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Abstract: In recent years, there has been an increased interest in the old NACA four-digit series when
designing wind turbines or small aircraft. One of the airfoils frequently used for this purpose is the
NACA 0018 profile. However, since 1933, for over 70 years, almost no new experimental studies of
this profile have been carried out to investigate its performance in the regime of small and medium
Reynolds numbers as well as for various turbulence parameters. This paper discusses the effect of
the Reynolds number and the turbulence intensity on the lift and drag coefficients of the NACA
0018 airfoil under the low Reynolds number regime. The research was carried out for the range of
Reynolds numbers from 50,000 to 200,000 and for the range of turbulence intensity on the airfoil
from 0.01% to 0.5%. Moreover, the tests were carried out for the range of angles of attack from 0 to
10 degrees. The uncalibrated γ − Reθ transition turbulence model was used for the analysis. Our
research has shown that airfoil performance is largely dependent on the Reynolds number and less on
the turbulence intensity. For this range of Reynolds numbers, the characteristic of the lift coefficient
is not linear and cannot be analyzed using a single aerodynamic derivative as for large Reynolds
numbers. The largest differences in both aerodynamic coefficients are observed for the Reynolds
number of 50,000.

Keywords: computational fluid dynamics; Reynolds-averaged Navier–Stokes; unsteady; turbulent;
aerodynamic; airfoil; NACA 0018; lift force; drag force; vertical axis wind turbine

1. Introduction

Nowadays, computational fluid dynamics (CFD) methods are still not fast enough
and sufficiently precise in terms of large angles of attack to completely replace simplified
engineering methods based on the principle of conservation of momentum used to simulate
the movement of micro-air vehicles, high-altitude unmanned air vehicles, or rotors of
wind turbines [1–5]. The accuracy of the results of the aerodynamic characteristics of
both aircraft and rotors obtained by these engineering methods depends largely on the
airfoil characteristics [6]. These airfoil characteristics, in the form of the coefficients of
the aerodynamic forces as a function of the angle of attack, constitute the input data for
the engineering methods [7–11]. In recent years, there has been an increased interest
in small aircraft and small wind turbines [12–17]. From the point of view of simplified
approaches, a significant problem is the working conditions in which these devices must
operate. One of the key quantities determining these working conditions is the Reynolds
number and turbulence. The Reynolds number experienced by the airfoils of small wind
turbines or UAVs can range from tens of thousands to several hundred thousand [18–22].
Therefore, these are not conditions encountered in traditional aviation. However, in the
case of turbulence, the problem is the different turbulence intensity values found in wind
tunnels and real operating conditions. Generally, a value of less than 1% is considered to
be of low turbulence intensity, while a value of more than 10% is considered to be of high
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turbulence intensity. In the case of modern low turbulence wind tunnels, the turbulence
intensity of undisturbed flow can be even less than 0.05% [23,24]. The turbulence intensity
measured in the atmosphere is usually from a few to several dozen percent [25,26]. The
aerodynamics of a vertical axis wind turbine rotor (Figure 1) is even more complicated
as its blades constantly operate under varying flow conditions. As the rotor rotates, the
angle of attack of the airfoil changes, and thus the local Reynolds number also changes
constantly [27–31]. During the operation of the rotor of the Darrieus wind turbine, the
rotor blade works with variable turbulence intensities [32]. This is due to the slowdown
and disturbance of the airflow by a blade moving in the upwind part of the rotor. In the
downwind part of the rotor, the blade already works in a sometimes highly disturbed flow.
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Figure 1. Silhouette of the H-type Darrieus wind turbine.

In the previous work, Rogowski et al. [6] studied the aerodynamic characteristics of
the NACA0018 airfoil operating at the low Reynolds number regime (Re = 160 × 103) and
at very low inlet turbulence intensity corresponding to a very clean flow. These authors
used the uncalibrated Transition SST approach implemented in the ANSYS Fluent CFD
solver. This paper discusses the performance of this profile considering Reynolds numbers
from 50,000 to 200,000 and turbulence intensities at the airfoil ranging from 0.01% to 0.5%.
The numerical results of the aerodynamic force coefficients of the symmetrical NACA 0018
airfoil shown in this paper are primarily intended to serve as input data for analytical
approaches dedicated to Darrieus wind turbine rotors [7,33].

The result of the work of the American agency NACA (National Advisory Committee
for Aeronautics) was the preparation of Technical Report No. 460 “The Characteristics of
78 Related Airfoil Sections from Tests in the Variable-Density Wind Tunnel” [34]. It presents
a new family of four-digit airfoils intended to operate in the high Reynolds number regime.
Researchers found that the airfoil performance is most influenced by three parameters: the
maximum camber, the location of the maximum camber, and the maximum thickness of the
airfoil. The NACA abcd profile designation contains information on these three parameters:
the first digit a denotes the maximum camber as a percentage of the chord, the second digit b
indicates the distance from the leading edge to the maximum camber in tenths of the chord,
whereas the last two digits cd describe the maximum thickness of the profile as a percent of
the chord [35]. For example, in the case of the NACA 0018 profile, the maximum camber
is 0%, and the maximum thickness is 18%. The airfoil’s maximum thickness is located
at 30% of the chord length from the leading edge. The airfoil shape is described using a
mathematical formula available in many scientific publications, e.g., [36,37]. Even though
the NACA 0018 airfoil was designed relatively long ago, it is still prevalent in VAWT design
because of the balance between structural integrity and aerodynamic efficiency [24,38].

The famous Report No. 460 from 1933 published the NACA 0018 profile characteristics
for a Reynolds number of 3,200,000 [34]. However, these results by the American agency
NACA are not helpful as inputs for engineering models developed to find the aerodynamic
characteristics of Darrieus wind turbines because the blade Reynolds numbers of even the
largest wind turbines of this type are much lower [39,40]. More valuable characteristics
can be found in Report No. 568 published in 1937, which presents the NACA 0018 airfoil
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performance measured for the Reynolds number regime from 40,000 to 3,000,000 [41]. The
characteristics of the lift coefficients presented in this report show some, though slight,
dependence on the Reynolds number. A much more significant effect of the Reynolds
number was observed for the drag coefficient. In the case of the largest Reynolds numbers
analyzed by these authors (2.97 × 106 and 2.36 × 106), an almost independence of the lift
coefficients from the Reynolds number in the linear part of the CL(α) curve is observed,
and a slight influence of the Reynolds number on the drag coefficient [41]. A similar trend
of the CL characteristics for the NACA 0009 airfoil for Reynolds numbers in the range
of 3 × 106 to 6 × 106 can be found in the well-known report “Summary of Airfoil Data”
from 1945 [42]. Even though the Jacobs and Sherman results are more useful for VAWTs
because of the low Reynolds numbers [41]. Unfortunately, the range of angles of attack
considered in this experiment is insufficient to calculate the performance of a Darrieus
rotor operating at low tip speed ratios. For this reason, as part of the program on the
Darrieus vertical axis wind turbine (VAWT) at Sandia National Laboratories, a series of
measurements in the wind tunnel for four airfoil sections: NACA-0009, -0012, -0012H,
and -0015 were carried out at low Reynolds numbers. These obtained experimental data
of the airfoil sections were then extrapolated for the Reynolds number range from 104

to 107, and for the NACA-0018, -0021 and -0025 airfoil sections [7,43]. For many years,
researchers and engineers have used this database to analyze and design vertical axis
wind turbines [44–48]. However, since these NACA 0018 airfoil characteristics obtained by
Sheldahl and Klimas were extrapolated (not measured directly), until the beginning of this
century, only measurement data published by Jacobs and Sherman in 1937 were available.
Of course, there are sometimes individual studies, e.g., [27], of this airfoil in the literature,
but they are not carried out for a wide range of flow parameters. Only in the last two
decades, as a result of increased interest in vertical-axis wind turbines, several experimental
studies of the NACA 0018 profile were carried out [24,49–56]. The relatively late appearance
of a new measurement series for the NACA 0018 airfoil for a long time retained the
possibility of validating the aerodynamic characteristics calculated using modern analytical
tools offering the possibility of capturing transition phenomena. In 2019, Melani et al. [57]
published an important paper summarizing the collected results of experimental and
numerical studies of this airfoil for low and medium Reynolds numbers. A juxtaposition
of the results of various researchers shows significant differences in the lift characteristics
for Reynolds numbers below 300,000. This is due to, among other things, the sensitivity
to the flow conditions in the wind tunnel. Timmer concluded that the characteristics
published in 1937 by Jacobs and Sherman might be affected by errors resulting from the
high level of turbulence in the wind tunnel, which may significantly affect the transition
characteristics [24,41]. Research by Melani et al. [57] also shows that the γ − Reθ turbulence
model provides sufficiently accurate aerodynamic characteristics for the NACA 0018 airfoil.
As mentioned above, in the case of medium and high Reynolds numbers, its influence on
the airfoil performance is not so significant, which is also confirmed by the observations of
Melani et al. [57], and sufficient accuracy of the results may also be ensured by, e.g., the
popular two-equation k-ω SST turbulence model [20]. In addition to the dependence of
the airfoil characteristics on the angle of attack and the Reynolds number, a dependence
on the freestream turbulence intensity is also necessary to find the reliable aerodynamic
performance of the VAWTs [58]. This is evidenced by some recent precise experimental
and numerical studies [53,59]. However, the literature still lacks the NACA 0018 airfoil
characteristics calculated with the uncalibrated γ − Reθ model for a wide range of different
flow parameters to serve as a benchmark for further investigations.

As discussed in the first paragraph of this section, the accuracy of engineering ap-
proaches for vertical axis wind turbines depends, inter alia, on the accuracy of the input
data of the airfoil characteristics. In aerospace engineering and wind energy, numerical
techniques are very often used in parametric studies of airfoils. It is believed that solving
the Navier–Stokes (NS) equations will provide information on all turbulence scales in the
flow, making it possible to study all the aerodynamic phenomena in a given flow. The
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Direct Numerical Simulation (DNS) method used, among other things, by Marxen et al. [60]
to study the flow over a flat plate allowed a more detailed analysis of the separation-
induced transition phenomenon. Another slightly less numerically expensive technique is
an approach called large eddy simulation (LES). In the 1960s, this method was proposed to
simulate atmospheric flows. With the increase in computing power of supercomputers, this
approach has become very attractive and promising for simulating turbulent flows [61–63].
From an engineering point of view, both of these methods, DNS and LES, are still nu-
merically too expensive to simulate the wall-bounded flows. In aerospace engineering,
Reynolds-averaged Navier–Stokes (RANS) techniques together with one- or two-equation
turbulence models are still common [64]. However, numerous studies have shown that
classical turbulence models fail for small Reynolds numbers [28,57]. In order to avoid
these shortcomings, in recent years, RANS techniques have been developed to capture the
separation-induced transition. The κ − κL − ω [65,66] and γ − Reθ [67] models are some of
the better-known turbulence models available in many modern CFD codes, e.g., [23]. These
turbulence models have been successfully validated against standard test cases [65,68].
Suluksna and Juntasaro showed that the predictive reliability of the γ − Reθ model was
better compared to other correlation-based models [69]. Choudhry and Arjomandi com-
pared these transition models for the NACA 0021 airfoil operating in the small Reynolds
number regime [70]. In the conclusions, these authors indicated a slightly higher accuracy
of the κ − κL − ω turbulence model in comparison with the γ − Reθ model. In recent years,
a comparison of five turbulence models has also been made by Aftab et al. [71] for the
flow around the NACA 4415 airfoil at a Reynolds number of 120,000. They compared
the following approaches: the one-equation Spalart–Allmaras, the two-equation SST k-ω,
the SST k-ω with the intermittency equation, the κ − κL − ω, and the γ − Reθ . In the
conclusions, the authors indicated reliable results of the aerodynamic force coefficients
of both transition models. However, they reported problems with the computation time
for the κ − κL − ω model and problems with the accurate capture of the reattachment of
the flow for a moderate angle of attack equal to 6 degrees [71]. The CFD-based transition
modeling approaches mentioned in this section are not the only ones available on the
market. It is also worth mentioning that there are relatively fast analytical tools, such as
XFOIL developed by Drela or RFOIL [24], modified versions of the well-known XFOIL code,
which are relatively good at determining aerodynamic profile characteristics, taking into
account the phenomena related to laminar-turbulent transition. However, these approaches
are challenging to implement in modern CFD codes [67]. It should be added that they can
be an additional comparative tool for profile performance studies [6,72].

Given the differing opinions on the robustness of the κ − κL − ω approach, the authors
of this paper aim to thoroughly investigate the γ − Reθ turbulence model available in the
ANSYS Fluent CFD code called Transition SST without correcting the default constants of
the model [23]. The intention of the authors is, among other things, to provide guidelines
for users of this commonly used CFD code as well as for users of other CFD codes with an
implementation of the γ − Reθ turbulence model and, in addition, to obtain a database for
further comparisons.

2. Numerical Model and Its Validation

Rogowski et al. [6] analyzed the well-known NACA 0018 airfoil for only a Reynolds
number of 160,000. This was a direct result of the operating conditions of the vertical-
axis wind turbine analyzed at TU Delft [73]. Moreover, in the previous work, the two-
dimensional airfoil section with chord length c of 1 m was analyzed in a very clean flow—the
turbulence intensity was assumed to be 0.05%, which corresponded to the flow conditions
in the experiment of Timmer at TU Delft [24]. This paper aims to estimate the aerody-
namic performance of the NACA 0018 airfoil at different values of turbulence intensity in
undisturbed flow and at different Reynolds numbers.
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2.1. Numerical Domain and CFD Solver Settings

As shown in Figure 2, simulations were performed using a C-mesh surrounding the
NACA 0018 profile and extending 7.5 c from the semicircular edge of the domain and 15 c
from the vertical edge of the domain. The size of the computational domain is vital for the
results of the aerodynamic forces. Therefore, this effect will be discussed in Section 2.2 of
this paper. The “pressure outlet” boundary condition was assumed on the vertical edge of
the domain and the “velocity inlet” boundary condition on the remaining outer edges of
the computational domain. The airfoil surfaces are treated as no-slip walls—zero velocity
was ensured on the airfoil surfaces.
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The two-dimensional, incompressible governing equations are considered in all ana-
lyzes presented in this paper. The unsteady Reynolds-averaged Navier–Stokes (URANS)
approach with the SIMPLE pressure velocity coupling scheme and second-order discretiza-
tion for all variables were employed. Moreover, in all simulations presented herein, the
Green–Gauss node-based method was employed [74]. The flow over the NACA 0018
profile was investigated using the commercial computational fluid dynamics (CFD) code
ANSYS Fluent 19.1 [23].

In this work, the transient flow around a symmetrical airfoil is discussed. The effect
of such simulations are, among others, oscillations of aerodynamic forces that result from
pressure changes around the airfoil. Observing these transient changes in the airfoil’s
aerodynamic characteristics is possible if the time step size is sufficiently small, adapted to
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the observed physical phenomena occurring during the flow around the airfoil. As shown
in the previous research [6], setting even a very small time step size does not give significant
changes in the characteristics of the aerodynamic force coefficients. Of course, the oscillation
size depends on the angle of attack. As the angle grows, the oscillations become larger and
larger. However, even in the case of the largest analyzed angle of attack, equal to 10 degrees,
the deviation of the instantaneous values of the aerodynamic force components from the
average was not too large. This means that the flow is almost without separation for
angles of attack up to 10 degrees. It also means that the instantaneous pressure coefficient
distributions resemble those calculated with the Reynolds-averaged Navier–Stokes (RANS)
technique. Based on the previous research, in all of the results presented in this paper, the
time step size was assumed to be 0.0001 s. For the transient solution using the implicit
formulation, ANSYS Fluent CFD code requires multiple iterations to be specified at each
time step. In this work, the convergence of every time step solution was usually achieved
at approximately 10–15 iterations, with a declaration of 20 maximum iterations per time
step. The level of residuals of 10−6 was used for all computed variables.

An important problem in time-dependent analysis is the effect of initial conditions. In
the initial phase of the simulation, the oscillations of the aerodynamic forces are significant,
and the values of these forces differ significantly from the final ones. In this work, uniform
velocity in all finite volumes of the numerical mesh was assumed as initial conditions. The
initial conditions for velocity and turbulence were taken from the boundary conditions at
the inlet. Simulations of ten seconds of air movement showed that this effect disappears
after approximately 5–6 s. The aerodynamic force coefficients were averaged every second.
The aerodynamic characteristics shown in the graphs in the result section of this paper
(Section 3) correspond to the last tenth second of motion.

2.2. Computing Domain Size Effect

As mentioned above, the size of the computing domain is an essential aspect of CFD
calculations. Some authors pointed out that the influence of the domain size on the accuracy
of the calculated airfoil characteristics depends, inter alia, on the type of mesh (e.g., C-mesh,
O-mesh, etc.), its density, and physical parameters of the flow. A review of the literature
shows that there is no consensus on the size of the computational domain concerning
the length of the chord. This applies to both airfoils operating at low and high Reynolds
numbers [75–78]. Some researchers employ small computing domain sizes. In this case, the
distance from the obstacle to the domain’s boundary is from several to dozen airfoil chords.
Conventionally, the domain area in the wake region is longer than the distance from the
inlet to the obstacle. Some researchers create computing domains of huge sizes. Sometimes
the distance from the leading edge of the airfoil to the boundary of the computational
domain is even several hundred times larger than the airfoil chord length.

Paper [6] discusses the effect of three domain widths, 3.75 c, 7.5 c, and 15 c, on the
characteristics of the lift and drag coefficients. Those authors concluded that the domain
width does not significantly affect the airfoil aerodynamic characteristics. However, the
drag coefficient is more sensitive to changing the domain width than the lift coefficient.
A numerical domain with a width of 15 c gives acceptable results for the aerodynamic
components. At the same time, the number of mesh nodes is half as compared to the mesh
for a domain twice as wide. Therefore, a nominal 15 c-wide domain was used in these
studies (the radius of the semicircular outer edge of the domain is 7.5 c).

The length of the computational domain in the wake area behind the obstacle is also
an important aspect of CFD calculations. This effect was not discussed in previous studies
by Rogowski et al. [6]. Therefore, the authors of this paper decided to verify the numerical
model for several different lengths of the computational domain. For this purpose, four
computational domains of different lengths were developed. The variable in these analyzes
is the length L, measured from the airfoil’s trailing edge to the domain’s outlet boundary,
as shown in Figure 3a. The distance from the leading edge of the airfoil to the inlet was the
same for all analyzed test cases. Since the range of angles of attack from 0 to 10 degrees is
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discussed in this paper, the numerical model was verified for two angles of attack: 4 and
10 degrees. Thus, the analysis of the effect of length L on the aerodynamic characteristics of
the NACA 0018 airfoil was carried out based on eight test cases. The change in the length
of the computational domain results in a change in the number of finite volume elements
of the model (the size of the computational grid). For the lowest domain considered in
this paper, the number of mesh elements was 797,000, while for the largest domain it was
871,000. Twenty seconds of air movement was simulated for each test case. In addition, a
Reynolds number of 150,000 and a turbulence intensity of 0.25% were used to verify the
numerical model. Taking into account both the range of Reynolds numbers as well as the
range of turbulence intensity analyzed in this paper, the values of Re and TI used for this
verification are more or less average values.
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influence of the domain length on the drag coefficient (b) and the lift coefficient (c).

The results of the numerical calculations of the lift and drag coefficients are presented
in Figure 3b,c, respectively. These charts were made in such a way that it was possible to
compare the coefficients both qualitatively and quantitatively. Therefore, the results for the
angle of attack equal to 4 degrees are presented on the ordinate axis, whereas the results
for the angle of 10 degrees are plotted on the auxiliary y-axis. The results compiled in this
way show that the numerical values of the coefficients differ very little for a given angle of
attack. For an angle of attack of 4 degrees and a length L of 14 c, the drag coefficient is 0.28%
less than the drag coefficient for the case L = 10 c. Figure 3c shows that, in contrast to the
drag coefficient, as the length of the computational domain in the wake region increases,
the lift coefficient increases. However, this increase is also slight. For an angle of attack of
4 degrees and a length L of 14 c, it is only 0.26% compared to the case of L = 10 c. For the
angle of attack of 4 degrees, the increase in the CL/CD ratio for the case of L = 14 c is also
only 0.54% in relation to the case of L = 10 c, a further increase in the parameter L from
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14 c to 20 c causes an increase in the CL/CD ratio by only 0.11%. The conducted analyzes
confirm that for the L of 14 c, the characteristics of the aerodynamic force coefficients can
be treated as largely independent of the domain length in the wake area.

This study also investigated the effect of the computational domain length on the wall
Y + parameter and the decrease in turbulence intensity in the area from the inlet to the obstacle.
However, the conducted analysis showed that the influence of the computational domain length
on both parameters was so negligible that the discussion was limited only to this comment. Both
of these parameters are affected, as in the case of aerodynamic forces, only by the angle of attack.

2.3. Turbulence Intensity Effect and Mesh Sensitivity Studies

One of the key achievements of this paper is the analysis of the aerodynamic perfor-
mance of the symmetrical NACA 0018 airfoil in relation to the turbulence intensity. As a
result of numerical dissipation, the turbulence intensity just before the airfoil is sometimes
completely different from the turbulence intensity assumed for the boundary conditions. This
analysis aims to find a correlation between the turbulence intensity at an inlet and just before
the airfoil (at the point located close to the airfoil nose). The different types of boundary
conditions available in CFD codes require different flow parameters to be specified. In this
work, the velocity inlet boundary condition is employed as shown in Figure 2a. In the current
investigations, two turbulence quantities were specified at the inlet: the turbulence intensity,
TI0, and the turbulence length scale, l. The turbulence intensity is determined as the ratio of
the root-mean-square of the velocity fluctuations to the average flow velocity. The turbulence
length scale is the quantity that is appropriate to the size of large eddies which contain energy
in turbulent flow [23]. Many reports from experimental measurements in wind tunnels only
provide information about turbulence intensity at the location of the analyzed obstacle. It is
very often the only turbulence parameter measured during experiments. Following the guide-
lines available in the ANSYS Fluent documentation [23], in the case of wall-bounded flows, it
is recommended to calculate the turbulence scale from the following formula: l = 0.4 δ99,
where δ99 is the boundary-layer thickness. In the current research, the turbulence length scale,
l, was estimated on the airfoil for the coordinate x/c = 0.3, and it is equal to 0.003845 m. This
paper does not analyze the sensitivity of the airfoil performance due to this parameter.

A numerical experiment was carried out to investigate the rate of decay of turbulence
intensity and determine the correlation between the turbulence intensity at the domain inlet
and just before the airfoil. The analysis was performed for the following flow parameters:
the Reynolds number was assumed to be 150,000, the undisturbed flow velocity was
2.1911 m/s, and the angle of attack was 6 degrees. In this study, eight values of the
turbulence inlet intensity were used: 0.1%, 0.5%, 1%, 2%, 4%, 6%, 8%, and 10%. Unsteady
calculations were performed for ten seconds of air movement, assuming a time step length
of 0.0001 s. Figure 4b,c illustrates the dependence of the turbulence intensity on the x
coordinate, starting from the boundary of the computational domain up to the checkpoint
located just at the airfoil nose. Both points representing the start and end of the control
segment are shown in Figure 4a. The decay rate of this quantity is strongly dependent
on the turbulence intensity that was set for the boundary condition TI0. The higher the
TI0, the higher the decay rate. As shown in Figure 4b, in the case of the lowest turbulence
intensity analyzed in this work, equal to 0.1%, the decay rate is represented by an almost
constant function slightly dependent on the x coordinate. In the case of turbulence intensity
higher than 0.5%, the characteristic inflection of the TI curve is visible. This inflection occurs
approximately 0.5 c from the first control point located at the domain entrance. Before this
inflection, the turbulence intensity decay is much higher than after it. Near the nose of the
airfoil, the turbulence intensity is very low for each test case. Therefore, to compare the
differences in the turbulence intensity values in the vicinity of the airfoil, an additional
chart was prepared in which the x coordinate was limited to the last meter before the airfoil
(Figure 4c). In this figure, it can be seen that the TI just before the airfoil varies from 0.0484%
for TI0 = 0.1% to TI0 = 10%. In the first case, it gives a decrease of 51.6%, in the second
case by 95.3%. This data can be used to interpolate the TI0 value to obtain the expected TI
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value on the profile. This data shown in Figure 4b,c can be used for interpolation of TI0 to
obtain a specific TI on the airfoil.
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Moreover, a mesh density influence on turbulence decay was examined. Four addi-
tional meshes were prepared, from extra coarse to extra fine. Cases with typical settings,
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Reynolds number, 150,000, and inlet TI0 equals 0.25%, were prepared. Studies were per-
formed for two angles of attack: 4 degrees and 10 degrees. All results presented in Table 1
show that differences from the “Medium” case are tiny. Therefore, it can be claimed that
mesh density influence on turbulence decay is negligible.

Table 1. Turbulence intensity results for mesh sensitivity studies.

Number of Mesh Elements
TI on the Airfoil [%] 1

Mesh AoA = 4◦ AoA = 10◦

Extra coarse 600,000 −0.00041 −0.00041
Coarse 700,000 −0.00016 −0.00016

Medium 800,000 0.24916 0.25065
Fine 900,000 0.00011 0.00011

Extra fine 1,000,000 0.00020 0.00020
1 Only absolute values for the “Medium” case are presented. For others, differences from the “Medium” case.

In addition to the rate of turbulence intensity decay with distance from the nose of the airfoil,
this paper also discusses the effect of turbulence intensity on the aerodynamic characteristics
of the airfoil. These characteristics are discussed in detail in the Results section of this paper.
However, Figure 4d–g shows the time dependence of the components of the aerodynamic forces.
These graphs show that the coefficients become time independent after 8–9 s. However, the lift
coefficient becomes time independent faster than the drag coefficient.

2.4. Validation of the Numerical Model

Figure 5 shows a comparison of the aerodynamic force characteristics of the NACA 0018
airfoil obtained using the γ − Reθ approach with the aerodynamic airfoil characteristics mea-
sured in the Delft University Low-speed Wind Tunnel by Timmer [24]. The lowest Reynolds
number published in the paper [24], equal to 0.15 × 106, was used to compare the numerical
results. With this Reynolds number, the turbulence intensity in the test section was 0.02%.
This turbulence intensity value is very close to the lowest one considered in these investiga-
tions. The graphs shown in Figure 5 have the same scales as those in Figures 12 and 14 in
the Results section of this paper. As shown in Figure 5b, the drag coefficient results agree
with the experiment both qualitatively and quantitatively. The absolute error of the minimum
drag coefficient compared to the experiment is only 0.00282. In the case of the lift coefficient
(Figure 5a), both series of results are sufficiently consistent in the range of angles of attack
up to 6 degrees. Slightly more significant differences in the coefficients are visible above this
angle of attack. This effect is shown in the earlier work of Rogowski et al. [6] as well as in the
studies by Melani et al. [57]. One of the possible causes of differences is the 3D effects not
considered in these studies. The second reason is that the turbulence model is not calibrated
through the model constants that control the characteristics of the separation bubble [70].
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3. Results
3.1. Reynolds Number Effect on Lift and Drag Coefficients

At a low Reynolds number regime, relatively small differences in this quantity can
significantly change lift and drag airfoil characteristics. This section details the effect of the
Reynolds number on the shape of the CL(α) and CD(α) curves. It was decided to discuss
both components separately in this section.

3.1.1. Lift Force Coefficient

All simulations carried out in this paper, regardless of the Reynolds number and the
turbulent intensity showed a zero-lift coefficient at a zero angle of attack. The characteristics
of the lift coefficient as a function of the angle of attack at the low Reynolds number regime
are slightly different from the characteristics at much higher velocities [41]. As the Reynolds
number increases, the influence of the laminar separation bubble on the lift coefficient CL
characteristics decrease, as can be seen in Figure 6.
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Analyzing these lift force coefficient characteristics (Figure 6), the characteristic “bend”
of the CL curve can be observed. The lift force characteristics are not linear in the whole
range of the angles of attack up to the critical angle. In other words, the derivative dCL/dα
is not constant over this range of angles of attack. On both sides of this bend, the CL
characteristics can be analyzed by considering two derivatives dCL/dα that can be regarded
to a large extent as constant. Both Gerakopulos et al. [79] and Rogowski et al. [6] used
such derivatives to define the two regions. In both of these regions, the increase in the
lift coefficient with the angle of attack is largely linear. The region in the range of the
angles of attack from zero to the location of the bend is called the “first region”, whereas
the region above this bend is called the “second region”. The approach for determining
the aerodynamic derivative of dCL/dα used in this work was taken from publication [79].
Figure 7 shows an example of determining these two derivatives of the CL curve for the
Reynolds number of 150 × 103 and for the turbulence intensity, TI, of 0.25%.

As mentioned above, Figures 6 and 7 only show the lift coefficient results obtained
for one value of turbulence intensity of 0.25%. This is due to two reasons. First, this is
the average turbulence intensity value for the turbulence intensity range considered in
this work. Secondly, the CL results for the remaining turbulence intensities considered in
this paper are very similar. Thirdly, we found the experimental data of the aerodynamic
derivatives developed for similar flow conditions. According to Gerakopulos et al. [79], the
turbulence intensity measured during the experiment was less than 0.3%. Therefore, there



Processes 2022, 10, 1004 12 of 25

was a possibility of further validation of our results. Figure 8 shows a comparison of the
experimental and numerical results of the dCL/dα derivatives separately for two regions.
According to the authors of this paper, the accuracy of the numerical series is satisfactory.
For the Reynolds number of 100,000, the most significant differences in the results of
the dCL/dα derivatives are visible. However, they may result from both the dispersion
of the values of the lift coefficients used to calculate the derivatives based on the linear
approximation and the range of angles of attack used to calculate individual derivatives.
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available in the literature [79].

From the observation of the data shown in Figure 8, the derivatives in the first region
tend to decrease as the Reynolds number increases, while the derivatives in the second
region are not as dependent on the Reynolds number. As seen “with the naked eye” in this
figure, an increase in the Reynolds number causes an increase in the first region. However,
a more detailed analysis of this effect requires the location of the transition point between
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the first and second regions to be specified. As mentioned above, the CL(α) is a continuous
function around the bend. This publication proposes another way to find the transition
location. For this paper, the transition angle of attack was defined and marked with the
symbol αt. This angle was found analytically by solving a simple system of equations
composed of trend line equations approximating both regions. In other words, it is the
angle at the intersection of the trend lines for the first and second regions (Figure 9a).
Figure 9b quantitatively documents the nearly linear growth of the first region as the
Reynolds number increases.
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3.1.2. Drag Force Coefficient

Figure 10 shows the dependence of the drag coefficient on the angle of attack and the
Reynolds number. These results are also discussed for one turbulence intensity of 0.25%.
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The largest drag coefficients are calculated for the lowest Reynolds number taken into
account in this study, of 50,000. At this Reynolds number, a faster increase in drag is also
observed starting from an angle of attack of 6 deg. In the case of Reynolds numbers larger
than 50,000, the increase in drag as a function of the angle of attack is much smoother.
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Figure 10. Drag coefficient vs. angle of attack. Reynolds number effect.

In this work, the qualitative dependence of the drag coefficient as a function of the
Reynolds number for individual angles of attack was also examined. Figure 11 shows the
dependence of the drag coefficient on the Reynolds number separately for different angles
of attack considered in this work. The results shown in this graph are for a turbulence
intensity of 0.25%. As can be seen from this figure, the drag coefficients differ very little
for small angles of attack and Reynolds numbers larger than 100,000. Moreover, CD(Re)
dependencies are not linear functions. The functions that best approximate these calculated
coefficient values are third-degree polynomials.
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3.2. Turbulence Intensity Effect on Lift and Drag Coefficients

As was reported in Section 3.1, relatively small differences in the Reynolds number re-
sult in significant variations in the aerodynamic loads of the airfoil. The effect of turbulence
intensity on the aerodynamic characteristics (aerodynamic force coefficients as a function
of the angle of attack) of the NACA 0018 airfoil, is much smaller compared to the Reynolds
number effect. Nevertheless, the influence of turbulence intensity is particularly important
with the lowest value of Re, investigated in this paper, equal to 50,000. Therefore, although
the effect of the Reynolds number has been discussed in detail above, this subsection also
takes this effect into account. The primary purpose of this subsection is to analyze the
effects of turbulence intensity on airfoil performance.

3.2.1. Lift Force Coefficient

Figure 12 shows the characteristics of the lift coefficient, CL, as a function of angle of
attack, α. These results are compared for the different turbulence intensities considered in
this work. Additionally, these results are presented separately for each Reynolds number
used in these investigations. The same scale is used in all the graphs in this figure so that
the obtained CL results can be better compared.
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It can be seen comparing Figures 6 and 12 that the influence of the turbulence intensity
on the lift coefficient is much smaller than the Reynolds number effect. All the CL charac-
teristics show that the increase in turbulence intensity causes the lift coefficient to decrease
in the first region and increase in the second region. In the case of Reynolds numbers larger
than 50,000, the significant differences in the CL values are observed approximately in
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the middle of the analyzed range of angles of attack. Moreover, as the Reynolds number
increases, the differences in CL results decrease significantly in the second region.

As mentioned in Section 3.1, all simulations carried out in these investigations, regard-
less of the Reynolds number and the turbulent intensity, showed a zero-lift coefficient at a
zero angle of attack.

As discussed above, the turbulence intensity affects the values of the lift coefficients
differently in both the first and second regions. The graphs shown in Figure 12 show a
common trend for all the calculated series. The turbulence intensity significantly influences
the dCL/dα derivative in both regions. This subsection also presents a qualitative analysis
of the dCL/dα derivatives for both of these regions. The derivatives of dCL/dα as a function
of Reynolds number and for different turbulence intensity values for the first and second
regions are shown in Figure 13a,b, respectively. Additionally, Figure 13c also illustrates the
transition angle, αt, as a function of Reynolds number. The method of determining this
angle for this work is also discussed in the previous subsection and Figure 9a. The graphs
shown in Figure 13 quantitatively prove three things:

1. An increase in TI causes a decrease in the dCL/dα derivative in the first area, an
increase in the dCL/dα derivative in the second area, and an increase in αt.

2. An increase in Re causes a decrease in the dCL/dα derivative in the first region and an
almost linear increase in the αt angle.

3. Figure 13c does not show a clear trend of the dCL/dα derivative as a function of Re in
the second area, both downward and upward. A similar trend of this derivative for
the second region is also seen in the experimental studies taken from the literature [79],
and is shown in Figure 8.
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3.2.2. Drag Force

The results of the drag coefficient, CD, seem to be even less sensitive to the turbulence
intensity than the lift coefficients, except for the case of Re = 50,000 (Figure 14). At this
Reynolds number, the drag coefficient in the entire range of the angles of attack significantly
depends on both the intensity of turbulence and the angle of attack. However, in the case
of Re = 200,000, the differences in the drag coefficient results are minimal. In general, an
increase in the angle of attack causes an increase in drag. However, as shown in Figure 14,
the drag increase is very large at Re = 50,000. In order to compare the results, all the graphs
shown in this figure have the same scale.
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As mentioned above, the drag coefficient is dependent not only on the Reynolds
number and the turbulence intensity but also on the angle of attack. For Reynolds numbers
in the range of 100,000 to 200,000, this effect is relatively small. Therefore, Figure 15b
only shows the values of the drag coefficient as a function of turbulence intensity for an
exemplary Reynolds number of 150,000 because, in the case of Re numbers of 100,000 and
200,000, both the values of the coefficients and their decreases as a function of TI are very
similar. Only the results of the CD coefficient calculated for Re = 50,000 differ significantly
from the others. Therefore, these results are shown in a separate figure (Figure 15a). The
results shown in Figure 15 show a non-linear relationship of the drag coefficient with
the turbulence intensity. Although it is worth noting that it is non-linear, mostly close to
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TI = 0.1%. In the rest of the TI values taken into account in this paper, an almost constant
decrease in the CD ratio can be observed.
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3.3. Static Pressure

The characteristics of the aerodynamic forces discussed in the subsections above
result from the pressure distributions around the airfoil. The phenomena occurring in
the boundary layer have a significant influence on these distributions. This subsection
discusses the effect of the Reynolds number and the turbulence intensity on the static
pressure characteristics. In order to better visualize the cause of the occurrence of two
regions visible in the lift force coefficient characteristics, the authors of this paper decided
to analyze the pressure distributions for both sides of the airfoil separately. Therefore,
Figures 16 and 17 show the static pressure coefficients for the suction and pressure sides,
respectively. These charts compare the pressure coefficient distributions for different angles
of attack and fixed Reynolds numbers. The distributions of the CP coefficient for the
angles of attack closest to the transition angles of attack are shown in black on each of
these graphs. The shades of blue represent the angles of attack lower than the transition
angle of attack, while the other colors represent the higher angles. It can be seen from
Figure 17 that for angles of attack larger than αt, there is no longer a laminar-separation
bubble on the pressure surface of the airfoil. Moreover, above this angle of attack, the
distributions CP on this side of the profile are already much less dependent on the angle
of attack. Figures 16 and 17 show that the largest differences in the CP coefficients, both
on the suction and pressure side of the profile, occur for the smallest Reynolds number of
50,000 analyzed in this study. This explains such significant differences in both the drag
coefficient (Figure 10) and the lift coefficient (Figure 6).

Figures 16 and 17 show the effect of the angle of attack for given Reynolds number
values. As a result, a qualitative difference was found in the characteristics of the CP(x/c)
coefficient for the first and second regions (the method of determining the regions is
discussed in Section 3.1 of this paper). Figure 18 compares the static pressure coefficients
for two angles of attack, one (α = 2◦) for the first region and one (α = 10◦) for the
second region. The top two plots shown in this figure compare the CP relationships for
one turbulence intensity value of 0.25%, and the bottom two for one Reynolds number
value of 150,000. These characteristics clearly show that the Reynolds number has a much
greater effect on the pressure distributions than the turbulence intensity. The effect of both
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quantities, Reynolds number and turbulence intensity, is much greater on the suction side
of the airfoil.
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4. Conclusions

This paper discusses the effect of the Reynolds number and the turbulence intensity
on the performance of the NACA 0018 profile under the low Reynolds numbers. The
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research was carried out for the range of Reynolds numbers from 50,000 to 200,000 and
for the range of turbulence intensity on the airfoil from 0.01% to 0.5%. Moreover, the
investigations were realized for the range of angles of attack from 0 to 10 degrees. Numerical
analyzes were performed utilizing the URANS approach with the uncalibrated transition
turbulence model γ−Reθ . Based on the numerical investigations of the airfoil, the following
conclusions are drawn:

• One of the key achievements of this paper is the analysis of the aerodynamic charac-
teristics of the NACA 0018 airfoil in relation to the turbulence intensity. The decay rate
of turbulence intensity strongly depends on the turbulence intensity at the inlet. The
higher the turbulence intensity at the inlet, the higher the decay rate. For the lowest
turbulence intensity analyzed in this work, equal to 0.1%, the decay rate is almost
constant. In the vicinity of the nose of the profile, the turbulence intensity is very low
regardless of the inlet’s turbulence intensity. The results shown in Figure 4b,c have
practical applications when using the mesh described in the paper [6]. The data shown
in these graphs can be used to interpolate the turbulence intensity at the inlet in order
to obtain a specific value of the turbulence intensity on the airfoil.

• All calculations carried out in this paper, regardless of the Reynolds number and the
turbulent intensity, showed a zero-lift coefficient at a zero angle of attack.

• The presence of a wide laminar-separation bubble in the boundary layer results in
the occurrence of two aerodynamic derivatives of the lift coefficient in the range of
angles of attack before stall. The increase in Reynolds number primarily causes a
linear increase in the first region. On the other hand, the aerodynamic derivative in
the second region is almost independent of the Reynolds number.

• At a Reynolds number of 50,000, a faster increase in drag is observed starting from an
angle of attack of 6 deg. For higher Reynolds numbers, the increase in drag coefficient
as a function of the angle of attack is much smoother. The drag coefficients differ very
little for low angles of attack and Reynolds numbers higher than 100,000.

• Generally, the effect of the turbulence intensity on the lift coefficient is much lower
than the Reynolds number effect. The increase in turbulence intensity causes the lift
coefficient to decrease in the first region and increase in the second region. Differences
in lift coefficients for high angles of attack decrease with increasing the Reynolds
number and the turbulence intensity.

• The increase in turbulence intensity causes a decrease in the aerodynamic derivative
dCL/dα in the first region and its increase in the second region. Increasing turbulence
intensity also increases the transition angle of attack. This trend is visible for all the
Reynolds numbers studied in this work.

• For angles of attack higher than the transition angle of attack, there is no longer a
laminar-separation bubble on the pressure surface of the airfoil.

• Drag coefficients are less sensitive to the turbulence intensity than the lift coefficients,
except for the lowest investigated Reynolds number of 50,000. In general, an increase
in the angle of attack causes an increase in the drag coefficient.

• The Reynolds number has a much greater effect on the pressure distributions than the
turbulence intensity. The effect of Reynolds number and turbulence intensity is much
greater on the suction side of the profile.

• The performed numerical analyzes showed clear differences in the characteristics of the
drag coefficient for a Reynolds number of 50,000. For the other considered Reynolds
numbers in the range of 100,000 to 200,000, the changes in the drag coefficients are
rather linear as a function of both the turbulence intensity and the Reynolds number.
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Nomenclature

c chord length
CD drag coefficient
CL lift coefficient
CP static pressure coefficient
dCL/dα rate of change of lift coefficient with angle of attack
l turbulence length scale
L length from the airfoil’s trailing edge to the domain’s outlet boundary
Re chord-based Reynolds number
TI turbulence intensity on the airfoil
TI0 inlet turbulence intensity
V0 free stream wind velocity [m/s]
α angle of attack
αt transition angle of attack (the angle between the first and the second region)
δ99 boundary-layer thickness
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