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Abstract: A lift-driven vertical axis wind turbine (VAWT) generates peak power when it is rotating at
high tip-speed ratios (TSR), at which time the blades encounter angles of attack (AOA) over a small
range from zero to 30 degrees. However, its ability to self-start is dependent upon its performance at
low TSRs, at which time the blades encounter a range of AOAs from zero to 180 degrees. A novel
vented aerofoil is presented with the intention of improving the performance of a lift-driven VAWT
at low TSRs without hampering the performance of the wind turbine at high TSRs. Computational
fluid dynamics (CFD) simulation is used to predict the aerodynamic characteristics of a new vented
aerofoil based on the well documented NACA0012 profile. Simulations are performed using the SST
turbulence model. The results obtained show a reduction in the coefficient of tangential force (the
force that generates torque on the wind turbine) at low AOAs (less than 90 degrees) of no more than
30%, while at high AOAs (more than 90 degrees) an improvement in the tangential force of over
100% is observed. Using a simple momentum based performance prediction model, these results
suggest that this would lead to an increase in torque generation by a theoretical three-bladed VAWT
of up to 20% at low TSRs and a minor reduction in coefficient of performance of up to 9% at TSR of 2
and closer to 1% at higher TSRs.

Keywords: renewable energy; wind turbine; self-start; aerofoil; drag; lift

1. Introduction

Improvement of the efficiency and reliability of wind turbines is of particular im-
portance in terms of design and optimization of renewable energy sources and economic
justification of wind farms [1]. Computational methods play an important role in devel-
opment of prediction methodology of the performance of wind turbines installed in the
objects of existing infrastructure or specific local environment.

1.1. Design of Wind Turbines

There are many different designs of wind turbines. They may be defined by the
orientation of the axis of rotation, for example, horizontal axis wind turbines (HAWT) and
vertical axis wind turbines (VAWT), or they may be defined by the aerodynamic force that
drives the rotation, for example, lift-driven and drag-driven wind turbines. These different
technologies offer advantages and disadvantages that are inherent in their design.

One particular design is the lift-driven VAWT. A lift-driven VAWT uses aerofoil
profiles as the cross section of the blades to create high lift with little drag. One disadvantage
of this type of wind turbine is the low torque it generates at low tip speed ratios (TSRs).
This means many lift-driven VAWTs are unable to self-start and require some energy input
to allow the wind turbine to reach its peak performance band at higher TSRs.
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Given the problem that lift-driven VAWTs perform badly at low TSRs, it is important
to offer a possible solution through the use of computational fluid dynamics (CFD) as a
method to assess and compare the aerodynamic characteristics of a newly presented blade
for a VAWT with standard blades currently in use. It is the intention of creating a blade
for a lift-driven VAWT that has the aerodynamic characteristics to improve wind turbine
performance at low TSRs, whilst at the same time having little or no negative effects on the
performance of the wind turbine at high TSRs. The new blade design features vents on the
trailing faces which have been placed there with the intention of increasing drag when the
air approaches from behind the blade, but without significantly increasing drag when the
fluid approaches from in front of the blade. The predicted aerodynamic characteristics of
this new blade is used in a simple momentum-based performance prediction model for a
VAWT. The predicted performance of a VAWT using the new vented blades is compared to
that of a VAWT using standard blades.

Direct numerical simulation (DNS) of turbulent flow is able to resolve all turbulent
length and time scales but applicable to simple geometry and low Reynolds number
flows due to high-computational costs. Solution with Reynolds averaged Navier–Stokes
equations (RANS) is capable to predict time or statistical averages usuing moderate compu-
tational resources, but introduces some level of uncertainties, because turbulence models
are used to close RANS. Large-eddy simulation (LES) is an alternative to DNS and RANS.
It resolves large length and time scales, and sub-grid scale models are applied to take into
account the effect of the smallest unresolved turbulent scales.

1.2. Performance of Lift-Driven Vawts

VAWTs operate at a much lower Reynolds number and aerofoils experience a much
larger range of AOAs compared to aerospace applications. Wind tunnel tests on various
aerofoils (NACA0009, -0012, -0015 and -0012H) over a full range of AOAs from 0 to
180 degrees were performed in [2–5]. Experiments were conducted in a wind tunnel with
blade profiles having chord lengths of approximately 15 cm and Reynolds number ranging
from Re = 3.6 × 105 to 1.76 × 106. It was found that the NACA0015 aerofoil offered the
best results for the performance of a lift-driven VAWT.

Additional high AOA studies of the NACA0012 aerofoil include [3,6–8] where both
experimental and CFD analysis on NACA0012 aerofoil was performed. A good agreement
between observations and predictions up to AOA of 10◦ were found. Beyond that CFD
did not predict some flow features that were observed experimentally. Other studies using
CFD to assess the performance characteristics of lift-driven VAWTs include those reported
in [9–13]. There are many other investigations into novel ways in which to increase the
performance of VAWTs at low TSRs [14–17]. However, the majority result in a significant
loss in performance at high TSRs.

A review of the different models for performance prediction of lift-driven VAWTs
was presented in [18]. These include the single stream model, and multiple stream tube
(MST) model, double multiple stream tube (DMST) model, vortex model and cascade
model. The findings were that the single stream tube model always predicted higher power
than experimental results, the MST model (it is applicable to low solidity lightly loaded
turbines) usually gave a lower power than experiments. Finally, the DMST model that
separates upstream and downstream induced velocities gave more accurate predictions,
but over-predicted slightly. Comparison of CFD predictions with those obtained from the
DMST model was carried out in [16]. The CFD model showed better performance at lower
TSRs compared to the DMST model.

A parametric study of TSR, solidity and aerofoil sections for VAWTs was performed
in [19]. The findings noted that coefficient of performance is not strictly a function of TSR.
In addition, their CFD predictions suggested that coefficient of performance is influenced
by 3D effects, solidity and Reynolds number. The maximum power occurs with a chord to
radius ratio of 6 and TSR of 5.
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An investigation into flow separation on straight and twisted blade VAWTs was
performed in [20]. It was an experimental study that used light weight tufts attached to the
blades to give a way to observe the flow characteristics at large scales. For the straight blade
investigation, a blade with NACA0015 profile and a chord length of 450 mm (although the
trailing edges were rounded to make it 400 mm) was used. The canted blade used had a
NACA0013 profile. It was basically a straight blade tilted at 40◦ to the vertical and twisted
to maintain constant pitch relative to the central shaft. The experiments were performed at
Re > 5 × 105. For the straight blade, flow reversal occurs on the inner surface of the blade
from 60 down to 250 degrees. Increasing the toe out pitch led to a delay in flow separation
and a decrease in the maximum fraction of the blade experiencing flow reversal. This was
at a TSR of 1.6 which is the peak power speed. For the canted blades a TSR of 2.5 was used
and less flow separation was observed.

CFD analysis of the standard k–ε and RNG k–ε turbulence models on the prediction of
VAWT performance was carried out in [21]. The VAWT model used three blades with a
NACA0018 aerofoil, a chord length of 0.1 m, a radius 0.45 m, and a wind speed of 15 m/s.
A structured mesh was used with a first layer thickness of 0.001C. The three blades were
set to rotate in a separate region. The torque was measured and compared for different
turbulence models. The velocity distributions were similar for both turbulence models, the
pressure distributions were close, but the values for torque were quite different, with the
RNG k–ε turbulence model predicting higher values than the standard k–ε model.

The effect of wind turbine starting capability on overall energy yield was investigated
in [22]. For certain cases, when the improved self-starting design was implemented, a
decline in the overall energy generation was observed. A genetic algorithm is used in [23]
to optimize the airfoil shape considering a balance between the aerodynamic and structural
performance of airfoils.

CFD simulations of a three-blade straight blade VAWT was performed in [11]. The VAWT
used NACA0015 aerofoils with a chord length of 0.42 m and had a radius of 10C/3. A free
stream velocity of 10 m/s was used with the inlet located 10R upstream, the outlet 24R
downstream and the side walls at a distance of 5R from the centre of the VAWT. Four different
TSRs were simulated (0.7, 1.11, 1.46 and 1.96). Upon comparison with data of [24], it was
noted that the LES provided the best agreement with the experimental results and that the
model could provide an effective way to evaluate the self-starting capabilities of VAWTs.
The LES predictions of the coefficient of power were in a good agreement with experimental
results. However, the 2D and 3D URANS significantly overpredicted the coefficient of power.
Previous suggestions for the reasons of this overprediction had been attributed to the inability
of URANS to properly model tip vortices and flow divergence. However, LES also had this
inability, so it was suggested that it is simply lack of ability of URANS to accurately predict
lift force beyond stall that leads to the overprediction of the coefficient of power [11].

2D CFD simulations of a three blade VAWT using NACA0021 aerofoils was conducted
in [10]. The simulations were performed for Re = 3 × 105 for TSRs from 1.44 to 3.30. It was
observed 2.33 was the optimum TSR. The results plot the torque coefficients of each blade
through one revolution and their work suggests that instantaneous power coefficients that
exceed the Betz limit were observed at this TSR. Compared with experimental results,
2D URANS simulations tend to overestimate the power coefficients, although they can
approximately replicate the variation trend of experimental power coefficients [10,24,25].
Some researchers attributed this discrepancy to the effects of the tip loss or flow divergence
in real VAWTs, both of which are not reflected in 2D URANS simulations [11].

An investigation into the performance of lift-driven VAWTs comparing an extensive
library of aerofoils was presented in [26]. This work concentrated on five series of sym-
metric and non-symmetric aerofoil shapes (NACA00XX, NACA63XXX, S-series, A-series
and FX-series — 20 aerofoils in total). Of the symmetric aerofoils tested, the NACA0018
was found to be the best, while the overall best aerofoil was found to be the S-10146.
The results show that the choice of aerofoil leads to differences in efficiencies of over 10%.
The operating range for the wind turbine consisted of the symmetric aerofoils is wider
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than the non-symmetric one. This means the stall can be delayed by using symmetric
aerofoils. The wind turbine consisted of the symmetric aerofoils has a higher performance
than the non-symmetric aerofoils turbine (the maximum power coefficient corresponds to
NACA0018 aerofoil). A large-eddy simulation and an actuator line model are introduced
in [27] to simulate the wake field and aerodynamic loads of wind turbines with different
longitudinal spacings.

There is a risk that altering the aerofoil’s aerodynamic characteristics also have an
effect on the aerofoil’s aerodynamic characteristics at AOAs less than 30 degrees. If the
drag is increased or the lift is reduced in this range then this would have a negative effect
on the torque produced and reduce the performance of the wind turbine at high TSRs, thus
reducing the power output. Increasing the drag or decreasing the lift at AOAs more than
90 degrees, then that results in an increase of coefficient of axial force which increases the
torque at low TSRs. This means that less energy input is required to get the wind turbine
rotating at low TSRs.

1.3. Self-Starting Capabilities of Lift-Driven Vawts

At low TSRs and low wind speeds, the torque generated by the VAWT is often not
large enough to overcome the resistance of the electrical generator, so lift-driven VAWTs
require some initial energy input before they can start generating energy themselves (low
self-start capabilities). A numerical and experimental analysis of the patent of a device to
be used in vertical-axis wind turbines (VAWTs) under extreme wind conditions is carried
out in [28].

There are a variety of solutions discussed in [5] that can improve starting capabilities
of lift-driven VAWTs including increased solidity, cambered blades, inclined blades, he-
lical blades, turbines connected to generators which can operate as motors and variable
pitch blades.

Using a purely theoretical estimations it was noted that for the case of a lift-driven
VAWT with NACA0015 aerofoils, the rotor would be capable of self-starting if six blades
were utilized to increase solidity [19].

A novel VAWT design aimed at capturing the shed vortices that occur at the tips of
the blades and hinder performance was offered in [29]. Having successfully prevented
vortex shedding this study requires further work to assess the performance of the wind
turbine in terms of power compared to traditional designs.

A time-stepping approach based on the aerodynamic characteristics of the NACA0012
aerofoil to determine the parameters that affect the self-starting capability of a Darrieus
wind turbine was used in [7]. By specifying a set of initial parameters such as TSR and
the number and azimuthal position of the blades, a lookup function finds the force on the
blade at the certain AOA, and the acceleration of the rotor is calculated. This acceleration
is applied over a short time interval to calculate the AOA to use for the following time
step. It was shown that a lightly loaded three-bladed rotor should be able to self-start in
steady wind conditions from any starting position, whereas a two-bladed rotor is only able
to self-start depending on its start position. The model did not take into account any tip
effects and also did account for the disrupted airflow the blades encounter when in the
downstream position.

Some experimental studies have been performed in order to evaluate self-start capa-
bilities of VAWTs. For example, a two-tiered three blade rotor with the two tired shifted by
an angle of 90 degrees was used in [30]. It was seen a 1 kW unit start in a wind speed of
2.4–2.6 m/s and reached efficiency of around 39%. The effect of using pitch control on a
Darrieus water turbine to minimize shaking was studied in [5]. In addition, variation of
pitch was shown to improve the turbine’s ability to self-start. The self-starting capabilities
of a three-bladed H-rotor VAWT was demonstrated ed experimentally in [31].

A parametric CFD study of number of blades, chord length, TSRs, various profiles and
pitch and phase angles for VAWT was performed in [32]. It was found optimal parameters
to be three blade rotor, NACA0012 blade profile, chord length of 0.14 m, rotor radius of
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0.5 m in a flow of 2 m/s operating at a TSR of 2.4 with a maximum pitch angle of 9 degrees
and a phase angle of 5 degrees.

An analysis of the flow around different cambered VAWT blades in a stopped position
was carried out in [15], and hence the analysis covered a range of AOAs from zero to
360 degrees. It was found that the best performance came from aerofoils with camber
profiles in the middle of the blade and with curves between 4 and 6% of the chord line size.
That is to say aerofoils with these properties were predicted to increase the ability of VAWTs
to self-start while not causing a drop in performance. Efforts to develop blade profiles that
improve the ability of VAWTs to self-start while still giving reasonable performance at high
TSRs were continued in [33].

The DMST model with CFD simulations of a three blade VAWT using the NACA0012
profile was compared in [12]. The results obtained suggest self-starting does not occur. 2D
and 3D CFD simulations of straight blades VAWTs were carried out in [34]. The results
computed were compared with other predictions. Design and analysis of wind flow
modifier modelling of a vertical axis wind turbine for low wind profile urban areas is
considered in [35]. A simulation is carried out to examine the performance of an efficient
low aspect ratio C-shaped rotor and a proposed involute-type rotor.

The effects of pitch angle and camber on the performance of VAWTs was studied
in [13]. ANSYS Fluent solver was used to run the CFD simulations which covered three
blade profiles with different cambers and a variation in pitch angle between −10 and
+10 degrees. A three-bladed rotor was used and start-up was simulated at a wind speed of
10 m/s. The simulation used a sliding mesh technique that was divided into three regions
(a small region around each aerofoil and a slightly larger region encompassing the blades
were allowed to rotate, while the rest of the flow domain remained stationary). Comparing
all three blades at each pitch angle saw the blade with the largest camber show the best
self-starting capabilities. In addition, all blades showed better self-starting capabilities
when pitched at −10 degrees. However, once the rotor is rotating all blades show best
performance when pitched at 5 degrees, with the medium cambered NACA2412 aerofoil
giving the best performance of all three blades.

1.4. Improvement of Self-Starting Capabilities

A new vented aerofoil based on the profile of the NACA0012 aerofoil is presented
with the intention of improving the performance of lift-driven VAWT at low TSRs, whilst
not compromising performance al higher TSRs. The aerofoil features vents on the trailing
edges which are intended to increase drag at AOA greater than 90◦, without significantly
reducing lift and increasing drag at AOA less than 90◦. It is expected this will lead to
an increase in the axial force on the aerofoil at AOAs greater than 90◦ and thus improve
the self-starting capabilities of a lift-driven VAWT without causing a major loss in power
production at high TSRs.

CFD solver is used to compare the aerodynamics characteristics of this new vented
aerofoil design with those of a standard NACA0012 aerofoil for a range of AOAs from
0 to 180 degrees in step of 10 degrees or less at 6.5 × 104 to 3.6 × 105. The aerodynamic
characteristics of the two aerofoils are observed to be similar. However, the new vented
aerofoil design does offer a slight increase in tangential force coefficient at AOA greater
90 degrees thus marginally increasing torque at low TSRs.

The paper is organized as follows. A background of wind turbine technology with
a focus on the theory of lift-driven VAWTs is presented in Section 2. A description of the
solid models to be used in the numerical simulations is provided in Section 3. A detailed
description of the processes undertaken to ensure an accurate CFD model is described
in Section 4. CFD results and their discussion are reported in Section 5. The predicted
aerodynamic characteristics of the vented aerofoil are compared with those of the standard
aerofoil. The performance prediction model is introduced in Section 6, and the effect of the
aerodynamic characteristics of the blade profile on the performance of the wind turbine is
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then analyzed. Conclusions are drawn from the processes performed and results obtained
in Section 7.

2. Physics of Vawt

A flow of fluid imparts an overall force on an object. In the case of an aerofoil the
convention is to split this force into the drag force, FD (the force in the direction parallel to
the flow), and the lift force, FL (the force in the direction normal to the flow). Even if the
aerofoil is tilted at some AOA, the forces are still defined with respect to the direction of
the fluid rather than the aerofoil.

The dimensionless coefficients of these forces are defined as follows

CL =
2FL

ρU2 A
, CD =

2FD

ρU2 A
,

where ρ is the fluid density, U is the apparent velocity of the flow as seen by the aerofoil
and A is the area of the aerofoil.

For the case of a lift-driven VAWT, it is more convenient to observe the components
of the overall force with relation to the aerofoil itself, that is the axial force, Ca, and the
normal force, Cn, as shown in Figure 1. In terms of lift and drag coefficients, these forces
are expressed as follows

Ca = CL sin α − CD cos α, Cn = CL cos α + CD sin α.

Since a blade of a VAWT is fixed in the radial direction, as seen in Figure 2, it is
therefore the axial force (in the direction tangential to the rotation of the VAWT) which
drives the wind turbine.
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Figure 1. Forces in relation to aerofoil geometry.
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Figure 2. Apparent flow as seen by a rotating aerofoil (looking down from above a VAWT).

Figure 2 illustrates the apparent flow velocity and AOA experienced by the rotating
aerofoil. The components of apparent fluid velocity, W, in x and y directions are expressed
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as U cos θ +ωr and U sin θ, where θ is angular position, ω is angular velocity, r is the radius
of the VAWT, and U is the wind speed. AOA, α, is given by

α = tan−1 sin θ

cos θ + λ
.

The TSR is the ratio of the tangential velocity of the blade to the wind speed and is
given by

λ =
ωr
U

.

The Reynolds number is a dimensionless characterization of the flow regime and is
given by Re = ρWC/µ, where C is the chord length of the aerofoil and µ is the dynamic
viscosity of the fluid.

The instantaneous torque on a single aerofoil of a straight blade VAWT is expressed
as follows

Q =
1
2

ρW2 ACTr,

where CT is the tangential force coefficient. The torque coefficient is defined as CQ =
2Q/(ρW2 ACTr), where Q is the average torque. The power coefficient is CP = CQλ.

Knowing this allows for analysis of the Reynolds number and AOA experienced by
the aerofoil during a full revolution of a VAWT at varying TSRs. Figure 3a shows that
at a TSR of zero (that is when the wind turbine is stationary) an aerofoil experiences an
AOA anywhere from 0 to 180 degrees. This happens until the VAWT reaches a TSR of 1.
Beyond λ = 1 the aerofoil never experiences an AOA greater than 90◦ and as the VAWT
reaches high TSRs the range of AOAs experienced decreases further. Peak performance of
lift-driven VAWTs occur at high TSRs (4 < λ < 8). This point is explained by observing the
peak in the tangential force coefficient of an aerofoil which occurs at the low AOAs that are
continually experienced at high TSRs.
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Figure 3. AOAs (a) and Reynolds numbers (b) experienced by aerofoil at varying TSRs.

Figure 3b also shows the Reynolds numbers experienced by an aerofoil used on a
small VAWT in wind speeds of 5 m/s and cord length of C = 0.2 m, which is a typical
cut-in wind speed for small VAWTs. Up to a TSR of 1, the Reynolds number of the flow
is no higher than around Re = 1.5 × 105. At peak performance, at TSRs of larger than 4,
Reynolds number reaches Re = 5 × 105.

At λ = 0, when the VAWT is not moving, depending on the angular position of the
aerofoil, it may be subject to an AOA from anywhere between 0 and 180 degrees. However,
should the VAWT be rotating at λ = 2, then the aerofoil experiences an AOA ranging from
0 to 30 degrees. This range continues to decrease as the TSR increases.

3. Solid Model

The aerofoil profile that is used in CFD study to compare the aerodynamic characteris-
tics of a standard blade and a new vented blade is the NACA0012 profile.
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3.1. Standard Aerofoil

The NACA aerofoil series is characterized by the set of numbers that follows the
acronym. The first digit describes the maximum camber as a percentage of the chord
length, the second digit describes the distance of maximum chamber from the aerofoil
leading edge, and the last two digits describe the maximum thickness of the aerofoil as a
percentage of the chord length.

For a symmetrical NACA aerofoil, that is aerofoils with the name NACA00xx, there is
an equation which describes the shape

y
C

=
T

0.2

[
0.2969

( x
C

)1/2
− 0.1260

( x
C

)
− 0.3516

( x
C

)2
+ 0.2843

( x
C

)3
− 0.1015

( x
C

)4
]

,

where C is the desired chord length and T is the thickness fraction (T = 0.12 for the
NACA0012 aerofoil). Standard NACA0012 aerofoil is shown in Figure 4.

Figure 4. Standard NACA-0012 aerofoil.

3.2. Vented Aerofoil

A selection of vented blades based on the NACA0012 aerofoil have been designed and
modelled. The different designs vary by way of number of vents, vent opening thickness
and spacing between each vent. A cross section of one of the vented aerofoils is shown in
Figure 5. The vent opening is the gap size of each vent. Vent spacing is the distance from
the start of one vent to the start of the next vent. The opening ratio of the aerofoil is the
ratio of the total opening of all vents to the total thickness of the aerofoil. The vent pattern
is symmetric about the chord line. Solid models of the standard and vented blades are
presented in Figure 6.

Vent opening

Thickness

Vent spacing

Chord

a)

b)

Figure 5. Cross section of vented aerofoil (a) with open inside and (b) with closed inside.
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a) b)

Figure 6. Solid models of (a) the standard blade and (b) the vented blade.

Details of the six varying vented aerofoils are presented in Table 1. Case A corresponds
to the standard NACA0012 aerofoil. In other cases, number of vents, vent opening, vent
spacing and opening ratio vary.

Table 1. Different vented aerofoils used in CFD simulations.

Case Number of Vents Vent Opening Vent Spacing Opening Ratio Inside

V4a 8 0.0050C 0.0120C 0.33 Open
V4b 8 0.0030C 0.0120C 0.20 Open
V4d 8 0.0050C 0.0120C 0.33 Closed
V5a 10 0.0032C 0.0095C 0.27 Open
V5b 10 0.0030C 0.0095C 0.25 Open
V6 12 0.0028C 0.0080C 0.28 Open
A 0 — — — Closed

4. Numerical Simulation

CFD solver was used to carry out a numerical simulation and to determine the
aerodynamic characteristics of the vented aerofoils.

The incompressible Navier–Stokes equations are appropriate for solving the VAWT
aerodynamics, because the resultant flow velocity has generally the Mach number less than
0.3. Unlike the aerofoil blades in an aircraft, VAWT blades experience high AOAs beyond
the stall angle, when they operate at a low TSR (λ < 4). Due to the symmetrical nature of
aerofoils, and also to reduce computational expense, RANS investigation is performed in
2D domain.

Figure 7 shows the geometric scheme and boundary conditions in the CFD model of a
single aerofoil. In 3D calculations, the domain is extruded some thickness in the spanwise
direction depending on AOA. The inlet boundary is a semi-circular boundary with radius
R = 15C and centre located at the tip of the aerofoil when the AOA is zero degrees.
The inlet boundary is located far away from the aerofoil to avoid wave reflection. The AOA
is adjusted by rotating the aerofoil about the mid-point of the chord line and is measured
relative to the x axis. The length of the domain is the distance from the aerofoil tip to the
outlet and L = 30C.

Free stream velocity corresponding to the Reynolds number and degree of turbulence
(about 5%) are specified on the inlet boundary. Top and bottom boundaries are treated as
free-slip walls. No-slip and no-penetration boundary conditions are applied to the aerofoil.
Non-reflecting boundary conditions are used on the outlet boundary. Periodic boundary
conditions are used in spanwise direction.
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Figure 7. Geometry of the computational domain and boundary conditions.

SST turbulence model puts certain requirements on the properties of the mesh to
enable the acquisition of an accurate flow prediction. In the near-wall region, the SST
model requires a yplus value of y+ < 2. Another requirement of the SST model is that the
boundary layer must be resolved by at least 15 mesh points (or mesh layers). The first layer
thickness that should yield a desired yplus and the boundary layer thickness are estimated
using the semi-empirical correlations for the flat plate. The mesh resolution is optimized
for the highest Reynolds number used in this study (Re = 3.6 × 105).

The RANS simulations have been performed using a first layer thickness as low as
5 × 10−5C. In all cases a growth rate of 1.2 is used for the inflation layer and it is ensured
there are enough layers that the inflation layer entirely covers the boundary layer. In the
case of the chosen first layer thickness of 1.5 × 10−5C, 26 layers were required to ensure the
inflation layer completely covered the boundary layer. In all calculations, yplus coordinate
is uniformly distributed along aerofoil except small area near the stagnation point where
yplus is about 1.

A hybrid mesh which combines a structured mesh in the near wall region and un-
structured mesh in the remaining part of the computational domain is used. A mesh
convergence study to find the optimum mesh parameters has been carried out on the
standard NACA0012 aerofoil at an AOA of 10◦ and a Reynolds number of Re = 3.6 × 105.
These optimum parameters are given in Table 2.

Table 2. Mesh parameters for standard aerofoil.

Inflation layer First layer thickness 1.50 × 10−5C
Number of layers 26

Growth rate 1.2

Aerofoil edge sizing Flow-wise 1.25 × 10−3C
Span-wise 1

Body of influence Radius 1 4C
Sizing 1 5 × 10−2C

Growth rate 1.12
Radius 2 2C
Sizing 2 2 × 10−2C

Growth rate 1.12

Global parameters Max face size 0.6C
Growth rate 1.12

Statistics Number of nodes 175,000
Number of cells 380,000



Sustainability 2021, 13, 3854 11 of 24

To allow for proper comparison between the standard aerofoil and the vented aerofoil,
similar meshes are used, so all the parameters listed in Table 2 apply to the vented aerofoil
mesh too. Additional information on the vented aerofoil mesh is given in Table 3. The in-
flation layer on the inner part of the vented aerofoil is reduced to allow it to fit inside the
vents so there is a separate setting for the inflation on the inner part of the aerofoil.

Table 3. Mesh parameters for vented aerofoil.

Inner aerofoil inflation First layer thickness 1.50 × 10−5C
Number of layers 26

Growth rate 1.08

Statistics Nodes 500,000
Elements 1,100,000

Figure 8 shows transition from the outer inflation layer settings to the inner the
inflation layer on the vented aerofoil. Having to mesh inside the vented aerofoil demon-
strates the reason behind using a hybrid mesh with unstructured elements beyond the
inflation layer.

a) b)

c)

Figure 8. Vented aerofoil mesh. Fragments (a–c) show different details of the mesh.

Figure 9 shows how the predicted values of lift and drag converge as the first layer
thickness is reduced. For reference, the experimental values for the NACA0012 as measured
by [4] at Re = 3.6 × 105 are displayed.

CFD CFD

10-5 10-53 10
-5

x 3 10
-5

x5 10
-5

x 5 10
-5

x

Figure 9. Variation in lift and drag as a function of first layer thickness (α = 10◦, Re = 3.6 × 105).
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The segregated approach was selected to solve the discretized continuity and mo-
mentum equations, and a second-order implicit formula was used for the temporal dis-
cretization. The SIMPLEC scheme was used to solve the pressure–velocity coupling. In
the SST model, the second-order upwind discretization scheme and third-order MUSCL
discretization scheme were applied for pressure and other variables, respectively.

5. Results and Discussion

The results obtained for the standard NACA0012 aerofoil are validated against that
which has been produced in previous experimental works and CFD predictions. Simula-
tions have been performed for a range of AOAs from 0 to 180 degrees in steps no greater
than 10◦ at Re = 1.5× 105 and Re = 3.6× 105. Figures 10 and 11 show that overall there is a
good similarity between the experimental measurements of [2–5], and the CFD predictions.
At α = 30◦ there is excellent agreement between all observations and the CFD predictions
based on RANS and LES, but then at α = 40◦ the CFD predicts sharp peaks in lift and drag
which were not observed experimentally. The wind tunnel results show a hysteresis loop
caused by a deep stall, which may have been induced by the slow rolling of the aerofoil
section in the wind tunnel experiments. In CFD simulations, the aerofoils at different AOAs
were completely static, and thus no such a hysteresis loop could be observed.

Comparison with data from previous works [4,7] shows that results obtained with SST
model are acceptable (these results are not presented here). Some notable difference include
the two peaks in lift at AOA of 40 and 140 degrees which have been overpredicted by the
SST model. This is likely due to the SST model’s failure to predict large scale turbulence
which has been seen to occur at this AOA [11]. In addition, the onset of stall has been
predicted slightly later than both experimental observations from [4,7]. Despite these
variations from previous works, it is judged that the model used in this investigation is
adequate to at least make an initial comparison between the aerodynamic characteristics of
a standard aerofoil and a vented aerofoil.

Initial simulations were performed with all the aerofoils described in Table 1 at
Re = 1.5 × 105 for AOAs of 0◦, 10◦, and 180◦. Selected results are shown in Figure 12.

Figure 10. Lift as a function of AOA at Re = 3.6 × 105.
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Figure 11. Drag as a function of AOA at Re = 3.6 × 105.

a) b)

c) d)

Figure 12. Comparison of aerodynamic performance of the different vented aerofoils reference to the
standard aerofoil: (a) drag at α = 0◦, (b) tangential force at α = 10◦, (c) drag at α = 180◦, (d) lift at
α = 8◦ for all vented and standard aerofoils.

Figure 12a shows that there is an increase in drag with all the vented aerofoils com-
pared with the standard NACA0012 aerofoil (denoted A in the figure) at an AOA of
zero degrees. This result was expected, but to maintain performance at high TSRs as little
increase as possible is required. Of all the vented aerofoils, the V4a and V4d (the aerofoils
with the biggest opening ratio) show the largest increase in drag. The V4b case with the
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smallest opening ratio shows a marginally smaller increase in drag compared to the other
three vented aerofoils.

Aerofoils show the biggest variation from the standard aerofoil. reduction in tangential
force at an AOA of 10◦, which again was expected, and leads to a reduced performance
of the VAWT at high TSRs. Furthermore, like at AOA of zero degrees, the V4a and V4d
aerofoils show the biggest variation from the standard aerofoil.

Figure 12c shows the drag characteristics of the vented aerofoils as compared to the
standard aerofoil at an AOA of 180◦. This is an indicator as to the effect the blade may have
on the performance of a VAWT at low TSRs. All vented aerofoils show an increase in drag,
but the vented aerofoils V4a and V4d give a significant increases compared to the other
vented aerofoils.

Figure 12d shows that the lifts experienced by all aerofoils as a function of AOA are
similar. Vented aerofoils give slightly less lift compared to the standard aerofoil.

The V4a design greatly increased drag at AOA of 180◦. This is due to it having the
highest opening ratio of all designs. However, because it also has the largest vent opening,
the V4a design exhibits the greatest decrease in axial force at AOA of 10◦. Due to the
desire to reduce axial force as little as possible for AOAs between 0 and 90 degrees, it is
decided to use the V6 design for the investigation over a full range of AOAs between 0 and
180 degrees.

To continue this investigation, the aerodynamic characteristics of the vented aerofoils
V4a and V6 (with the open inside) and V4d (with the closed inside) for a range of AOAs
from 0 to 180 degrees are predicted and compared to those of the standard NACA0012
aerofoil. Simulations were performed using the V6 vented aerofoil design at Re = 6.5× 104

and Re = 1.5 × 105 for a full range of AOAs from 0 to 180 degrees in steps of 10 degrees.
Figure 13 shows how the coefficient of lift varies as a function of AOA for the different

geometries. From 0 to 16 degrees there appears to be little variation, but at α = 20◦ the
standard aerofoil shows a pronounced dip in lift compared to all three vented aerofoils.
A peak in lift occurs at α = 40◦, at which point the standard aerofoil produces the most
lift, closely followed by the vented V6 aerofoil (which features the smallest vent opening
size). The V4d (which has a closed internal structure) produces slightly less lift, followed
by the V4a aerofoil which produces the least. From 50 to 120 degrees, there appears to be
little variation in lift. At α = 130◦ the standard aerofoil shows a pronounced increase in lift
compared to all three vented aerofoils, before all four geometries exhibit a peak at α = 140◦

with properties similar to that which occurred at α = 40◦. At α = 150◦ all four geometries
show very similar lift, but beyond this angle the greatest variation between geometries
occurs. From 160 to 180 degrees the vented aerofoils V4a and V6 with the open inside
geometry show a significant reduction in lift compared to that of the standard aerofoil
(case A) and the vented V4d closed inside aerofoil.

Figure 14 allows for closer inspection of the lift characteristics of the aerofoil and
shows there is a slight reduction in lift at the low, pre-stall AOAs from the vented V4a and
to a lesser extent from the V6 aerofoil. The V4d closed inside aerofoil, however, matches the
performance of the standard aerofoil. This trend is also seen at the high AOAs (between
164 and 180 degrees), but with a more pronounced difference. At AOA of 160◦, unlike the
previously discussed trend, all three vented aerofoils experience a reduction in lift that is
not experienced by the standard aerofoil.

The variation in the coefficient of drag properties for the four aerofoils is presented
in Figure 15 and in more detail in Figure 16. There is much less variation between the
different aerofoils’ drag properties than there is for lift. A noticeable difference occurs at
AOA of 40◦ where all aerofoils show a discontinuity and peak in drag with the standard
aerofoil experiencing the highest drag of all. There is a similar peak at AOA of 140◦ where
similar results are observed. Around AOA of 90◦ the standard aerofoil again shows a slight
increase in drag compared to the vented aerofoils. Beyond AOA of 164◦ the vented V4a
aerofoil experiences the highest drag as was initially expected.
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Figure 13. Lift as a function of AOA at Re = 1.5 × 105.

Figure 14. Lift as a function of AOA over range (a) 0◦ < α < 30◦ and (b) 150◦ < α < 180◦ at
Re = 1.5 × 105.

Figure 15. Drag as a function of AOA at Re = 1.5 × 105.
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a) b)

Figure 16. Drag as a function of AOA over range (a) 0◦ < α < 30◦ and (b) 150◦ < α < 180◦ at
Re = 1.5 × 105.

The effect that these observations have on the coefficient of tangential force that is
experienced by the aerofoils is calculated. Figures 17 and 18 show that there is a small
reduction in tangential force for the vented aerofoils at low AOAs, while at high AOAs
(between 140 and 180 degrees) there is a significant increase in tangential force. It is the
vented V4a with the open inside that shows the greatest reduction in tangential force at low
AOAs, but this reduction is not more than 30% over the range of AOAs between zero and
16 degrees, whereas at high AOAs an increase in tangential force of over 100% is predicted
at AOAs in the range between 164 and 176 degrees. The V6 open inside aerofoil also shows
a marked increase in tangential force over this range of AOAs, but the V4d closed inside
aerofoil shows more similar results to that of the standard aerofoil.

Figure 17. Tangential force as a function of AOA at Re = 1.5 × 105.
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Figure 18. Tangential force as a function of AOA over range (a) 0◦ < α < 30◦ and (b) 150◦ < α < 180◦

at Re = 1.5 × 105.

To analyze the reasons for these observations it is necessary to inspect the flow features
by way of pressure contours and streamline plots which are presented in Figures 19–22 for
AOAs of 10◦, 12◦, 172◦ and 176◦, respectively.

a) b)

Figure 19. Pressure coefficient contours (a) and stream lines (b) for selected geometries at α = 10◦

(Re = 1.5 × 105).
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a) b)

Figure 20. Pressure coefficient contours (a) and stream lines (b) for selected geometries at α = 12◦

(Re = 1.5 × 105).

Figure 21. Close-up of the trailing edge of the streamline plot for the vented V4a aerofoil for α = 10◦

at (Re = 1.5 × 105).

At α = 10◦ there is little noticeable difference between the pressure contours and
streamlines for the various geometries which are presented in Figure 19. The flow over
the standard aerofoil shows no visible signs of detachment. Similarly, the flow over the
V4d closed inside aerofoil also show no separation, although for small vortices can be
observed at the discontinuities of the aerofoil surface. To observe the flow over the open
inside aerofoils it can be seen that the flow over the V4a and V6 aerofoils has started to
separate on the upper surface of the trailing edge, but interestingly a reduction in the size
of the separation bubble on the V4a aerofoil is seen. This appears to be due to the increased
opening sizing of the vents which allows air to flow through the vents from the inside and
prevent the vortices that were observed to form at the surface discontinuities on the V4d
and V6 aerofoils. In fact, a circulation pattern which flows into the aerofoil through the last
vent and back out through the previous vent occurs in the case of the V4a aerofoil and is
shown more closely in the vector plot in Figure 21.
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a) b)

Figure 22. Pressure coefficient contours (a) and stream lines (b) for selected geometries at α = 172◦

(Re = 1.5 × 105).

Figure 20 shows that separation has occurred on the upper surface of the trailing edge
of all four aerofoil geometries for α = 12◦. For the case of the V4a aerofoil it can be seen
that flow from the inside of the aerofoil to the outside prohibits vortices forming at the
discontinuities of the aerofoil upper surface at the first two vent openings. This flow enters
the aerofoil from the vents on the lower surface.

Figures 22 and 23 show pressure contours and streamlines for two AOAs beyond
90◦, namely α = 172◦ and 176◦, respectively. Many similarities exist between the flow
around the standard aerofoil (case A) and two of the vented aerofoils (cases V4d and V6).
The three geometries all show separation of comparable size at the leading and trailing
edges for both α = 172◦ and 176◦. The V4a aerofoil, on the other hand, shows different
characteristics. At α = 172◦ the flow is completely separated and multiple large vortices
have formed on the lower surface. At α = 176◦ vortices have formed at each of the vent
openings. It is these factors which cause the V4a aerofoil to experience a lower lift value
and slightly higher drag value compared to the other aerofoils at these angles of attack.

It is interesting that the V4d and V6 vented aerofoils show similar flow patterns to that
of the standard aerofoil, while it is only the V4a aerofoil that shows noticeable differences.
This would suggest that it is the combination of both larger vent openings and the open
inside of the V4a that contribute to the observed aerodynamic characteristics.

A larger region of lower pressure is observed behind the standard aerofoil. The region
behind the vented aerofoil has a smaller region of low pressure. The increase in axial force
for the vented aerofoil sit this AOA is actually caused by the reduced lift experienced by
the vented aerofoil as a result of this low pressure region. An explanation for this is that the
opening on the low pressure side of the vented aerofoil has expelled air that has entered
on the high pressure side. This expelled air seems to act as a cushion for the separated
flow and thus reduced the size of the vortex that has formed in the region. In the case of
the standard aerofoil the vortex that has formed is larger causing the larger area of low
pressure which has led to the increased lift.
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b)a)

Figure 23. Pressure coefficient contours (a) and stream lines (b) for selected geometries at α = 176◦

(Re = 1.5 × 105).

A modification is now being considered where by a division is placed along the centre
of the vented aerofoil that stops any air that enters on the high pressure side to flow out of
the low pressure side.

6. Performance Prediction

The effect that the aerofoil’s aerodynamic characteristics has on the performance of
the wind turbine is analyzed. The model used is simple, in that it does not take into
account wake effects or unsteady occurrences that occur in the flow. However, it allows for
a comparison of the different aerofoils. The following predictions have been made for a
theoretical three-bladed VAWT with radius of 1 m and chord length of 0.2 m.

Figure 24 shows a small decrease of coefficient of power at TSRs larger than 1.5. At TSR
of 2 there is a decrease of about 9%, and at TSR of 3 this decrease is about just over 1%.

Figure 24. Coefficient of power as a function of TSR for three-bladed VAWT.
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Figure 25 shows in more detail the variation in coefficient of power at low TSRs smaller
than 1. From stationary to TSR of 0.5 the vented blade shows an increase in coefficient of
power of up to 8%. However, beyond TSR of 0.5 the vented blade produces a decrease in
coefficient of power of up to 20% at TSR of 1.

Figure 25. Coefficient of power as a function of TSR for three-bladed VAWT.

The averaged trust coefficient for the standard aerofoil is 0.0157 (case A) and it is equal
to 0.0177 for the vented aerofoil (case V4). The average thrust coefficient on the stationary
VAWT is predicted to be increased by 11.2%. This would lead to improved self-start ability.
Figure 26 shows dependence of average starting torque on wind speed (the height is equal
to 2 m).

Figure 26. Average starting torque on a stationary three-bladed VAWT as a function of wind speed.

From the results presented in this section it has been shown that a VAWT with the new
vented blade design would offer a slight increase in self-starting capability and performance
at TSRs smaller than 0.5. It has also been shown that the performance at high TSRs would
decrease but only by a small amount.
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7. Conclusions

A modified vented NACA0012 aerofoil was presented in an effort to increase the
torque produced by a VAWT at low TSR (λ < 1). CFD was used to predict the aerodynamic
characteristics of a new vented aerofoil design based on the well-known NACA0012
aerofoil. The SST turbulence model was used with the ANSYS CFX solver and steady state
simulations were performed. Simulations have been run over a full range of AOAs from 0
to 180 degrees at Re = 6.5 × 104 and 1.5 × 105 on both the standard NACA0012 and the
modified vented design. The results computed have been validated against existing data
and deemed suitable to use for initial investigation into the potential advantages this new
aerofoil design can offer.

Comparisons have been made between the aerodynamic characteristics of different
aerofoils. The outcome was in line with expectation in that axial force was increased in the
range AOAs between 90 and 180 degrees. However, the reason for this was not as expected.
An explanation for this unexpected result has been presented and an idea for a further
modification has been suggested.

Using CFD it has been predicted that the vented aerofoil design V4a with an open
inside configuration experiences an increase in coefficient of tangential force of over 100%
compared to the standard aerofoil at very high AOAs between 160 and 180 degrees. This
has been observed to be due to a reduction in lift as opposed to previously expected
increase in drag. In contrast, at low AOAs between 0 and 30 degrees only a slight reduction
in tangential force has been observed.

Using a simple momentum-based performance prediction model, these results suggest
that this would lead to an increase in torque generation by a theoretical three-bladed VAWT
of up to 20% at low TSRs and only a minor reduction in coefficient of power of up to 9% at
TSR of 2 and closer to 1% at higher TSRs.

Further modification of the vented design could be made. For example, reduce the
number of vents from 8 to 6 and increase the vent opening size could further reduce
the lift produced at high AOAs. How much impact it would have on the aerodynamic
characteristics at low AOAs, however, is to be discovered. Different aerofoil profiles could
be used, for example the NACA0015 and NACA0018 aerofoils have been widely used in
VAWT research and have been observed to offer improved performance characteristics.

The study covers an investigation into the aerodynamic performance of the new blade
design. Other considerations for the feasibility of this blade, which have not been analyzed,
include the structural integrity and cost of production of this new design. Although these
are two very important considerations of a design, they are secondary considerations when
compared to the aerodynamic performance. Only after this initial study into the aerody-
namic performance of the design has been assessed, and subject to favorable results which
suggest this design can offer a solution to the initial problem, will these considerations
be addressed.

The study is fundamental and the first step to understand the physics of the flow and
flow pattern around the vented airfoil. A more deep study is required to demonstrate how
a small increase of the torque helps the wind turbine to start.
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