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Abstract

In this study, the boundary layer velocity profile on the upper surface of a supercritical airfoil in a forced sinusoidal pitching motion
was measured and experimentally investigated. Measurements were performed using a boundary layer rake, including total pressure
tubes positioned at 25 % of the chord far from the leading edge on the upper surface. For static measurements, the effects of the angle of
attack between —3° and 14° and free-stream velocity between 40 " oand 70 L were investigated; for dynamic measurements, the

s s
effects of oscillation amplitude variation between +3° and +10°, reduced frequency from 0.007 to 0.0313, and mean angle of attack be-
tween —3° and 6° were studied during one oscillation cycle. Results indicated that the boundary layer thickness decreased in upstroke
motion. Increasing the oscillation frequency led to the extension of hysteresis loops. Fast Fourier transform was used on pressure signals
to study the amplitude of the dominant frequency in the velocity profile. Spectral analysis showed that the dominant forced frequency of
oscillation in the boundary layer and the amplitude of this frequency were varied by increasing the reduced frequency and other parame-

ters.
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1. Introduction

Studying flow behavior around plane propellers, rotor
blades of helicopters, wind turbines, and highly maneuverable
wings of aircraft is significant. In most cases, forces produced
by an unsteady airflow are considerably higher than those
produced in a steady flow. Therefore, the effects of unsteadi-
ness should not be disregarded.

Since the early 20th century, studies have focused on air-
flow around lifting surfaces. Given the limitations caused by
insufficient experimental, numerical, and analytical instru-
ments, simplifications are mostly applied, which ignore un-
steady sources. Several older studies are listed in Refs. [1-11].

In 1988, Car conducted extensive research on the analysis
and calculation (prediction) of dynamic stall [12]. Kouchesfa-
hani (1989) studied the effect of sinusoidal and non-sinusoidal
waves on an airfoil during pitch oscillation with a small ampli-
tude through the vortex structure of the wake. He determined
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the mean flow velocity in the flow direction by visualizing the
flow and conducting numerical analyses using the laser Dop-
pler velocimetry technique. Kouchesfahani reported that fair
control might be exercised over the wake structure by main-
taining the frequency, amplitude, and oscillating wave form
under control. In addition, he showed that in the case of a high
reduced frequency, the wake turned into a jet-like flow, fol-
lowed by thrust production [13]. In 1998, Ti-Li and Baso per-
formed an experimental study related to a developed unsteady
boundary layer on an oscillating airfoil by utilizing hot film
sensors. In their study, a NACA-0012-type airfoil was se-
lected, and sinusoidal oscillation was measured by 140 points
[14]. In 2003, Leo identified the profile of the boundary layer
in torsional motion when transition occurred. The presented
data provided a good qualitative approximation of the bound-
ary layer. In the same year (2003), Chitoberri and Elright ap-
plied a universal function, in which the wake effects were
considered in an unsteady boundary layer to model the transi-
tion state. The presentation of a dotter model contributed to
predicting the behavior of the boundary layer, such as shear
stress and heat transfer, and led to the development of numeri-
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cal algorithms [15]. Gopalan (2008) conducted a numerical
analysis on micro flyers and achieved a noteworthy and reli-
able result, namely, a code that was applicable to both pitching
and translational motions. The disadvantages of this code in-
clude its limitation in laminar flow, its inapplicability to Rey-
nolds numbers higher than 80000, and the failure to consider
transition in its solution [16]. In 2009, Kong performed a nu-
merical study on the translational and rotational oscillations of
an airfoil within Reynolds numbers ranging from 10000 to
60000 and validated the achieved code through particle image
velocimetry tests. This code also predicted the results for
laminar flow [17]. In 2010, Ghanbari et al. conducted a study
on the effects of the unsteady parameters of flow on the aero-
dynamics of a pitching airfoil in small Reynolds numbers
through a numerical method (limited mass) [18]. In the same
year, Liang et al. performed a numerical simulation based on
the third- and fourth-order spectral difference method and a
non-uniform grid on an airfoil during pitching and plunging
oscillations [19]. In 2011, Fang et al. investigated the bound-
ary layers of an unsteady incompressible stagnation-point flow
with mass transfer. In this study, the similarity transformation
technique was adopted, and the similarity equation was solved
using numerical methods [20]. In 2015, Zheng and Ghate
applied a solution procedure based on two-parameter asymp-
totic expansions in terms of a Blasius parameter and dimen-
sionless time; this solution was presented for a 2D, unsteady
boundary layer over a flat plate [21]. Haghiri et al. studied the
characteristics of the boundary layer, and the transition region
was experimentally investigated through statistical meth-
ods. Results showed that in the shock-free case, the boundary
layer regions were identifiable via statistical analysis, such as
root mean square and skewness, as in incompressible flow
[22]. In 2016, instabilities arising in unsteady boundary layers
with reverse flow were experimentally investigated by Das et
al. [23].

Although extensive research has been conducted in this
field, numerous shortcomings have been observed in studies
regarding unsteady boundary layers, particularly in turbulent
flows. The effects of various quantities of flow on the un-
steady boundary layer should be investigated because these
effects have not yet been defined. Given the lack of sufficient
practical information on supercritical airfoils, the effects of
flow on the boundary layer profile for any design process
should be evaluated. Therefore, static and dynamic tests
should be conducted to examine the effects of unsteady pa-
rameters on the efficiency of airfoils. The present study aims
to verify the dependency of boundary layer thickness on the
reduced frequency and amplitude of pitching motion.

2. Instruments and test methods

Experiments were conducted in a low-speed, closed-circuit
wind tunnel with a rectangular test section of 80x80x200 cm’.
The test section speed varied continuously from 10 m/s to 100
m/s at Reynolds numbers of up to 1.2x10° The tunnel inlet
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Fig. 1. Overall view of the wind tunnel used in the experiment.

Fig. 2. Section of the supercritical airfoil.

had a contraction ratio of 7:1, with four large, anti-turbulence
screens and a honeycomb in front of the contraction to reduce
tunnel turbulence intensity to less than 0.2 % in the test sec-
tion at all speeds [24]. Fig. 1 shows a general view of the wind
tunnel.

The model was a supercritical airfoil, which had a 30 cm
chord and an 80 cm span made of PVC with a metal core. A
steel axis was devised within the model at a quarter of the
chord away from the leading edge to generate pitching oscilla-
tion. Fig. 2 presents the section of the supercritical airfoil (SC-
410).

A rake with small pitot pressure tubes (0.6 mm in diameter)
was used to measure the pressure distribution, and conse-
quently, the velocity distribution of the boundary layer. This
rake was completely attached to the model surface.

Pressure transducers, with an excitation voltage of 8-16 V,
an output voltage of 1-6 V, a pressure range of +1 psi, and a
response time of 1 ms, were used. The output voltage was
transferred to a 12-bit, 64-channel analog-to-digital data ac-
quisition board.

An AC electromotor with a crank system was applied to
generate sinusoidal pitching motion. The frequency of motion
could be adjusted by changing the frequency of rotation of the
electromotor via an inverter. The amplitude of rotation was
varied linearly by changing the length of the crank link.

A digital pulse counter was used to measure and monitor
the instantaneous angle of attack. The analog output of this
counter was introduced into the A/D board as an external trig-
ger.

The model, through its shaft and rake, was fastened onto an
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Fig. 3. Front view of the model and the rake in the test section.

interface circular plate on the tunnel wall. The interface plate
was attached to the rotary system, which was located behind
the tunnel wall. Consequently, the crank system rotated the
interface plate, rake, and model together. Fig. 3 shows the
position of the model and the rake in the test section.

Data were collected by placing a pressure rake on the airfoil
surface and connecting the pitot pressure tubes of the rake to
the transducers during oscillation.

The model and the rake were attached to two rotary plates,
such that they were fixed to each other but oscillating together
to create oscillating motion.

Two types of tests (static and dynamic) were conducted. In
the static tests, the angle of attack and the free-stream velocity
were the adjustable parameters during oscillation; in the dy-
namic tests, the amplitude of oscillation, reduced frequency,
and mean angle of attack were the adjustable parameters.

The authors used the equation introduced in Ref. [25] to
consider the uncertainty in the velocity profile of the boundary
layer and to disregard the measurement and linearity errors of
the sensors. Bios error and method precision were the most
important sources of errors in the experimental studies. Uncer-
tainty analysis was performed in the boundary layer problem
using the following equation:

B
B By Sy e Loy,
u 2Av 2p 2s

where By, is the maximum error produced by the electronic
devices, B, is the maximum error generated via the density
changes during the test, Bg is the maximum error of the cali-
bration slope, Av is the voltage change, p is the density, and S
is the calibration slope.

The maximum calculated error using the preceding formula
at a velocity of 50 m/s was approximately 5 %.

3. Test results

The static condition results are first discussed in this section,
followed by the dynamic condition results. In all the tests,
total pressure was measured using the boundary layer rake,
and velocity profile was calculated using total and static pres-
sures. Static pressure was assumed to be nearly constant
across the boundary layer.
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Fig. 5. Boundary layer profile at 25 % chord and 10°.

3.1 Static test results

All data were acquired via the boundary layer rake posi-
tioned on the upper surface of the airfoil with a distance of 1/4
chord from the leading edge. In all the cases, free-stream ve-
locity was varied between 40 m/s and 70 m/s, and the angle of
attack was varied from —5° to 12°.

Given the wall thickness of the rake tube, the closest point
of the velocity profile to the surface was located at 0.6 mm far
from the surface in figures.

Fig. 4 shows the boundary layer profile for angles of attack
of —5° to 12° at a velocity of 50 m/s. The boundary layer did
not increase significantly in angles of attack less than 5°. This
slight increase might be attributed to airfoil geometry because
supercritical airfoils were slightly curved on the top, which
caused an insignificant pressure gradient, and consequently,
minimized boundary layer growth. Therefore, the pressure
tubes could not detect any remarkable change in pressure. For
other velocities, the boundary layer also exhibited the same
behavior.

Fig. 5 illustrates the boundary layer profile at various free-
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Fig. 7. Wind tunnel turbulence intensity.

stream velocities and an angle of attack of 10°. As velocity
increased, boundary layer thickness decreased. The velocity
increase would provide considerable energy to flow and
caused the later separation.

Fig. 6 shows the boundary layer thickness versus the angle
of attack under different velocities. As indicated in the figure,
increasing the angle of attack led to an increase in the thick-
ness of the boundary layer under all velocities, whereas in-
creasing the velocity led to a decrease in the thickness of the
boundary layer for all the angles of attack.

The increase in boundary layer thickness at velocities of
40 m/s and 50 m/s might be related to the turbulence intensity
behavior at these velocities in the wind tunnel test section. As
shown in Fig. 7, the turbulence intensity at a velocity of 40
m/s was higher than the others.

3.2 Dynamic test results

An extensive experimental investigation was conducted on
an oscillating airfoil in pitching motion over a range of re-
duced frequencies, k = 0.007 to 0.031, and various oscillation
amplitudes. The boundary layer on the upper surface of the
airfoil at one quarter of the chord was measured at Reynolds
numbers 0.78x10°.

Fig. 8 depicts the samples of the velocity signals for seven
pitot tubes of the boundary layer rake when the maximum
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Fig. 8. Instantaneous velocity vs. time (K =0.0313, d =+10, a0 = 2).
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Fig. 9. Standard deviation graph for K =0.0313, d =+ 10 and a0=2.

angle of attack is near the static stall angle and the mean angle
of attack is zero. As shown in the figure, velocity fluctuations
continued up to a height of 1.5 mm above the airfoil surface.

Standard deviation was adopted to determine the point that
underwent the most turbulent flow field. In Fig. 9, the point
with the highest standard deviation in the oscillating mode
was found to be 0.7 mm far from the airfoil surface.

The dominant frequency was calculated at the most turbu-
lent point via Fourier transform to determine the extent to
which airflow in the boundary layer was affected by airfoil
oscillation.

Fig. 10 illustrates a sample of the Fast Fourier transform
(FFT) for a position in the boundary layer with the maximum
standard deviation. The largest amplitude belonged to the
oscillation frequency of 1.7 Hz, which corresponded to the
reduced frequency of 0.0313. Therefore, the turbulence gener-
ated in the flow by airfoil motion permeated into the boundary
layer.

An oscillation period was divided into eight equal parts to
analyze the instantaneous boundary layer profile and to avoid
a large mass of data. Fig. 11 and all the subsequent figures
were studied using these intervals.

Fig. 12 presents a sample of the boundary layer profile, with
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Fig. 12. Velocity boundary layer at a free-stream velocity of 50 m/s in
T/8 for K=0.0313,d=+10 and a0 = 2.

a reduced frequency of 0.0313, an oscillation amplitude of 10°,
and a mean angle of 2°. As the figure illustrates, the boundary
layer growth in the upstroke motion of the airfoil has a steeper
gradient than that in the downstroke motion.

Fig. 13 illustrates the boundary layer thickness. As shown in
the figure, a difference exists between the thickness of the
boundary layer in upstroke and downstroke motions at each
reduced frequency. This difference creates hysteresis loops in
one oscillation period. During an upstroke motion, the thick-
ness of the boundary layer decreases.

Fig. 14 shows the amplitude of the dominant frequency in
FFT versus oscillation amplitudes of £3°, £5° and +10° for

Angle of Attack (degree)

Fig. 13. Boundary layer thickness vs. instance angle of attack at a free-
stream velocity of 50 m/s for K=0.0313,d =+10 and a0 = 2.
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Fig. 15. Dominant frequency vs. mean angle of attack.

various mean angles of attack at different reduced frequencies.
As shown in this figure, the amplitude of dominant frequency
does not change significantly with the mean angle of attack.
The oscillation amplitude is the most important criterion that
influences perturbation on the boundary layer. Therefore, in-
creasing the mean angle of attack has no influence on pertur-
bation. By contrast, increasing reduced frequency reduces the
amplitude of the dominant frequency. In all the oscillation
frequencies, when the angle of attack is greater than zero, an
increase in the oscillation frequency leads to a decrease in the
amplitude of FFT. In addition, an increase in oscillation am-
plitude causes gentle gradient of changes. At mean angles of
attack of —3°, 0° and 2°, the amplitude of FFT increases; at a
mean angle of attack of 6°, it does not change significantly. At
higher angles of attack, the vortices do not enter the boundary
layer from the leading edge.

In Fig. 15, the dominant frequency in the FFT versus oscil-
lation amplitude in angles of attack of —3°, 0° and 6° is pre-
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Fig. 17. Change in boundary layer thickness vs. instance angle of at-
tack for d =43 and a0 =2 at 25 % chord.

sented. The mean angle of attack has no effect on the ampli-
tude of the dominant frequency range, whereas the oscillation
frequency has a major effect on the amplitude of the dominant
frequency range. That is, the boundary layer exhibits higher
sensitivity to oscillation frequency.

The chart illustrated in Fig. 16 shows the boundary layer
thickness versus the angle of attack. The oscillation amplitude
is 3° for a mean angle of attack of —3, and different reduced
frequencies are discussed. Neither the change in the thickness
of the boundary layer nor the growth of the boundary layer at
the aforementioned oscillation amplitude and mean angle of
attack is significant. This result is attributed to the presence of
a negative angle of attack during most of the oscillation period.
The measurement of the boundary layer is restricted by the
measuring instrument because the boundary layer in this con-
dition is extremely thin. No growth of the boundary layer is
observed in most cases, which have negative angles of attack
independent of the amplitude and frequency of motion.

The boundary layer thickness versus the angle of attack in a
complete oscillation period with an amplitude of 3° for a mean
angle of attack of 2° is presented in Fig. 17. The figure shows
that the difference between boundary layer thickness in the
upstroke and downstroke motions causes the formation of
hysteresis loops. This phenomenon occurs as a result of a
phase lag caused by low time scales in the boundary layer.
Hence, as the reduced frequency increases, the hysteresis
loops widens, and consequently, lag is increased in the bound-
ary layer. In addition, boundary layer thickness in the upstroke
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Fig. 18. Change in boundary layer thickness vs. instance angle of at-
tack for d = +3 and 00 = 6 at 25 % chord.
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Fig. 19. Change in boundary layer thickness vs. instance angle of at-
tack for d = +5 and 00 = 0 at 25 % chord.

motion is less than that in the downstroke motion. In both
phases, however, thickness is more than that in the static mode
because of the apparent mass transferred in the dynamic case.

Fig. 18 shows the boundary layer thickness versus the angle
of attack in a motion with an amplitude of 3° at a mean angle
of attack of 6°. In comparison with the previous graph, a lar-
ger difference in thickness is observed because of the increase
in the angle of attack. In the two reduced frequencies of 0.007
and 0.01 and an angle of 7°, the thickness of the boundary
layer in the upstroke mode is more than the static value; in the
downstroke mode, the thickness is less than the static value.
This result is attributed to the apparent mass transferred in
dynamic motion, which is absent in the static test.

As shown in Fig. 19, the variation in the boundary layer
thickness in an oscillation with an amplitude of 5° for 0 mean
angle of attack, leads to the formation of hysteresis loops dur-
ing the motion. In the upstroke motion, an increase in the an-
gular moment causes the thickness of the boundary layer to
decrease. This decrease reaches the greatest value when the
reduced frequency is 0.007.

The boundary layer thickness versus the angle of attack in
the pitching motion with an amplitude of 10° for 0 mean angle
is shown in Fig. 20. At a reduced frequency of 0.007, nar-
rower loops are formed compared with those in the other three
reduced frequencies. This result indicates that as oscillation
amplitude increases, the volume of the apparent mass and this
parameter are introduced by the reduced frequencies and wid-
ened the hysteresis loops.
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Fig. 20. Change in boundary layer thickness vs. instance angle of at-
tack for d =+10 and 00 = 0 at 25 % chord.

4. Conclusions

The boundary layer of a supercritical airfoil under the effect
of sinusoidal pitching motion was investigated by measuring
total pressure in the boundary layer. The results of the static
studies showed that boundary layer thickness increased as the
angle of attack increased. For angles of attack less than 4°, no
measurable effect was observed on the boundary layer that
could be attributed to the measurement method. Spectral
analysis indicated that the oscillation frequency was the most
dominant frequency within the boundary layer.

For dynamic tests, the spectral analysis showed that the sen-
sitivity of the oscillation amplitude was a function of oscilla-
tion frequency, and the oscillation amplitude of the airfoil did
not have significant effects on the pressures measured at the
boundary layer.

A higher mean angle of attack of the airfoil forced the
boundary layer to be more under the influence of the oscillat-
ing motion of the airfoil, and a wider hysteresis loop was
formed.

The changes in the thickness of the boundary layer were
nearly imperceptible in angles 0° and —3°, with all the fre-
quencies and amplitudes of oscillation.

All the dynamic results implied that the thickness of the
boundary layer in one oscillation cycle decreased in the up-
stroke motion and increased in the downstroke motion of the
airfoil.

For angles of attack of approximately 6° or greater, the
boundary layer thickness was less than its value in the static
test. This result was attributed to the effect of the apparent
mass and phase lag, which was generated in dynamic motion.
The flow was still before the dynamic stall zone.
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Nomenclature

T : Period of time

0 : Mean angle of attack
f : Frequency of oscillation
c : Chord
U, : Free-stream velocity
k= zre : Reduced frequency
u’)C
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