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The global warming threats, the presence of policies on support of renewable energies, and the desire for
clean smart cities are the major drives for most recent researches on developing small wind turbines in
urban environments. VAWTs (vertical axis wind turbines) are most appealing for energy harvesting in the
urban environment. This is attributed due to structural simplicity, wind direction independency, no yaw
mechanism required, withstand high turbulence winds, cost effectiveness, easier maintenance, and lower
noise emission of VAWTs. This paper reviews recent published works on CFD (computational fluid
dynamic) simulations of Darrieus VAWTs. Recommendations and guidelines are presented for turbulence
modeling, spatial and temporal discretization, numerical schemes and algorithms, and computational
domain size. The operating and geometrical parameters such as tip speed ratio, wind speed, solidity,
blade number and blade shapes are fully investigated. The purpose is to address different progresses
in simulations areas such as blade profile modification and optimization, wind turbine performance aug-
mentation using guide vanes, wind turbine wake interaction in wind farms, wind turbine aerodynamic
noise reduction, dynamic stall control, self-starting characteristics, and effects of unsteady and skewed
wind conditions.
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1. Introduction

In the last decade, utilization of renewable energy sources have
been accelerated due to global warming threats, depletion of fossil
fuel sources, and stricter environmental regulations in global
energy market and society [1]. Among all renewable energies, wind
energy is considered to be the most cost-effective source and it has
experienced a rapid growth globally [2]. The global cumulative
installed capacity of wind power rose from 24 GW in 2001 to
487 GW in 2016 and is expected to reach 817 GW by 2021 (see
Fig. 1). In 2016, as shown in Fig. 2, the new installed capacity of
the worldwide wind power constituted the total of 54.6 GW with
three major contributors as China (42.8%), U.S. (15%) and Germany
(10%) [3].

Wind turbines can be classified into horizontal axis wind tur-
bines (HAWTs) and vertical axis wind turbines (VAWTs) based on
the rotation axis [4]. Although HAWTs continue to be the commer-
cially viable for large-scale power production, VAWTs operate
under low wind speed conditions which are favorable for micro-
generation. VAWTs have recently received growing interest for
energy harvesting in the urban environment [5,6]. This growing
interest is due to lower manufacturing costs, simple blade profile
and shape, lower installation and maintenance costs, having the
generator installed at the ground level, lower noise pollution, and
lower operational tip speed ratio. Moreover, VAWTs are more
appropriate for high turbulent regions where unsteady and skewed
wind conditions are prevalent. Another advantageous for VAWTs,
there is no need to a yawing mechanism to adjust the rotor direc-
tion to the changing wind direction.

Generally VAWTs can be categorized into two types: Savonius
and Darrieus wind turbines [7]. The Savonius rotor is a vertical axis
wind turbine that operates under a differential drag between its
buckets. The Savonius rotor is promising solution for low wind
speed conditions, but it’s efficiency is low [8]. On the other hand,
Darrieus type wind turbines are lift type machines which have
higher power performance compared to the Savonius rotors. To
acquire a better insight into different wind turbines concepts, the
Fig. 1. Global cumulative installed
power performance and operating range for different types of wind
turbines are shown in Fig. 3.

Increasing studies are made towards improving the efficiency
and to extend the applicability of wind turbines to all suitable loca-
tions [11]. The wind turbine performance and flow characteristics
were studied experimentally and numerically. A number of numer-
ical simulation techniques were developed from which the Vortex
model, Blade Element Momentum (BEM), Multiple Streamtube
Model, and Computational Fluid Dynamics (CFD) are highly cited.
Analytical models such as Vortex model [12] and Multiple Stream-
tube Model [13] are based on one dimensional simplified equations
which requires some measured data on the employed airfoil sec-
tions in terms of lift and drag coefficients. In addition, these simpli-
fied models do not consider information on the wakes and merely
employ semi empirical equations to consider the tip vortex and
dynamic stall effects. Since these models use the statistically deter-
mined airfoil data will fail to determine accurately when the airfoil
experiences dynamic stall [14]. On the other hand, Computational
Fluid Dynamic (CFD) technique has become a routine practice to
research in wind energy and helped to design more efficient and
productive wind turbines. CFD can be employed as a powerful tool
to analyze, design, and optimize wind turbine blades. CFD can pro-
vide more accurate data of flow characteristics around wind tur-
bines compared to the other numerical models.

Many review papers highlighted different aspects of wind tur-
bines such as aerodynamics model for Darrieus wind turbine
[15], fluid dynamics aspect of Savonius wind turbine [16], VAWTs
airfoil design [17], small scale wind turbines [18], Darrieus
VAWTs [19], performance enhancements on vertical axis wind
turbines using flow augmentation systems [20], wind turbine
noise mechanisms [21], wind turbine wake aerodynamics [22],
computer aided numerical simulation techniques in wind energy
[23]. But, the lack of a detailed review paper that addresses the
computational fluid dynamic simulations in Darrieus VAWTs field
is felt.

The current paper provides an extensive literature review on
the Computational Fluid Dynamic simulation of Darrieus VAWTs.
wind capacity 2001–2016 [3].



Fig. 2. New installed capacity for top 10 countries in 2016 [3].
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Different aspects such as blade profile modification and optimiza-
tion, wind turbine performance augmentation using guide vanes
and shrouds, wind turbines wake interaction in wind farms, wind
turbine aeroacoustics, dynamic stall, unsteady and skewed wind
flow conditions, and self-starting characteristics are considered.
The effect of different operating and geometrical parameters such
as tip speed ratio, wind speed, solidity, blade number and blade
shapes on the wind turbine performance and self-starting charac-
teristics are reviewed. Moreover, guidelines and recommendations
for turbulence modeling, spatial and temporal discretization,
numerical scheme and algorithm, computational domain size are
provided. Different turbulence modeling and their advantages
and disadvantages will be discussed.
2. Guidelines and recommendations toward reliable and
accurate CFD simulation for VAWTs

This section aims to provide guidelines and recommendations
towards accurate and reliable CFD simulation of Darrieus VAWTs.
Appropriate spatial and temporal discretization, numerical scheme
and algorithm, computational domain size is discussed.

A crucial aspect of reliable wind turbine CFD simulation is the
computational grid. High quality grid can improve the convergence
rate and computational accuracy, while low quality grid may lead
to meaningless results or even calculation failure. Generally, Grids
are categorized into structured and unstructured grids. In struc-
tured grids, every node is uniquely identified by the indexes i, j



Fig. 3. Characteristic curves of Cp�averaged as a function of k for various wind turbines.
Adapted from [9,10].

Fig. 5. Computational grid independency study [31].

Fig. 6. Computational domain size sensitivity study [34].
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and k and the grid elements are quadrilaterals in 2D and hexahedra
in 3D. On the other hand, grid points have no particular ordering in
unstructured grid and neighboring grid points cannot be directly
identified by their indexes. The main advantage of structured grids
is due to the linear address space representation of grid point
indexes. This property leads to a very quick and easy access to
the neighbors of a grid node. But it is difficult to generate struc-
tured grids for complex geometries [24]. Fig. 4 depicts a structured
computational grid for a Darrieus wind turbine.

The required grid resolution strongly is problem dependent.
Therefore, grid sensitivity study is required to determine the
appropriate grid resolution [11,26–30]. Generally, using finer grid
makes the numerical results more accurate, but it also requires
higher computer memory and computational cost. The optimum
grid size can be determined by increasing the grid number until
the mesh is sufficiently fine. Therefore, further refinement does
not change the results significantly. Fig. 5 shows a computational
grid independency study for three different mesh resolutions:
coarse, medium and fine. As it can be seen, there is little difference
in the solution between medium and fine meshes. Therefore, med-
ium grid is the best computational grid. Zadeh et al. [29] employed
the Grid Convergence Index (GCI) method to analyze the grid con-
vergence and estimate the discretization error.
Fig. 4. Structured computation
It is particularly required that the grid points should be clus-
tered near the blade and in the wake region, where the velocity
gradients are high. The dimensionless wall parameter, yþ, is an
important factor describing how many cell points should be
located within the wall boundary layer. Wall function in every tur-
bulence model is valid within a specific range of yþ. The yþ should
be compatible with turbulence wall function. The yþ associated
with the first cell should not be too large that the first node falls
outside of the log-law layer and it should not be too small that
the first node is placed in the viscous sublayer of the boundary
layer [11,26–30].
al grid around blade [25].



Fig. 7. Lift coefficient comparison for transition SST and k�x SST turbulence
models. Adapted from [32].

Fig. 9. Effects of solidity on the wind turbine performance. Adapted from [54].
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The Mach number for Darrieus wind turbine application is less
than 0.3 ðM < 0:3Þ; therefore the flow can be considered incom-
pressible and incompressible flow solvers may be employed [19].
SIMPLE (Semi-Implicit Method for Pressure Linked Equations),
PISO (Pressure-Implicit with Splitting of Operators) and COUPLED
pressure-velocity coupling methods were evaluated on different
operating conditions by Lanzafame et al. [32]. They suggested that
the best results were obtained using the PISO scheme, while SIM-
PLE scheme was inefficient at low tip speed ratios and COUPLED
scheme was unable to predict the flow behavior around the blades.

In any CFD simulation, it is required to assess if the solution to
discretized governing fluid flow equations have converged to final
solution through some iterative procedures. There are several ways
to check the solution convergence. One way is to check if the resid-
uals of the iterative process for the governing equations have
reached under a certain value. Monitoring an accumulating aero-
dynamic quantity such as lift or torque may present a constant
oscillating trend. The mass conservation (balance) between inlet
and outlet is normally required to be verified.

The time step should be small enough to adequately capture the
small-scale turbulent eddies with high frequency especially at high
Fig. 8. Comparison of power coefficient at different tip speed ratios for IDDES and
k�x SST turbulence models [53].
rotational speed and high wind speed. Castelli et al. [33] estab-
lished a simulation with an angular step of 1 degree. It is suggested
that the rotational speed is gradually increased to make the simu-
lation process less ‘‘aggressive”. The computational domain size
should be enough large to minimize the effects of blockage and
uncertainties in the boundary conditions on the results and cor-
rectly reproduce the wake effect and flow around the rotor. On
the other hand, it should not be too large to not uselessly increase
elements number and computational time [32]. Chen et al. [34]
carried out sensitivity study of computation domain size. It was
shown that the torque is relatively constant when the ratio of com-
putational domain to rotor diameter is larger than 15 (see Fig. 6).
The computational domain should be extended enough (14 diam-
eters) downwind with respect to the rotor to allow a full develop-
ment of the wake [35,36]. Mohamed [37] suggested the
computational domain ratio of 20. Rezaeiha [38] used a computa-
tional domain with a distance from the turbine center to the
domain inlet and outlet of 10D each, a domain width of 20D and
a diameter of the rotating core of 1.5D.
Fig. 10. Solidity effects on wind turbine performance. Adapted from [55].
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3. Applications of different turbulence models for Darrieus
VAWTs

This section is devoted to review different approaches to model
turbulent flows around Darrieus VAWTs. Advantages and disad-
vantages of several intensively used turbulence models such as
k� e, k�xðSSTÞ, SST transition, Large Eddy Simulation (LES), and
hybrid RANS-LES are discussed.

3.1. The k� e turbulence model

The k� e turbulence model computes the eddy viscosity in the
Reynolds averaged Navier-Stokes (RANS) equations by solving two
transport equations for turbulent kinetic energy, k, and turbulent
dissipation rate, e. This model is numerically stable and robust.
Fig. 11. Effects of blade number on the wind turbine performance. Adapted from
[54].

Fig. 12. Different symmetric and non-s
Therefore, it is popular for a wide range of turbulent flows in indus-
trial flow and heat transfer simulations. This section presents the
eddy viscosity type models including the standard, Renormaliza-
tion Group (RNG), and realizable k� e turbulence models. All mod-
els have similar transport equations for turbulent kinetic energy
and turbulent dissipation rate. The major differences among the
eddy viscosity models are the turbulent viscosity calculation
method, generation and destruction terms in the e equation, and
the turbulent Prandtl numbers governing the turbulent diffusion
of k and e.

The k� e turbulence model determines the turbulent length
and time scale by solving two transport equations for the k and
e. The k� e turbulence model is a semi-empirical model and the
derivation of the model equations relies on phenomenological con-
siderations and empiricism. The k� e turbulence model assumes
that the flow is fully turbulent and neglects the effects of molecular
viscosity.

The RNG k� e turbulence model [39] was derived using a statis-
tical technique called ‘‘renormalization group” (RNG) theory [40].
This model has several modifications such as considering the
effects of rotation on the eddy viscosity, an additional term in e
equation for rapidly strained flows, and employing an analytical
formula for turbulent Prandtl numbers instead of constant values
in the standard k� e turbulence model. Therefore, the RNG k� e
turbulence model due to these features is more accurate and reli-
able for a wider range of turbulence flows compared to standard
k� e turbulence model.

The realizable k� e turbulence model [41] is usually recom-
mended for rotating bodies [37]. The Cl in this turbulence model
is expressed as a function of mean flow and turbulence properties,
in contrast with the standard model which is assumed to be con-
stant. This model leads to improved results for swirling flows
and some flows involving separation.
3.2. The k�xðSSTÞ turbulence model

The k�xðSSTÞ (shear stress transport) turbulence model is a
combination of superior elements of k�x and k� e turbulence
models. It utilizes the k�x turbulence model in the inner part
ymmetric airfoils studied by [37].



Fig. 13. Maximum power coefficient for different symmetric and non-symmetric airfoils studied by [37]. Adapted from [19].
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of the boundary layer and gradually switches to the standard k� e
turbulence model in the wake region of the boundary layer and
free shear layers [42]. The transition between these two models
is based on a blending function. This blending function is one in
the sublayer and logarithmic region of boundary layer and gradu-
ally switches to zero in the wake region and free shear layers. The
other superiority of k�xðSSTÞ turbulence model is that the eddy
viscosity formulation is modified to take into account the effect
of turbulent shear stress transportation. This turbulent shear stress
transportation is important to predict severe adverse pressure gra-
dient flows [43]. The k�xðSSTÞ turbulence model was employed
in several studies such as [44–46].
3.3. The SST transition turbulence model

The SST transition turbulence model is based on the coupling of
the k�xðSSTÞ transport equations with two other transport equa-
tions for the intermittency and the transition momentum thick-
ness Reynolds number. The SST transition turbulence model
leads to more accurate results compared to the classical fully tur-
bulent models. While the fully turbulent RANS models lead to an
overestimation of the generated power, transition model is capable
to predict flow separation phenomena [32] (see Fig. 7). Several
studies used SST transition turbulence model to investigate flow
characteristics around VAWTs such as [14,32,45,47].
3.4. The large eddy simulation

The Large Eddy Simulation (LES) is based on a scale separation.
The large scales which contain the most energy and transport the
flow properties are resolved, but the small scales which behave
in universal way are simply modeled. LES is accurate, but it is
rather computationally expensive. Large eddy simulation of
VAWTs can be found in [48–51].
Fig. 14. NACA-0015 having Gurney flap with inward dimple on the lower surface
near the trailing edge [66].
3.5. The hybrid RANS-LES turbulence model

The hybrid RANS-LES turbulence model is a blending technique
between the statistical RANS and LES method. The basic principle
in hybrid technique is to solve the boundary layer with RANS,
whereas LES is employed for the external flow and separation
regions. This method overcomes the excessive computational
demands of LES and has better accuracy compared to the RANS
[52]. The hybrid RANS-LES turbulence model was employed by
several authors in wind turbine applications [47,53]. Fig. 8 shows
the comparison of power coefficient at different tip speed ratios
for IDDES and k�x SST turbulence models [53].
4. Effects of different geometrical and operating conditions on
the performance of Darrieus VAWTs

4.1. The effects of solidity

The power extraction performance of Darrieus VAWTs depends
on the different parameters such as rotor diameter, chord length,
solidity, tip speed ratio, blade profile, spanwise height, installation
angle, and blade number. This section reviews the CFD studies that
investigated the effects of these parameters on the wind turbine
performance.

Solidity is defined based on the number of blades, N, chord
length, c, and rotor radius, R, as follow:

r ¼ Nc
R

ð1Þ

Sabaeifard et al. [54] studied the effects of solidity on the wind
turbine performance. Increasing solidity to range of 0.3–0.5
improved turbine performance. However, above this range of solid-
ity, the power coefficient decreased significantly and the curve
exhibited sharper peaks. Fig. 9 shows the power coefficient for dif-
ferent solidities.

Lee and Lim [55] investigated the effect of various parameters
such as chord length, helical angle, pitch angle, and rotor diameter
on the wind turbine performance. As Fig. 10 shows, the longer
chord length and smaller rotor diameter (higher solidity) increased
the power performance in the range of low tip speed ratios. But, in
the higher tip speed ratios, lower solidity rotors performed better.
The observations indicated that the dominant power affecting
blades is lift at low tip speed ratios. However, as the tip speed ratio
increases, the drag is the most dominant parameter causing varia-
tions in the wind turbine performance. In the case of the lift, the
long-chord length rotor displays a higher power coefficient. On
the contrary, when the drag is regarded as the dominant parame-



Fig. 15. Pressure field around J-shaped blade for different times [68].

Fig. 16. Velocity contour around the two turbines [75].

Fig. 17. Tip speed ratio effects on the noise generation of H-Darrieus wind turbine.
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ter, the long-chord length rotor displays a lower performance
because it encounters stronger resistance.

Gang and Kau [56] investigated the effects of blade installation
angle and chord length. The power coefficient in the best solidity
was increased by 15%. The rotor power coefficient first increased
then declined as the solidity increased. Also, the operating range
kept declining by the solidity increase. Another study [57] showed
that the best performing turbine has solidity around r ¼ 0:2. The
low solidity is recommended for H-Darrieus wind turbine to obtain
wider operating ranges [37]. Both the torque and power coeffi-
cients are shifted left with increasing the solidity due to the wake
effect increases in narrow passages between blades and the chance
of the earlier stalling. Decreasing the instantaneous torque and
power coefficient occur with increasing the solidity.

Sensitivity study to the blade number can be found in the works
done by [54,57,58]. The torque variation reduces during the revo-
lution of a VAWT by increasing the blade number. Fig. 11 shows
the power coefficient variation for different blade number. Larger
number of blades allowed to reach the maximum power coefficient
for lower angular velocity. On the contrary, lower number of blades
led to higher performance for higher tip speed ratios. The best
power performance occurs when the rotor has 3 blades.
4.2. The effects of airfoil shape

Mohamed et al. [59] investigated different blade airfoil sections
and blade pitch angles. They found that the LS (1)-0413 airfoil sec-
tion increased the power coefficient around 10% compared to
NACA 0018 airfoil section. Also, they reported that the airfoil sec-
tion of NACA 63-415 introduced wider operating range. The effect
of pitch angle variation was investigated from �10� to 10� com-
pared with zero pitch angle. Surprisingly, the zero-pitch angle led
to the best performance. Mohamed [37] studied 20 different sym-
metrical and unsymmetrical airfoil shapes including NACA 00XX,
NACA 63XXX, S-series, A-series, and FX-series as shown in Fig. 12
to maximize the wind turbine performance. The maximum power
gained for different airfoil shapes is shown in Fig. 13. The S-1046
airfoil section led to a 26.83% increase in maximum power output
coefficient compared to the standard symmetrical NACA airfoils.
The operating range was extended up to k ¼ 10 using small solidity
ðr ¼ 0:1Þ. The operating range (tip speed ratio range) for symmet-
rical airfoils was observed wider than non-symmetrical airfoils
because stall was delayed using symmetrical airfoils.

The study of the blade thickness and camber effects on the wind
turbine performance showed that the thicker airfoils tend to per-
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form better for high solidity ratio. This is mainly due to the better
inheriting stall characteristics of thicker airfoils. It was found that
the symmetrical airfoil sections had a slightly better performance
at tip-speed ratios corresponding to highest power coefficient val-
ues without a noticeable effect on the self-starting of the VAWT
[49].

Bausas and Danao [60] studied the aerodynamics of a camber-
bladed VAWT in unsteady free stream under fluctuating wind con-
dition. Camber along the rotation path marginally improves the
overall performance of VAWT. Sengupta et al. [61] studied starting
characteristics, dynamic performance, and flow physics of high
solidity symmetrical and unsymmetrical VAWT blades. They con-
cluded that using unsymmetrical or cambered blades with high
solidity instead of symmetrical blades can improve the wind tur-
bine starting performance along with its power coefficient.

Castelli and Benini [62] studied the effects of phase shift angle
between lower and upper blade sections. The average torque did
not change substantially for low phase shift angle but showed a
remarkable decrease for high values of phase shift angle between
upper and lower blade sections. Investigation of pressure variation
in spanwise direction of Darrieus VAWTs in unsteady wind condi-
tion showed that the momentum amount is the largest at the blade
center height and the smallest at the blade tip [63]. Li et al. [64]
evaluated the aerodynamic forces and inertial contributions to
rotor blade deformation. They predicted the aerodynamic perfor-
mance of straight-bladed VAWT in the spanwise direction. The
fluid force decreased with the increase of spanwise positions
excluding the position of support structure.
5. Different application of CFD in Darrieus VAWTs

5.1. Modification and new design of Darrieus VAWTs

This section addresses the optimization and modification in
Darrieus VAWTs design to improve performance. Bedon et al.
Fig. 18. Different configurations of
[65] employed an optimization method to develop a new airfoil
shape to increase the aerodynamic performance. Chen et al. [34]
optimized the NACA 4-digit airfoil family by parameterization.
Ismail and Vijayaraghavan [66] modified the blade profile by com-
bination of inward semi-circular dimple and Gurney flap at the
lower surface of the NACA-0015 airfoil. The optimized shape of
the modified airfoil is shown to improve the aerodynamics of the
wind turbine blade. The average tangential force increased by
approximately 35% by utilizing an optimized combination of Gur-
ney flap and semi-circular inward dimple. A schematic of their
design is shown in Fig. 14.

Jafaryar et al. [67] optimized the asymmetric blades. Their
results showed that the optimum shape of the airfoil is very similar
to symmetric blades. The starting torque improvement using
J-shaped blade profile was proposed by Zamani et al. [68,69]. The
J-shaped profile was designed by eliminating the pressure side of
airfoil from the maximum thickness toward the trailing edge. This
design can benefit from the lift and drag forces simultaneously.
This combined force can help the turbine possesses faster opera-
tion at low wind speeds. Thereby resulting in the termination of
self-starting problem and improving the power coefficient, espe-
cially at low and moderate tip speed ratios. These improvements
can be attributed to the inherent geometry of J-shaped profile
through which the generated vorticities are trapped inside the
blade and released behind the rotor. Fig. 15 shows the contour of
pressure for this type of wind turbine at different azimuth angles.

5.2. Wind farm arrangements of Darrieus VAWTs

A principle challenge in wind energy field is that wind is more
diffuse. Therefore, a substantial land resource is required to extract
perceptible amount of energy. The power density of wind farms is
defined as the power extracted per unit land area. HAWTs wind
farms require significant land resources to isolate each wind tur-
bine from the aerodynamic interaction with adjacent turbine
wakes. This aerodynamic constrain limits the power density of typ-
the double-airfoil blade [81].
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ical HAWTs wind farms between 2 and 3W/m2. VAWTs have the
potential to acquire higher power densities and this possibility is
because the VAWTs swept area can be apportioned unequally
between its breadth -which determines the wind turbine footprint
size- and height, on the other hand, the HAWT circular sweep dic-
tate that the breadth and height of the rotor swept area should be
identical. Therefore, the power density of H-rotor VAWTs wind
farms can be improved to 30 W/m2 by arranging wind turbines
in layouts that enables them to extract energy from adjacent tur-
bine wakes [70]. The grouping of turbines in wind farms results
in distributed flows behind rotors with reduced wind speeds. The
power losses due to wind turbine wakes can be of the order of
10–20% of the total power output of large wind farms. Therefore,
the wind turbines arrangement in wind farm is important to
enhance the wind farm power generation. A detailed knowledge
of the flows and turbulence structures within wakes is necessary
to optimize the wind farm turbine layout [71–73]. Therefore, this
section focuses on the Darrieus wind turbine arrangements in
the wind farms.

Giorgetti et al. [74] studied the aerodynamic interaction
between two medium-solidity Darrieus VAWTs positioned in close
proximity. The behavior of counter-rotating and co-rotating
arrangements was analyzed at different distances between rotor
axis. 10% power production improvement was observed compared
to the isolated turbine regardless of the rotation direction. The
accelerated free-stream flow between the turbines causes power
extraction enhancement. The results of a sensitivity analysis to
wind direction suggested that closely spaced multi-rotor arrange-
ment should be only used in sites with strong prevailing wind
directions.

The other study showed that the dual turbine system operated
at the optimal combination can enlarge the power performance by
9.97% [75] (see Fig. 16).

A pair of counter-rotating VAWTs in various gaps between the
two turbines, tip speed ratios and wind directions were analyzed
to identify the local flow mechanisms contributing to enhanced
power generation compared to the isolated one. For two turbines
arrayed side-by-side with respect to the incoming wind, the power
enhancement can be due to [76]:

1. Change of lateral velocity in the upwind path due to the pres-
ence of the neighboring turbine, making the direction of local
flow approaching the blade more favorable to generate lift
and torque.

2. Contraction of the wake in the downwind path making a larger
momentum flux available for power generation in the down-
wind path.

Chowdhury et al. [77] investigated the adjacent wake effects of
VAWTs and determined the suitable flow recovery for optimal
placement of subsequent turbines. The wake interference is
Fig. 19. Vorticity contours for the upri
minimal at around 5D of turbine downstream and there is an
adequate flow recovery in this location.

Lam and Peng [47] studied the near and far wakes characteris-
tics. In the near wake, the velocity suffered a drastic deficit of about
85%. In the far wake, major velocity recovery occurred with the
average streamwise velocity reaching approximately 75% at 10D.
5.3. Aerodynamic noise pollution of H-Darrieus wind turbines

Aerodynamic noise from Darrieus wind turbines may cause
annoyance for people living near the turbines. Noise emitted from
an operating wind turbine can be divided into mechanical noise
and aerodynamic noise. Mechanical noise originates from different
machinery components, such as the generator and the gearbox.
Aerodynamic noise is radiated from the blades and is mainly asso-
ciated with the interaction of turbulence with the blade surface.
Machinery noise can be reduced efficiently by well-known engi-
neering methods [78], whereas reduction of aerodynamic noises
still represents a problem, and aerodynamic noise is the dominat-
ing noise mechanism. Therefore, it is important to identify and pre-
dict the most important noise sources. The aerodynamic noise
source can be classified into discrete frequency (tonal) noise and
broadband noise in character.

The early numerical studies [79] used discrete vortex method to
compute the aerodynamic noise generated by wind turbines. In the
recent years, CFD is more common to study different generation
mechanism noises. Ghasemian and Nejat [51] employed incom-
pressible Large Eddy Simulations and Ffowcs Williams and Hawk-
ings (FW-H) acoustic analogy formulation to predict the
aerodynamic noise generation by H-Darrieus wind turbine at dif-
ferent tip speed ratios. The broadband noises of the turbulent
boundary layers and the tonal noises due to the blade passing fre-
quency were analyzed. Fig. 17 depicts the effects of rotational
speed on the sound pressure level. Every rotational speed has a dis-
tinct tonal peak corresponded to the blade rotation frequency.

Mohamed [80] investigated the aerodynamic noise of the Dar-
rieus VAWTwith different blade shapes, tip speed ratios and solidi-
ties using URANS and FW-H. Four different airfoils S-1046, NACA
0018, NACA 63418 and FXLV152 were studied. Results showed that
S-1046 airfoil which has the best aerodynamic performance has
less noise generation. Wind turbine is noisier at the higher solidi-
ties and higher tip speed ratios. The noise emission reduced by
7.6 dB when the solidity decreased from 0.25 to 0.1. An innovative
design proposed by Mohamed [81] to reduce the noise generation
in VAWTs. In his design, every blade was constructed by two air-
foils (see Fig. 18). His results showed that the 60% spacing is the
best configuration of the double-airfoil from the noise reduction
point of view. The new configuration reduced the average sound
level by 56.55%. Nevertheless, the optimum design decreased the
power coefficient by 6.8%.
ght and tilted configurations [87].
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5.4. Wind turbine performance in fluctuating and skewed wind
conditions

Most of CFD studies assume an unchanged and steady incoming
wind flow conditions, but in reality due to the presence of build-
ings and other adjacent obstructions in the urban environments,
wind is normally skewed, fluctuating, and tilted [82,83]. This sec-
tion focuses on the unsteady, fluctuating and inclined incoming
wind flows. Several authors studied the VAWTs performance in
unsteady and fluctuation incoming flows [25,60,84,85]. Danao
et al. [25] concluded that the overall performance can be slightly
improved if the mean tip speed ratio is just above the tip speed
ratio of the steady performance maximum, the amplitude of fluctu-
ation is small (<10%), and the frequency of fluctuation is high
(>1 Hz). Bhargav et al. [84] investigated the effect of variation of
fluctuation amplitude and frequency of incoming free streamwind.
As fluctuation amplitude increased from 10% to 50%, cycle aver-
aged power coefficient continuously increased from 0.284 to
0.329. Increase in fluctuation frequency increased the power coef-
ficient till f ¼ 1 Hz, further increase in frequency resulted in mar-
ginal decrease in power coefficient. Wekesa et al. [85] also
concluded that the highest frequency of fluctuation with energy
content in unsteady wind condition is f � 1 Hz. Unsteady wind
imposed a detrimental effect to VAWT performance [60].

The distortion of the flow by buildingswithin the urban environ-
ment causes the VAWT operate in oblique flow and thewind is non-
perpendicular to the axis of rotation of the wind turbine. The VAWT
in oblique flow is equivalent to VAWT working in tilted condition
[82]. In contrast to HAWT, VAWT is known to perform positively
in some tilted conditions. Chowdhury [86] studied the upright
and tilted configurations. Their results showed that the torque pro-
duced by the tilted condition was higher than the upright configu-
ration. The flow field visualization showed the wake of tilted
Fig. 20. Velocity vector field for different omn
configuration would proceed downstream in tilted manner and
the wake stream shifts downward. The VAWT performance incre-
ment in skewed flow was studied by Orlandi et al. [87]. The power
gain in the skewed flows was obtained during the downwind phase
of the revolution. This gain is due to the downwind part of the rotor
being less disturbed by the wake generated by the blades in the
upwind part as is shown in Fig. 19. Bedon et al. [44] carried out
CFD simulations for tilted Darrieus turbine. A sensible decrease in
the power production was observed for increasing tilt angles. This
decrease in power can be due to the direction of tilt angle which
is towards the incoming wind instead of being downward.

The performance of VAWT under accelerating and decelerating
flows was studied by Shahzad et al. [88]. Siddiqui et al. [89] inves-
tigated the effect of turbulence intensity on the performance of an
offshore wind turbine. Due to the increase in turbulence intensity
level from 5% to 25% the performance of wind turbine decreases by
almost 23–42% compared to no turbulence in the incoming wind
field. Lei et al. [90] investigated the impact of pitch motion of a
floating vertical axis wind turbine with different periods and
amplitudes. The pitch motion can improve the power output of
the VAWTs and enlarge the variation ranges of aerodynamic force
coefficient. The additional velocity induced by pitching is the pri-
mary factor that affects the instantaneous aerodynamic forces
and sweep area and tilt angle are the minor factors. The power
coefficients of the wind turbine increased with the growth of pitch-
ing amplitudes and the pitching periods reduction. The tip blade
vortices become stronger in pitch motion, which is induced by
the stronger blade-wake interaction.

5.5. Wind turbine performance augmentation using guide vanes

Using the guide vane is an appropriate strategy to increase
the wind turbines performance and improve their self-starting
i-direction-guide-vane configuration [92].
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capability especially at the lower wind speeds. Several CFD studies
[31,91–94] were devoted to the shrouded H-Darrieus wind
turbines.

The omni-direction-guide-vane (ODGV) surrounds the VAWT to
increase the on-coming wind speed, change the flow angle for bet-
ter angle of attack of the wind turbine blades, and increase the
rotational speed and working hour of the wind turbine. The work-
ing concept of the ODGV is to minimize the negative torque zone
and reduce turbulence and rotational speed fluctuations [91].
Nobile et al. [31] carried out CFD simulations of an open and aug-
mented Darrieus straight-bladed VAWT. Their results indicated
that the introduction of an omnidirectional stator around the same
rotor has the potential to increase the average power and torque
coefficients by about 30–35%. Lim et al. [92] optimized the ODGV
design parameters such as guide vanes angles and the ratio of
diameter to distance between two guide vanes in order to maxi-
mize the wind turbine performance. Fig. 20 shows velocity vector
field for different omni-direction-guide-vane configurations [92].
The omni-direction-guide-vane angles effects also was evaluated
in the recent work by Shahizare et al. [93]. Zanforlin and Letizia
[94] improved the performance of wind turbines in the urban envi-
ronment by integrating the action of a diffuser with the aerody-
namics of the rooftops. The combination of a dual-pitched roof
and a diffuser-shaped wall allowed to obtain a power enhance-
ment of 40–50%.
5.6. Self-starting characteristics of Darrieus wind turbines

The inherent start-up issues associated with VAWTs limit their
installation especially in environments with low wind speed.
Therefore, it is crucial to study the self-starting behavior of this
type of wind turbine. Several studies [14,95,96] utilized CFD to
study the self-starting characteristics of H-Darrieus wind turbines.
To consider the self-starting characteristics, the rotor is left free to
accelerate based on the torque experienced over time and the
instantaneous rotational speed at each time step is computed
based on the Newton’s second law and according to the instanta-
neous aerodynamic and mechanical forces. This approach is in con-
trast with the conventional approach which a constant angular
velocity is specified to the rotor. The start-up capability of
H-Darrieus is influenced by many various factors such as blade
profile, Reynolds number, secondary flow, three-dimensional aero-
dynamic effects and finite aspect-ratio of the blades. Rossetti and
Pavesi [95] applied different approaches to describe the self-
starting behavior of H-Darrieus wind turbines. The BEMmodel suf-
fers of the absence of well documented airfoil characterization of
aerodynamic profiles for a very low Reynolds number. Therefore,
this model shows remarkable limitation to describe the self-
starting behavior. The 2D CFD simulation allowed to highlight
the unsteady features of the flow field and the presence of a com-
plex vortices pattern which interact with the blade. The compar-
ison between 2D and 3D data demonstrated the importance of
3D effects such as secondary flows and tip effects on the self-
starting behavior. These 3D effects were proved to have a positive
effect on the start-up characteristics. Asr et al. [96] evaluated the
effects of several geometric attributes such as symmetric and cam-
bered airfoils of different thickness with a wide range of pitch
angles on the starting characteristics. Arab Golarche et al. [14]
investigated the effects of the rotor moment of inertia on the
start-up characteristics of the Darrieus wind turbine. As the rotor
inertia increases, it takes a longer time for the turbine to
reach its final velocity. In other hand, as the rotor inertia decreases,
the oscillations amplitude of the turbine rotational velocity
increases.
6. Conclusion

The current review paper highlighted different aspects of Com-
putational Fluid Dynamic simulation of Darrieus VAWTs such as
blade profile modification and optimization, wind turbine perfor-
mance augmentation using guide vanes and shrouds, wind tur-
bines wake interaction in wind farms, wind turbine
aeroacoustics, dynamic stall, unsteady and skewed wind flow con-
ditions, and self-starting characteristics. The effect of different
operating and geometrical parameters such as tip speed ratio, wind
speed, solidity, blade number and blade shapes on the wind tur-
bine performance and self-starting characteristics were reviewed.
The principle conclusions can be summarized as follows:

� The longer chord length and smaller rotor diameter (higher
solidity) increases the power performance for low tip speed
ratios. But, in the higher tip speed ratios, lower solidity rotors
perform better. Also, the operating range keeps declining by
the solidity increase. The power coefficient is shifted left with
increasing the solidity due to the wake effect increases in nar-
row passages between blades and the chance of the earlier
stalling.

� The power variation reduces by increasing the blade number.
Larger number of blades allows the maximum power coefficient
reaches at lower angular velocities. On the contrary, lower
number of blades leads to higher performance for higher tip
speed ratios.

� The grouping of wind turbines in wind farms results in dis-
tributed flows behind rotors with reduced wind speeds. There-
fore, the wind farm arrangement can enhance the wind turbine
power generation. This power enhancement can be due to
change of lateral velocity in the upwind path due to the pres-
ence of the neighboring turbine, and making the direction of
local flow approaching the blade more favorable to generate lift
and torque.

� The aerodynamic noise generated by Darrieus wind turbines
can be classified into the discrete frequency noises due to aero-
dynamic forces and the broadband noises related to the turbu-
lent structures in the wake behind the wind turbine. The
amplitude of generated noise increases by tip speed ratio and
solidity. Aerodynamic noise spectrum at every rotational speed
has a distinct tonal peak corresponded to the blade rotation
frequency.

� Using the guide vane is an appropriate strategy to increase the
wind turbines performance and improve their self-starting
capability especially at the lower wind speeds. The guide vane
increase the on-coming wind speed, change the flow angle for
better angle of attack of the wind turbine blades, minimize
the negative torque, and increase the rotational speed and
working hour of the wind turbine.

� The incoming flow is normally skewed, fluctuating, and tilted
due to presence of buildings and other adjacent obstructions
in the urban environments. This distortion of the flow causes
that the VAWTs operate in oblique flow and the wind is non-
perpendicular to the axis of rotation of the wind turbine.
VAWTs can perform positively in some tilted conditions.
Because the downwind part of the rotor being less disturbed
by the wake generated by the blades in the upwind part.
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