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The technologies surrounding renewable energy have been receiving surmountable 
attention to producing clean energy and reducing the dependency on depleting fossil 
fuel sources. In this context, research investigations on vertical axis wind turbines 
(VAWT) in free stream flow condition has been extensively conducted to improve the 
energy extraction efficiency from the wind. VAWTs are particularly advantageous in 
locations not suitable for conventional horizontal axis wind turbines (HAWT). 
However, the applications of VAWTs are still limited due to their lower performances 
compared to their counterparts. Furthermore, the wind energy extraction problem is 
more prominent in urban areas with unpredictable and inadequate wind speed 
conditions. The present study focuses on an alternative way to harness wind energy 
from unnatural sources such as cooling tower exhaust systems with the reliable and 
consistent exhaust air. A three-dimensional numerical study has been conducted to 
investigate the performance of a 3-bladed H-Darrieus wind turbine (HDWT) using S-
1046 airfoils of four different solidities under accelerated wind conditions of a cooling 
tower. The HDWT model is positioned at the cooling tower outlet, where it rotates 
using sliding mesh to measure the power output. Shear stress transport (SST) k-𝜔 
turbulence model solver was used to solve the implicit unsteady Reynolds-Averaged 
Navier-Stokes equations. It is observed that the higher solidity HDWT reached peak 
power coefficient at a lower tip speed ratio (TSR). In contrast, lower solidity HDWT 
achieved peak power coefficient at higher TSR. The higher solidity 0.375 and 0.450 
produced a maximum power coefficient of 0.233 at TSR of 2.0. 
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1. Introduction 
 

Fossil fuels are the primary contributor of energy source as it covers 84% of the world’s energy 
to fulfil the inevitable increase in energy demand due to population and industrial growth [1]. This 
non-renewable energy source is heavily relied on as it is cheap, efficient, and convenient. However, 
the rise in environmental problems due to greenhouse gas emissions from excessive combustion of 
fossil fuels is a concerning matter. Energy production from fossil fuels has reached an all-time high of 
32.3 billion metric tons as of 2012 and is predicted to reach 43.2 billion metric tons by 2040 [2]. The 
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fast depletion of conventional energy sources further increases the need to find alternative energy 
sources to meet future energy demands [3]. Due to its stability and growth rate, wind energy 
production has proven to be a reliable energy source with a steady increase in the installed capacity 
for the past five years [4]. However, the growth rate associated with this method of energy 
production falls short in meeting the ever-growing energy demand. 

Large-scale power production from wind energy uses horizontal axis wind turbines (HAWT) at 
locations with strong natural winds, mainly available at open and remote areas or near sea or hill 
locations [5]. Urbanisation has caused a rise in energy demand in highly populated areas. Alternative 
ways are needed to harness wind energy as HAWTs are not suitable for urban locations due to limited 
land space, turbulent wind conditions and high noise levels. Vertical axis wind turbines (VAWTs) are 
better suited for micro-electricity generation in urban areas due to smaller and simpler design 
advantages, low starting speed, low noise level, omnidirectional properties, and adaptability to urban 
area turbulent wind conditions. In addition, VAWTs are easier to install with a lower maintenance 
cost [6,7]. There are two main classifications of VAWT, a drag-type named Savonius VAWT, and a lift-
type named Darrieus VAWT [7]. Various studies are being conducted further to hone the VAWTs’ 
efficiency for urban applications. Several studies successfully proved VAWT’s sustainability by 
integrating its design to the existing urban infrastructure such as tall buildings, roadside dividers, and 
lamp posts [6,7]. Much attention was given to H-Darrieus wind turbines (HDWT) in numerous studies 
as it provides better efficiency than Savonius turbines [6,8-14]. Improving HDWT has been actively 
executed, especially to enhance its start-up properties, as it lacks compared to Savonius type VAWT. 
The major factor which determines how an HDWT performs is the type of airfoil that is used. Loutun 
et al., [8] conducted simulation study of various symmetrical and non-symmetrical NACA airfoils 
which shows NACA 0018 producing highest power coefficient of 0.30. Moreover, the symmetrical 
NACA airfoils has higher operating range than non-symmetrical airfoils. Hashem and Mohamed [9] 
conducted an extensive simulation study on 24 airfoils consisting of symmetrical and non-
symmetrical shapes from eight different series. The S-1046 airfoil was identified as the best 
performing airfoil, producing the highest maximum power coefficient. Studies on HDWT indicated 
that the number of blades and chord length are factors of the turbine’s solidity, which are essential 
turbine design parameters [10-12]. Various other studies on HDWT parameters such as pitch angles, 
aspect ratio, strut effect and different performance enhancement method using flow augmenters 
were also studied [13-15]. 

However, in tropical countries, such as Malaysia, have unpredictable and low average wind speed 
and suffer to harness natural wind power efficiently. Harnessing wind energy from artificial, 
unnatural sources like the consistent exhaust air from a cooling tower outlet can be a solution to 
generate efficient power as it expels a high wind speed of up to 16m/s [16]. Chong et al., [17] and 
Tabatabaeikia et al., [18] conducted experiments and numerical studies to maximise and measure 
the performance of a 5-bladed lift type VAWT in extracting energy from cooling tower exhaust air. 
Optimum locations of VAWT with the use of guide vanes, modified plate diffusers and separator plate 
successfully increased the VAWT rotational speed resulting in 13% energy recovery and reducing the 
power consumption by the cooling tower fan motor [17,18]. Berhanu et al., [19] experimentally used 
enclosure and drag force blocker in an exhaust air application and successfully increased the exhaust 
air speed approaching a Savonius type turbine by four times which can potentially increase its 
performance by 86.8%. Still, the energy recovery efficiency was not calculated. Nimje and Gandhi 
[20] extracted energy from a high exhaust air filter duct of a cement manufacturing plant with a 6-
bladed turbine, producing 35W power. 

Existing literature for exhaust air recovery reports poor turbine performances, especially from 
cooling towers, which is as low as 13% [17,18]. The study of cooling towers lacks a suitable selection 
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of turbines as using a different VAWT type with proper parameters can further improve the 
exhausted wind energy recovery system. Several VAWT parameters are yet to be investigated under 
accelerated wind condition such as the rotor’s solidity. This study aims to optimise the HDWT design 
under accelerated flow condition of a cooling tower in a three-dimensional numerical analysis. This 
study is focused on investigating how solidities of an airfoil affects the HDWT performance by 
calculating the average power coefficient that can be produced. 
 
2. Methodology 
2.1 Key Performance Parameter 
 

Tip speed ratio (TSR), shown in Eq. (1) and solidity (𝜎), shown in Eq. (2) are the key design 
parameters for this study, where 𝜔 is the HDWT angular velocity [rad/s], 𝑅 is the radius of HDWT 
[m], 𝑉∞ is the oncoming wind velocity [m/s], 𝑁 is the number of blades, 𝑐 is the chord length [m] and 
𝐷 is the diameter of HDWT [m]. Eq. (3) and Eq. (4) shows the average moment coefficient, 𝐶𝑚 and 
average power coefficient, 𝐶𝑝, respectively for the performance measurement of HDWT as function 

of average mechanical torque, T [Nm], density, 𝜌 [kg/m3], HDWT swept area, A [m2], and wind 
velocity 𝑉∞ [m/s] [7,9]. 
 

𝑇𝑆𝑅 =
𝜔𝑅

𝑉∞
              (1) 

 

𝜎 =  
𝑁𝑐

𝐷
              (2) 

 

𝐶𝑚 =
𝑇

0.5𝜌𝐴𝑅𝑉∞
2               (3) 

 

𝐶𝑝 =
𝑇𝜔

0.5𝜌𝐴𝑉∞
3 =

𝑇

0.5𝜌𝐴𝑅𝑉∞
2 ×

𝑅𝜔

𝑉∞
= 𝐶𝑚 × 𝑇𝑆𝑅          (4) 

 
2.2 H-Darrieus Wind Turbine and Cooling Tower Parameters 
 

The HDWT used is a 3-bladed with S-1046 blades, adapted from the previous study [21]. Table 1 
shows the parameter of HDWT in this study, and Figure 1 shows the scaled-down cooling tower 
dimensions adapted from a study by Liu et al., [22]. 
 

Table 1 
HDWT parameters 
Parameter Value 

Airfoil profile S-1046 
Number of blades (𝑁) 3 
Diameter (𝐷) 456 mm 
Span (𝐻) 200 mm 
Chord length (c) 34.2mm, 45.6mm, 57.0mm, 

68.4mm 
Solidity ratio (𝜎) 0.225, 0.3, 0.375, 0.45 
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Fig. 1. Cooling tower dimensions 

 
2.3 Computational Domain with Mesh and Physics Set-Up 
 

This simulation study computational domain consists of a stationary and a rotating zone region, 
as shown in Figure 2. Solidworks, a computer-aided designing software, was used to design the 
domain and HDWT, then imported into Star CCM+, a computational fluid dynamics software to carry 
out this 3-dimensional numerical study. The stationary domain starts with a cooling tower control 
volume which then extends into a rectangular control volume. The dimension of the cooling tower 
domain has been presented in Figure 1. To avoid wall blockage effect and reverse flow, the cuboidal 
control volume dimension was made big enough by setting it using the ratio of the cooling tower 
outlet diameter (𝐷𝑜= 570mm) as shown in Figure 2. The HDWT is placed in the rotating region, 0.5D 
(D=HDWT diameter) away from the cooling tower outlet with an interface created and the blades set 
for no-slip wall boundary. Two velocity inlet is set, including ambient air effect of 2 m/s as shown in 
Figure 2 and 3.7 m/s at the cooling tower base to achieve 9 m/s at cooling tower outlet accelerated 
by the converging shape. 3D Polyhedral mesh is used for the whole domain with mesh refinement at 
the wake region, around HDWT and blades domain. Sliding mesh is set for the stationary and rotating 
region interface. The three-dimensional implicit unsteady Reynolds-Averaged Navier-Stokes (URANS) 
equations were solved using shear stress transport (SST) (Menter) k-𝜔 turbulence model solver with 
2nd order temporal discretisation applied. This URANS turbulence model is used to accurately predict 
turbine performance with its powerful near wall treatment under adverse pressure gradients [23]. 
The prism layer around blades is created to achieve y+ value close to 1. Constant air density of 1.18415 
kg/m3 and dynamic viscosity of 1.85508 × 10-5 Pa.s was used at the inlet. The turbine's rotational 
speed was set from 59.211 rad/s to 157.89 rad/s to obtain a TSR range of 1.5 to 4.0. Time step size 
was set to rotate the HDWT by 5°, and 20 inner iteration was used to obtain quasi-static converged 
solution. 
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Fig. 2. Meshed computational domain 

 
2.4 Mathematical Equation 
 

Shear stress transport (SST) k-𝜔 turbulence model is used for this study. The incompressible 
turbulent airflow around the wind turbine is governed by the unsteady Reynolds averaged Navier-
Stokes’ (URANS) equations which are the conservation of mass and momentum given by Eq. (5) and 
Eq. (6) respectively. 
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The governing equations of the SST k − ω model is turbulence kinetic energy, 𝑘 and specific 

turbulence dissipation rate, 𝜔 given as Eq. (7) and Eq. (8) respectively. 
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𝜕
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𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔         (8) 

 
Where 𝛤𝑘 and Γ𝜔 are the effective diffusivities of 𝑘 and 𝜔, 𝐺𝑘 and 𝐺𝜔 show the generation of 𝑘 and 
𝜔 due to mean velocity gradients, 𝑌𝑘 and 𝑌𝜔 signify the dissipation of 𝑘 and 𝜔 due to turbulence, and 
𝑆𝑘 and 𝑆𝜔 represent source terms for 𝑘 and 𝜔. 
 
3. Model Validation 
3.1 Grid Independence and Time Step Validation 
 

To ensure the accuracy of the results, grid independence test study was conducted to choose the 
best mesh size and time step. First, refinement of the computational domain mesh, especially finer 
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mesh around HDWT were done to achieve stable 𝐶𝑚 value once it converges after 7 rotations. 5.6 
million cell size shows 𝐶𝑚 value is acceptable to be use for this study as further refinement of mesh 
gives 𝐶𝑚 difference of less than 1% as shown in Figure 3. Secondly, the time step size test was 
conducted by setting four values of time steps to rotate the HDWT by 2.5°, 5°, 10° and 15° degrees. 
The instantaneous 𝐶𝑚 value produced by a single blade over 1 converged rotation (360°) was 
compared as shown in Figure 4. The bigger time step overpredicts the 𝐶𝑚 produced by the blade at 
the HDWT leeward direction and shifts the peak blade 𝐶𝑚 to the right towards higher azimuthal 
angle. This clearly shows smaller time step gives more accurate result. However, to balance with the 
computational cost, final time step chosen was 5° as it reaches quasi-static convergence after 60 
hours of computational time. In contrast, the 2.5° time step converges after 300 hours, which is an 
expensive computational time. 
 

 

 

  
Fig. 3. Grid independence test  Fig. 4. Time step size test 

 
3.2 Validation Against Past Study 
 

For further validation, the grid size and time step from section 3.1 was validated against one 
experimental study of Castelli et al., [24] and one numerical study of Hashem and Mohammed [9]. A 
normal full rectangular free stream flow domain, without cooling tower was used for this validation 
using 3-bladed HDWT with parameters as shown in Table 2. Results as shown in Figure 5 confirms the 
current mesh and time step condition is suitable to be used for the present numerical study as it 
shows good comparison to the available literature. 
 

Table 2 
Validation parameters 
Physics setup Values 

Airfoil profile NACA 0021 
Inlet wind speed (𝑉𝑖𝑛) 9.00 m/s 
HDWT diameter (𝐷) 0.515 m 
HDWT span (H) 0.200 m 
Solidity ratio (𝜎) 0.25 
Tip speed ratio (TSR) 1.44 - 3.30 
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Fig. 5. Computational domain validation 

 
4. Results and Discussions 
4.1 Average Moment and Power Coefficients 
 

Different solidities were studied, producing coefficient of moment and coefficient of power to 
varying TSRs, as shown in Figure 6 and Figure 7. From the results obtained, it can be observed that 
the maximum 𝐶𝑚 and 𝐶𝑝 at lower TSR is achieved by higher solidity HDWT while at higher TSR, low 

solidity HDWT performs better. Decreasing the solidity causes maximum 𝐶𝑝 attained by HDWT shifts 

towards higher TSR as seen in Figure 7. HDWT with 𝜎=0.375 and 𝜎=0.45 produces highest power 
coefficient of 𝐶𝑝= 0.233 at TSR 2.0. The instantaneous 𝐶𝑚 contribution of a single blade for a 

complete 360° rotation of all HDWT solidity at TSR 2.0 is shown in Figure 8. The highest moment 
generated by single HDWT blade of 𝜎=0.225 is at 𝜃=175°, and the peak moment shifts to the right as 
solidity increases with HDWT of 𝜎=0.45, giving peak blade moment at 𝜃=200°. HDWT blades 
with 𝜎=0.45 produce a high positive moment at a wider azimuthal angle from 140° to 255° while low 
𝜎=0.225 produces lower positive moment from 135° to 230°. Overall, the HDWT with blades of 
solidity 0.375 and 0.45 has the highest moment compared to lower solidity blades at a TSR of 2.0. 
 

 

 

 

Fig. 6. Moment coefficient of HDWT with solidity 
0.225, 0.3, 0.375 and 0.45 

 Fig. 7. Power coefficient of HDWT with solidity 
0.225, 0.3, 0.375 and 0.45 
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Fig. 8. Single blade instantaneous coefficient of moment against HDWT azimuthal rotation for 
different solidities at TSR 2.0 

 
4.2 HDWT Performance Assessment at Different Azimuthal Positions 
 

Figure 9 and Figure 10 show the instantaneous 𝐶𝑚 radar plot of all solidities for one complete 
HDWT rotation at TSR 1.5 and TSR 3.0. At TSR 1.5, the HDWT with the solidity of 0.45 gives the highest 
moment at all azimuthal angles compared to other solidities with maximum values at 𝜃= 70°, 190° 
and 310° while the lower solidity HDWT achieve peak moment at earlier azimuthal position with 
𝜎=0.225 giving max 𝐶𝑚 at 𝜃=45°, 165° and 285°. The lower solidity HDWT gives lower 𝐶𝑚 with some 
negative moment at certain azimuthal rotation at TSR 1.5. The HDWT experiences the lowest 𝐶𝑚 
values at 𝜃= 5°, 105°-125°, 225°-245° and 345°-360° at TSR 1.5. Figure 10 shows that the lowest 
solidity HDWT performs better at a higher TSR of 3.0. However, the magnitude and difference in 𝐶𝑚 
performance between the high solidity and low solidity HDWT is much greater at TSR 1.5, indicating 
that the higher solidity HDWT gives overall better performance in terms of power production. For all 
solidities at TSR 3.0, the HDWT produces peak 𝐶𝑚 at the same azimuthal position of 𝜃= 75°, 195° and 
315°. 
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Fig. 9. Instantaneous coefficient of moment 
against HDWT azimuth angles for solidities 
0.225, 0.3, 0.375 and 0.45 at TSR 1.5 

 Fig. 10. Instantaneous coefficient of moment 
against HDWT azimuth angles for solidities 
0.225, 0.3, 0.375 and 0.45 at TSR 3.0 

 
5. Conclusion 
 

A three-dimensional computational simulation study was conducted for an H-Darrieus VAWT 
with S-1046 airfoils to investigate the performance of 4 different solidities at TSR 1.5 to 4.0. Results 
obtained show higher solidity HDWT produces higher average power at low TSR while lower solidity 
HDWT performs better at higher TSR for the cooling tower exhaust application. The lower solidity 
HDWT, 𝜎= 0.225 has a wider range of operation; however, the maximum power coefficient of 0.233 
was achieved by higher solidity HDWT, 𝜎= 0.375 and 𝜎= 0.45 at TSR 2.0. Further, the peak 
performance is obtained at azimuthal positions of 𝜃= 75°, 195° and 315°. As a future scope, 
investigations on the application of guide vanes and diffusers for performance enhancement will be 
conducted to optimise the system.  
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