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Abstract. This paper shows the results of a study of the turbulent structure
behind the NACA 0012 airfoil. During the experiment, the flow velocity was
20 m-s™'. That corresponds the Reynolds number 1.3-10°. The point behind
the trailing edge was chosen for experimental studies. Measurements were
performed at six angles of attack o = 0°, 15°, 30°, 45°, 60°, 75° and various
cases of positioning the measuring section. Namely at a constant cross-
section and a constant distance behind the airfoil. The NetScanner pressure
system and hot-wire technique were used for experimental studies. The
obtained data allowed us to investigate the wake topology. The average
velocity and standard deviation distributions are clearly grouped depending
on the angle of attack. Thus, flowing around the airfoil is better up to o <15°.
Distributions by power density and dissipation spectra also have a similar
grouping tendency. Finally, we investigated the turbulent structure
according to the research program. We found that at o >45°, depending on
the measurement case, there is a clear difference in the distribution of
standard deviation, Eulerian length scale, Taylor micro-scale, and Reynolds
number based on the Taylor micro-scale. The obtained values at the constant
distance, in contrast to the constant cross-section, are reduced.

1 Introduction

The study of the flow structure around an airfoil is a common task. Because even the smallest
changes in their geometry play a key role in the overall evolution of the streamlined flow. In
recent years, NACA family profiles have become widespread. They have a great variety and
are actively used for wind energy, aviation, and energy systems.

It should be noted that the NACA 0012 profile deserves special attention among many
profiles. This is because it has a relatively simple shape geometry and high aerodynamic
characteristics. Which makes it a benchmark not only for practical uses but also for a variety
of experimental and analytical studies. That is why many papers are devoted to the study of
the flow structure around this aerodynamic profile. For example, the distribution of pressure

* Corresponding author: yanovych@kke.zcu.cz

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).



MATEC Web of Conferences 345, 00034 (2021) https://doi.org/10.1051/matecconf/202134500034
Power System Engineering 2021

profile and wake profile behind airfoil is very well described in [1]. Based on the obtained
experimental data, the authors found the coefficients of lift, drag, and torque twist. In
addition, they found that the use of a gurney flap can increase the lift rate by 25%. Similar
studies are also shown in the papers [2-4]. Where the authors focused on the study of
aerodynamic coefficients and features of the wake topology behind airfoil. The investigations
were performed at angles of attack up to 40°. While the paper [S] shown the results of the
study of the flow evolution around the airfoil up to 90°. But with a relatively high degree of
turbulence intensity of the overall flow.

Frequently NACA 0012 airfoil is used as a basis for analyzing the shape effect of the
trailing edge on the structure of the turbulent flow. For example, [6] shows a study of the
effect of vortex instability on the aerodynamic characteristics of the airfoil with multiscale
modifications of its trailing edge. The authors concluded that large multi-scale trailing edges
at some distance from each other break down the vortex shedding mechanism. That improves
the aerodynamic characteristics of the airfoil and reduces the amount of noise generated. It
should be noted that the latter is a key issue in the development of modern wind turbines.
This phenomenon is well described in the paper [7]. Where the authors conducted a
comparative analysis of experimental studies of noise generated by stationary and rotating
blades of the wind turbine rotor.

Nowadays, computational fluid dynamics (CFD) is used in many cases to better
understanding flow dynamics. The NACA 0012 airfoil is usually used to compare the
aerodynamics of the streamlined body or to test the flow simulation algorithm around them.
For example, the authors [8] based on numerical simulations showed a comparative
assessment of acrodynamic characteristics between S809 and NACA 0012. Whereas the
paper [9] presents the results of the numerical investigation of the separation mechanisms
and prediction of the turbulence transition in a separate shear layer behind symmetric airfoil.

Generally, much of the papers about NACA 0012 airfoil show the study of aerodynamic
coefficients and flow topology at angles of attack that do not exceed critical values. However,
studying the structure of the flow around the airfoil at a high angle of attack is an important
task also. That is especially true for aviation. For example, at high and low altitudes, where
even small maneuvers may require high angles of attack. In the first case due to the low
density of air in the upper atmosphere. In the second at relatively low flight speed. In addition,
when landing, all aircraft use flaps at a high angle of attack. Thus, for military aircraft, a high
angle of attack can significantly increase their maneuverability. Accordingly, the F-18
HARYV, Su-27M, or Su-35 aircraft can use angles of 70°, 120°, and 180°, respectively, for
their maneuvers.

Many researchers are using hot-wire to study the structure of turbulence around an airfoil.
Basically, they perform measurements at some cross-sections behind a bluff body. Even at
different angles of attack, the distance remains the same. However, as the angle of attack
increases, the distance between the trailing edge and the measuring section growing also. As
a result, the structure of the turbulent flow, on the way to the measuring point evolve more.
The main idea of this paper is to investigate this evolve behind the symmetric profile of
NACA 0012.

2 Experimental facilities

The experiment was conducted in a low-speed open-type wind tunnel at the Department of
Energy Systems Engineering, West Bohemian University [10, 11]. The internal dimensions
of the width, height, length of the test section were 0.3 m, 0.2 m and 0.75 m, respectively.
To study the structure of turbulent flow behind an asymmetrical airfoil, the profile
NACA 0012 was chosen. It is a typical outboard airfoil for utility-scale wind turbines. The
original dimensions of the airfoil were the chord length ¢=100 mm, the span L-c' = 1 and
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the thickness b« =0.12. At these parameters, the blockage ratio, relevant to the test section,
was a proximally 2% at an attack angle o=0°. The airfoil was manufactured of plastic using
3D printing technology. We used a PRUSA i3 printer and PLA thermoplastic filament
materials for this purpose. After that by P2500 sandpaper, we reduced the surface roughness
of airfoil to 5 pm.

To change the angle of attack, the airfoil was attached to the shaft of the stepper motor.
Which was placed on the cover of the test section. Thus, the aerodynamic center of the airfoil
was at Az¢'=1.53 and Ax-c! = 2.23. Where 4z and Ax are the distance to the wall and the
inlet of the test section, respectively. The scheme of the experimental investigation is shown
in Fig. 1. Measurements were performed at six positions of angles from a=0° to a=75° in
steps of 15°. Accordingly, at & = 0° the airfoil chord has the same direction as the general
flow. The Reynolds number was based on the length of the airfoil chord and was equal to
1.3-10%. That corresponds to the flow velocity of 20 m-c™.

The 9116 series NetScanner pressure system and the five-hole Pitot tube were used to
estimate the wake topology depends on the angle of attack. The measurements took place in
the plane behind the airfoil at /;- ¢ ! = 0.28 at step w.- ¢ "' = 0.05.

The 55P15 hot-wire probe was used to study the u-component of turbulent fluctuation
behind airfoil. The position of the measuring point according to the experimental procedure
was changing by the traverse system. The hot-wire signal was sampled at 75 kHz. While the
measurement time at one point was 10 s. We also used filtering for the received signal: for
the High Pass - 10 Hz and the Low Pass - 30 kHz.

Of particular interest in these studies was the structure of turbulence directly behind the
trailing edge. That is why in the range ' = 0.28 the distance between the measuring points
was smaller k.-c'= 0.02 than outside k.« =0.05. In the general case, the measuring cross-
section from z«'=-1.2 to 0.8 was located at a height y<'=1.8. The latter value also
corresponds to the center of span airfoil. While the location of the cross-section was different.
In the first case, the position remains unchanged relative to the coordinates of the test section.
Thus, at a growing angle of attack, the distance from the measuring cross-section to the airfoil
increased. Whereas in the second case, it was contrary. The distance to the trailing edge
always stayed the same /; < 1=0.15.
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Fig. 1. Scheme of the experimental investigation. The left shows the positioning of the airfoil in the test
section. The arrows in blue indicate the direction of airflow U. Where z-c ~' and x-c ! respectively are
the width and length of the measuring fields. The kz-¢ ~!, wz- ¢ 1, y-c T and r-c ! are the steps between
measuring points for hot-wire and NetScanner pressure system, the height of the location and area of
the trailing edger, respectively. Whereas Az-¢c ! and Ax-c ~! are the coordinates of the aerodynamic
center (AC). Blue and red dashed lines are a set of measuring cross section for hot-wire and pressure
system, respectively.
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3 Results and discussion

3.1 Wake topology

A series of experimental studies were performed using the 9116 series NetScanner system.
As a result, we obtained the surfaces of the flow velocity distribution behind the airfoil at a
different angle of attack (Fig. 2). This made it possible to evaluate the general characteristic
of the wake topology. It was found that with increasing the angle of attack from 0° to 75°,
the width wake increases by 8.5 times. While the wake depth begins to increase sharply after
0=15° and has the maximum value U '=-0.57 at 0=45°. The physically negative value of
this parameter means the presence of backflow. Also, it should be noted that exactly at a=15°
we can clearly observe the upper and downer wingtip vortices. Further increase in the angle
of attack leads to the disappearance of this feature. This is due to the increase in the area of
the velocity deficit behind the airfoil. At the same time, outside this area, the flow velocity
also increases. Thus, at a=75° the normalized velocity is equal to U« '=1.4. This pattern is
related to the blockage ratio of the airfoil at different a.

To further study the structure of the turbulent flow by hot-wire, we chose the point M.
Which was placed exactly behind trailing edge. As noted above, the experiments were
performed for two cases: at constant cross-section and constant distance.

The experimental results are presented as a series of graphs. They show the distribution
of the stream-wise velocity u and standard deviation ¢, normalized by average flow velocity
U depending on the angle of the attack (Fig. 3 a, b, d, ¢). For convenience, the resulting curves
are located relative to the position of the trailing edge at a=0°.

The obtained distributions for the two measurement cases at different angles of attack
have similar behavior. The obtained curves clearly show the developed of the instability
region behind the airfoil. Moreover, relative to the trailing edge, this region is expanding in
direction to the suction side. While at the boundaries of the wake the values of u-U™' and
0,-U is growing. But unlike u-U™! the distribution of o,,-U ! has two local peaks. The largest
of them is shifted to the pressure side. It is because at positive angle a, the vortices which
passing from the suction side interact with the vortices from the pressure side. This leads to
the emergence of a dominant vortex in the general flow. Whereas at ¢=0°, as a result of
delaying boundary layer separation, this feature disappears. In general, sharp changes in the
wake topology are observed after 0>30°. While at 0=0° and a=15° the width and depth of the
wake remain the smallest.
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Fig. 2. The distributions of normalized velocity u-U™! depending on the angle o at li-¢™! = 0.28 and Re
=1.3-10°. The upper part shows the flow velocity distribution surface. Whereas below there are its
projections on the coordinates x and y. The white lines outline the velocity deficit area. The point M is
the position of the measuring behind the trailing edge.

(a) (b) (©)
Pressure side Suction side Pressure side Suction side
.16 0.3 10
—5 14 0.30
g s 8
P 0.25
A B =6
£ 10 5020 B
z T08 & g,
g = 2
£ Toe 0.15
B 0.10 2
<04 3
0.2 i 0.05) 0 N
ol . S . | M
S12-1.0 08-06 04 02 0 02 0.4 06 08 2008060302 0 02 040608 0 005 0.10 0.15 0.20 0.25 030 035 0.40
= z¢! wl
Cl} (©) (6]
14 0.30 10
g 12 025 1 s
g o - 020
B EIN T 6
2 hos 5015 5 =
g = =
Z 06 0.10
s
S ga 0.05 : 2
= 0
0.2 o -~
0 -0.0: -
-12-1.0 0.8-06-04 02 0 02 04 06 08 -12-1.0 -0.8-0.6 -04 02 0 02 04 0.6 08 0.05 0.10 0.15 020 0.25 0.30 035 040

ze! !

0°— 15— 30— 45— 60" TF—
Fig. 3. (a, b, d, €) The normalized velocity u-U™" and standard deviation c.-U™" distribution depending
on angle of attack at I1-c™' = 0.15 and Re =1.3-10°. (c, f) The right two graphs represent probability
density functions of the velocity fluctuations PDF(u) at the measuring point M. The upper (a, b, c)
and lower (d, e, f) graphs show the flow characteristics measured at constant cross-section and
constant distance, respectively. Colored lines and dots respectively reflect the distribution of flow
characteristics and the position of the measuring point depending on variation a.
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The probability density function (PDF(u)) was used to describe the stream-wise fluctuation
at the measurement points M. As generally expected for turbulence, we found that
fluctuations are well described by a Gaussian distribution. In addition, it is clearly observed
that for both measuring cases the average velocity at a<15° is approximately 5 times higher
than at 0>30°.

Thus, we can conclude that the flowing around airfoil is better up to a <15°. Further
increase in the angle of attack leads to the development of an instability region there produces
active perturbations. This phenomenon has a significant impact on the location of the point
where boundary layer separation begins. Many publications are devoted to this issue [12-14].
The researchers note the significant impact of flow separation on the lift and drag
characteristics of the airfoil. That is why each airfoil has an optimal angle of attack. For
symmetrical airfoil in most cases, it is up to 15°. Where the ratio of lift and drag coefficients
will be the highest.

3.2 The power and dissipation spectra

Power spectral density was used to determine the distribution of flux energy intensity
between different scale components at measuring point M. Graphical interpretation of
normalized Eulerian power spectral densities of velocity fluctuations depending on the angle
o at different cases of measuring are shown in Fig. 4 (a, b). For representing the Kolmogorov
dimensionless coordinates were used. The obtained spectrum was normalized by (ev®)!/*
and the wave number k - 7. Where 1, € and v is dissipation scale, dissipation rate and
kinematic viscosity of air 1.5:103 [m?c’'], respectively. The different flow velocity at the
measurement point leads to some shift of the obtained curves relative to the wavenumber.

As is known, according to Kolmogorov's law, the spectral density of turbulence energy
decreases with increasing wave number. As a result, the resulting curve has a slope f=-5/3
[15, 16]. This pattern can be clearly observed for the point M regardless of the angle of attack.
It should be noted that the behavior of the obtained curves for the two measuring cases is
almost the same. The main difference is observed in the inertial subrange at a=30°.
Physically, it characterizes the range where turbulence kinetic energy is transferred from
larger to smaller scales without loss. This is due to the distance between the measuring point
and the trailing edge as the angle of attack increases.
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Fig. 4. Normalized Eulerian power E(k) and dissipation D(k) spectral of stream-wise fluctuations at
point M depending on the angle of attack and case of measurement. The right (a, ¢) and left (b, d) graphs
represent the flow characteristics at constant cross-section and at constant distance, respectively. The
experimental Reynolds numbers was 1.3-10°. Colored lines reflect the value of the angle o.
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In both cases of measurement, the received curves can be divided into two groups. Thus,
before a=15° and after, there is a clear difference in the energy characteristics of the flow
fluctuations. Moreover, for high angles of attack at a>30°, it is almost the same.

In addition, the dissipation spectrum for the measuring points M was found (Fig. 4 ¢, d).
The dissipation phenomenon occurs at high wavenumbers where the smallest vortices
dissipate turbulent energy due to viscosity. The dissipation spectra can be estimated as:

D(k) = 2vk2E(k), (1)

where E(k) is Eulerian power spectral densities [m?c']. While the k = f - ™! is spatial
wavenumber, where u is the average flow velocity at the measuring location.

For non-dimensional coordinates, we used normalization in the form D (k) /n - € and for
wave number k -7. The measuring point M has a classical form of energy dissipation
distribution. The obtained curves in the dissipation interval have a slope f'= 1/3. As in the
energy spectrum, depending on the angle of attack, they have similar distribution groups.
Moreover, the maximum value of dissipation is observed at ¢>30°. This pattern clearly
correlates with the obtained distributions of the flow velocity behind the airfoil

(see Fig. 3 a, d).

3.3 The structure of the turbulent flow at the point

To estimate the structure of turbulent flow (stream-wise component) depending on
positioning of the measuring cross-section and angle of attack, we chose the point M. For this
purpose, we used a methodology that is well described in the paper [17]. The authors used
correlation time analysis to evaluations the mean temporal and spatial scales of turbulent
flows. Where Ty and Lg characterize the average duration and lifetime of vortices,

https://doi.org/10.1051/matecconf/202134500034
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respectively. While the second-order Eulerian longitudinal structure-function was used to
estimations the dissipation rate €.

Using the obtained values of ¢, the dissipation scale # and the dissipation time 7, are
estimated from classical relations:

n=3/e)* 2

T, = (v/e)'/? 3)

Also we found the Reynolds number based on the Taylor micro-scale:
Ry = (o, )/v 4)

where A =o0,/15v/e is the Taylor micro-scale of the flow. While

oy = \/ N-1YN-1(u; — w)? is standard deviation of the streamwise velocity. Accordingly N
and u; is the total number of points in the data set and instantaneous velocity at the measuring
location, respectively.

The calculated parameters of the turbulent flow at the point M depending on the angle a
shown in Fig. 5.
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Fig. 5. Characteristics of turbulent flow in point M depending on the angle of attack at Re =1.3-10°.
The red triangle and the blue circle indicate the measurements at the constant cross-section and at the
constant distance, respectively.

The obtained distributions of T%, ¢ #, and 7, regardless of the measuring case, have similar
dynamics. Accordingly, their maximum and minimum value at a=75° placed around ¢ = 450
m?-s3, =55 pm and 7, = 0.2 ms. Whereas at o >45°, we can see some differences in the
distributions of o, U/, Lg, A, and R;. The obtained values at the constant distance, in contrast
to the constant cross-section, are reduced. For example, in the first and second measuring
cases, the value of Taylor microscale Reynolds number at a=75° is R;~ 800 and R; = 320,
respectively. A similar trend is also observed for ¢,-U™".

It should be noted that the maximum value of the lift coefficient at low Reynolds number
for NACA 0012 is observed at a=45° [18]. Thus, it is possible to make assumptions about
some relationship between the structure of the turbulent flow and the lift coefficient.
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4 Conclusion

The wake topology and structure of the turbulent flow behind NACA 0012 airfoil was
investigated. Accordingly, the 9116 series NetScanner system and hot-wire anemometry with
probe 55P15 were used for this purpose. The experimental studies are conducted at low
Reynolds numbers Re ~1.3-10° and angles of attack up to 75° with a step of 15°. Two
positions of measuring sections were used in the study. In the first case, with a constant cross-
section, the position of which does not change at variations of the angle of attack. Whereas
in the second, the distance from the trailing edge to the measuring cross-section was constant.
Based on the obtained experimental data, several graphical distributions were obtained to the
flow velocity and standard deviation. This allowed us to clearly evaluate the wake topology
behind airfoil. We found that regardless of the measurement case, the obtained curves are
grouped depending on the angle of attack. Thus, we can conclude that the flowing around the
airfoil is better up to a<15°. A similar trend is observed in the case of analysis of power and
dissipation spectra.

To assess the structure of the turbulent flow, the measuring point behind the trailing edge
was chosen. Depending on the measuring cases the obtained data have some differences in
the distribution of integral length scale, Taylor micro-scale and Reynolds number based on
the Taylor micro-scale. The obtained values at 0>45° and the constant distance, in contrast
to the constant cross-section, are reduced.

In general, the analysis showed a certain relationship between the parameters of turbulent
flow and the aerodynamic characteristics of the airfoil. The obtained data clearly indicate the
position of the optimal angle of attack a =15° for the NACA 0012 airfoil.

This work was supported by the project of Technology Agency of the Czech Republic TACR No.
TH02020057 “Program Epsilon” and the Internal Doctoral Educational Grant programme (IDEG).
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