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Airfoil selection for a small-scale vertical axis wind turbine;  
a numerical study 

Babak Ranjbaran 

June 2021 

 

Abstract 

This thesis is conducted with methods to select an airfoil for a small-scale vertical axis wind 
turbine to operate at relatively low tip-speed ratios. With the application of Computational Fluid 
Dynamics (CFD), the aerodynamic performance of the selected airfoil is then compared to the 
commonly used NACA 0018 airfoil.  
Our approach is to focus on the tangential force employed in the selection of the airfoil. To do 
so, an approach was developed using MATLAB software to use NACA four-digit algorithm to 
generate the geometry of the airfoil and, then by the implementation of Xfoil V6.99 to the code, 
the values of tangential force coefficient for a range of angles of attack are then predicted. These 
values are then compared to the NACA 0018 airfoil. The airfoil that yields the highest tangential 
force coefficient at a range of angles of attack is chosen. 
The selected airfoil is then used to model an H-type Vertical Axis Wind Turbine (VAWT), which 
is then used for CFD simulations. The results show that the power coefficient of the turbine 
equipped with the selected airfoil exceeds that of equipped with NACA 0018 for a lower 
rotational rate (TSR < 3), and the maximum relative growth rate of 56% occurs at the tip-speed 
ratio of 1. 

 
Keywords: vertical axis wind turbine, wind power, H-rotor, CFD simulations, airfoil design 
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Loftaflfræðilegar viðmiðanir fyrir val á loftfleti í smærri 
lóðréttum vindmyllu 

Babak Ranjbaran 

júní 2021 

 

Útdráttur 

Í þessari ritgerð er sett fram aðferðafræði til að velja vængsnið fyrir lítinn, 
lóðréttan vindhverfil sem vinnur á lágum snúningshraða. Með því að beita 
aðferðum tölulegrar straumfræði, eru loftfræðilegir eiginleikar metnir og 
frammistaða vængsniðsins borin saman við vængsniðið NACA 0018 sem algengt 
er að nota í slíkum vindhverflum.  
Okkar aðferðafræði tekur sérstakt mið af þætti lyftikraftsins sem vængsniðið nær 
fram í stefnu ferils þess í hringhreyfingunni. Til að ná fram þessum upplýsingum, 
þá var þróað MATLAB algrím sem mótar öll möguleg vængsnið eftir fjögurra 
stafa NACA forskrift, og í framhaldi var Xfoil V6.99 forriti beitt til að reikna 
viðkomandi lyftikrafta fyrir nauðsynlegt svið af aðfallshornum. Þessi gildi voru 
síðan borin saman við gildi NACA 0018 vængsniðs. Farin var sú leið að velja það 
vængsnið sem gaf hæsta lyftikraftinn yfir valið svið aðfallshorna, sem endurspegla 
aðfallshorn er blaðið verður fyrir á hringhreyfingu sinni.  
Það vængsnið sem valið var með ofangreindri aðferð var síðan notað í hermun á 
H-gerð lóðrétts vindhverfils sem greindur var með aðferðum tölugrar straumfræði. 
Niðurstöður þeirrar greiningar sýnir að aflstuðull vindhverfilsins er meiri en 
sambærilegs vindhverfils þar sem vængsniði NACA 0018 er beitt við lægri 
hornhraða (TSR < 3), og mesti munur milli þessara tveggja hverfla gefur um 56% 
betri aflstuðul við lágan snúningshraða (TSR =1). 
Lykilorð: lóðréttur vindhverfill, vindorka, H-hverfill, Töluleg straumfræði, 
hönnun vængsniðs  
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Chapter 1 

1Introduction 

This Thesis is based on the paper, which is represented in chapter 3. 
The main objective of this project is to improve the power coefficient of a small-scale 
vertical axis wind turbine for urban applications that operates at a low tip-speed ratio. 
The project comprises studies on the airfoil design and the aerodynamics of the vertical 
axis wind turbine (VAWT) that operates at a low tip-speed ratio. For this purpose, 
numerical and computational simulation tools have been used. 

1.1 Overview of wind energy 
Over the past three decades, sustainable development has become a mainstream concept, 
which has underpinned key international and national policy initiatives on environmental 
and socio-economic development (Turkson, et al. 2020). It is based on this concept that 
grand sustainability agendas such as Millennium Development Goals (MDGs) were 
implemented at the turn of the century followed by the subsequent adoption of the 
Sustainable Development Goals (SDGs) in 2015. These have been motivated by concerns 
over climate change and global population growth leading to a focus on the development 
of holistic approaches to tackle sustainability challenges and ensure a more sustainable 
future (Reinhardt, et al. 2019). 

As a clean and widely distributed renewable energy source, increasing the scale 
and efficiency of wind energy utilization can ease the current pressure on energy demand 
(Wang, et al. 2016). Wind energy has expanded by leaps and bounds in the last 20 years. 
It began the century as a niche energy source in Europe and the US and ended 2019 as a 
mainstream source of clean, cost-competitive energy around the world. In 2019, the 
global wind energy market reached a new milestone of 651 GW cumulative installed 
capacity, with strong continued growth foreseen across Asia, the Americas, and Europe 
(Lee and Zhao 2019). 

The global wind power market expanded 19% in 2019, with around 60 GW of new 
capacity added to the world’s electric grids (including more than 54 GW onshore and 
over 6 GW offshore). This was the second-largest annual increase in capacity ever and 
followed three consecutive years of decline after the peak in 2015 (63.8 GW) (Murdock, 
Gibb and André 2020). 
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Wind energy, which is renewable, abundant, clean, and economical, has gained 
great favor from governments and large energy companies (Georgilakis 2008, Howell, 
et al. 2010). Therefore, research on how to improve the overall performance of wind 
turbines has always been attracted attention (W.-H. Chen, et al. 2017). 

 

Figure 1.1 - Wind Power Global Capacity and Annual Additions, 2009-2019 
(Murdock, Gibb and André 2020, P.103). 

 

1.2 Background of wind turbines 
The energy produced by wind is based on converting the kinetic energy of moving wind 
into electric power. Wind turbines can be primarily categorized based on their axis of 
rotation into two types, namely horizontal axis wind turbine (HAWT) and vertical axis 
wind turbine (VAWT) (Shukla and Kaviti 2017). 

However, in recent years, there has been growing interest in VAWTs, which are 
regarded as more suitable for urban and in some offshore applications compared to 
HAWTs (Lam and Peng 2017, Ghasemian and Nejat 2015). In urban areas where the 
wind environment is very complex, small-scale VAWTs are considered to have better 
performance than their HAWT counterparts because of their ability to work in varied 
wind directions, higher adaptability to turbulent flows, and reduced level of noise 
(Zamani, et al. 2016, Balduzzi, et al. 2016, Fiedler and Tullis 2009, Zhang, Song and 
Mao 2017, Rolin and Porté-Agel 2018). For offshore applications, due to lower center of 
gravity, easier manufacturing, reduced installation and maintenance cost, and higher 
scalability to large sizes, VAWTs are regarded to be more promising than HAWTs 
(MacPhee and Beyene 2016, Joo, Chio and Lee 2015, J. Chen, et al. 2016, Sobhani, 
Ghaffari and Maghrebi 2017). 

VAWTs can be divided into two main categories, Savonius, and Darrieus rotors 
(Lei, Zhou, et al. 2017). Savonius turbines are composed of two semi-cylindrical buckets, 
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that operate on the drag force, and the main advantages are their simple construction, 
lower initial and maintenance costs, lower visual impact for urban applications, self-
starting at low wind speed, and omnidirectional. However, the efficiency of Savonius 
turbines is typically lower than other Darrieus rotors. For this reason, the diffusion of 
Savonius style generators is mostly limited in very small-scale applications. (Castellani, 
et al. 2019). Darrieus vertical axis wind turbines use airfoil shape blades, typically three, 
that generate lift force to rotate the main shaft. The rotor of Darrieus turbines can assume 
different configurations, as Troposkien or egg beater, H-shape, and helical shape Figure 
1.2 (Battisti, Brighenti, et al. 2016, Battisti, Persico, et al. 2018). 

Comparing to Savonius turbines, Darrieus have better efficiency for high rotational 
speed, but lower starting torque. For this reason, some hybrid Savonius-Darrieus turbines 
try to join the positive aspects of both models (Gupta, Biswas and Sharma 2008). 

 

Figure 1.2 - Different types of VAWTs: a) Savonius; b) Darrieus with egg beater 
shape; c) H-shape rotor d) Helix shape blades (Castellani, et al. 2019, P.3). 

Even though VAWTs have attracted a lot of attention, their power coefficient is 
relatively lower than HAWTs, limiting the application of VAWTs (Anagnostopoulou, et 
al. 2016). There are different ways of improving the power performance of VAWTs, 
including changing the geometrical or operational parameters related to aerodynamics; 
or developing specific airfoils for VAWTs (Ma, et al. 2018). 

Researchers have taken different approaches to improve the aerodynamic 
performance of VAWTs. Rezaeiha et al. (2017) suggest that dynamic pitching could be 
an effective approach for improving power performance. In their research, they used 
Computational Fluid Dynamics (CFD) method to investigate the effects of pitch angle 
on the loads, angle of attack, vorticity distribution, and flow separation. 

Subramanian et al. (2017) used ANSYS Fluent to analyze the performance of 
Darrieus VAWTs with different solidity and found that the performance of turbines with 
lower solidity is better at high tip-speed ratios. In the work of Wang and Zhuang, 
serration design was adopted on the leading edge of the blades, showing better capability 
on wind power extraction at low tip-speed ratios compared to the model without 
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serrations. 
Araya et al. (2017) used the Particle Image Velocimetry (PIV) method to 

investigate the wake of the turbines with different blade numbers. The result showed the 
far-wake region of the VAWT exhibits features that are quantitatively similar to those of 
a circular cylinder with the same aspect ratio. Rolin and Porté-Agel (2018) also used the 
PIV method to observe the wakes of VAWT in a boundary-layer wind tunnel. They found 
that the formation of two counter-rotating vortex pairs behind the turbine highly 
contributes to the turbulent momentum flux into the wake. 

Researchers used different methods and algorithms for the optimization of the 
airfoils. De Tavernier et al. (2019) used the build-in MATLAB genetic algorithm 
function “gamultiobj” for airfoil optimization to maximize lift gradient over drag in the 
angle of attack range encountered by the rotor. They linked the optimizer to Xfoil to 
predict the polar of the airfoils. They compared the performance of the optimized airfoils 
with reference airfoils to find the improved efficiency of the newly designed airfoils. 

Carrigan et al. (2012) used a parallel differential evolution algorithm to optimize 
the geometry generated by the NACA 4-series family. They implemented CFD to predict 
the performance of the wind turbine. The optimized blade achieved an efficiency of 6% 
higher than the baseline NACA 0015. 

Li et al. (2016) developed a new optimization model with comprehensive 
evaluation indicators and utilized RFOIL which could generate a reasonable prediction 
of lift coefficients in high angles of attack. Their research was based on a referenced 
HAWT and results were validated by experimental tests. 

Ma et al. (2018) used a Multi-Island Genetic Algorithm (MIGA) to optimize the 
airfoil profile for improving the power performance of a high-solidity VAWT at a 
moderate tip-speed ratio. The result of their study shows the growth rate of power 
performance is above 20% when the tip-speed ratio is less than 1. 

The ongoing advancements of CFD tools have provided new opportunities for 
wind turbine designers to develop and enhance the understanding of the real blades-flow 
interaction; furthermore, the diffusion of commercial codes is thought to guarantee in the 
next future reliable tools for the development of new turbines, with noticeable cost and 
time savings. However,  if unsuitable settings are adopted by the user, the advantages of 
CFD simulations can be nullified (Balduzzi, et al. 2016). 

In particular, a proper definition of the computational parameters can be obtained 
as a result of thorough sensitivity analysis on the influence of different variables on the 
accuracy of the result, possibly validated by a study based on experimental data. Rezaeiha 
et al. (2017) conducted an extensive study on the influence of the domain size and 
azimuthal increment for 2D CFD simulations and provided useful guidelines and settings 
for the application of 2D CFD simulations on vertical axis wind turbines. He et al. (2020) 
investigate the influence of 2D, 2.5D, and 3D CFD simulations using URANS and LES 
on the accuracy of the results compared to the experimental data. They found that 2.5D 
LES can be regarded as a promising and efficient approach to investigate the 
aerodynamic behaviors of VAWTs. Balduzzi et al. (2016) provide an extensive analysis 
on the most effective simulation settings that provides reliable results for the 2D CFD 
simulations of VAWTs. Franchina et al. discuss the key aspects of the flow model and 
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the numerical solution for 3D unsteady CFD simulations of a VAWT. 
In this research, the aim is to generate a special purpose airfoil for the vertical axis 

wind turbine, which could generate high torque at a low tip-speed ratio. The NACA 4-
series family is considered for generating the geometry of the airfoil. The work also 
comprises setting up the simulation tool, for this study, ANSYS, Inc. Products 2020 
Academic edition was used to run the Computational Fluid Dynamic (CFD) simulations. 

1.3 Airfoil nomenclature 
In the early 1930s, NACA-the forerunner of NASA-embarked on a series of definitive 
airfoil experiments using airfoil shapes that were constructed rationally and 
systematically (Anderson 2010). Many of these NACA airfoils are in common use today. 
Therefore, in this study, we follow the four-digit-series airfoil nomenclature established 
by NACA. 

Considering the airfoil in Figure 1.3. The mean camber line is the locus points 
halfway between the upper and lower surfaces as measured perpendicular to the mean 
camber line itself. The most forward and rearward points of the mean camber line are the 
leading and trailing edges, respectively. The straight line connecting the leading and 
trailing edges is the chord line of the airfoil, the precise distance from the leading to the 
trailing edge measured along the chord line is simply designated the chord, c, of the 
airfoil. The camber is the maximum distance between the mean camber line and the chord 
line, measured perpendicular to the chord line. The thickness is the distance between the 
upper and lower surfaces, also measured perpendicular to the chord line. The shape of 
the airfoil at the leading edge is usually circular, with a leading-edge radius of 
approximately 0.02c (Anderson 2010, Ladson, Brooks and Hill 1996).  

 

Figure 1.3 – airfoil nomenclature, NACA 4415. 

This NACA airfoil series is controlled by four digits NACA MPXX. Here, the first 
digit (M) is the maximum camber in hundredths of the chord, the second digit (P) is the 
location of maximum camber along the chord from the leading edge in tenths of the 
chord, and the last two digits (XX) given the maximum thickness in hundredths of the 



 

6 
 

chord (Ladson, Brooks and Hill 1996, Anderson 2010).  
The equation for the camber line is split into sections on either side of the point of 

maximum camber position (P). The position of the mean camber line coordinates by 
plugging the values of, M, and P, into the following equations for each of the, x, 
coordinates: 
from  to  
   (1.1) 

from  to  
   (1.2) 
 
where  is the coordinate along the length of the airfoil, from 0 to .  is the camber coordinate 
above and below the line extending along the length of the airfoil. The thickness distribution 
above (+) and below (-) the mean line is: 
 
   (1.3) 
 
here T is the maximum thickness value (XX). The final coordinates for the airfoil upper surface 

, and lower surface , are determined by, , , 
, and . where . 

 

For the NACA 4415 airfoil, the maximum camber is 0.04c located at 0.4c from the 
leading edge and the maximum thickness is 0.15c. 

1.4 Theory for vertical axis wind turbine 
The power in the fluid that passes through a given cross-sectional area A, which is 
perpendicular to a homogenous stream is given by 

  (1.4)

where ρ is the density of the fluid and  is the free stream velocity. The performance of 
the turbine shows how efficient the energy conversion is, defined as the power 
coefficient. 
   (1.5) 

where P is the power generated by the turbine. With this expression, the generated power 
by the turbine is compared to the available power that would have passed through the 
cross-sectional area of the turbine. 
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1.4.1 Operation principle of an H-type VAWT 

This section will start with an overview of the aerodynamic forces applied to a single 
blade of a straight-bladed vertical axis wind turbine. Figure 1.4 is a schematic 
representation of the aerodynamic forces applied to an H-Type Darrieus VAWT. 
 

 

Figure 1.4 - Definition of velocity vectors and forces applied to a single blade of a 
straight-bladed VAWT. The positive direction for angles is counter-
clockwise. Hence, the angles α and φ have a negative direction for this 
position of the blade shown. The normal force  is positive when pointing 
outwards and, tangential force  is parallel to the velocity of the blade 

. 

The H-rotor is a lift-based design, meaning that the aerodynamic torque is 
generated by the lift force of the blade. Airfoils are designed to operate at relatively low 
angles of attack, where the lift force increases approximately linearly with the angle of 
attack and the drag force remains low. When the angle of attack increases above the stall 
angle, which for a typical airfoil occurs around 10 – 15 degrees, the lift force is reduced, 
and the drag force starts to increase substantially (Goude 2012). In this work, the pitch 
angle of the blades is considered to be fixed. The power of the wind turbine can be 
expressed in terms of torque (Dyachuk, Rossander, et al. 2015) 

 (1.6)

where the  is the torque generated by the turbine and  is the rotational velocity of the 
turbine. The torque of lift-based turbines is generated mainly by lift force, and drag force 
contributes to losses.  

The structural loads on the turbine blades are often given by normal force, , 
which is the resultant of the aerodynamic force in the radial direction, Figure 1.4 
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(Dyachuk 2015). The tangential force, , is usually used to express the turbine torque 
during one revolution which is, 

 (1.7)

where  is the number of blades, R is the radius of the turbine and  is the average 
tangential force during one revolution. To keep the angle of attack low without pitching 
the blades, the blades must move at a high velocity, to illustrate this assume that the blade 
is located at the azimuth angle  Figure 1.4. The velocity of the blade is: 

 (1.8) 

The tip-speed ratio (TSR), which is a unitless parameter, is expressed as the ratio 
between the rotational speed and the free stream velocity (He, et al. 2020, Goude 2012). 

 (1.9)

where  is the unit vector in the tangential direction which is positive in the counter-
clockwise direction. The vector of relative wind velocity at the blade consists of the 
vector of incident wind flow at the turbine disk  and the velocity vector at the blade 
due to its rotation (negative sign indicates that the direction of the flow is opposite 
to the direction of the blade) (Dyachuk 2015, Goude 2012) 

 (1.10)

While , and the magnitude of relative velocity  is (He, et al. 2020): 

 (1.11) 

and the angle of relative wind is: 

 (1.12)

The estimation of the relative wind angle according to Equation (1.12) is only valid 
assuming the blade as a point. The blade performs rotational motion, indicating that there 
are flow curvature effects that change the effective angle . To account for the curvature 
effects, the relative wind angle is further modified. The assumption of the potential flow 
around a flat plate and Joukowski transformation together with Kutta condition are used 
as by (Goude 2012). The expression is as follow: (Dyachuk 2015) 

 (1.13)

where  is the normalized blade attachment point which varies from -0.5 to 0.5 with 
 corresponding to the blade attachment in the middle of the chord length. The 

angle of attack is the sum of the relative wind angle, , and the blade pitch angle,  
(Dyachuk 2015) 

 (1.14)

The resultant aerodynamic force acting on the blade can be decomposed into two 
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components, normal force  and the tangential force , as mentioned tangential force 
relates to the turbine torque. The two forces are perpendicular and parallel to the blade 
chord, respectively. The normal force coefficient  and tangential force coefficient  
are defined as (Han, et al. 2018): 

 (1.15)
(1.16)

where  and  are lift and drag coefficient, respectively, and are defined as: 

 (1.17)

and, 

 (1.18)

here S is the effective area of the blade. 
The average torque produced by the rotor ( blades) is generated from the average 
tangential force acting on one blade is (Zaghal, et al. 2019): 

 (1.19)

1.4.2 Betz limit 

In 1920, German aerodynamicist Albert Betz proposed a model that can be used to 
determine the power of an ideal turbine (Jiang, Li and Cheng 2015). This model is based 
on a linear momentum theory, where the turbine is approximated as a single flat disc with 
a constant pressure drop over the whole turbine surface (Goude 2012). The flow passing 
the turbine is considered to start far ahead of the turbine and ends far behind. By assuming 
that the fluid flow is steady-state, incompressible and, homogenous, there is no frictional 
drag, an infinite number of blades, uniform thrust over the disc or rotor, a non-rotating 
wake (Manwell and McGowan 2009), and applying the conservation of linear 
momentum to the control volume enclosing the whole system, one can find the net force 
on the contents of the control volume. That force is equal and opposite to the thrust, T, 
which is the force of the wind on the wind turbine. 
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Figure 1.5 - The disc model of a wind turbine; U is the velocity of air at 1. far 
upstream, 2.  immediately before the disc, 3. immediately after the dist, 4. 
far downstream (Manwell and McGowan 2009, 93). 

 (1.20)

Which for steady-state flow, , where A is the cross-
sectional area and  is the mass flow rate (Manwell and McGowan 2009). The Bernoulli 
equation for the upstream and downstream of the turbine is as follows: 

 (1.21)

and, 

 (1.22)

where it is assumed that the far upstream and far downstream pressures are equal (
 and the velocity across the disc remains the same .  

The thrust can be expressed as the net sum of the forces on each side of the disc: 

 (1.23)

and using Equations (1.21) and (1.22) to solve for  into Equation (1.23): 

 (1.24)

It is possible to show that the velocity at the turbine disc: 

 (1.25)

The axial induction factor, , as the fractional decrease in wind velocity between the free 
stream and rotor plane is defined as: 
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 (1.26)

 

then, 

 (1.27)

and 

 (1.28)

Considering that the Betz theory assumes no losses, the power absorbed by the turbine is 
given as the difference between incoming and outgoing power in fluid: 

 (1.29)

substituting for and  from Equation (1.27) and (1.28) gives: 

 (1.30)

where the area at the rotor is A, and the free stream velocity is U, the  of the turbine is: 

 (1.31)

the maximum  is determined by taking the derivative of the power coefficient with respect to, 
, and setting it equal to zero, yielding  =1/3, which gives the 16/27= 0.5926. 

1.4.3 Simulation modeling techniques 

The simulation models to analyze the aerodynamic performance of VAWTs are 
categorized into three main groups. The first group is called the Blade Element 
Momentum (BEM), which consists of discretizing the physical domain into streamwise 
sections and applying the governing equations in their integral form to the boundary of 
the sections or steam tubes. Lift and drag forces are estimated from the angle of attack 
and empirical data, which are then used to compute the momentum lost by airflow. The 
model assumes a steady flow, and the full description of the flow through the entire 
turbine is not obtained. However, because of the low computational cost and their 
simplicity, the model is used to quickly evaluate the performance of VAWTs (Kozak, 
Vallverdú and Rempfer 2016, Goude 2012). 

The second group is called the Vortex Model, which is based on the potential 
theory of lifting bodies. The model is used to predict the amount of circulation on the 
blade span, which by the Kutta-Joukowsi theorem can be related to the lift on the blade. 
The theory states that the aerodynamic lift generated by the blade is due to the bound 
vorticity field distribution. This model is based on the assumption that the induced 
velocity field is due to the combined effects of the bound and wake vorticity distribution. 
The bound vorticity distribution results from the distribution of circulation on the blade 
due to the vorticity contained in the boundary layers of the wing. The computational cost 
compared to the BEM method is sensibly higher with vortex models (Okpue 2011). 
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The last group includes the models which solve the Navier-Stokes equations on a 
grid of the entire simulated volume. Due to its very high computational complexity of 
Direct Numerical Simulation (DNS) that solves the Navier-Stokes equation in the whole 
range of spatial and temporal scales of the turbulence, the Navier-Stokes equations are 
usually combined with turbulence models such as the Reynolds-averaged Navier-Stokes 
equation (RANS), Large Eddy Simulation (LES), and, Detached Eddy Simulation (DES) 
(Ma, et al. 2018, Guerri, Sakout and Bouhadef 2007, He, et al. 2020, Beri and Yao 2011).  
In this thesis, three-dimensional RANS CFD simulations are adopted to evaluate the 
aerodynamic performance of vertical axis wind turbines. 

1.4.4 Turbulence modeling 

The key in CFD simulations is to solve the turbulence generated by fluid flow (He, et al. 
2020). The numerical method applied to solve the flow is based on the finite volume 
method (Versteeg and Malalasekera 2007). Also, to deal with high turbulent flow, the 
RANS equations are employed. Assuming a constant density and viscosity and no 
thermal interaction, so that only the continuity and momentum equations are to be solved 
for velocity and pressure (White 2009). 

The equation of motion for RANS is obtained by applying a time average of the 
Navier-Stokes equations with its flow variables decomposed by what is known as 
Reynolds decomposition (Fonseca, et al. 2020, Davidson 2020). Finally, the RANS 
equation in the conservative form is given by the following (Naccache 2016): 

 (1.32)

(1.33)

where  is the fluid density, denotes the fluid dynamic viscosity,  is the static pressure, 
represents the i and j-direction flow velocity vector component. The term 

 is the Reynolds stress tensor and is initially unknown (Fonseca, et al. 2020). 
Assuming Boussinesq’s hypothesis, in which the Reynolds stress tensor  is 
proportional to strain-rate tensor  (Fonseca, et al. 2020, Davidson 2020, Naccache 
2016): 

 , (1.34)

and 

 , (1.35)

here  is the turbulent kinetic energy per unit mass and  is the eddy kinematic 
viscosity, and  is the average of the product of the velocity fluctuations in the  and  
directions. To close the RANS equation, the eddy kinematic viscosity should be resolved, as 
such, turbulence modeling is applied. 
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1.4.4.1 Turbulence closure 

Reviewing literature shows of all the RANS turbulence models, the k-ω model (Wilcox 
1988) has good performance in dealing with inner boundary layers while the k-ε model 
(Jones and Launder 1973) does well in free stream zones (Li, et al. 2019). Shear Stress 
Transport (SST) k-ω model (Menter 1994) incorporates the mentioned features of the k-
ω model and k-ε (Yu and Thé 2016). It is also validated by Daróczy et al. and He et al. 
that the SST k-ε model is suitable for the simulation of H-rotor type VAWTs (Daróczy, 
et al. 2015, He, et al. 2020). Considering the balance between accuracy and 
computational cost, the SST k-ω model is chosen in the present study. The governing 
equations are given by the following (Naccache 2016): 

 (1.36)

and, 

 (1.37)

where  is the generation of turbulence kinetic energy due to the mean velocity 
gradients,  is the generation of ω,  and  are the dissipation of  and due to 
turbulence,  is the cross-diffusion term, and  and  are the defined source terms 
given by the user. and are the effective diffusivities of  and : 

 (1.38)

and, 

 (1.39)

where  and  are the turbulent Prandle numbers for  and , respectively.  is the 
turbulent viscosity that can be expressed as 

 (1.40)
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Chapter 2 

2Method 

In this chapter, the geometry and the parameters of the vertical axis wind turbine will be 
presented. Then the algorithm to generate the geometry of the airfoil is discussed and, a 
CFD method using ANSYS CFX will be developed. 

2.1 Airfoil geometry 
As the airfoils are studied as components of a VAWT, it is necessary to define the basic 
parameters of the VAWT. In this thesis study, the main idea is to compare the 
aerodynamic performance of a low-solidity wind turbine where only the airfoil geometry 
is changed while the other parameters of the VAWT remain the same. The 3D CAD 
design of the wind turbine is presented in Figure 2.1. The chord length of the airfoil, c, 
the rotor radius, r, the blade span, h, and the number of blades, N, will remain constant 
in this study, and their values are shown in Table 2.1. 
 

Table 2.1 - Design parameters of the VAWT 

 

Figure 2.1 - CAD design of the VAWT with NACA 0018 airfoil profile. 

For VAWTs, choosing the right airfoil is a critical issue, but complicated. This is 

Parameter Value 

Blade span (h) 2000 mm 

Rotor radius (r) 1000 mm 

Solidity  0.3 

Chord length (c) 200 mm 

Number of blades 3 
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related to the transient operation characteristics of this type of turbine, which results from 
the constant change of the blade’s angle of attack and the pulsation of aerodynamic blade 
loads during each rotor revolution (Rogowski, Hansen and Bangga 2020). Moreover, a 
major aspect of the unsteady aerodynamics of vertical axis rotors is represented by 
dynamic stall, as well as blade-wake interactions, which often occur at low tip-speed 
ratios (Balduzzi, et al. 2016, Rogowski, Hansen and Bangga 2020).  

Reviewing previous studies show that cambered airfoils are suitable for self-
starting vertical axis rotors, due to their high lift-drag ratio (Liang, et al. 2014, Beri and 
Yao 2011). However, their power coefficient compared to symmetrical airfoils is lower 
due to their rather poor performance at negative angles of flow (Liang, et al. 2014). It is 
suggested that airfoil should be as close as symmetric to have a more satisfactory power 
output (Healy 1978). Rogowski et al. compare the performance of four different 
cambered airfoils (NACA 1418, NACA 2418, NACA 3418 and, NACA 4418) with 
NACA 0018 for a specific turbine, and find the airfoil with a small camber equal to 1% 
shows better performance than the symmetrical airfoil NACA 0018. The presented 
turbine in Figure 2.1, is designed with the NACA 0018 airfoil profile, which will be used 
as the base of comparison.  

As discussed in the previous section, the generated torque of the rotor is based on 
the tangential force acting on the blade Equations (1.7) and (1.19). For a rotor with three 
blades and a fixed-pitch angle, only the shape of the airfoil contributes to the tangential 
force of the blade. Equation (1.16) shows that the tangential force coefficient  can be 
obtained by having the lift and drag coefficients.  

The aerodynamic objective for selecting the airfoil in this study is to emulate an 
operational condition for the airfoil and calculate the values at a given range of angles 
of attack, the geometry that yields the highest  value is then chosen. 

To select a new airfoil geometry an objective-oriented code using MATLAB 
(MathWorks, Massachusetts, United States) was developed. The code uses NACA four-
digit family algorithm to generate geometries, this process starts with symmetric airfoils 
where only the thickness increases and then analyzes the cambered airfoils. The program 
is connected to XFoil v6.99, an application created by Mark Drela (Drela 1989) for the 
design and analysis of subsonic airfoils, to predict the lift and drag coefficients of airfoils. 
By having the values of lift and drag coefficients, the mean value for  is then calculated 
and compared to the mean value of  for NACA 0018 at the given range of angles of 
attack. The geometry that yields the highest value for mean  is then selected Figure 
2.2.  
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Figure 2.2 - The airfoil selection methodology for the VAWT. 

Predicting lift and drag coefficients using Xfoil, requires defining key parameters, 
e.g Reynolds number, range of angle of attack, critical number  (Ncrit) and, number of 
nodes. In the following, the selection of each variable is explained.  

The Reynolds number is a measure of the viscous behavior of air and is defined as 
(Bogateanu, et al. 2014): 

 (2.1)

where c is the chord length, λ is the tip-speed ratio defined in Equation (1.9),  is the 
free stream velocity, and ν is the kinematic viscosity of air. The main variable from 
Equation (2.1) that will change in this study is the tip-speed ratio. Yi et al suggest that 
for a lift-based VAWT the value of TSR should be between 1 and 3 to generate effective 
power and operate with noise emission less than 60 dB (Yi, Jianjun and Yan 2015). The 
values for the Reynolds number changes from  at the tip-speed of 1 with the 
free stream velocity of 9 m/s, to  at the TSR of 3 with the same stream velocity. 

For a given tip-speed ratio and according to Equation  (1.12), the change in the 
angle of attack (AOA) is related to the azimuthal degree and the tip-speed ratio. Figure 
2.3 shows the changes in the AOA of a single blade at one revolution at different TSR 
values. For a straight-bladed VAWT operating at low TSR corresponds to a high AOA, 
as shown in Figure 2.3 at the TSR of 1.5, the blade experience higher AOA than at TSR 
3. 
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Figure 2.3 - The change of Angle Of Attack (AOA) based on different values of 
TSR. 

For Xfoil as it is based on the inviscid linear-vorticity panel method, the turbulence 
transition is governed by the  transition criterion method (El-Shahat, et al. 2020). The 
critical number  (Ncrit) is used for the free transition criterion, which is the frequency 
amplifying factor in which the fluid enters the transition and it depends on the operating 
conditions of an airfoil (Gray, Singh and Supreet 2021). For this analysis, the value of 
Ncrit was selected to be 9, as that reproduced the normal wind tunnel conditions. 

The last parameter that requires defining is the number of nodes (N), which 
represents the meshing of the system. In this study, the maximum number of nodes, 
which is equal to 200, is used for the highest accuracy. This, however, increases the 
computational time of the process. 

Having set all the parameters in Xfoil, the program then predicts the values of lift 
and drag coefficients for each angle of attack. By using Equation (1.16), the value for the 
tangential force coefficient ( ) can be calculated at the same angle of attack. The values 
of  are then compared to the values predicted for NACA 0018, and the geometry that 
yields the highest value of  is then selected. 

2.2 CFD modeling 
CFD is considered an important tool to study the aerodynamics of VAWTs. CFD 
methods can be divided into 2D CFD, 2.5 CFD and 3D CFD. Because of the 
computational limitations, the 2D Unsteady Reynolds-Averaged Navier-Stokes 
(URANS) is mostly used to simulate the aerodynamic performance of VAWTs. 
However, compared to experimental results, the 2D URANS approach generally 
overestimates the power coefficient of VAWTs (He, et al. 2020, Li, et al. 2013). 

2.5 CFD approaches are investigated to solve the limitations of the 2D CFD model, 
as some researchers found that the tip loss or flow divergence in real VAWTs are not 
reflected in 2D URANS simulations (Li, et al. 2019, Franchina, et al. 2019). The VAWT 
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blades frequently experience high AOA beyond the stall angle, especially when they 
operate at a low tip-speed ratio (TSR<4) and the 2D model is not adequate for predicting 
unsteady flow structures with large-scale separations around airfoils at relatively high 
AOAs (Ferreira, et al. 2010, Li, et al. 2013). The airfoil flow at high AOA is three-
dimensional, highly separated, and unsteady with a nonlinear lift variation (Rom 1992, 
Li, et al. 2013). In the 2.5D CFD simulation approach, the 2D is extended in a spanwise 
direction for a considerable length to achieve a realistic reproduction of 3D separated 
vortices. The spanwise length is not fully modeled in such a 3D simulation so that it is 
referred to as 2.5D CFD simulations. 

3D CFD simulations are desirable to estimate the aerodynamics of the VAWTs due 
to their high accuracy, however, this comes with high computational cost and time. 

2.2.1 Computational domain 

The computational domain is divided into a rotating domain and a stationary domain. 
Figure 2.4 shows the computational domain with sizes and boundary conditions. All the 
sizes are relative to the rotor diameter D. Accurate prediction of the performance of a 
VAWT requires a domain size that is large enough to minimize the effect of blockage 
and uncertainties in the boundary condition (Rezaeiha, Kalkman and Blocken 2017).  

The data exchange between adjacent fields is determined through an interface 
boundary condition (ANSYS, Inc. 2011). The inlet boundary condition is placed at 5D 
upwind (Ma, et al. 2018). The distance downstream from the rotor to the outlet is set to 
10D to see the effect of the far wake. The width and height of the domain along the z and 
y directions were set to 10D and 8h, respectively (Ma, et al. 2018, Alaimo, et al. 2015). 
The diameter of the rotating domain was set to 1.25D as the result of the study by 
Rezaeiha et al shows the small impact of choosing a larger domain (Rezaeiha, Kalkman 
and Blocken 2017). 

A uniform mean velocity profile   is set as the inlet condition and the 
outlet boundary is considered as opening pressure with the value of relative pressure is 
set at 0 atm (He, et al. 2020, Elkhoury, Kiwata and Aoun 2015, Ma, et al. 2018). Non-
slip wall condition is assigned to blade surfaces (Ma, et al. 2018, Alaimo, et al. 2015). 
  



 

19 
 

 
(a) 

 
(b) 

Figure 2.4 - Computational domain with sizes and boundary conditions (a) top 
view, (b) 3D view. 

 

2.2.2 Solver setting and validation 

The ANSYS CFX solver relies on a pressure-based coupled solver approach to achieve 
robust convergence rates (Kelecy 2008). Although the use of first-order (upwind) 
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numerical schemes for the discretization of some convective terms is a common practice 
due to the highest stability of the algorithms, at least second-order accurate numerical 
schemes (both central differencing and upwind) must be used for RANS to avoid 
problems with false diffusion (Toja-Silva, et al. 2018). In this study, the Transient Blade 
Row Model with second-order backward Euler was adopted as the transient scheme. The 
turbulence numerics was set to high resolution and the convergence criterion was set to 
a residual target of 1.E-4. 

Moreover, the timestep is an important factor that affects the accuracy and 
efficiency of CFD numerical simulation (He, et al. 2020). The time step is an important 
factor in the accuracy and efficiency of CFD simulations. Reviewing previous studies, 
showing an increment of 2π/180 of azimuthal rotation is considered appropriate 
(Elkhoury, Kiwata and Aoun 2015, Ma, et al. 2018) 

To validate the CFD simulation techniques, a similar VAWT model to the work of 
Ma et al. is designed and analyzed at the wind velocity of 8 m/s and the tip-speed ratio 
of 1. Figure 2.5 shows the power coefficient over one revolution. The averaged  over 
one revolution is 0.15, the relative change of  with respect to 0.16 measured by Ma et 
al. is 6.25% underestimated. 

 

 

Figure 2.5 - The instantaneous power coefficient of the rotor 
with NACA 0018 over one revolution at the TSR = 1. 

2.2.3 Mesh setup 

The quality of the simulation results is influenced by the mesh size and form of the grid. 
The meshing of the geometries was undertaken using the ANSYS Meshing module. Due 
to the complex geometry of the turbine, the tetrahedron method was used. When 
generating the mesh, the viscous sublayer near the wall was dealt with by adding inflation 
layers to the mesh to ensure the accuracy of simulation near the wall (Figure 2.6). 
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Figure 2.6 – Mesh setup of the rotating domain as well as the mesh around the 
blade. 

To ensure reducing the computational cost without sacrificing the accuracy, a grid 
sensitivity study has been done to find a suitable mesh setup that yields accurate results. 
Here three sets of grids are generated: a coarse set, a medium set, and a fine set, Table 
2.2. As the environment in the rotating domain is more complex than the stationary 
domain, the mesh growth rate in the rotating domain was adopted for grid study. The 
Growth Rate represents the increase in element edge length with each succeeding layer 
of elements from the edge or face (ANSYS, Inc. 2011). 
The average power coefficient over one revolution at the tip-speed ratio of 3 is selected 
as the evaluation criterion. The power coefficient is defined in Equation  (1.5). The 
result of the grid sensitivity study is shown in Figure 2.7. 
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Table 2.2 Sensitivity test of the grid size at TSR = 3. 

Mesh Set Growth 
rate Number of Elements Cp Relative change of  

to the fine mesh set 
Fine 1.2  0.273789  

Medium 1.25  0.26595 -0.029473684 
Coarse 1.3  0.149492 -0.779026217 

 

 

Figure 2.7 - Effect of the number of elements on average power coefficient over 
one revolution. 
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Chapter 3 

In this chapter, the paper is presented. 

3Airfoil selection for a small-scale 
vertical axis wind turbine; a 
numerical study 

Abstract. Selection of an is one of the most important criteria in the overall 
performance of vertical-axis wind turbines. This paper is conducted with methods 
to select an airfoil for a small-scale vertical axis wind turbine to operate at 
relatively low tip-speed ratios (TSRs). With the application of Computational 
Fluid Dynamics (CFD), the aerodynamic performance of the selected airfoil is then 
compared to the commonly used NACA 0018 airfoil. This project researches the 
effect of the tangential force employed on the selection of the airfoil. To do so, a 
novel approach was developed using MATLAB software to use NACA four-digit 
algorithm to generate the geometry of the airfoil and, then by the implementation 
of Xfoil V6.99 to the code, the values of tangential force coefficient for a range of 
angles of attack are then predicted. These values are then compared to the NACA 
0018 airfoil. The airfoil that yields the highest tangential force coefficient at a 
range of angles of attack is chosen. The selected airfoil is then used to model an 
H-type Vertical Axis Wind Turbine (VAWT), which is used in CFD simulations. 
The results show that the power coefficient of the turbine equipped with the 
selected airfoil exceeds that of equipped with NACA 0018 for a lower rotational 
rate (TSR > 3), and the maximum relative growth rate of 56% occurs at the tip-
speed ratio of 1. 
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Nomenclature           
         
c chord length     Free stream wind velocity 
D rotor diameter    TSR, λ Tip-speed ratio 
h blade span     power coefficient 
σ rotor solidity    AOA, α angle of attack 
θ Azimuthal angle    SST Shear Stress Transport 
Ω angular velocity     number of blades 
τ rotor torque    n number of nodes 

 tangential force coefficient      
 lift coefficient       
 drag coefficient       

 ρ air density           

3.1 Introduction 
Wind is a clean, free, and readily available renewable energy source. Both Horizontal 
Axis Wind Turbines (HAWTs) and Vertical Axis Wind Turbines (VAWTs) are used to 
extract energy from the wind and convert it to electricity. HAWTs are widely studied and 
used in practice, which has allowed them to advance quite a bit in recent years. VAWTs, 
however, are not often considered for the same types of projects as HAWTs. To achieve 
competitiveness compared with the standard HAWTs, improving the aerodynamic 
performance of the blades is essential to make VAWTs a more competitive solution to 
generate clean electricity (Ma, et al. 2018). 

Several studies are dedicated to the optimization and improvement of the 
aerodynamic performance of airfoils. De Tavernier et al. (2019) used the build-in 
MATLAB genetic algorithm function “gamultiobj” for airfoil optimization to maximize 
lift gradient over drag in the angle of attack range encountered by the rotor. They linked 
the optimizer to Xfoil to predict the polar of the airfoils. They compared the performance 
of the optimized airfoils with reference airfoils to find the improved efficiency of the 
newly designed airfoils. Kear et al. (2016) used CFD tools to develop an automated 
optimization program to search for a potentially optimal geometry. Islam et al. (2007) 
attempted to design and analyze a special-purpose airfoil suitable for smaller capacity 
self-starting straight-bladed VAWT. In another paper, Islam et al. (2007) show that 
conventionally-used old NACA four digits symmetric airfoils are suitable for smaller 
capacity straight-bladed VAWTs. Rather, it is advantageous to utilize a high-lift and low 
drag asymmetric, thick airfoil suitable for low-speed operation typically encountered by 
straight-bladed VAWTs. 

Researchers have taken different approaches to improve the aerodynamic 
performance of VAWTs. Rezaeiha et al. (2017) suggest that dynamic pitching could be 
an effective approach for improving power performance. In their research, they used a 
Computational Fluid Dynamics (CFD) method to investigate the effects of pitch angle on 
the loads, angle of attack, vorticity distribution, and flow separation. Subramanian et al. 
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(2017) used ANSYS Fluent to analyze the performance of Darrieus VAWTs with 
different solidity and found that the performance of turbines with lower solidity is better 
at high tip-speed ratios. In the work of Wang and Zhuang (2017), serration design was 
adopted on the leading edge of the blades, showing better capability on wind power 
extraction at low tip-speed ratios compared to the model without serrations. 

In this paper, an attempt has been made to improve the power coefficient of a small-
scale vertical axis wind turbine for urban applications. The project comprises studies on 
the airfoil selection and the aerodynamics of the VAWT that operates at a low tip-speed 
ratio. For this purpose, numerical and computational simulation tools have been used. 

3.2 Method 

3.2.1 Operation principle of an H-type VAWT 

The aerodynamic forces applied to a single blade are shown in Figure 1 for an H-Type 
Darrieus VAWT. The performance of the turbine shows how efficient the energy 
conversion is, defined as the power coefficient. 
 ,  (3.1) 

where P is the power generated by the turbine, that can be expressed in terms of torque, 
P= τΩ, where τ is the torque generated by the turbine, and Ω is the rotational velocity of 
the turbine. With this expression, the generated power by the turbine is compared to the 
available power that would have passed through the cross-sectional area A. 

The tip-speed ratio, which is a unitless number, can be expressed as (Dyachuk, et 
al. 2015): 

, (3.2) 

where  is the tangential velocity of the blade and  is the velocity of the free stream. 
The continuous changes of angle of attack (AOA) cause a variation of the lift and 

drag forces acting on the blade. The AOA is defined as follows (Dyachuk, Rossander, et 
al. 2015): 

, (3.3) 

where θ represents an azimuthal angle of the blade. 
As represented in Figure 3.1 the relative wind speed can be expressed as (Dyachuk, 

Rossander, et al. 2015): 
 . (3.4) 

 
The resultant aerodynamic force acting on the blade can be decomposed into two 

components: the normal force  and the tangential force, . That is defined in Equations 
(3.5) and (3.6) respectively (Dyachuk, Rossander, et al. 2015). 
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 , (3.5) 
 
 , (3.6) 
 
and the tangential force coefficient ( ): 
 
 . (3.7) 

 
The average torque produced by the rotor (n blades) is generated from the average 

tangential force acting on one blade is (Zaghal, et al. 2019): 
 

  (3.8) 
 

 

Figure 3.1 - Definition of velocity vectors and forces applied to a single blade of a 
straight-bladed VAWT. The positive direction for angles is counter-
clockwise. Hence, the angles  and  have a negative direction for this 
position of the blade shown. The normal force  is positive when pointing 
outwards and, tangential force  is parallel to the velocity of the blade 

. 

3.2.2 Airfoil Selection 

As the airfoils are studied as components of a VAWT, it is necessary to define the basic 
parameters of the VAWT. In this study, the main idea is to compare the aerodynamic 
performance of a low-solidity wind turbine where only the airfoil geometry is changed 
while the other parameters of the VAWT remain the same. The 3D CAD design of the 
wind turbine is presented in Error! Reference source not found.. The chord length of 
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the airfoil, c, the rotor radius, r, the blade span, h, and the number of blades, , will 
remain constant in this study, and their values are shown in Error! Reference source not 
found.. 
 

Table 3.1 - Design parameters of  the VAWT 

 

 
For VAWTs, choosing the right airfoil is a critical issue, but complicated. This is 

related to the transient operation characteristics of this type of turbine, which results from 
the constant change of the blade’s angle of attack and the pulsation of aerodynamic blade 
loads during each rotor revolution (Rogowski, Hansen and Bangga 2020). Moreover, a 
major aspect of the unsteady aerodynamics of vertical axis rotors is represented by 
dynamic stall, as well as blade-wake interactions, which often occur at low tip-speed 
ratios (Balduzzi, et al. 2016, Rogowski, Hansen and Bangga 2020).  

Reviewing previous studies show that cambered airfoils are suitable for self-
starting vertical axis rotors, due to their high lift-drag ratio (Liang, et al. 2014, Beri and 
Yao 2011). However, their power coefficient compared to symmetrical airfoils is lower 
due to their rather poor performance at negative angles of flow (Liang, et al. 2014). It is 
suggested that airfoil should be as close as symmetric to have a more satisfactory power 
output (Healy 1978). Rogowski et al. compare the performance of four different cambered 
airfoils (NACA 1418, NACA 2418, NACA 3418 and, NACA 4418) with NACA 0018 
for a specific turbine, and find the airfoil with a small camber equal to 1% shows better 
performance than the symmetrical airfoil NACA 0018. The presented turbine in Figure 
3.2, is designed with the NACA 0018 airfoil profile, which will be used as the base of 
comparison.  

As discussed in the previous subsection, at a constant rotational speed, the power 
of the turbine is related to the torque of the blades. The generated torque of the rotor is 

Parameter Value 

Blade span (h) 2000 mm 

Rotor radius (r) 1000 mm 

Solidity σ= c/2r 0.3 

Chord length (c) 200 mm 

Number of blades ( ) 3 

Figure 3.2 - CAD design of 
the VAWT with 
NACA 0018 airfoil 



 

28 
 

based on the tangential force acting on the blade Equation (3.8). For a rotor with three 
blades and a fixed-pitch angle, only the shape of the airfoil contributes to the tangential 
force of the blade. Equation (3.7), shows that the tangential force coefficient, , can be 
obtained by having the lift and drag coefficients. This study focuses on maximizing the 
mean  value over the operational range of angles of attack.  

To select a new airfoil geometry an objective-oriented code using MATLAB 
(MathWorks, Massachusetts, United States) was developed. The code uses NACA four-
digit family algorithm to generate geometries, this process starts with symmetric airfoils 
where only the thickness increases and then analyzes the cambered airfoils. The program 
is connected to XFoil v6.99, an application created by Mark Drela (Drela 1989) for the 
design and analysis of subsonic airfoils, to predict the lift and drag coefficients of airfoils. 
By having the values of lift and drag coefficients, the mean value for  is then calculated 
and compared to the mean value of  for NACA 0018 at the given range of angles of 
attack. The geometry that yields the highest value for mean  is then selected. 

 

Figure 3.3 - The changes of angles of attack based on different values for Tip-
speed ratio. 

Predicting lift and drag coefficients using Xfoil, requires defining key parameters 
e.g Reynolds number, range of angle of attack, critical number,  (Ncrit), and the number 
of nodes, N. In the following, the selection of each variable is explained.  

The Reynolds number is a ratio of inertial to viscous forces, and is defined as, 
, where ν is the kinematic viscosity of air (Bogateanu, et al. 2014). The main 

variable from this equation that changed in this study is the tip-speed ratio. It is suggested 
that for a lift-based VAWT the value of TSR should be between 1 and 3 to generate 
effective power and operate with noise emission less than 60 dB (Yi, Jianjun and Yan 
2015). The values for the Reynolds number changes from  at the tip-speed of 1 
with the free stream velocity of 9 m/s, to  at the tip-speed ratio of 3 with the 
same stream velocity. In this study, the Reynolds number at the TSR = 1 is obtained. 
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For a given tip-speed ratio, and according to Equation (3.3), the change in the angle 
of attack (AOA) is related to the azimuthal degree and the tip-speed ratio. Error! 
Reference source not found. shows the changes in the AOA of a single blade at one 
revolution at different TSR values. A straight-bladed VAWT operating at low TSR 
corresponds to a high AOA, as shown in Figure 3.3 at the TSR of 1.5, the blade experience 
higher AOA than at TSR 3. In this study, three ranges of angles of attack are selected. 
The first range considers only positive angles of attack (0 to 25 degrees), the second 
includes (-10 to 15 degrees), and the last group considers only the negative angles of 
attack (-25 to 0 degrees). 

For Xfoil, as it is based on the inviscid linear-vorticity panel method, the turbulence 
transition is governed by the  transition criterion method (El-Shahat, et al. 2020). The 
critical number  (Ncrit) is used for the free transition criterion, which is the frequency 
amplifying factor in which the fluid enters the transition and it depends on the operating 
conditions of an airfoil (Gray, Singh and Supreet 2021). For this analysis, the value of 
Ncrit was selected to be 9, as that reproduced the normal wind tunnel conditions. 

The last parameter that requires defining is the number of nodes, N, which 
represents the meshing of the system. In this study, the maximum number of nodes, which 
is equal to 200, is used for the highest accuracy. This, however, increases the 
computational time of the process. 

Having set all the parameters in the code, the program then predicts the values of 
lift and drag coefficients for each angle of attack. By using Equation (3.7), the value for 
the tangential force coefficient ( ) can be calculated at the same angle of attack. The 
values of  are then compared to the values predicted for NACA 0018, and the geometry 
that yields the highest mean value for  at a given range of angle of attack, is then 
selected. 
 

3.2.3 CFD modeling technique 

CFD is used to study the aerodynamics of VAWTs. CFD methods can be divided into 2D 
CFD, 2.5 CFD and 3D CFD. Because of the computational limitations, the 2D Unsteady 
Reynolds-Averaged Navier-Stokes (URANS) is mostly used to simulate the aerodynamic 
performance of VAWTs. However, compared to experimental results, the 2D URANS 
approach generally over-predicts the power coefficient of VAWTs (He, et al. 2020). 2.5 
CFD approaches are investigated to solve the limitations of the 2D CFD model. 3D CFD 
simulations are desirable to estimate the aerodynamics of the VAWTs due to their high 
accuracy, however, this comes with high computational cost and time. 

3.2.3.1 Turbulence model 

Reviewing literature shows of all the RANS turbulence models, the k-ω model (Wilcox 
1988) has good performance in dealing with inner boundary layers while the k-ε model 
(Jones and Launder 1973) does well in free stream zones (Li, et al. 2019). Shear Stress 
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Transport (SST) k-ω model (Menter 1994) incorporates the mentioned features of the k-
ω model and k-ε (Yu and Thé 2016). It is also validated by Daróczy et al. and He et al. 
that the SST k-ε model is suitable for the simulation of H-rotor type VAWTs (Daróczy, 
et al. 2015, He, et al. 2020). Considering the balance between accuracy and computational 
cost, the SST k-ω model was chosen in the present study. 

3.2.3.2 Computational domain and grid setup 

The computational domain is divided into a rotating domain and a stationary domain. 
Error! Reference source not found. shows the computational domain with sizes and 
boundary conditions. All the sizes are relative to the rotor diameter D. Accurate prediction 
of the performance of a VAWT requires a domain size that is large enough to minimize 
the effect of blockage and uncertainties in the boundary condition (Rezaeiha, Kalkman 
and Blocken 2017).  

The data exchange between adjacent fields is determined through an interface 
boundary condition (ANSYS, Inc. 2011). The inlet boundary condition is placed at 5D 
upwind (Ma, et al. 2018). The distance downstream from the rotor to the outlet is set to 
10D to see the effect of the far wake. The width and height of the domain along the z and 
y directions were set to 10D and 8h respectively (Ma, et al. 2018, Alaimo, et al. 2015). 
The diameter of the rotating domain was set to 1.25D as the result of the study by 
Rezaeiha et al shows the small impact of choosing a larger domain (Rezaeiha, Kalkman 
and Blocken 2017). 

A uniform mean velocity profile   is set as the inlet condition and the 
outlet boundary is considered as opening pressure with the value of relative pressure set 
to 0 atm (He, et al. 2020, Elkhoury, Kiwata and Aoun 2015, Ma, et al. 2018). Non-slip 
wall condition is assigned to blade surfaces (Ma, et al. 2018, Alaimo, et al. 2015). 

 

Figure 3.4 - Top-view of the domain. Dimensions are in respect of the diameter of 
the turbine. 
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The quality of the simulation results is influenced by the mesh size and form of the 
grid. The meshing of the geometries was undertaken using the ANSYS Meshing module. 
Due to the complex geometry of the turbine, the tetrahedron method was used. When 
generating the mesh, the viscous sublayer near the wall was dealt with by adding inflation 
layers to the mesh to ensure the accuracy of simulation near the wall Figure 3.5.  

 

 

Figure 3.5 – The mesh structure around the blade. 

To ensure reducing the computational cost without sacrificing the accuracy, a grid 
sensitivity study has been done to find a suitable mesh setup that yields accurate results. 
Here three sets of grids are generated: a coarse set, a medium set, and a fine set, Table 
3.2. As the environment in the rotating domain is more complex than the stationary 
domain, the mesh growth rate in the rotating domain was adopted for grid study. The 
Growth Rate represents the increase in element edge length with each succeeding layer 
of elements from the edge or face (ANSYS, Inc. 2011). 
The average power coefficient over one revolution at the tip-speed ratio of 3 is selected as the 
evaluation criterion. The power coefficient is defined in Equation  (1.5). The result of 
the grid sensitivity study is shown in Figure 2.7. 

Table 3.2 - Sensitivity test of the grid size at TSR = 3. 

Mesh Set Growth 
rate Number of Elements Cp Relative change of  

to the fine mesh set 
Fine 1.2  0.273789  

Medium 1.25  0.26595 -0.029473684 
Coarse 1.3  0.149492 -0.779026217 
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Figure 3.6 - Effect of the number of elements on average power coefficient over 
one revolution. 

3.2.3.3 Solver settings and validation 

The ANSYS CFX solver relies on a pressure-based coupled solver approach to 
achieve robust convergence rates (Kelecy 2008). Although the use of first-order (upwind) 
numerical schemes for the discretization of some convective terms is a common practice 
due to the highest stability of the algorithms, at least second-order accurate numerical 
schemes (both central differencing and upwind) must be used for RANS to avoid 
problems with false diffusion (Toja-Silva, et al. 2018). In this study, the Transient Blade 
Row Model with second-order backward Euler was adopted as the transient scheme. The 
turbulence numerics was set to high resolution and the convergence criterion was set to a 
residual target of 1.E-4. 

Moreover, the timestep is an important factor that affects the accuracy and 
efficiency of CFD numerical simulation (He, et al. 2020). The time step is an important 
factor in the accuracy and efficiency of CFD simulations. Reviewing previous studies, 
showing an increment of 2π/180 of azimuthal rotation is considered appropriate 
(Elkhoury, Kiwata and Aoun 2015, Ma, et al. 2018) 

To validate the CFD simulation techniques, a similar VAWT model to the work of 
Ma et al. is designed and analyzed at the wind velocity of 8 m/s and the tip-speed ratio of 
1. Error! Reference source not found. shows the power coefficient over one revolution. 
The averaged  over one revolution is 0.15, the relative change of  with respect to 
0.16 measured by Ma et al. is 6.25% underestimated. 
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Figure 3.7 - The instantaneous power coefficient of the rotor with NACA 0018 
over one revolution at the TSR = 1 
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3.3 Results 

3.3.1 The geometry of the airfoil 

Based on the objective that was defined, the MATLAB code then analyzed every possible 
geometry that can be created with NACA four-digit algorithm. Over three ranges of 
different angles of attack that were defined, over three thousand airfoils were analyzed 
during each run. The result of each run is presented in Figure 3.8, the  values are plotted 
against AOA for the selected airfoils at the specified range of angles of attack at Reynolds 
number of 1.4×105.  

Figure 3.8 shows that all selected geometries have a higher  value at positive 
angles of attack compared to NACA 0018, however, NACA 9516 despite being 
significantly higher at positive angles of attack, performs extremely poorly at negative 
inflow angles. NACA 1920 on the other hand, has a better performance at negative and 
positive angles compared to NACA 0018. 

 

Figure 3.8 - Comparison of Tangential force coefficient (Ct) over a range of angles 
of attack for different airfoils at the Reynolds number of 1.4E5. 

The result of the analysis shows NACA 1920 met the required criteria to have better 
performance at an operational angle of attack. Figure 3.9 shows the comparison of 
geometries between NACA 1920 and NACA 0018, the maximum camber is 1% of the 
chord and it is positioned at 90% of the chord and, the maximum thickness is 20% of the 
chord. 

 

Figure 3.9 – Comparison of the geometry profile of NACA 1920 plotted with red 
color and NACA 0018 plotted with green, under consideration in this work 
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In Figure 3.10 the tangential force coefficient ( )  is shown, predicted for three 
values of Reynolds number. It appears that NACA 1920 has better performance at a lower 
Reynolds number and negative angles of attack than the NACA 0018. 

 

 

Figure 3.10 - Comparison of tangential force coefficient against the angle of 
attack for different values of the Reynolds Number for NACA 0018 and 
NACA 1920 at Reynolds number of a) , b) , and c) 
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3.3.2 Power performance 

In this section, the power performance of the two turbines is compared. The average 
power coefficient over one revolution of the turbine is calculated using Equation (3.1) 
which is represented in Figure 3.11. 

In terms of relative growth rate, the turbine with NACA 1920 blade shows a 
significant increase of 56% at the TSR of 1. However, as TRS increases their 
performances become more similar. 
 

 

Figure 3.11 - Power performance comparison between the turbine with NACA 
0018 and NACA 1920 blade at different TSRs. The power coefficient is the 
average of the  in one revolution. 

As the generated power is derived from the torque of the turbine, a comparison of 
instantaneous torque values for one blade over one revolution, as well as overall power 
coefficient, are conducted at different values of TSR and are represented in Figure 3.12. 
Here the main focus of analysis is at a TSR of 1 at which the highest increase of  has 
occurred. 

Figure 3.12 (a), (b) and, (c) shows the azimuthal position, where the peak value of 
torque happens, moves with the change of TSR. For the torque curve of NACA 1920, the 
positions of peak value are  at TSR = 1,  at TSR = 2 and,  at TSR 
= 3. NACA 1920 blade reaches a lower peak value of torque compared to NACA 0018, 
however, at all TSR values, has a better performance downstream from  to 

, where corresponds to a positive range of angles of attack. 
At the TSR of 1, the NACA 1920 blade reaches a maximum torque of 28.6 Nm at 

, whereas, the NACA 0018 blade reaches the maximum of 33 Nm at . 
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However, NACA 0018 experiences a faster decrease, and after  the difference 
between two blades becomes significant, where the maximum difference of torque values 
happens at  with a difference of 9.17 Nm. The difference between the value of 
torque becomes more significant downstream, which the maximum difference happens at 

 with a value of 11.18 Nm. 
Figure 3.12 (d) and (e), shows power performance has been improved at every 

azimuthal position. The peak  values of the VAWT equipped with three NACA 1920 
blades during one rotational period happens at  with an 
approximate value of 0.23 at the TSR of 1. The peak  values at the TSR of 2 happens 
at  with an approximate value of 0.56. 

 

Figure 3.12 - Comparison of torque values for one blade at: (a) TSR = 1; (b) TSR 
= 2; (c) TSR = 3 and, the values of power coefficient for 3 blades at: (d) 
TSR = 1; (e) TSR = 2;(f) TSR = 3. 

 

(a)       (d) 

(b)                                                                                                (e)  

(c)                                                                                                ( f) 
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3.3.3 Flow mechanisms 

This section will discuss the flow development of VAWTs by analyzing the 
pressure and vorticity contours around the blades. Figure 3.13 and Figure 3.14 show the 
pressure distribution around the mid-plane of a single blade at key azimuthal degrees and 
over one revolution. Three key moments were observed when comparing the pressure 
contours of the two blades. The first noticeable difference happens at θ=50° where the 
static pressure starts to change at the trailing edge of NACA 1920. The negative pressure 
starts to form on the pressure side of the trailing edge of the blade causing a lower pressure 
difference of the two sides of the blade, and resulting in a decrease in lift force and 
eventually, after θ=58°, a decrease in torque occurred. This phenomenon happens at 
θ=54° for NACA 0018 and the complete development of negative pressure on the 
pressure side of the trailing edge of the blade happens at θ= 64°. Comparing the pressure 
contours after two blades reach the peak torque shows the main difference happens at 
θ=80°, where the positive pressure on the pressure side of the NACA 1920 blade starts to 
slightly increase compared to NACA 0018, resulting in a slower decrease of lift forces.  

In the downstream, at θ=224°, the negative pressure starts to appear at the trailing 
edge of NACA 0018 and moves toward the pressure side of the blade and causes a 
decrease in lift forces as the azimuthal angle increases. This, however, was not observed 
for NACA 1920. 

 

Figure 3.13 - Static pressure distribution around the two blades at key 
azimuthal degrees at TSR = 1. 
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Figure 3.14 - Static pressure (in Pascal) distribution for a single blade over one 
revolution for a) NACA 1920 and, b) NACA 0018 at the TSR = 1. 
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During one revolution the flow can be described as fully attached, mild flow 
separation, and fully flow separation (Lei, Zhou, et al. 2017). The vorticity contours at 
the mid-plane of the turbine for different azimuthal positions and TSRs are represented 
in Figure 3.15. The formation of vortices and their strength change with the increase of 
TSR. At the TSR =1, a thin layer of vortices forms near the trailing edge of the blade 
because the circulation of the flow leaves the surface of the blade at θ=30°. This vortex 
starts to increase along the trailing edge of the blade and affects the pressure distribution 
from θ=30° to θ=90°. During such an azimuthal range, the maximum negative pressure 
on the inner side keeps increasing and the position continues to move towards the trailing 
edge (Figure 3.14). A large vortex is detected as a result and is following the vorticity 
distribution in Figure 3.15. This vortex starts to shed from the inner side at θ=90° and it 
begins to move away from the inner surface because the negative pressure starts to 
decrease. 

 

Figure 3.15 - Comparison of vorticity contours at the mid-plane of NACA 1920 
and NACA 0018 at the azimuthal position of 30°,60°,90°, and 120° for TSR 
of 1 and 2. 
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The simulations at TSR = 1 and TSR =2 were further exploited to carry out wake 
analysis for both turbines. Figure 3.16 shows the normalized velocity distribution at a 
distance of 2D behind the turbine. The velocity component and the coordinates are 
normalized and are based on free stream velocity  and rotor diameter D, respectively. 
It is clear from the results that the increase of TSR has a great effect on the wake behind 
the turbine. 

 
Figure 3.16 - Velocity profiles downstream behind the rotor at the distance of 2 

D from the center of the turbine at TSRs of 1 and 2. 

The wake profiles of the two turbines are fairly similar at the TSR of 1, where the 
average normalized velocity is 0.92.   

Analyzing the velocity distribution in Figure 3.16, the effect of rotational speed on 
the wake profile is much stronger for NACA 0018 than NACA 1920. The figure also 
shows some similarities between the two curves. For both rotors, the velocity profile starts 
to decrease with a similar rate up until the normalized coordinate of z/D = -0.6, then the 
strength of wake is much stronger for NACA 0018 as it approaches the center of the 
domain. The average normalized velocity for NACA 0018 is 0.79 while this value for 
NACA 1920 is 0.83. 

3.4 Conclusion 
The purpose of this study was to propose a method for selecting an airfoil to improve the 
power performance of a small-scale three-bladed H-type VAWT at a low tip-speed ratio. 
The method uses a MATLAB code that was developed by the author with XFOIL 
integrated into the system. For aerodynamic analysis, 3D CFD simulations with the 

 SST turbulence model were utilized. 
The numerical results from MATLAB code and Xfoil predictions were confirmed 

by CFD simulations as the airfoil showed better performance at lower Reynolds numbers, 
the results also indicate the importance of the performance of the airfoil at negative angles 
of attack. The analysis of turbines at various TSRs showed as the TSR decreases the 
performance of the rotor with NACA 1920 improves compared to NACA 0018. Also, the 
findings show the superior performance of NACA 1920 downstream at TSR = 1. The 
results from wake analysis and power generation show that the NACA 1920 despite 
generating more torque at the TSR = 1, and TSR = 2, the wake behind the rotor is weaker 
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compared to the NACA 0018. This only indicates that the aerodynamic losses concerning 
the geometry of the blade are reduced. 

The comparison of the vorticity distribution showed that the flow separation 
happens faster as the tip-speed ratio decreases. 

This study focuses on the improvement of power production at a relatively low tip-
speed ratio, which means the selected airfoil might not be the best choice for performance 
at higher rotational speeds. However, the method that has been used in this study can be 
used to select an airfoil for a higher Reynolds number. 

3.5 Future Work 
The purpose of this study was twofold, to increase the efficiency of a small-scale vertical 
axis wind turbine that operates at a low tip-speed ratio by changing the airfoil geometry, 
and to introduce a method that can be used to select an airfoil for different operation 
conditions. 

The results from CFD showed the practicality of the numerical MATLAB code, as 
the results from the XFoil predictions showed great agreement with the CFD results. 
However, these results can be further enhanced by implementing RANS analysis into the 
MATLAB code.  

This study focused on a particular family of airfoils (NACA four-digit series). This 
family of airfoils has been used in several studies. However, The method that is used in 
this study can be further expanded to analyze through a wider range of family airfoils.  

In this project, only the effect of airfoil shape on the power output was investigated. 
And parameters such as aspect ratio (h/c) and solidity of the turbine remained constant. 
The effect of these parameters can be investigated for the NACA 1920 to further increase 
the efficiency of the model. 

The results from the CFD simulation showed that the blade experiences dynamic 
stall as the tip-speed ratio decreases. An investigation on considering pitch angle on the 
design of the rotor can improve the performance of the model at lower tip-speed ratios. 



 

43 
 

Chapter 4 

4References 

Alaimo, Andrea, Antonio Esposito, Antonio Messineo, Calogero Orlando, and Davide Tumino. 
2015. "3D CFD Analysis of a Vertical Axis Wind Turbine." Energies 3013-3033. 
doi:10.3390/en8043013. 

Anagnostopoulou, Christina, Hiroshi Kagemoto, Kunihisa Sao, and Akisato. Mizuno. 2016. 
"Concept design and dynamic analyses of a floating vertical-axis wind turbine: case study 
of power supply to offshore Greek islands." Journal of Ocean Engineering and Marine 
Energy 85-104. 

Anderson, J. D., Jr. 2010. Fundamentals of Aerodynamics. 5th. New York: McGraw-Hill. 
ANSYS, Inc. 2011. ANSYS CFX-Pre User's Guide. Canonsburg, PA 15317. 
Araya, Daniel B., Tim Colonius, and John O. Dabiri. 2017. "Transition to bluff-body dynamics 

in the wake of vertical-axis wind turbines." Journal of Fluid Mechanics 346-381. 
Balduzzi, Francesco, Alessandro Bianchini, Riccardo Maleci, and Giovanni Ferrara. 2016. 

"Critical issues in the CFD simulation of Darrieus wind turbines." Renewable Energy 85: 
419-435. 

Battisti, L., A. Brighenti, E. Benini, and M.R. Castelli. 2016. "Analysis of Different Blade 
Architectures on small VAWT Performance." Journal of Physics: Conference Series 753. 

Battisti, L., G. Persico, V. Dossena, B. Paradiso, M.R. Castelli, A. Brighenti, and E. Benini. 2018. 
"Experimental benchmark data for H-shaped and troposkien VAWT architectures." 
Renewable Energy 425-444. 

Beri, H, and Y Yao. 2011. " Effect of camber airfoil on self starting of vertical axis wind." Journal 
of environmental Science and Technology 302-312. 

Beri, Habtamu, and Yingxue Yao. 2011. "Effect of Camber Airfoil on Self Starting of Vertical 
Axis Wind Turbine." Journal of Environmental Science and Technology 4 (3): 302-312. 
doi:10.3923/jest.2011.302.312. 

Bogateanu, Radu, Alexandru Dumitrache, Horia Dumitrescu, and Corneliu Stoica. 2014. 
"Reynolds Number Effects on the Aerodynamic Performance of Small VAWTs." UPB 
Scientific Bulletin, Series D: Mechanical Engineering 76 (1): 25-36. 

Carrigan, Travis J., Brian H. Dennis, Zhen X. Han, and Bo P. Wang. 2012. "Aerodynamic Shape 
Optimization of a Vertical-Axis Wind Turbine Using Differential Evolution." Renewable 
Energy.  

Castellani, Francesco, Davide Astolfi, Mauro Peppoloni, Francesco Natili, Daniele Buttà, and 
Alexander Hirschl. 2019. "Experimental Vibration Analysis of a Small Scale 
VerticalWind Energy System for Residential Use." Machines 3 (2): 35. 
doi:10.3390/machines7020035. 

Chen, Jian, Liu Chen, Hongtao Xu, Hongxing Yang, Changwen Ye, and Di Liu. 2016. 
"Performance improvement of a vertical axis wind turbine by comprehensive assessment 
of an airfoil family." Energy 318-331. 

Chen, Wei-Hsin, Ching-Ying Chen, Chun-Yen Huang, and Chii-Jong Hwang. 2017. "Power 
output analysis and optimization of two straight-bladed vertical-axis wind turbines." 
Applied Energy 185: 223-232. 



 

44 
 

Daróczy, László, Gábor Janiga, Klaus Petrasch, and Michael Webner. 2015. "Comparative 
analysis of turbulence models for the aerodynamic simulation of H-Darrieus rotors." 
Energy 680-690. 

Davidson, Lars. 2020. Fluid mechanics, turbulent flow and turbulence modeling. Göteborg. 
http://www.tfd.chalmers.se/~lada/postscript_files/solids-and-fluids_turbulent-
flow_turbulence-modelling.pdf. 

De Tavernier, Delphine, Carlos Ferreira, and Gerard van Bussel. 2019. "Airfoil optimisation for 
vertical-axis wind turbines with variable." Wind Energy 1-16. 

Drela, Mark. 1989. "XFOIL: An Analysis and Design System for Low Reynolds Number 
Airfoils." Conference on Low Reynolds Number Airfoil Aerodynamics, University of 
Notre Dame. Notre Dame, IN, USA,. doi:10.1007/978-3-642-84010-4_1. 

Dyachuk, Eduard. 2015. Aerodynamics of Vertical Axis Wind Turbines. Master Thesis, Acta 
Universitatis Upsaliensis, Uppsala: Digital Comprehensive Summaries of Uppsala 
Dissertations from the Faculty of Science and Technology, 86. 

Dyachuk, Eduard, Morgan Rossander, Andres Goude, and Hans Bernhoff. 2015. "Measurements 
of the Aerodynamic Normal Forces on a 12-kW Straight-Bladed Vertical Axis Wind 
Turbine." Energies 8482-8496. 

Elkhoury, M, T Kiwata, and E. Aoun. 2015. "Experimental and numerical investigation of a three-
dimensional vertical-axis wind turbine with variable-pitch." Journal of Wind Engineering 
and Industrial Aerodynamics 111-123. 

El-Shahat, Saeed A., Guojun Li, Fen Lai, and Lei Fu. 2020. "Investigation of parameters affecting 
horizontal axis tidal current turbines modeling by blade element momentum theory." 
Ocean Engineering 202: 107176. doi:10.1016/j.oceaneng.2020.107176. 

Ferreira, Carlos Simão, Hester Bijl, Gerard van Bussel, and Gijs van Kuik. 2010. "Simulating 
Dynamic Stall in a 2D VAWT: Modeling strategy, verification and validation with 
Particle Image Velocimetry data." Wind Energy 13 (1): 1-17. 
doi:https://doi.org/10.1002/we.330. 

Fiedler, Andrzej J., and Stephen Tullis. 2009. "Blade Offset and Pitch Effects on a High Solidity 
Vertical Axis Wind Turbine." Wind Engineering 33: 237-246. 

Fonseca, William Denner Pires, Rafael Rosário da Silva, Reinaldo Marcondes Orselli, Adson 
Adson de Paula, and Ricardo Galdino da Silva. 2020. "Numerical study of airfoil with 
wavy leading edge at high Reynolds number regime." Revista Facultad de Ingeniería 
Universidad de Antioquia 69-77. 

Franchina, Nicoletta, Otman Kouaissah, Giacomo Persico, and Marco Savini. 2019. "Three-
Dimensional CFD Simulation and Experimental Assessment of the Performance of a H-
Shape Vertical-AxisWind Turbine at Design and Off-Design Conditions." International 
Journal of Turbomachinery, Propulsion and Power.  

Georgilakis, Pavos S. 2008. "Technical challenges associated with the integration of wind power 
into power systems." Renewable and Sustainable Energy Reviews 12 (3): 852-863. 

Ghasemian, Masoud, and Amir Nejat. 2015. "Aero-acoustics prediction of a vertical axis wind 
turbine using Large Eddy Simulation and acoustic analogy." Energy 88: 711-717. 

Goude, Anders. 2012. Fluid Mechanics of Vertical Axis Turbines: Simulations and Model 
Development. PhD Thesis, ACTA Universitatis Upsaliensis, Uppsala: Digital 
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and 
Technology. Accessed 2012. 

Gray, Abhishek, Bhupinder Singh, and Singh Supreet. 2021. "Low wind speed airfoil design for 
horizontal axis wind turbine." Materials Today: Proceedings. 
doi:https://doi.org/10.1016/j.matpr.2020.11.999. 

Guerri, Ouahiba, Anas Sakout, and Khedidja Bouhadef. 2007. "Simulations of the Fluid Flow 
around a rotatingVertical Axis Wind Turbine." Wind Engineering 149-163. 

Gupta, R., A. Biswas, and K. Sharma. 2008. "Comparative study of a three-bucket Savonius rotor 



 

45 
 

with a combined three-bucket Savonius–three-bladed Darrieus rotor." Renewable Energy 
33: 1974–1981. 

Han, Dowon, Young Gun Heo, Nak Joon Choi, Sang Hyun Nam, Kyoung Ho Choi, and Kyung 
Chun Kim. 2018. "Design, Fabrication, and Performance Test of a 100-W Helical-Blade 
Vertical-AxisWind Turbine at Low Tip-Speed Ratio." Energies 11. 

He, Jiao, Xin Jin, Shuangyi Xie, Le Cao, Yaming Wang, Yifan Lin, and Ning Wang. 2020. "CFD 
modeling of varying complexity for aerodynamic analysis of H-vertical axis wind 
turbines." Renewable Energy 2658-2670. 

Healy, J. V. 1978. "The influence of blade camber on the output of vertical-axis wind turbines." 
Wind Engineering 2: 146–155. 

Howell, Robert, Ning Qin, Johnathan Edwards, and Naveen Durrani. 2010. "Wind tunnel and 
numerical study of a small vertical axis wind turbine." Renewable Energy 35 (2): 412-
422. 

Islam, Mazharul, David S-K. Ting, and Amir Fartaj. 2007. "Design of a Special-purpose Airfoil 
for Smaller-Capacity Straight-Bladed VAWT." WIND ENGINEERING 31: 401–424. 

Islam, Mazharul, David S-K. Ting, and Amir Fartaj. 2007. "Desirable Airfoil Features for 
Smaller-Capacity Straight-Bladed VAWT." Wind Engineering 165-196. 

Jiang, Haibo, Yanru Li, and Zhongqing Cheng. 2015. "Performances of ideal wind turbine." 
Renewable Energy 83: 658-662. 

Jones, W. P., and Brian Launder. 1973. "The Calculation of Low-Reynolds-Number Phenomena 
With a Two-Equation Model of Turbulence." International Journal of Heat and Mass 
Transfer 1119-1130. doi:10.1016/0017-9310(73)90125-7. 

Joo, Sungjun, Heungsoap Chio, and Juhee Lee. 2015. "Aerodynamic characteristics of two-bladed 
H-Darrieus at various solidities and rotating speeds." Energy 439-451. 

Kear, Matt, Ben Evans, Rob Ellis, and Sam Rolland. 2016. 
"Computationalaerodynamicoptimisationofverticalaxiswindturbineblades." Applied 
Mathematical Modelling 40 1038–1051. 

Kelecy, Franklyn J. 2008. "Coupling Momentum and Continuity." https://www.ansys.com. 
Accessed 03 03, 2021. https://www.ansys.com/-
/media/ansys/corporate/resourcelibrary/article/aa-v2-i2-coupling-momentum-and-
continuity.pdf. 

Kozak, Peter A., David Vallverdú, and Dietmar Rempfer. 2016. "Modeling Vertical-Axis Wind-
Turbine Performance:Blade-Element Method Versus Finite Volume Approach." Journal 
of Propulsion and Power 592-601. 

Ladson, Charles L., Cuyler W. Jr Brooks, and Acquilla S. Hill. 1996. Computer Program To 
Obtain Ordinates for NACA Airfoils. Washington: National Aeronautics and Space 
Administration. 

Lam, H.F, and H.Y Peng. 2017. "Measurements of the wake characteristics of co- and counter-
rotating twin H-rotor vertical axis wind turbines." Energy 13-26. 

Lee, Joyce, and Feng Zhao. 2019. "GWEC, Global Wind Energy Report 2019." Brussels. 
Lei, Hang, Dai Zhou, Yan Bao, Ye Li, and Zhaolong Han. 2017. "Three-dimensional Improved 

Delayed Detached Eddy Simulation of a two-bladed vertical axis wind turbine." Energy 
Conversion and Management 133: 235-248. 

Lei, Hang, Dai Zhou, Yan Bao, Ye Li, and Zhaolong Han. 2017. "Three-dimensional Improved 
Delayed Detached Eddy Simulation of a two-bladed vertical axis wind turbine." Energy 
Conversion and Management 133: 235-248. doi:10.1016/j.enconman.2016.11.067. 

Li, Chao, Songye Zhu, You-lin Xu, and Yiqing Xiao. 2013. "2.5D large eddy simulation of 
vertical axis wind turbine in consideration of high angle of attack flow." Renewable 
Energy 51: 317-330. doi:10.1016/j.renene.2012.09.011. 

Li, Ji, Chengwen Zhong, Dongxin Pan, and Congshan Zhuo. 2019. "A gas-kinetic scheme coupled 
with SST model for turbulent flows." Computers & Mathematics with Applications 1227-



 

46 
 

1242. 
Li, Xingxing, Ke Yang, Jingyan Bai, and Jianzhong Xu. 2016. "A new optimization approach to 

improve the overall performance of thick wind turbine airfoils." Energy 202-213. 
Liang, Ying-bin, Li-xun Zhang, Er-xiao Li, Xiao-hong Liu, and Yong Yang. 2014. "Design 

Considerations of Rotor Configuration for Straight-Bladed Vertical Axis Wind 
Turbines." Advances in Mechanical Engineering 1-15. doi:10.1155/2014/534906. 

Ma, Ning, Hang Lei, Dai Zhou, Yan Bao, Kai Zhang, Lei Zhou, and Caiyong Chen. 2018. "Airfoil 
optimization to improve power performance of a high-solidity vertical axis wind turbine 
at a moderate tip speed ratio." Energy 236-252. 

MacPhee, David W., and Asfaw Beyene. 2016. "Fluid–structure interaction analysis of a 
morphing vertical axis wind turbine." Journal of Fluids and Structures 60: 143-159. 

Manwell, J. F., and J. G. McGowan. 2009. Wind Energy Explained. Chichester: John Wiley & 
Sons Ltd. 

Menter, F. R. 1994. "Two-equation eddy-viscosity turbulence models for engineering 
applications." AIAA Journal 1598-1605. 

Murdock, Hannah E., Duncan Gibb, and Thomas André. 2020. Renewables 2020 Global status 
report. Paris: REN21, 131. 

Naccache, Gabriel. 2016. "CFD Based Analysis and Parametric Study of a Novel Wind Turbine 
Design: the Dual Vertical Axis Wind Turbine." Thesis, Mechanical and Industrial 
Engineering, Concordia University, Montreal. 

Okpue, Anwelli Soala. 2011. "AERODYNAMIC ANALYSIS OF VERTICAL AND 
HORIZONTAL AXIS WIND TURBINES." Master Thesis, Mechanical Engineering, 
Michigan State University, Michigan. 

Reinhardt, Robert, Ioannis Christodoulou, Santiago Gassó-Domingo, and Beatriz Amante García. 
2019. "Towards sustainable business models for electric vehicle battery second use: A 
critical review." Journal of Environmental Management 245: 432-446. 

Rezaeiha, Abdolrahim, Ivo Kalkman, and Bert Blocken. 2017. "CFD simulation of a vertical axis 
wind turbine operating at a moderate tip speed ratio: Guidelines for minimum domain 
size and azimuthal increment." Renewable Energy 373-385. 

Rezaeiha, Abdolrahim, Ivo Kalkman, and Bert Blocken. 2017. "CFD simulation of a vertical axis 
wind turbine operating at a moderate tip speed ratio: Guidelines for minimum domain 
size and azimuthal increment." Renewable Energy 373e385. 

Rogowski, Krzysztof, Martin Otto Laver Hansen, and Galih Bangga. 2020. "Performance 
Analysis of a H-DarrieusWind Turbine for a Series of 4-Digit NACA Airfoils." Energies 
13: 3196. doi:10.3390/en13123196. 

Rolin, Vincent F-C, and Fernando Porté-Agel. 2018. "Experimental investigation of vertical-axis 
wind-turbine wakes in boundary layer flow." Renewable Energy 118: 1-13. 

Rom, J. 1992. High angle of attack aerodynamics. New York: Springer. 
Shukla, Vivek, and Ajay Kumar Kaviti. 2017. "Performance evaluation of profile modifications 

on straight-bladed vertical axis wind turbine by energy and Spalart Allmaras models." 
Energy 126: 766-795. 

Sobhani, Elias, Mohammad Ghaffari, and Mohammad Javad Maghrebi. 2017. "Numerical 
investigation of dimple effects on darrieus vertical axis wind turbine." Energy 231-241. 

Subramanian, Abhishek, S. Arun Yogesh, , Hrishikesh Sivanandan, and , Abhijit Giri. 2017. 
"Effect of airfoil and solidity on performance of small scale vertical axis wind turbine 
using three dimensional CFD model." Energy 179-190. 

Toja-Silva, Francisco, Takaaki Kono, Carlos Peralta, Oscar Lopez-Garcia, and Jia Chen. 2018. 
"A review of computational fluid dynamics (CFD) simulations of the wind flow around 
buildings for urban wind energy exploitation." Journal of Wind Engineering & Industrial 
Aerodynamics 180: 66-87. doi:doi.org/10.1016/j.jweia.2018.07.010. 

Turkson, Charles, Adolf Acquaye, Wenbin Liu, and Thanos Papadopoulos. 2020. "Sustainability 



 

47 
 

assessment of energy production: A critical review of methods, measures and issues." 
Environmental Management 264 (110464). 

Versteeg, H. K., and W Malalasekera. 2007. An Introduction to Computational Fluid Dynamics. 
Edited by 2nd. Glasgow: Pearson Education Limited. 

Wang, Jianzhou, Yiliao Song, Feng Liu, and Ru Hou. 2016. "Analysis and application of 
forecasting models in wind power integration: A review of multi-step-ahead wind speed 
forecasting models." Renewable and Sustainable Energy Reviews 960-981. 

Wang, Zhenyu, and Mei. Zhuang. 2017. "Leading-edge serrations for performance improvement 
on a vertical-axis wind turbine at low tip-speed-ratios." Applied Energy 1184-1197. 

White, Frank M. 2009. Fluid Mechanics. 7th. New York: McGraw-Hill. 
Wilcox, David C. 1988. "Reassessment of the scale-determining equation for advanced turbulence 

models." AIAA Journal 1299-1310. 
Yi, Mei, Qu Jianjun, and Li Yan. 2015. "Airfoil Design for Vertical Axis Wind Turbine Operating 

at Variable Tip." The Open Mechanical Engineering Journal 1007-1016. 
Yu, H., and Jesse Thé. 2016. "Validation and optimization of SST k-ω turbulence model for 

pollutant dispersion within a building array." Atmospheric Environment 145: 225-238. 
Zaghal, Bacem, Imen Bel Mabrouk, Lassâad Walha, Kamel Abboudi, and Mohamed Haddar. 

2019. "Analyses of Dynamic Behavior of Vertical Axis Wind Turbine in Transient 
Regime." Advances in Acoustics and Vibration.  

Zamani, Mahdi, Saeed Nazari, Sajad A. Moshizi, and Mohammad Javad Maghrebi. 2016. "Three 
dimensional simulation of J-shaped Darrieus vertical axis wind turbine." Energy 1243-
1255. 

Zhang, Baoshou, Baowei Song, and Zhaoyong, Tian, Wenlong Mao. 2017. "A novel wake energy 
reuse method to optimize the layout for Savonius-type vertical axis wind turbines." 
Energy 121: 341-355. 

 
  



 

48 
 

5Appendix A 

The MATLAB code used for airfoil selection is expressed as follows. As this code 
is connected to XFoil, therefore the XFoil program shall exist in the MATLAB path 
folder. 

 
clear; 
clc; 
HCt=0; 
AoA='-20 0 1'; 
c=0;p=0;t=0;h=4; 
naca=[c;p;t;h]; 
numNodes = '200'; Ncrit='9'; 
Visc='1e6'; Iter='100'; 
for i=1 
    for c=0:9 
        if c==0 
            p=0; 
            for t=1:2 
                if t==2 
                        i1=0; 
                    else 
                        i1=2; 
                end 
                  for h=i1:9 
                           
                C=num2str(c); 
                P=num2str(p); 
                T=num2str(t); 
                H=num2str(h); 
                NACA=strcat(C,P,T,H); 
                saveFlnmAF = 'SaveAirfoil.txt'; 
                SaveFlnmPo = 'nacapolar.txt'; 
                if (exist(saveFlnmAF,'file')) 
                  delete(saveFlnmAF); 
                end 
                if (exist(SaveFlnmPo,'file')) 
                    delete(SaveFlnmPo); 
                end 
                fid = fopen('xfoil_input.txt','w'); 
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                fprintf(fid,['NACA' NACA '\n']); 
                fprintf(fid,'PPAR\n'); 
                fprintf(fid,['N' numNodes '\n']); 
                fprintf(fid,'\n\n'); 
                fprintf(fid,'OPER\n'); 
                fprintf(fid,['Visc' Visc '\n']); 
                fprintf(fid,['Iter' Iter '\n']); 
                fprintf(fid,'VPAR\n'); 
                fprintf(fid,['N' Ncrit '\n\n']); 
                fprintf(fid,'Pacc\n'); 
                fprintf(fid,[SaveFlnmPo '\n\n']); 
                fprintf(fid,['ASEQ' AoA '\n']); 
                fclose(fid); 
                cmd = 'xfoil.exe <xfoil_input.txt'; 
                [Status,result] = system(cmd); 
                SaveFlnmPo = 'nacapolar.txt'; 
                fidPo=fopen(SaveFlnmPo); 
                dataBuffer = textscan(fidPo,'%f %f %f 
%*s %*s %*s 
%*s','HeaderLines',13,'CollectOutput',1,'Delimiter',''
); 
                fclose(fidPo); 
                delete(SaveFlnmPo); 
                Alpha = dataBuffer{1,1}(:,1); 
                L=length(Alpha); 
                if L>=24 
                Cl=dataBuffer{1,1}(:,2); 
                Cd=dataBuffer{1,1}(:,3); 
                Ct=Cl.*sind(Alpha)-Cd.*cosd(Alpha); 
                HCtn=mean(Ct); 
                if HCtn>HCt 
                    HCt = HCtn; 
                    NACAn=NACA; 
                end 
                end 
                  end 
            end 
             
    else 
         
        for p=1:9 
             
                for t=1:2 
                    if t==2 
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                        i2=0; 
                    else 
                        i2=2; 
                    end 
                  for h=i2:9 
                      tic 
                C=num2str(c); 
                P=num2str(p); 
                T=num2str(t); 
                H=num2str(h); 
                NACA=strcat(C,P,T,H); 
                saveFlnmAF = 'SaveAirfoil.txt'; 
                SaveFlnmPo = 'nacapolar.txt'; 
                if (exist(saveFlnmAF,'file')) 
                  delete(saveFlnmAF); 
                end 
                if (exist(SaveFlnmPo,'file')) 
                    delete(SaveFlnmPo); 
                end 
                fid = fopen('xfoil_input.txt','w'); 
                fprintf(fid,['NACA' NACA '\n']); 
                fprintf(fid,'PPAR\n'); 
                fprintf(fid,['N' numNodes '\n']); 
                fprintf(fid,'\n\n'); 
                fprintf(fid,'OPER\n'); 
                fprintf(fid,['Visc' Visc '\n']); 
                fprintf(fid,['Iter' Iter '\n']); 
                fprintf(fid,'VPAR\n'); 
                fprintf(fid,['N' Ncrit '\n\n']); 
                fprintf(fid,'Pacc\n'); 
                fprintf(fid,[SaveFlnmPo '\n\n']); 
                fprintf(fid,['ASEQ' AoA '\n']); 
                fclose(fid); 
                cmd = 'xfoil.exe <xfoil_input.txt'; 
                [Status,result] = system(cmd); 
                SaveFlnmPo = 'nacapolar.txt'; 
                fidPo=fopen(SaveFlnmPo); 
                dataBuffer = textscan(fidPo,'%f %f %f 
%*s %*s %*s 
%*s','HeaderLines',13,'CollectOutput',1,'Delimiter',''
); 
                fclose(fidPo); 
                delete(SaveFlnmPo); 
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                Alpha = dataBuffer{1,1}(:,1); 
                L=length(Alpha); 
                if L>=24 
                Cl=dataBuffer{1,1}(:,2); 
                Cd=dataBuffer{1,1}(:,3); 
                Ct=Cl.*sind(Alpha)-Cd.*cosd(Alpha); 
                HCtn=mean(Ct); 
                if HCtn>HCt 
                    HCt = HCtn; 
                    NACAn=NACA; 
                end 
                end 
                 
                 
                  end 
                end 
        end 
        end 
    end 
end 
disp(NACAn) 
disp(HCt) 
 

 
 


