FLUENT user’s guide, Knowl.

Creat. Diffus. Util. 15317 (October) (2012) 724–746.

[39] N. Khlaifat, A. Altaee, J. Zhou, Y. Huang, A. Braytee,

Optimization of a small wind turbine for a rural area: A case

study of Deniliquin, New South Wales, Australia, Energies 13

(9) (2020), https://doi.org/10.3390/en13092292.

[40] D.M. Somers, Design and Experimental Results for the

S809Airfoil, National Renewable Energy Lab., Golden, CO

(United States), 1997. [Online]. Available: https://www.

nrel.gov/docs/legosti/old/6918.pdf.

[41] T. Burton, N. Jenkins, D. Sharpe, E. Bossanyi, N. Jenkins,

Wind Energy Handbook Second Edition, A John Wiley and

Sons, Ltd., Publication, 2011.

https://doi.org/10.3390/en3040634
https://doi.org/10.1016/j.enconman.2016.06.015
https://doi.org/10.1016/j.enconman.2016.06.015
https://doi.org/10.1016/j.enconman.2014.03.064
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0055
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0055
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0055
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0055
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0055
https://doi.org/10.1115/1.1629751
https://doi.org/10.1115/1.1629751
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0065
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0065
https://doi.org/10.1016/0167-6105(92)90533-G
https://doi.org/10.1016/0167-6105(92)90533-G
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0075
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0075
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0075
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0080
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0080
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0080
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0080
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0080
https://doi.org/10.1260/030952403322665271
https://doi.org/10.1260/030952403322665271
https://doi.org/10.1007/s12206-008-0743-8
https://doi.org/10.1007/s12206-008-0743-8
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0095
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0095
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0095
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0095
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0095
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0105
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0105
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0105
https://doi.org/10.1016/j.energy.2018.09.192
https://doi.org/10.1016/j.renene.2016.02.028
https://doi.org/10.1016/j.renene.2016.02.028
https://doi.org/10.1016/j.energy.2018.07.160
https://doi.org/10.1016/j.energy.2018.07.160
https://doi.org/10.1016/j.enconman.2017.11.026
https://doi.org/10.1016/j.enconman.2017.11.026
https://doi.org/10.3390/en11020456
https://doi.org/10.1016/0894-1777(88)90043-X
https://doi.org/10.1016/0894-1777(88)90043-X
https://doi.org/10.1109/AEIT.2014.7002037
https://doi.org/10.3390/en12101988
https://doi.org/10.3390/en12101988
https://doi.org/10.2514/6.1997-2121
https://doi.org/10.2514/3.12149
https://doi.org/10.1016/j.jweia.2015.12.002
https://doi.org/10.3390/en6062784
https://doi.org/10.1016/j.seta.2018.12.028
https://doi.org/10.1088/1742-6596/75/1/012021
https://doi.org/10.1088/1742-6596/75/1/012021
https://doi.org/10.1016/j.jweia.2012.03.032
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0190
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0190
https://doi.org/10.3390/en13092292
https://www.nrel.gov/docs/legosti/old/6918.pdf
https://www.nrel.gov/docs/legosti/old/6918.pdf
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0205
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0205
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0205
http://refhub.elsevier.com/S1110-0168(21)00138-1/h0205

	Experimental and numerical investigation of the effect of blade number on the aerodynamic performance of a small-scale horizontal axis wind turbine
	1 Introduction
	2 Experimental description
	3 Numerical procedure
	3.1 Computational domain and grid generation

	4 Results
	5 Conclusions
	Declaration of Competing Interest
	References


