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Abstract
The article presents the results of experimental studies of non-stationary integral and distributed
aerodynamic characteristics one of the helicopter airfoil in stationary and non-stationary modes. The
stationary mode is a fixed airfoil in a uniform steady airflow. The non-stationary mode is an airfoil oscillating
in the pitch in a uniform steady airflow. The investigations were carried out in the vertical, closed-circuit
TsAGI wind tunnel with an open test section. The tests were carried out at Reynolds numbers Re = 270,000
and 540,000; at reduced frequencies from 0.06 to 0.26.
A particular feature of the research was the use of two methods for determining aerodynamic characteristics,
namely: a direct method of measuring forces using balance and calculating forces by integrating the
pressure distribution along the chord. The obtained results are compared with each other, their satisfactory
agreement in the stationary mode is shown.
Another feature of the research was the analysis of pulsations of forces and pressures on the airfoil surface.
In particular, using the wavelet analysis, a phenomenon called "frequency explosion”, specific of dynamic
stall of the flow, is demonstrated.

Keywords: Pitching Airfoil, High Angle of Attack, Dynamic Stall, Wind Tunnel, Wavelet.

Nomenclature 1. Introduction

CxF, CyF, mzF - aerodynamics coefficients Dynamic separation of the boundary layer has a

obtained by direct force measurements;

CyP, CxP, mzP - aerodynamics coefficients
obtained by integrating the pressure distribution
measurements;

8 — angle of the wing pitch;

b — chord of wing;

Re — Reynolds number;

A — amplitude of the wing oscillations in pitch;
f — frequency of the wing oscillations;

T=1/f — period of the wing oscillations;

V — flow velocity in the wind tunnel;
bf
k=Tt v reduced frequency;

C, — pressure coefficient;

o — standard deviation (root mean square).

decisive influence on the unsteady aerodynamics
of the loading surfaces at large angles of attack, in
particular on the wings of maneuvering planes, on
turbine blades of jet engines and on helicopter‘s
blades.

In the case of helicopters, a dynamic stall
occurs on the retreating blades, which operate at
large angles of attack to compensate for their low
velocities relative to the flow. Such a local stall is
one of the sources of vibration of the entire
main/tail rotor, can worsen the load of the blades
and even cause a phenomenon similar to the
instability (stall flutter).

To calculate the characteristics of the
main/tail rotor of the helicopter, semi-empirical
methods are used, for which experimental
unsteady aerodynamic characteristics of the
helicopter profile are needed.

Note that for oscillations in the pitch angle,
the non-stationary ones are considered to be
characteristics corresponding to the reduced
frequency greater than 0.05 [1]. Characteristics at
lower reduced frequencies are usually called
guasi-steady.

Unsteady airloads can be measured using

Page 1 of 9

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018
This work is licensed under the Creative Commons Afttribution International License (CC BY). Copyright © 2018 by author(s).


mailto:spintest@Tsagi.ru
mailto:spintest@Tsagi.ru
mailto:spintest@Tsagi.ru
mailto:Ruslan.Mirgazov@Tsagi.ru

direct time-resolved force measurements, but this
typically requires a dynamic calibration of the
force balance system to separate the structural
and aerodynamic responses to unsteady
aerodynamic forcing. Direct force measurements
measure global loads acting on an entire model
and do not allow for localization of sources of
unsteady loading at specific regions along the
chord. Time-resolved (i.e., unsteady) surface
pressure measurements, however, provide a
means to study the separated (and separating)
flow characteristics and can be integrated to
determine the impact o f the flow features on the
unsteady airloads. For example, unsteady surface
pressure measurements have been used to study
airfoil buffeting and the development of static stall
[2], [3]. In these studies, fluctuations in lift and
pitching moment were found to be greatest post-
stall (a=15°) and decrease in magnitude as angle
of attack is increased (a>20°) [3].

In this paper, the results of measurements of
steady and unsteady airloads, both with the help
of pressure integration, and with the help of direct
measurements of forces and pitching moment are
presented.

2. Experimental setup

In order to accumulate experimental data on the
aerodynamic characteristics of profiles during their
unsteady behavior, including the conditions of
dynamic stall, the “Dynamic Wing” rig was
developed at TsAGI. Wind tunnel tests were
performed on a one of a helicopter profile pitching
in deep dynamic stall conditions. Figure 1 shows a
general view of the wing model with the profile
being studied, and Figure 2 is a general view of
the wing model on the “Dynamic Wing” rig.

The rig allows testing of models of wings with
achord b = 0.1 ... 0.3 m and a span of 0.9 m,
installed both between the circular plates with a
diameter of 0.6 m, and without them. The tests
are carried out at the flow velocity in the range V =
0..30m/s.

The rig performs static and dynamic tests of
the wing model. In dynamic tests, the pitch angle
of the wing changes according to the harmonic
law: 8 = 6, + cos(wt). The oscillation frequency of
the wing changes in the range f = 0 ... 10 Hz, the
amplitude of the oscillations is 0 ... 10 degrees.
The average pitch of the oscillating wing may vary
from O to 360 degrees.

Aerodynamic characteristics of helicopter
profiles are usually obtained from the pressure
distribution measuring results in the section along
the surface of the wing model or from the results
of determining the aerodynamic forces and
moment acting on the weighed compartment

located in the middle part of the tested wing
model. In this paper, aerodynamic characteristics
of a one helicopter profile are presented for
steady Cx(8), Cy(8), mz(B) and unsteady Cx(6(t)),
Cy(6(t)), mz(B(t)) conditions, obtained by both
methods and compared. For this, tests were
carried out with a wing model equipped with a
weighted compartment and installed blocks with
pressure sensors to determine the pressure
distribution in the section of the wing model.

The axis of oscillations of the wing model and
the weighted compartment is located at a distance
of 25% of the chord.

The central section of the weighed
compartment and the section with drainage holes
are located on different sides of the central
section of the wing model at a distance up to 100
mm.

Geometrical parameters of the wing model:
length 0.9 m, chord 0.2625 m, area 0.236 m 2,
aspect ratio of the wing is 3.44. Geometric
parameters of the weighted compartment: length
0.15 m, chord 0.2625 m, area 0.039 m 2. The
determination of the pressure distribution was
carried out by means of two units with pressure
sensors KDC-24. The total number of points in the
section of the wing model is 48: 24 points on the
upper surface and 24 points on the bottom
surface.

Figure 2: General view of the wing model on the
“Dynamic Wing” rig.

Page 2 of 9

Presented at 44th European Rotorcraft Forum, Delft, The Netherlands, 19-20 September, 2018
This work is licensed under the Creative Commons Attribution International License (CC BY). Copyright © 2018 by author(s).



The tests were carried out at flow velocities in
the wind tunnel V = 15 m/s and 30 m/s, which
corresponds to the value of Reynolds numbers
are Re = 270000 and Re = 540000. Static tests
were carried out at wing's pitch angles varying
from -6° to 35° and back, as well as from 6° to -
35° and back. Dynamic tests were carried out at
two amplitudes of wing oscillations A = 5°, 10°
and at frequencies f = 2.5 and 5.0 Hz, which
corresponded to the reduced frequencies k =
0.06, 0.13, 0.26 at the above flow velocities. The
average angles of the wing pitch 6, are -25°, -20°,
-16°, -15°, -14°, -13°, -12°, -10°, -5°, 0°, 5°, 10°, -
12°, -10°, -5°, 0°, 5°, 10°, 12°, 13°, 14°, 15°, 16°,

20°, 25° (sequential pass with constant
oscillations).
3. Results

After processing the force and pressure
distribution measurements the following results
were obtained.

3.1. Stationary mode

Steady characteristics are Cx(8), Cy(6), mz(8)
functions of pitch and polar-functions. Fig. 3
shows the wing polar-function CyF(CxF) from
direct measurements and CyP(CxP) from the
pressure distribution measurements. One can see
that they are in good agreement, with the
exception of the region of minimum values of Cx,
where CxP exhibits small negative values, which
are not accounted for by surface friction when
calculating Cx from the pressure distribution.

In Figures 4 and 5 show graphs of the CyF(6)
and CyP(0) for Reynolds numbers Re = 270,000
and 540,000. It can be seen that the difference in
coefficients with increasing and decreasing
positive pitch angle is the so-called hysteresis
effect. The magnitudes of Cy coefficients are the
same for both methods of obtaining them.

Figure 6 shows the graphs mzP(8) and
mzF(8) - the moment of the pitch, obtained from
direct measurements of forces and from
measurements of the pressure distribution. It is
clearly seen that they are in a good agreement.
Also there is a hysteresis visible at positive
angles.

Figures 7 and 8 show the pulsations (20) of
the aerodynamic coefficients CxF, CyF, mzF at
different pitch angles. The conclusions of [3] are
confirmed, that pulsations are maximal after the
start of detachment and decrease with the further
angle increasement.
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The Appendix gives diagrams showing the
pulsations (20) of the pressure coefficient Cp at
different points along the airfoil chord. Tables 1A
and 2A (Appendix) show the coordinates of the
points of the drainage holes for measuring the
pressure at the top (Table 1A) and the bottom
(Table 2A) of the airfoil surface. Figure 1A and
Table 3A correspond to the mode Re = 270000,
mostly positive pitch angles. Figure 2A and Table
4A correspond to the mode Re = 270000, mostly
negative pitch angles. Figure 3A and Table 5A
correspond to the mode Re = 540000, mostly
positive pitch angles. Figure 4A and Table 6A
correspond to the mode Re = 540000, mostly
negative pitch angles.

3.2. Dynamic mode

Dynamic  (non-stationary) Cx(6(t)), Cy(6(1)),
Cmz(B(t)) aerodynamic characteristics are
obtained for the above conditions. Wavelet
analysis (using the Morlet wavelet) of time series
corresponding to the weight parameters and
pressures at the surface points was carried out.
The change in the spectral composition of these
time series is revealed, in particular, the effect of
the “"explosion of frequencies” is observed: the
appearance on the part of the period of frequency
oscillations of the non-multiple frequency of the
profile oscillations.

xUp/b=0.20, k=0.13, 00=12.07 [deg], A=5 [deg]
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Figure 9 shows a scalogramm corresponding
to the pressure at the point of the upper surface
with the coordinate x/b = 0.2 (the reduced
frequency is k = 0.13, the average pitch angle is
00 = 12 degrees, the amplitude of the oscillations
is A=5 degrees), illustrating the effect of the
"explosion of frequencies".

The effect of the “explosion of frequencies” is
understood as follows. In Figure 9, the red
contour-lines are the minimum amplitude of the
scalogramm, and the blue contour-lines are the
maximum amplitudes. It can be seen from the
figure that the oscillation frequency (f = 2.5 Hz) is
present throughout the period, but in the first
quarter of the period, oscillations with frequencies

from 12 to 40 Hz suddenly appear. And the
maximum is 30-32 Hz. In the Appendix, Figures
5A-7A show similar diagrams for two points of the
upper surface and two reduced frequencies. The
diagrams are given both in the format of 2-D
contour-lines, and in 3-D diagram format, on
which the amplitudes are normalized to the
maximum value. It should be specially noted that
att = {0, T, 2T, ..} the pitch angle assumes the
maximum value.

4. Conclusions

As a result of experimental studies of the wing
model with a helicopter profile in stationary and
dynamic modes carried out in the wind tunnel of
TSAGI, the following results were obtained

- stationary averaged aerodynamic coefficients
Cx(B8), Cy(B), mz(B) obtained by two methods:
direct measurement of forces by means of
weights and integration of chord pressure
distribution measured on the upper and lower
surface of the profile using miniature pressure
sensors; the good agreement between the values
of these coefficients obtained by the two ways
indicated above is shown;

- pulsations (20) of the coefficients of forces Cx,
Cy and moment mz from the results of direct
measurements; it is shown that pulsations
reaches their maximum immediately after flow
separation, and with a further increase in pitch
angle, pulsations decreases; the phenomenon of
hysteresis of the coefficients at positive pitch
angles is detected (there are practically no
hysteresis at negative angles);

- pulsations (20) of the pressure coefficients Cp at
different points of the chord are maximal in the
region of the leading and tailing edges;

- dynamic mode demonstrates the effect of
"explosion of frequencies".
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Table 1A — X/b coordinates of drainage

points of the u

per surface of the profile.

Appendix

#P 1 2 3 4 5 6 7 8 9 10 11 12 13
Xb | 1.0 0.96 0.92 0.88 | 0.85 | 0.81 0.76 0.70 0.64 | 0.56 | 0.49 0.42 0.35
#P 14 15 16 17 18 19 20 21 22 23 24 25
X/b | 0.297 | 0.245 | 0.197 | 0.15 | 0.12 | 0.086 | 0.062 | 0.042 | 0.028 | 0.018 | 0.0095 | 0.0029
Table 2A — X/b coordinates of drainage points of the bottom surface of the profile
#P 1 2 3 4 5 6 7 8 9 10 11 12
X/b | 0.94 0.88 0.83 0.76 | 0.69 | 0.62 0.55 0.48 041 034 |0.27 0.21
#P 13 14 15 16 17 18 19 20 21 22 23
X/b | 0.17 0.129 | 0.1 0.076 | 0.057 | 0.043 | 0.033 | 0.024 | 0.014 | 0.008 | 0.0
26(Cp): Upper surface, Re=27000 26(Cp): Lower surface, Re=27000
20(Cp)-contour: Upper surface, Re=27000
25 de — } —
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o5 o .
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Figure 1A
Table 3A
#Angle 6 1 2 3 4 5 6 7 8 9 10 11 12 13
Angle 8 -6° -4° -2° 0° 2° 4° 6° 8° 10° | 11° [ 12° | 13° | 14°
#Angle 6 14 15 16 17 18 19 20 21 22 23 24 25
Angle 6 15° 16° 16° 17° 18° 19° 20° 22° 24° 26° 30° 35°
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26(Cp): Upper surface, Re=27000
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Table 4A
#Angle 6 1 2 3 4 5 6 7 8 9 10 11 12 13
Angle 6 6° 4° 2° 0° -2° -4° -6° -8° -10° | -11° | -12° | -13° | -14°
#Angle 6 14 15 16 17 18 19 20 21 22 23 24
Angle 6 -16° | -16° | -17° | -18° | -19° | -20° | -22° | -24° | -26° | -30° | -35°
26(Cp): Upper surface, Re=54000 206(Cp): Lower surface, Re=54000
Zo(Cp)o 1 20(Cp

#P [-] R 3 10 20 ®_ 10
25 #Angle [-] #Angle [-]
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Figure 3A
Table 5A
#Angle 6 1 2 3 4 5 6 7 8 9 10 11 12 13
Angle 6 -6° -4° -2° 0° 2° 4° 6° 8° 10° 11° 12° 13° 14°
#Angle 6 14 15 16 17 18 19 20 21 22 23 24
Angle 6 15° 16° 17° 18° 19° 20° 22° 24° 26° 30° 35°
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206(Cp): Upper surface, Re=54000
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Table 6A
#Angle 6 1 2 3 4 5 6 7 8 9 10 11 12 13
Angle 6 6° 4° 2° 0° -2° -4° -6° -8° -10° | -11° | -12° | -13° | -14°
#Angle 6 14 15 16 17 18 19 20 21 22 23 24
Angle 6 -15° | -16° | -17° | -18° | -19° | -20° | -22° | -24° | -26° | -30° | -35°
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Figure 5A
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