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Abstract: A symmetrical NACA 0018 airfoil is often used in such applications as small-to-medium
scale vertical-axis wind turbines and aerial vehicles. A review of the literature indicates a large gap
in experimental studies of this airfoil at low and moderate Reynolds numbers in the previous century.
This gap has limited the potential development of classical turbulence models, which in this range of
Reynolds numbers predict the lift coefficients with insufficiently accurate results in comparison to
contemporary experimental studies. Therefore, this paper validates the aerodynamic performance
of the NACA 0018 airfoil and the characteristics of the laminar separation bubble formed on its
suction side using the standard uncalibrated four-equation Transition SST turbulence model and the
unsteady Reynolds-averaged Navier-Stokes (URANS) equations. A numerical study was conducted
for the chord Reynolds number of 160,000, angles of attack between 0 and 11 degrees, as well as for
the free-stream turbulence intensity of 0.05%. The calculated lift and drag coefficients, aerodynamic
derivatives, as well as the location and length of the laminar bubble quite well agree with the results
of experimental measurements taken from the literature for validation. A sensitivity study of the
numerical model was performed in this paper to examine the effects of the time-step size, geometrical
parameters and mesh distribution around the airfoil on the simulation results. The airfoil data sets
obtained in this work using the Transition SST and the k-ω SST turbulence models were used in the
improved double multiple streamtube (IDMS) to calculate aerodynamic blade loads of a vertical-axis
wind turbine. The characteristics of the normal component of the aerodynamic blade load obtained
by the Transition SST approach are much better suited to the experimental data compared to the k-ω
SST turbulence model.

Keywords: separation bubble; airfoil transition modelling; transition SST; URANS; CFD; VAWT

1. Introduction

The aerodynamic performance of almost all micro-air-aircraft, high-altitude unmanned-
air-vehicles, compressor blades in turbomachines, and wind turbines is strongly influenced
by laminar separation bubbles, which may form at low Reynolds numbers [1–3]. The pres-
ence of a laminar separation bubble in the boundary layer increases its thickness, which also
increases the drag of the airfoil that can be several times larger in comparison with the drag
of the airfoil without a bubble. The lift, moment and stall behavior of airfoils can also be af-
fected by a laminar separation bubble [4,5]. The presence of bubbles, which are an attribute
of low Reynolds numbers, can also cause problems during wind tunnel measurements
due to undesirable scale effects [6,7]. Vertical-axis wind turbines have recently attracted a
lot of interest in small structures installed in an urban environment [8–11], as well as in
medium power structures [12] and offshore multi-MW turbines [13–15]. Simplified mo-
mentum methods and vortex models are still widely used engineering tools for analyzing
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the aerodynamic performance of vertical axis wind turbines [16]. The momentum-based
models and vortex models are still popular because of their simplification and speed of
computation, which is a very important advantage in the design process [11]. As shown
in the literature, appropriate modifications of these models can significantly improve the
accuracy of the obtained results [16–18]. However, simplified methods require external
2D airfoil data. The precision of the simplified methods depends on the quality of these
data. As can be seen when comparing older experimental data with modern ones, there
are considerable differences in polar data [4,19–21]. Quite significant differences in the
results of polar data can also be seen in numerical analysis [19,22]. Differences in ex-
perimental data sets may result, inter alia, from different conditions of the undisturbed
flow stream [21]. The problems that occur in the numerical data result from the fact that
the phenomena of laminar-turbulent transition in the boundary layer are not taken into
account [23]. Therefore, it is very important to understand the characteristics of the laminar
separation bubble to improve airfoil design methods. Another possible approach would
be to use other modern-day techniques, e.g., system identification, but unfortunately this
would significantly increase the costs and evaluation time [24,25].

Depending on the flow class, the mechanism of the laminar-turbulent transition may
be different. The natural transition process is due to flow instabilities in the laminar
boundary layer known as Tollmien-Schlichting (T-S) waves. Viscosity destabilizes the T-S
waves that start to grow, which leads to three-dimensional non-linear disturbances which
eventually transform into turbulent spots [26–28]. In turbomachinery applications such
as turbines or compressors, the bypass transition imposed on the boundary layer by high
freestream turbulence is the main transition mechanism [23,29–31]. Separation-induced
transition is also a very important transition mechanism. In this case, a laminar boundary
layer separates due to the influence of a pressure gradient, whereas the transition process
develops in the separated shear layer [32,33]. In the range of Reynolds numbers between
10,000 and 106 the laminar boundary layer on the upper surface of the airfoil is prone to
separation. The separated shear layer strongly modifies the flow. For Reynolds numbers
below 30 × 103, the flow does not reattach, but a wide wake is visible behind the airfoil.
In the case of higher Reynolds numbers, this separated flow may undergo laminar to
turbulent transition. The turbulent flow can reattach to the airfoil surface creating the
laminar separation bubble. This phenomenon is caused by a strong adverse pressure
gradient that makes the laminar boundary layer to separate from the curved surface of
the airfoil. An increase in pressure is associated with the decrease in velocity towards the
trailing edge of the airfoil. When the laminar layer is separated from the airfoil surface,
the result is a wedge-shaped recirculation area. The separated laminar flow eventually
turns into turbulent flow. The transition region is not located on the surface of the airfoil,
but is observed on the outer boundary of the separated flow away from the airfoil. The
reattachment point is the point where the turbulent boundary layer again meets the airfoil
surface. The volume of fluid limited by these two regions of separated laminar flow and
turbulent flow is called a laminar separation bubble (Figure 1). Inside this volume, a
circulating zone is formed in which there is almost no energy exchange with the outer
flow, which makes the laminar bubble more stable [6,21]. A laminar separation bubble can
be characterized by its size and location. These parameters depend on the airfoil profile,
the angle of attack, the turbulence intensity, and freestream Reynolds number [2,34,35].
Bubbles are classified as short or long depending on what percentage of the chord length
it occupies. The size of the bubble affects the pressure distribution characteristics. Short
bubbles whose size does not exceed one percent of the chord length contribute much less
to these distributions than long bubbles [34].
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Despite the fact that the NACA airfoils of the four-digit series were developed many
decades ago, they are still widely used in the design of Darrieus wind turbines [14,36].
Roh et al. [37] investigated, among other things, the shape of the blade profiles in the
performance of a straight-bladed Darrieus wind turbine using the multiple stream tube
(MST) method. His findings indicate that symmetrical airfoils have better performance
in terms of maximum aerodynamic efficiency and minimal drag compared to cambered
profiles. In addition, the thicker profiles provided higher aerodynamic efficiency at lower
tip speed ratios compared to the thinner airfoils. Similar findings were also obtained by,
among others, Mohamed [38] and Islam et al. [39]. As already mentioned in the previous
two paragraphs of this section, transition phenomena occur on its surface during the flow
around the profile in the range of low Reynolds numbers.

One of the first experimental results of the aerodynamic characteristics of NACA 0018
were performed by Jacobs and Sherman in 1937 [40]. However, the results obtained by
these authors suffer from too high a level of turbulence in the variable density tunnel.
Timmer [41] reported that an effective Reynolds number was much higher than the test
Reynolds number in the experiment. The characteristics of the NACA 0018 airfoil at
low Reynolds numbers were also measured by Laneville and Vittecoq in 1986 [22,42].
However, the measurements of the static airfoil characteristics were performed for only one
Reynolds number, equal to 38,000. To the best of the authors’ knowledge, and according to
Timmer [41], until 2008, no other experimental datasets of this airfoil had been published
at low and medium Reynolds numbers. Sheldahl and Klimas published a comprehensive
database of seven symmetric airfoils (NACA-0009, -0012, -0012H -0015, -0018, -0021, -0025)
in 1981 over a very wide range of angles of attack and Reynolds numbers [43]. These
data, however, differ significantly from other modern measurements [19,22]. This is
probably due to the extrapolation procedure used by these authors to obtain the NACA
0018 airfoil characteristics for low Reynolds numbers. However, this database is very
often used in simplified aerodynamic models for Darrieus wind turbines [20]. In more
recent studies using more modern measurement techniques, the transition effects are more
visible [4,19,21,41,44–46]. These are experimental studies in which the flow conditions are
also the closest to those considered in this article. One of the main differences between these
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studies is the value of the turbulence intensity at the inlet of the wind tunnel: <0.07% [41],
<0.1% [19,46], <0.2% [45], <0.3% [21]. The results of experimental studies are mostly
aerodynamic forces, less often velocity profiles in the boundary layer, pressure distributions
and characteristics of a laminar bubble.

Modern methods of computational fluid dynamics (CFD) allow for a much more
accurate analysis of the flow structures around an airfoil. Before the transition turbulence
models appeared on the market, the main tools in the hands of an engineer were turbulence
models considering the entire boundary layer as turbulent. Interestingly, in the range
of low Reynolds numbers, classical two-equation turbulence models, for example the
k-ω or k-ε models, predict aerodynamic forces (mainly lift) similar to the experimental
results obtained by Sheldahl and Klimas [22,47–49]. However, the analysis of transition
phenomena requires an appropriate approach. The impact of laminar-turbulent transition
effects is not considered in most of today’s CFD analysis. The reason for this is that
transition models have been developed to simulate specific flow classes and not the entire
flow spectrum as with industrial turbulence models. One of the reasons for this was that
there are different transition mechanisms. The second reason is the lack of appropriate
procedures to describe transition flows with linear and non-linear effects in a typical
Reynolds-averaged Navier–Stokes (RANS) approach. One of the most recent approaches
developed in recent years to model transition phenomena is the correlation-based model—
the Transition SST turbulence model [50,51]. Compared to previous transition approaches,
the Transition SST turbulence model finds the transition based on local flow conditions by
using a transport equation that tracks these local conditions. Earlier transition models, such
as, e.g., the eN model proposed by Smith and Gamberoni [52], proved difficult to implement
in modern general-purpose CFD codes and were based on global flow parameters [51].
In the case of numerical analysis of the airfoil in a homogeneous flow, this approach
does not have to give unreasonable results for the location of the transition [2]. A much
greater challenge for a transition turbulence model is the correct determination of the
transition characteristics in the boundary layer of the airfoil in a flow of variable turbulence
intensity, e.g., in the case of a blade of the Darrieus wind turbine rotor [53]. This, however,
requires the turbulence model to use local turbulence parameters to analyze the transition
characteristics. Quite extensive research on the characteristics of the laminar separation
bubble on the NACA 0021 airfoil and in the range of low Reynolds numbers was carried out
by Choudhry et al. using the Transition SST and κ − κL −ω approaches [2]. Choudhry et al.
reported that, due to the generation of additional turbulence, the Transition SST predicted
earlier reattachment as compared to the experiments and the κ − κL − ω. Melani et al. [19]
compiled many experimental and numerical aerodynamic characteristics of the NACA
0018 airfoil at low and moderate Reynolds numbers. The data sets collected in their work
suggest that the lower the Reynolds number, the larger the differences in the results of
the aerodynamic forces, especially for Reynolds numbers in the range from 40 k to 160 k.
Melani at al. [19] also presented the lift force characteristic for the Reynolds number of
150 k obtained using the Transition SST approach, these data are also available in [54]. The
results indicate a high agreement with the experiments in the range of angles of attack
up to 6 degrees. To the best of the authors’ knowledge, [19] is the only work in which the
NACA 0018 airfoil performance was analyzed in a similar range of Reynolds numbers
using the Transition SST turbulence approach.

This article uses the original Transition SST approach implemented in ANSYS Fluent
code. The numerical results of the aerodynamic forces obtained in this paper are very
similar to those published by Melani et al. [19]. Additionally, this article presents the
characteristics of a laminar separation bubble, which was not taken into account in the
work of Melani et al. [19]. The results of the numerical tests presented in this article are
the starting point for future research towards the calibration of the original Transition
SST model. This article places particular emphasis on examining the sensitivity of the
numerical model, providing the reader with the information needed for further research
(Section 2). Furthermore, a test case of the application in practice of the obtained airfoil
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data in a simplified analytical method to predict the aerodynamic loads of the Darrieus
rotor blade is presented here (Section 4).

2. Numerical Methods

The present numerical investigation uses the well-known NACA 0018 airfoil (Figure 2a)
designed by the National Advisory Committee for Aeronautics (NACA). In this paper, a
numerical analysis is carried out on a two-dimensional airfoil section with chord length c
of 1 m at a Reynolds number of 160,000. The freestream flow is clean, and the turbulence
intensity corresponds to wind tunnel experiments by Timmer [41]. In Timmer’s measure-
ments, the turbulence intensity in the test section varies from 0.02% do 0.07%. In this paper,
the turbulence intensity is assumed to be 0.05%. The effect of turbulence intensity on the
aerodynamic characteristics of the airfoil was not investigated in these studies. The other
flow parameters were as follows: the density of the air ρ = 1.225 kg/m3, the dynamic
viscosity of the air µ = 1.7894 × 10−5 kg/ms.Processes 2021, 9, 477 6 of 26 
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The incompressible, two-dimensional Unsteady Reynolds Averaged Navier–Stokes
(URANS) equations were employed, with the SIMPLE pressure velocity coupling scheme
and second-order discretization for all variables. The Green-Gauss Node-Based method
was chosen in these simulations [55]. The flow around the NACA 0018 airfoil was nu-
merically investigated using the commercial Computational Fluid Dynamics (CFD) code
ANSYS Fluent 19.1 [56]. To investigate the aerodynamic characteristics of the NACA
0018 airfoil, the four-equations transition SST turbulence model was adopted [23]. This
correlation-based approach using local flow variables was developed to simulate a wide
range of engineering flows. It is based on the well-known two-equation k-ω Menter’s
Shear Stress Transport (SST) turbulence model, which models the turbulent kinetic energy
and the rate of its dissipation [57].

Simulations were performed using a C-mesh surrounding the NACA 0018 airfoil
and extending 7.5c from the semicircular edge of the domain and 15c from the vertical
edge of the domain. On the vertical edge of the domain, the “pressure outlet” boundary
condition was assumed, and the “velocity inlet” boundary condition on the remaining
edges of the domain was taken into account. Of course, there was a “wall” boundary
condition at the airfoil edges, ensuring zero velocity on the airfoil surfaces. In this paper,
the turbulence intensity was assumed to be 0.05%. The turbulent intensity near the leading
edge of the airfoil was 0.005%. The second very important parameter determining the
turbulence is its scale. In this work, the value of the turbulent length scale at the inlet was
determined on the basis of earlier analysis by Rogowski [49] and the suggestion of ANSYS
Fluent Theory Guide 19.0 [56]: the length scale, l, was calculated based on the boundary
layer thickness, δ99, as l = 0.4 δ99. The thickness of the boundary layer was estimated
based on velocity profile close to the airfoil surface for the angle of attack of 0 deg. For
all simulations presented in this paper, the turbulence length scale was established to be
0.001 m. The intermittency at the inlet was equal to 1. The effect of turbulence intensity and
intermittency on the aerodynamic characteristics of the airfoil was not investigated in these
studies. The center of the first cell over the airfoil surface is located at a nondimensional
height of y+ ≈ 1. The mesh, presented in Figure 2b,c, consisted of 700,400 elements. The
number of mesh points on the airfoil edges was 830. Originally, the NACA 0018 airfoil had
a blunt trailing edge, but in these studies it was assumed that the trailing edge of the airfoil
was sharp.

The independence study of the mesh presented in Figure 2 and described above is
shown in Figure 3. These tests were carried out for an angle of attack equal to 6 degrees and
for five grids with a different number of mesh points on the airfoil. The basic parameters
of the grids used in this analysis are given in Table 1. As can be seen in Figure 3, as the
total number of mesh elements increases, the lift coefficient increases. However, starting
from Case 3, the increase in this coefficient is almost negligible. The increase in the lift
coefficient for the last case (Case 5), in comparison with the penultimate case (Case 4),
is around 0.05%. In the case of the drag coefficient, first a decrease is observed, and
then a slight increase. However, starting from Case 3, an almost constant value of this
aerodynamic force coefficient can be observed. The mesh independence study carried out
proved that the aerodynamic characteristics of the airfoil did not depend on the mesh,
starting from Case 3.
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Table 1. Mesh parameters for mesh independence study.

Case Number of Mesh Points on the Airfoil Total Number of Mesh Elements

Case 1 208 175,440
Case 2 416 350,880
Case 3 830 700,400
Case 4 1660 1,400,800
Case 5 3320 2,767,600

Another very important aspect of CFD calculations is the size of the computing
domain. The cases described in the literature are generally consistent in terms of domain
size compared to the chord length of the airfoil. They indicate, however, that the influence
of the domain size on the accuracy of the obtained CFD results depends on the type of
mesh selected, its density, and the physical properties of the flow [58]. The simulations
presented in this paper were carried out for an angle of attack of 6 degrees and for three
mesh sizes. The domains differed by the value of the radius of the semi-circular front
edge, RCD. The radius was measured from the origin of the coordinate system placed at
the leading edge of the airfoil to the half-circular boundary of the computational domain
(please see Figure 2). These radii were 3.75c for the smallest domain, 7.5c, and 15c for
the largest domain. The density of the mesh elements around the airfoil was identical
for all investigated cases—that is, the number of mesh points at the edges of the airfoil
was 830 and the growth rate of the grid elements in a direction normal to the airfoil edges
was identical. The total number of elements in the smallest mesh was 432,600, and in
the largest one the total number was 1,486,800. The averaged values of the lift and drag
coefficients are presented in Table 2. The simulation time in these tests was 10 s. Of course,
the simulation time is also important in CFD simulations; however, this aspect will be
discussed in detail in the next paragraph. The results presented in Table 2 were averaged
for the last 9th second. The largest differences in the aerodynamic force coefficients can
be observed for the smallest investigated domain. The last two columns in Table 2 show
the percent increase in the lift and drag coefficients. The lift coefficient for the medium



Processes 2021, 9, 477 8 of 26

domain differs by 0.18% compared to the large domain whereas the drag coefficient by
0.82%. When comparing the medium domain with the smallest domain, the difference in
lift coefficient is 0.43%, and the difference in drag coefficient is 3.28%. Therefore, it can
be concluded that the optimal results of the aerodynamic characteristics can be obtained
using the medium computational domain. In the present study, the distance to the vertical
computational domain outlet from the trailing edge of the airfoil was not investigated, and
in all simulations this was equal to 14c, which has been confirmed to be sufficiently large
for such simulations [59,60].

Table 2. Effect of computing domain size.

Case RCD
Total Number of
Mesh Elements CL CD |∆CL| [%] |∆CD| [%]

Case 1 3.75c 432,600 0.7457 0.0227
Case 2 7.5c 700,400 0.7425 0.0220 0.43 3.28
Case 3 15c 1,486,800 0.7412 0.0218 0.18 0.82

As mentioned above, the length of the simulation time period is also a very important
aspect in CFD simulations. Before starting the calculation process, the initial conditions
must be specified. The easiest way is to assume uniform velocity and pressure throughout
the zone. At the beginning of the transient calculations, however, significant oscillations
of the aerodynamic force coefficients appeared—this is an effect of the initial conditions.
Numerical simulations must run until this effect disappears. The characteristics of the
aerodynamic force coefficients of the NACA 0018 airfoil as a function of the simulation
time for all angles of attack analyzed in this work are presented in Figure 4. The time
step size was assumed to be 0.0001 s. The effect of the time step size will be discussed
in more detail below. As can be seen from Figure 4, depending on the angle of attack,
after 4–7 s, the effects associated with homogeneous initial conditions disappeared. For an
angle of attack of 0 degrees, both components of the aerodynamic force were the largest.
This is typical behavior for transient flows. However, when increasing the angle of attack,
these oscillations disappeared. It is possible that this effect was related to the appearance
of a laminar-turbulent bubble. As shown in the results section of this paper, a bubble is
present on both the pressure and suction side of the airfoil; however, the separation of the
boundary layer and its reattachment was only visible up to an angle of attack of 2 degrees
for the pressure side. On the other hand, the presence of a bubble on the suction side was
visible throughout the investigated range of angles of attack. The presence of the laminar
separation bubbles changes the flow conditions in such a way that an additional camber
can be seen by the outer flow, making the flow more stable [41]. In this work, all of the
results presented in Figure 4 were averaged for every one second. Standard deviation
was also calculated for each averaged interval. Figure 5 shows the averaged values of the
aerodynamic force coefficients and their standard deviation. The results shown in this
figure are only for an angle of attack of 6 degrees. The results of the mean values of the
aerodynamic forces, along with their standard deviation for the 9th second of simulation
and for the entire investigated range of angles of attack, are presented in this paper in the
results section and discussed in detail. When analyzing the characteristics of the standard
deviation as a function of simulation time, it can be seen that this value is close to zero from
8 s of movement for the lift coefficient and from 7 s of movement for the drag coefficient.
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In all of the results presented in this paper, the time step size was assumed to be
0.0001 s. In the URANS approach, the choice of an appropriate time step size is a crucial
issue for correctly capturing flow behavior around the airfoil [48,61]. To investigate the
effect of the time step size on the value of the aerodynamic force coefficients, we chose
four time step lengths: 0.00001, 0.0001, 0.001, and 0.01. The same level of residuals of 10−6

was set for all numerical analyses for all calculated variables. For the time-dependent
solution using the implicit formulation, ANSYS Fluent requires multiple iterations to be
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specified at each time step. This value sets the maximum number of iterations per time step.
If the convergence criterion is not met, this number of iterations will be calculated, and
the solution will be carried out at the next step. In these studies, this value was assumed
to be 20. For fully implicit formulation, there is no stability criterion that needs to be
fulfilled in order to determine the time step size. However, in unsteady simulation, a
good way to judge whether the assumed time step is sufficient is to observe whether the
convergence criterion has been met at each time step after 5–10 iterations [56]. In all the
cases analyzed in this work, the assumed convergence criterion was met, also for each
investigated time step mentioned above. The convergence analysis for the aerodynamic
force coefficients was performed for an angle of attack equal to 6 degrees, and the results
are presented in Figure 6. To make the results readable, a linear scale is used for the Y-axis,
whereas a logarithmic scale is used for the X-axis. As can be seen from Figure 6, for the
two smallest time steps analyzed, there is practically no difference in the results of either
the lift coefficient or the drag coefficient. Therefore, for the further research reported in this
paper, we used a time step of 0.0001 s.
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3. Simulation Results and Validation

In the previous section, the numerical model was discussed in detail, along with the
sensitivity analysis of the solution due to various model parameters. This section provides
results ranging from “developer” results of the aerodynamic force coefficients to detailed
flow field parameters. The validation of the obtained results was carried out using the
experimental results available in the literature.

3.1. Lift and Drag Coefficients

This subsection presents the results of the aerodynamic force coefficients for a series of
angles of attack from 0 to 11 degrees. The results for the Transition SST turbulence model
are presented in graphs (Figures 7 and 8) and in Table 3, so that they can be used effectively
by every reader. All the experimental series used in this paper for comparison come from
the available literature [4,21,41,46]. The results of numerical analysis used to compare our
airfoil data set calculated using the Transition SST turbulence model come from both the
literature [19] and the authors’ previous research [47]. Kątski and Rogowski [47] conducted
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numerical studies on the NACA 0018 airfoil using the k-ω SST approach and a hybrid
mesh: structured in the vicinity of the airfoil edges, and non-structured in the remaining
area. Additionally, in this work, two more series of calculations were performed: one
using the k-ω SST model implemented in FLOWer solver [11], and the other using the
XFOIL tool.
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Table 3. Tabulated values of the lift and drag coefficients with standard deviation.

Angle of Attack [deg] CD (SD) CL (SD)

0 0.0168 (1.31 × 10−4) 0.0004 (8.40 × 10−3)
1 0.0170 (1.32 × 10−4) 0.0960 (4.60 × 10−3)
2 0.0178 (6.17 × 10−5) 0.2120 (2.10 × 10−3)
3 0.0187 (1.81 × 10−5) 0.3500 (2.86 × 10−4)
4 0.0197 (9.61 × 10−6) 0.4959 (1.74 × 10−4)
5 0.0208 (1.19 × 10−5) 0.6339 (1.99 × 10−4)
6 0.0220 (7.12 × 10−6) 0.7425 (3.71 × 10−5)
7 0.0229 (1.28 × 10−5) 0.7750 (7.21 × 10−5)
8 0.0246 (1.09 × 10−5) 0.7833 (1.17 × 10−4)
9 0.0270 (3.71 × 10−6) 0.7984 (8.18 × 10−5)

10 0.0306 (2.28 × 10−6) 0.8279 (5.24 × 10−5)
11 0.0357 (3.02 × 10−6) 0.8606 (8.28 × 10−5)

As can be seen from Figure 7, all numerical approaches except the k-ω SST turbulence
models agree well with all experiments up to an angle of attack of 6 degrees, and differ
slightly for the rest of the characteristics. In Figure 7, it can be seen that the lift coefficient
curve has two slopes (two aerodynamic derivatives, dCL/dα) ranging from zero to the
critical angle of attack (stall angle). The range of angles of attack in the first region extends
from 0 to 6 degrees, and the other from 6 to 11 degrees. The lift force coefficient curve is
almost linear in each of these regions; however, the slope of the curve in the first region is
steeper. All the experiments used in this work for comparison show a similar trend. The
presence of two regions on the lift force coefficient characteristic is related to boundary layer
and separated shear layer development. Gerakopoulos et al. [21] estimated the first region
for the range of angles of attack to be from 0 to 8 degrees, and the second region for the
range of angles of attack to be from 10 to 14 degrees. The 3D effects, which were not taken
into account in the CFD analysis, are probably responsible for the underestimation of the
first region. The aerodynamic derivative dCL/dα estimated by Gerakopulos et al. is 0.11 for
the first region and 0.02 for the second. Based on CFD tests, these values were found to be
0.12 for the first region and 0.0197 for the second region, respectively. The results obtained
with the XFOIL code were also correctly estimated up to an angle of attack of 6 degrees.
For this approach, the first region was also limited to this angle of attack. Above an angle
of 6 degrees, the results of CL were slightly overestimated compared to the experiment.

As can be seen from Figure 7, the lift coefficient characteristic obtained by the k-ω
SST approach differs from the other characteristics. This is because the k-ω SST turbulence
model takes into account the entire boundary layer on the airfoil as a turbulent layer.
Therefore, for the lift coefficient characteristic, the laminar bubble is absent, and the actual
values of the lift coefficient provided by this model are lower than the experimental values.

The drag coefficient CD results are shown in Figure 8. The minimum experimental
values of this coefficient are 0.0152 in the case of Timmer’s studies [41] and 0.016 in the
case of the measurements of Bianchini [19]. The minimum value obtained by the Transition
SST model used in this work was equal to 0.0168, which is close to the value of 0.0163
obtained by Bianchini [19]. The FLOWer solver estimated a minimum drag coefficient
of 0.01667. The numerical approach using ANSYS Fluent code, the hybrid mesh and the
k-ω SST turbulence model most overestimated the minimum value of the drag coefficient,
in this case, it was 0.0186, which is higher than Timmer’s measurements by 22.37% and
16.25% higher than the experimental data of Bianchini. The XFOIL code predicted a lowest
minimum drag coefficient value of 0.01365. As the angle of attack increases, the numerical
results of the drag force coefficient are close to the experimental data of Timmer. The drag
coefficients measured by Bianchini are higher than the Timmer results at higher angles of
attack, starting from 6 degrees. These differences between data sets at higher angles of
attack may be due to differences in experimental conditions, which, in the case of such
low Reynolds numbers, may significantly affect the aerodynamic characteristics of the
forces [21,34,62,63].
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Comparing the obtained CL characteristics quantitatively with the experiment of Tim-
mer [41], the average relative error [47] for the range of angles of attack from 0 to 6 degrees
is 3.9%, while in the range of angles of attack from 6 to 11 degrees, it is 9.8%. In the case
of the drag coefficient CD, the mean relative error is 5.6% for the first range of angles of
attack and 6.5% for the second range. The mean relative error in the entire tested range of
angles of attack from α = 0◦ to α = 11◦ is 6.2% for the drag coefficient and 7% for the lift
coefficient. Such a deviation of the numerical results of the lift coefficients in comparison
to the experiments in the second area of angles of attack can also result from the use of
the original Transition SST formulation, which was implemented as a general-purpose
turbulence model, developed to cover most of the flow classes found in the industry, and
it requires calibration for specific issues [2]. Such calibration was not performed in these
studies, in order to give a benchmark for further research. As mentioned above, another
possible reason for differences between the experimental and numerical results may be
the 3D effects, which were not taken into account in the presented studies. Comparing
the results obtained using the XFOIL code with Timmer’s measurements [41], the relative
error was found to be approximately twice as high as the predictions of the Transition SST
model in the range of angles of attack from 0 to 6 degrees (13.2% for drag and 6.4% for
lift). In the range of angles of attack from 6 to 11 degrees, XFOIL gave an error of 11.8% for
the drag coefficient and 8.7% for the lift. The largest relative error was found for the k-ω
SST models, and was equal to approximately 20% in the case of the lift force coefficient
in the whole range of investigated angles of attack. For both the k-ω SST model and the
XFOIL approach, a similar value was obtained for the drag coefficient relative error, equal
to approximately 12%. One of the reasons for this deviation in the case of the XFOIL model
was documented by Melani et al. [19]. The problems resulting from the overestimation
of the lift coefficients probably result from the model’s inability to correctly estimate the
intensity of the laminar separation bubbles formed on the profile surface [64]. Problems
have also been noted in the handling of large separation regions which also favor in excess
lift overestimation [65].

Table 3 presents the averaged values of the aerodynamic force coefficients, along with
the values of the standard deviation for each coefficient. The values of standard deviation
are shown in parentheses next to the force coefficient values.

3.2. Pressure Distributions

The aerodynamic force coefficients presented in the previous subsection obviously
depend on the pressure distribution around the NACA 0018 airfoil. This subsection
presents the averaged static pressure distributions around the airfoil for the analyzed range
of angles of attack. The obtained pressure distributions presented in Figure 9 were averaged
for the last second of simulation (from 9 s to 10 s). As discussed in Section 2 of this paper,
the simulations were performed using a time step of 0.0001 s. The averaging of the pressure
distributions around the airfoil was performed using 10,000 samples (Figure 10). These
distributions were compared with the experiments by Nakano [4] and by Gerakopulos [21].
The experimental data of Gerakopulos are only available for the suction side of the airfoil.
For the comparison of the obtained pressure distributions, the results calculated using the
XFOIL code were also added. As can be seen in Figure 9, the computed characteristics of
the pressure distributions correspond quite well with the experimental data, in particular
for lower angles of attack. It is worth paying attention to the fact that despite slight
differences in the results for different methods, this characteristic inflection of the CP
curves, indicating the occurrence of a laminar-turbulent transition, occurs everywhere in
very similar locations on the suction side of the airfoil. From Figure 10, it can be seen
that the laminar-turbulent transition moves towards the leading edge of the airfoil as the
angle of attack increases. It can also be seen that the length of the laminar-turbulent bubble
decreases with the increase of the angle of attack.
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3.3. Laminar Separation Bubble Characteristics and Mean Velocity Distributions in the
Near-Wall Region

An undoubted advantage of the Transition SST turbulence model used in comparison
with the classic k-ω or k-ε models is the possibility of analyzing phenomena occurring
locally in the boundary layer. The pressure distribution characteristics shown above suggest
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the presence of a laminar-turbulent bubble in the boundary layer. In these studies, the skin
friction coefficient C f distributions were used to analyze the size of the laminar separation
bubble. An example of the distribution of this parameter is shown in Figure 11 for an
angle of attack of 6 degrees. The suction and pressure sides of the airfoil are shown in
different colors.
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Following Choudhry et al. [2], the separation point of the laminar boundary layer and
the location of its reattachment were determined at the two extremes of the C f function,
as shown in Figure 11. The location of the laminar-turbulent transition was determined
between the separation point of the laminar boundary layer and the reattachment location
at the point at which the C f curve rises sharply. Because there is no unequivocal answer
in the literature with respect to finding the location of the transition location, in this
work, the criterion for determining the location of the transition was the place where
the C f value increased by 20% compared to the minimum value. The characteristics of
these three characteristic points are shown in Figures 12 and 13. The separation point of
the laminar layer is marked with the symbol S, the transition point with the symbol T,
and the reattachment point with the symbol R. In addition, the results shown in these
figures are given for the suction side (SS) of the airfoil and for the pressure side (PS). The
obtained numerical results of the size of the laminar bubble were compared with two sets
of experimental data, by Gerakopulos et al. [21] and by Nakano et al. [4]. From Figure 12, it
is clear that the calculated characteristics of the laminar bubble are very consistent with the
experimental results. In the case of the Gerakopulos experiment, the dS/dα derivative in
the range of angles of attack from 0 to 8 degrees (first region) is 0.05, and 0.01 in the range of
angles of attack from 10 to 14 degrees (second region). In the analysis of these authors [21],
the first region was estimated in the range of angles of attack from 0 to 6 degrees, and
the second from 6 to 11 degrees. The derivative dS/dα obtained in these studies was 0.05
for the first region and 0.02 for the second region. Gerakopulos estimated the derivative
dR/dα to be 0.07 in the first region and 0.02 in the second. CFD analysis showed values
of 0.074 and 0.037, respectively. From Figure 12, it can be seen that the size of the laminar
bubble decreases with increasing angle of attack. For an angle of attack of 0 degrees, it is
0.39c, while for an angle of 11 degrees, it is 0.15c, where c is the chord length. In the case of
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the pressure side of the airfoil, for an angle of attack larger than 2 degrees, the CFD analysis
did not show the reattachment points.
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To make the obtained results more readable, the distributions of the laminar-turbulent
transition location are presented in a separate graph (Figure 13). In this case, the experi-
mental data of Gerakopulos and values calculated using the XFOIL code were used for
comparison. The consistency of all the results presented in this figure is very high. In
the case of the Gerakopulos experiment, the dT/dα derivative in the range of angles of
attack from 0 to 8 degrees is 0.07, while for the range of angles of attack from 8 to 14, it is
equal to 0.02. The CFD results of these derivatives are 0.06 for a range of rake angles from
0 to 6 degrees, and 0.035 for angles ranging from 6 to 11 degrees.

The aerodynamic performance of an airfoil is strongly influenced by laminar separa-
tion bubbles, which may form at low Reynolds numbers. The laminar separation bubble is
essentially a recirculation zone. It has the shape of a wedge that forms on the surface of the
airfoil when the laminar layer is separated. To show the flow behavior in the area of the
laminar separation bubble and to check the effectiveness of the Transition SST turbulence
model under these flow conditions, calculations of mean velocities across the boundary
layer for an angle of attack equal to 6 degrees were performed. The obtained numerical
results of velocity profiles in the near-wall region were compared with the experimental
results obtained by Nakano et al. [4] using the high-resolution PIV technique. As can be
seen from the graph shown in Figure 12, for an angle of attack of 6 degrees, the separation
point is located at x/c = 0.1495, whereas the reattachment point is located at x/c = 0.395.
In the Nakano experiment, the separation location was found at x/c of 0.2; therefore, the
locations of the velocity profiles on the airfoil suction side cover almost the entire bubble
size predicted by the Transition SST turbulence model. By analyzing the obtained averaged
velocity profiles, both on the pressure and suction surface (Figures 14 and 15), a high
agreement with the experimental results can be stated. The shift of the separation point
towards the leading edge in the CFD tests may be caused by a slightly different level of
turbulence intensity in the undisturbed flow stream. In the experiments of Nakano et al. [4],
the streamwise turbulence intensity was about 1%. In our research, the turbulence intensity
more closely corresponded to the flow conditions in the Timmer measurements. Istvan and
Yarusevych showed experimentally that in the laminar-turbulent transition process, a lami-
nar separation bubble formed on the NACA0018 airfoil at moderate Reynolds numbers,
and the separation point moved away from the leading edge of the airfoil with increasing
free-stream turbulence intensity [66]. Another reason is, of course, the neglect of the third
dimension of the numerical model, which can be very important in the case of such thick
profiles. In the experimental studies by Istvan and Yarusevych, it was proved that at
different levels of fee-stream turbulence intensity, spanwise-oriented shear layer vortex
structures were observed near the location of the mean transition. Istvan and Yarusevych
reported that despite the low level of turbulence intensity (0.06%) and the spanwise coher-
ence of these structures, spanwise undulations were visible as they moved downstream,
leading to localized vortex breakup [66]. These effects are neglected in the 2D numerical
model. To visualize the laminar separation bubble, vorticity contour maps were prepared
around the airfoil (Figure 16). This drawing was made for four angles of attack: 0 deg,
4 deg, 8 deg and 11 degrees. In addition, this picture shows the locations of the three points
characterizing the laminar separation bubble.
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4. Vertical Axis Wind Turbine Test Case

The aim of this chapter is to show that the aerodynamic characteristics of the NACA
0018 airfoil obtained in this work by means of the Transition SST turbulence model and
discussed in Section 3 can be used to calculate the aerodynamic performance of a vertical
axis wind turbine. For this purpose, an H-Darrieus wind turbine rotor was selected for
analysis. The blade Reynolds number of this rotor corresponds to the Reynolds number of
the airfoil presented in Section 3. The blade Reynolds number is defined as Reb = Rωc/ν∞,
where ω is the wind turbine rotational speed, R is the rotor radius, c is the blade chord
and ν∞ is the kinematic viscosity of the fluid. The numerical model of the rotor selected in
this analysis does not take into account the rotating shaft or the blade struts, and it was
derived from the rotor developed and investigated at the Delft University [67,68]. A sketch
of this wind turbine rotor is shown in Figure 17a. The rotor has a diameter of 1 m, a blade
height of 1 m and a chord length of 6 cm. The rotor runs at 800 rpm at a tip speed ratio
speed of 4.5. Free stream velocity was chosen to be 9.3 m/s. The tip speed ratio is defined
as the ratio of the velocity of the rotor blade to the free stream velocity. Typical low-solidity
Darrieus wind turbines achieve their maximum aerodynamic efficiency in the tip speed
ratio range from 4 to 5 [20]. During the operation of the rotor, aerodynamic loads arise
on its blades (Figure 17a). The aerodynamic force of a single blade is usually projected in
two directions: tangent and normal to the blade trajectory. Both of these components are
dependent on the angle of the rotor relative to the wind direction (azimuthal angle, θ). As
the azimuthal angle changes continuously, the components of the aerodynamic force are
time dependent. The fluctuations of these forces are so large that they cannot be considered
to be in a steady state. Therefore, it is necessary to conduct a CFD analysis, which brings
with it several problems: it is time consuming, parallel computations are usually necessary,
and it does not give satisfactory results in terms of low tip speed ratios due to the deep-
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stall phenomenon. Therefore, simplified methods are still used in engineering practice to
analyze the aerodynamic blade loads. However, these methods are not deterministic and
require aerodynamic airfoil characteristics from the outside. These characteristics can be
derived both from experimental measurements as well as from numerical calculations [20].
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Figure 17. (a) The VAWT model and the schematics of the Open Jet wind tunnel Facility of TU
Delft [68]. (b) Aerodynamic blade loads: the normal and tangential forces, FN and FT [48].

The present work employs the improved double multiple streamtube (IDMS) ap-
proach [17]. The method revises the standard DMS approach [69] in terms of the wake
expansion, decambering and dynamic stall effects. The method has been proven to be
ac-curate for wind turbine simulations for various solidity levels when compared with
experimental data and CFD solutions, not only in terms of global, but also for azimuthal
loads [11]. Similar with DMS, the streamtube of the rotor is divided into two parts in IDMS;
upwind and downwind regimes. Within the upwind regime, the flow angle is generally
positive, and this is where most of the power of the turbine is generated. In contrast, the
downwind regime usually generates little to no mechanical power. However, the standard
DMS method often overestimates the driving moment within this area. This is especially
true for the H-Darrieus turbine, which has relatively high solidity [11]. This issue is better
treated using the IDMS approach. The IDMS method is embedded into a momentum
code B-GO developed at the University of Stuttgart [70]. The calculations made use of the
aerodynamic data presented in Section 3. The employed polar data were:

1. CFD polar calculated using the SST model
2. CFD polar calculated using the transitional SST model
3. Polar obtained from the measurement of Timmer
4. Polar data calculated using XFOIL with the critical amplification factor of N = 9.0.
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The results of the numerical analysis of the rotor blade loads are presented in
Figures 18 and 19. The results are presented in the form of dimensionless coefficients
calculated as:

CFN,T =
FN, T

q·R , (1)

where FN and FT are normal and tangential aerodynamic blade load components, R is the
rotor radius, and q = 0.5ρV2

∞, where ρ is the air density and V∞ is the free stream wind
velocity of 9.3 m/s. These results are compared with the experimental data obtained by
Castelein et al. [68] using the PIV technique. However, the experimental results of the
aerodynamic forces were not measured directly on the rotor blades, but on the basis of an
analysis of the velocity field distributions around the rotating rotor blade. In the case of a
rotor operating at a tip speed ratio of 4.5, the results of the tangential force are subject to
considerable error. This problem has been known for years, and it results from the size of
both components of the aerodynamic blade load [71]. The tangent component is an order
of magnitude lower than the normal component. Therefore, the authors of this experiment
do not recommend using these values for validation [68].
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The numerical results of the normal component of the aerodynamic blade load shown
in Figure 18 are in favor of the aerodynamic characteristics determined using the transition
turbulence models. The results obtained using the k-ω SST turbulence model to predict
the polars of the NACA 0018 are much worse. In this study, only polars calculated by the
FLOWer solver were taken into account. This is due to the fact that for the same blade angles
of attack, the values of the lift force predicted by the Transition SST model are higher than
those calculated using the k-ω SST model. In this work, the aerodynamic characteristics
of the airfoil were calculated for almost ideal flow conditions. However, it should be
remembered that the turbulence intensity can change the aerodynamic characteristics of
the airfoil and therefore also the shape of the normal force curve in the downwind part of
the rotor.

Higher values of lift coefficients in the range of the average angles of attack (Figure 7)
are also visible in the characteristics of the tangential force in the azimuth range from 0 to
180 degrees, which corresponds to the upwind part of the rotor (Figure 19).

5. Conclusions

The main purpose of this paper was to analyze the aerodynamic characteristics of a
NACA 0018 airfoil with a Reynolds number of 160,000. This article uses the Transition SST
four-equation turbulence model based on the two-equation k-ω SST model. Based on the
numerical studies of the airfoil, the following conclusions were drawn:

• This paper continues the research carried out by Królak and presented in his thesis [72].
Królak used the same geometric model, the Reynolds-averaged Navier–Stokes (RANS)
technique, and the Transition SST turbulence model. The results of the aerodynamic
force coefficients and the pressure distributions were burdened with considerable
numerical errors. In particular, there were considerable nonphysical oscillations
around the transition location. This article shows that the numerical calculations of the
NACA airfoil should be carried out in a transient mode. Langtry reported similarly in
many of the analyzed test cases [51].

• The analysis of the aerodynamic properties of the NACA 0018 airfoil was possible
only in the transient mode, which, however, significantly increased the computational
effort and increased the simulation time of a single case.

• The use of the Transition SST model made it possible to find two regions on the CL

characteristic that were characterized by two aerodynamic derivatives dCL/dα in the
range up to the critical angle of attack, instead of one derivative, as predicted by the
two-equation k-ω SST turbulence model. The first region was found up to an angle of
attack of 6 degrees, and the second up to 11 degrees.

• The values of the aerodynamic derivatives corresponded quite well with the exper-
imental data; however, above the angle of attack equal to 6 degrees, the results of
the lift coefficient were underestimated compared to the experimental data. This is
probably due to the 3D effects, which were not included in these numerical studies.

• The Transition SST approach predicted the minimum drag coefficient by far the most
accurately in comparison to the experimental results.

• The Transition SST model relatively accurately estimated the location and size of the
laminar separation bubble on the suction surface of the airfoil. The average relative
error in the localization of the separation point for the entire range of the investigated
angles of attack was 22% compared to the experiment of Gerakopulos [21]. The
reattachment point was estimated much more precisely; the mean relative error was
5.5%. This gives there was a mean relative error of 22% in estimating the length of the
laminar separation bubble. The underestimation of the separation point of the laminar
boundary layer in the CFD analysis compared to the experiment may be the result
of using a two-dimensional numerical model that neglected the evolution of vortex
structures in the direction of the span [66]. Another likely reason is that the model
was not calibrated for this particular issue. The original formulation of the Transition
SST model was calibrated for the small separation bubbles visible in the machines [2].
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• The use of the more expensive turbulence model, i.e., the Transition SST model, to
calculate the airfoil characteristics of the NACA 0018, however, significantly improved
the normal force distribution of the Darrieus wind turbine rotor calculated using
simplified aerodynamic methods.
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Abbreviations

c chord length
CD drag coefficient
CD averaged drag coefficient
C f skin friction coefficient
CFN normal force coefficient
CL lift coefficient
CL averaged lift coefficient
CFT tangential force coefficient
CP static pressure coefficient
FN normal force
FT tangential force
R reattachment point; rotor radius of the Darrieus wind turbine rotor
RCD the radius of the front edge of the domain size
S separation point
SD standard deviation
T transition point
U0 free stream wind velocity (in NACA 0018 simulations)
V∞ free stream wind velocity (in VAWT calculations)
α angle of attack
µ dynamic viscosity
ν∞ kinematic viscosity
ρ air density
ω wind turbine rotational speed; vorticity

References
1. Lin, J.M.; Pauley, L.L. Low-Reynolds-number separation on an airfoil. AIAA J. 1996, 34, 1570–1577. [CrossRef]
2. Choudhry, A.; Arjomandi, M.; Kelso, R. A study of long separation bubble on thick airfoils and its consequent effects. Int. J. Heat

Fluid Flow 2015, 52, 84–96. [CrossRef]
3. Jimenez, P.; Lichota, P.; Agudelo, D.; Rogowski, K. Experimental validation of total energy control system for UAVs. Energies

2020, 13, 14. [CrossRef]
4. Nakano, T.; Fujisawa, N.; Oguma, Y.; Takagi, Y.; Lee, S. Experimental study on flow and noise characteristics of NACA0018 airfoil.

J. Wind. Eng. Ind. Aerodyn. 2007, 95, 511–531. [CrossRef]
5. Zhang, W.; Hain, R.; Kähler, C.J. Scanning PIV investigation of the laminar separation bubble on a SD7003 airfoil. Exp. Fluids

2008, 45, 725–743. [CrossRef]
6. Lissaman, P. Low-Reynolds-number airfoils. Annu. Rev. Fluid Mech. 1983, 15, 223–239. [CrossRef]
7. Ol, M.V.; McAuliffe, B.R.; Hanff, E.S.; Scholz, U.; Kähler, C. Comparison of laminar separation bubble measurements on a low

Reynolds number airfoil in three facilities. AIAA J. 2005, 5149. [CrossRef]

http://doi.org/10.2514/3.13273
http://doi.org/10.1016/j.ijheatfluidflow.2014.12.001
http://doi.org/10.3390/en13010014
http://doi.org/10.1016/j.jweia.2006.11.002
http://doi.org/10.1007/s00348-008-0563-8
http://doi.org/10.1146/annurev.fl.15.010183.001255
http://doi.org/10.2514/6.2005-5149


Processes 2021, 9, 477 24 of 26

8. Rezaeiha, A.; Kalkman, I.; Montazeri, H.; Blocken, B. Effect of the shaft on the aerodynamic performance of urban vertical axis
wind turbines. Energy Convers. Manag. 2017, 149, 616–630. [CrossRef]

9. Tummala, A.; Velamati, R.K.; Sinha, D.K.; Indraja, V.; Krishna, V.H. A review on small scale wind turbines. Renew. Sustain. Energy
Rev. 2016, 56, 1351–1371. [CrossRef]

10. Müller, G.; Chavushoglu, M.; Kerri, M.; Tsuzaki, T. A resistance type vertical axis wind turbine for building integration. Renew.
Energy 2017, 111, 803–814. [CrossRef]

11. Bangga, G.; Dessoky, A.; Wu, Z.; Rogowski, K.; Hansen, M.O.L. Accuracy and consistency of CFD and engineering models for
simulating vertical axis wind turbine loads. Energy 2020, 206, 118087. [CrossRef]

12. Rogowski, K.; Hansen, M.O.L.; Bangga, G. Performance Analysis of a H-Darrieus Wind Turbine for a Series of 4-Digit NACA
Airfoils. Energies 2020, 13, 3196. [CrossRef]

13. Cheng, Z.; Madsen, H.A.; Gao, Z.; Moan, T. Effect of the number of blades on the dynamics of floating straight-bladed vertical
axis wind turbines. Renew. Energy 2017, 101, 1285–1298. [CrossRef]

14. Bedon, G.; Schmidt Paulsen, U.; Madsen, H.A.; Belloni, F.; Raciti Castelli, M.; Benini, E. Computational assessment of the Deep-
Wind aerodynamic performance with different blade and airfoil configurations. Appl. Energy 2017, 185, 1100–1108. [CrossRef]

15. Cheng, Z.; Madsen, H.A.; Gao, Z.; Moan, T. A fully coupled method for numerical modeling and dynamic analysis of floating
vertical axis wind turbines. Renew. Energy 2017, 107, 604–619. [CrossRef]
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