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Abstract This study considers the effect of kinematics on the aerodynamic loads and flow
structure around moving blades of micro air vehicles (MAVs) in deep dynamic stall. The
transversal (pure heaving) and rotational (pure pitching) motions are considered distinctly to
investigate the dynamic stall. An equivalent effective angle of the attack profile is given to both
motions. This method helps to figure out the influence of kinematics on flow structures when all
boundary conditions and effective angles of attack profiles are the same. An experiment is
conducted in fully turbulent flow at Re = 1.5x10" to avoid any transition regime in the boundary
layer, and make the results relatively independent of the flow characteristics. A NACA 0012
airfoil is chosen at high reduced frequencies (k = 0.25 and 0.375) and high angles of attack to
reach deep dynamic stall conditions. Additionally, time-resolved particle image velocimetry
(PIV) and post-processing are used to compute the aerodynamic loads using a control-volume
approach. The flow field is also reconstructed using proper orthogonal decomposition (POD) to
separate the flow structures in different modes. It is shown that the kinematics can significantly
influence the flow structure and aerodynamic loads. In the pre-stall region, the pure pitching
motion usually produces higher lift force, while the pure heaving motion has a higher lift peak.
However, in the post-stall region, the pure heaving motion usually has higher lift than the pure
pitching motion. The pure heaving motion produced lower drag force than the pure pitching
motion. For pure heaving motion, the POD analysis reveals there is a high-energy mode in the
flow structure that helps to make the vortices more stable compared to pure pitching motion.
Furthermore, the pure heaving motion adds extra kinetic energy to the boundary layer, which
decelerates the reversal flow and the transfer of the separation point on suction side of the
airfoil.

1. Introduction

Dynamic stall is one of the important phenomena in unsteady aerodynamics, especially in the
micro air vehicles (MAV). Dynamic stall is associated with the dynamics of the blades/wings,
which show large hysteresis in aerodynamic loads. Compared to static stall, dynamic stall nor-
mally occurs at a higher angle of attack, which affects the aerodynamic behavior of the
blades/wings [1-3]. Dynamic stall can result from any variation in the blade motion or flow pat-
tern. For example, in the case of MAV, unsteadiness in the flow velocity or direction and thus
dynamic stall can result from yawing, the wake from upstream rotor blades/wings, or large-
scale turbulence [1]. Other significant reasons for dynamic stall are oscillation of the
blades/wings, and changes in their pitch angle (for controlling power loads) [4, 5].

Hirano et al. [6] experimentally investigated dynamic stall behavior by smoke visualization.
They indicated that the locations of the flow separation for a moving foil and hence the load
variations can vary, in contrast to a static foil, where the flow reversal and separation mostly
occur at a constant location. Dynamic stall is unavoidable in rotating blades. Dynamic stall has
been studied extensively for pure pitching foils [3, 7-14]. A mushroom-like wake structure
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occurs at low reduced frequencies (typically k < 0.2) due to
the initiation, formation, and shedding of the leading edge
vortex (LEV) and its interaction with trailing edge vortex (TEV)
[14]. At higher reduced frequencies, the interaction between
LEV and TEV changes and produces a jet-like wake structure,
which is representative of inverse von-Karman streets [15].
Jones et al. [16] numerically and experimentally investigated
the pure heaving motion and found jet-like wake structure at
sufficiently high pure heaving velocities. Young and Lai [17]
numerically investigated the pure heaving motion of NACA
0012 foils over a range of reduced frequencies and pure heav-
ing amplitudes, which significantly impact the aerodynamic
features in dynamic stall.

Lift and thrust can be enhanced by a combination of pure
heaving and pure pitching with a specific difference in phase
angle between the pure heaving and pure pitching motions [18-
27]. This difference in phase angle also has a great effect on
propulsion performance [19]. Ashraf et al. [20] numerically in-
vestigated the effect of the thickness and camber of a pure
heaving and pure pitching airfoil's over the range of Re = 200-
20000. Karbasian et al. [22] numerically investigated the per-
formance of a pure heaving/pure pitching airfoil with different
kinematics. They found that the kinematics of a flapping airfoil
has a significant impact on the propulsion performance, and it
can be applied to improve power extraction using flapping en-
ergy convertors [28].

The kinematics can influence the flow pattern and vortex
structure and lead to aerodynamic changes in equivalent
conditions. This study examines both pure heaving and pure
pitching motions in order to see what the effect of kinematics
is on the flow structure and hence, aerodynamic loads. An
analogous effective angle of attack profile was specified, and
motion characteristics of pure heaving and pure pitching mo-
tions are set to have equivalent profiles of the angle of attack.
The kinematics of these motions was examined using the
same conditions to determine the influence of kinematics on
dynamic stall. For this purpose, the flow field in deep dynamic
stall was quantitatively visualized using particle image ve-
locimetry (PIV).

2. Physical model

Dynamic stall in MAVs can result from transversal vibration
of the blades, pure pitching, yawing, variations in fluid velocity
and even dynamic behavior of the blades/wings [4, 5]. Consid-
ering different types of kinematics could provide detailed infor-
mation on the flow structures, loads and flow control to prevent
undesirable phenomena. In pure pitching motion, the airfoil
rotates around a pivot point (or axis), and the angle between
incident flow and chord line changes continuously. In pure
heaving motion, the airfoil has transversal motion, which can
perturb flow behind the airfoil. The direction of this motion with
respect to the free stream flow creates an angle between the
overall flow direction and the chord line. The kinematic motions
are shown in Fig. 1. According to Fig. 1(a), the pure pitching
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Fig. 1. Schematic of pure pitching and pure heaving motions, and their
related angle of attack function.

motion of a blade occurs around the main axis (the z coordi-
nate) connected to the hub. In MAVSs, this motion is used to
control the propulsion at different speeds. Due to the elasticity
of the MAV’s blades/wings, the blades start to fluctuate (usually
in y direction). The continuous bending of blades leads to recip-
rocal motions along the y direction. As shown in Fig. 1(b), the
pure pitching motion forms an unsteady angle 8 with the free
stream velocity, U, and the mean angle of attack is a,. The
combination of these two angles determines the effective angle
of attack, a. In Fig. 1(c), the airfoil has pure heaving motion
(up/down motion in the y direction) with pure heaving velocity
denoted by dh. The pure heaving velocity and free stream
velocity components also form a variable angle, 8, which de-
termines the effective angle of attack, a, along with the mean
angle of attack.

The pure pitching motion of the airfoil introduces a sinusoidal
effective angle of attack, aj, as a function of time:

a,(1) = o, + p(0) ()
L) =, sin(ax)

where a,, f, and t are pitch amplitude, oscillating frequency and

operating time, respectively. The oscillation frequency can be

determined by the reduced frequency k:

k=22 )

where ¢ is the chord length of the airfoil. The reduced fre-
quency represents the ratio of the convective time scale and
the forced oscillation time scale [29].
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In the case of pure heaving motion, transversal motion of the
airfoil with a constant initial angle forms an angle with the free
stream velocity and determines the effective angle of attack.
Based on the kinematics of the pure heaving airfoil, the motion
equation can be calculated as follows:

h(t)=h,_sin(ar) 3)

where h,, is the pure heaving amplitude. This motion equation
can introduce a new form of effective angle of attack for pure
heaving motion, and it represents the angle of incident flow
with the airfoil's chord line as follows:

o, () =a, +ﬁ(t)
Bt)=tan™ {(Zh’” cos(a)t)} ) @)

0

Two distinct kinematic motions with different features are in-
troduced. In this study, the airfoil has two distinct kinematic
motions with the same effective angle of attack profile (a, = ay).
When all relative motions are the same for pure heaving and
pure pitching motions, the aerodynamic loads and flow struc-
tures may change. Any difference between the results of pure
pitching and pure heaving motions can be attributed to a new
concept regarding the influence of kinematics on the flow struc-
tures. This allows us to consider the effects of kinematic mo-
tions on the aerodynamics of airfoil in deep dynamic stall.

3. Experimental setup
3.1 Test tunnel

To perform the experiment it is decided to develop experi-
mental setup and measure flow in wind tunnel. A 7.5-kW wind
tunnel with a rectangular test section was used for the experi-
ment. The test section is 0.4 m high and 0.4 m wide. A set of
honeycombs and a stainless-steel screen were used in the
settling chamber prior to test section to reduce turbulence in-

tensity and provide a uniform flow distribution in the test section.

The free stream velocity was set to 2 m/s with turbulence in-
tensity less than 0.5 %. According to Kim and Xie [1], the free
stream turbulence has a more significant effect on aerody-
namic loads in comparison to laminar free stream flow. There-
fore, a turbulence generator was also installed upstream,
where the measured turbulence intensity was 3 %. However,
significant measurement errors can occur if the flow is laminar
or has low turbulence intensity due to any external effect or
dynamic motions at high reduced frequencies (such as the
kinematics, surface roughness, endplates, and so on). When
the laminar flow reaches the airfoil surface, regimes of laminar,
transition, and turbulent flow occur in the boundary layer.
Therefore, any small disorder may change the location of the
transition or separation points. The advantage of having up-
stream turbulent flow is that there is no concern about the tran-
sition regime in the boundary layer over the suction side of the

Wind tunnel
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Fig. 2. Small wind tunnel used for the experimental study.

airfoil. On the other hand, an airfoil subjected to free stream
turbulence is less dependent on the Reynolds number than
one subjected to smooth and laminar flow [1]. This also helps
us to explain the results for flows with higher Reynolds num-
bers. Therefore, installing this turbulence generator assures
that the flow is fully turbulent with a specified intensity.

The airfoil considered is a NACA 0012 with a chord length (c)
of 0.07 m and aspect ratio of 2. End plates are used to elimi-
nate the free-surface and wall effects on the flow over the airfoil.
This also assures that the span-wise flow would be negligible.
Fig. 2 shows the wind tunnel and airfoil installed in the test
section. A rectangular control volume bounds the airfoil with
control surfaces B1, B2, B3 and B4. The boundary conditions
are shown for each control surface. U is the fluid velocity with
two components u and v. Upstream, the flow is uniform with
the same velocity as the free stream velocity in the test section,
U, n is a unit vector that is perpendicular to the control sur-
face. Points A, B, and C in the control volume are aligned verti-
cally near the leading edge of the airfoil. These points are the
locations of the flow measurements (turbulence and kinetic
energy). The stream-wise location of A, B, and C is 10 % of ¢
(7 mm) from the leading edge and wall normal distance of A, B,
and C is 1 mm, 4 mm, and 7 mm, respectively, from the airfoil
surface.

3.2 Mechanisms and motion control

The mechanism used for creating the different kinematics is
illustrated in Fig. 3. Fig. 3(a) shows the mechanism used for
the pure pitching motion, in which the airfoil is joined to a
stationary axis (pivot point), around which the airfoil can
freely oscillate. A wheel rotates with a simple mechanism to
convert the rotational motion to reciprocal motion. The recip-
rocal motion is transferred to the airfoil by joint 3, and it yields
the rotation of airfoil. Therefore, the airfoil oscillates around
the free pivot point and produces a desired angle with respect
to the free stream (the effective angle of attack). The desired
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Fig. 3. Schematic of motion control in the experimental setup for both pure
pitching and pure heaving.

amplitude for the angle of attack is achievable by changing the
distance between joint 1 and the center of the wheel. In Fig.
3(b), the airfoil has pure heaving motion. The wheel rotates, and
the rotational motion is converted again to reciprocal motion. In
this case, the pivot point is fixed, and the airfoil cannot oscillate
around the pivot point. Therefore, the airfoil has transversal
motion, and it produces an angle with the free stream velocity.
Again, the amplitude of the motion can be adjusted using joint 1.

3.3 Particle image velocimetry (PIV)

A typical PIV system consists of 1) a set of tracer particles
with appropriate size and density to trace the flow; 2) a laser
source for illuminating the tracer particles; 3) an optical lens for
converting the laser beam into a laser sheet; 4) a CCD or
CMOS camera to capture images; and 5) post-processing
code for image processing and flow analysis. In the PIV ex-
periment, the air is seeded with micro particles of olive oil with
diameters of approximately 2 pym. The time-resolved planar
PIV with a two-dimensional (2D) laser sheet were used. The
laser source was a continuous-wave diode laser with maximum
power of 3 W and wavelength of 532 nm. The thickness of the
laser sheet in the location of interest is approximately 1 mm.
Images were captured with a monochrome CMOS camera
(Photron FASTCAM SA 1.1) with observation area of 11 cm x
11 cm. The resolution of captured images is 1024x1024 pixels,
and the quality of pixels is 12 bits. For data acquisition, the
frame rate of the camera was set to 1000 to 5000 fps. Errors
were sufficiently low in the velocity vector results at 3000 fps,
so all experiments were done using this rate. The size of the
interrogation cell was selected as 26x26 pixels with 50 % over-
lapping, which satisfies the Nyquist sampling criterion. Fig. 4
shows the experimental setup used to visualize the flow field
around a moving airfoil. As shown in Fig. 4(a), the CMOS cam-
era is installed outside of the test section, and a continuous
wave laser sheet illuminates the center of the test section from
underneath. The kinematic setup of the airfoil is implemented
on top of the test section. As shown in Fig. 4(b), the airfoil can
move with help of vertical bars that link the airfoil to the kine-

matic setup. Fig. 4(c) shows the PIV field of view with the airfoil.

NACA 0012

Fig. 4. Experimental setup: A PIV system is installed outside of a wind
tunnel, and the setup moves the airfoil inside the test section.

The PIV measurements were made at the center plane of the
airfoil model, while the structures for pitching and heaving mo-
tions are located side area from the two-dimensional model.
Interactions between the structure and flow can be possible at
the side wall of test section, but the disturbances cannot be
reached to the center plane where the PIV measurements are
made. Two endplates were installed at both sides of the airfoil
to reduce the three-dimensional effects and remove the tip
vortex effects on the flow structure. All results were captured in
the middle of the wing to reduce blockage effect on the results.

3.4 Force measurement using PIV results

The aerodynamic loads on the airfoil can be determined
based on the linear momentum by integrating the flow vari-
ables along the control surfaces, as shown in Fig. 2. The mo-
mentum exerted on the airfoil can be calculated as follows:

F= -jﬂy%(pU)dV —ijU(U.ﬁ)ds

—jjs Phds + ﬁs(r.ﬁ)ds

()

where P and T are the pressure and viscous stress tensor,
respectively. The effects of unsteady terms on the aerody-
namic loads are negligible at lower reduced frequencies [30,
31]. But this study considers turbulent flow and relatively high
reduced frequencies, so it is important to consider the un-
steady terms. The 2D domain bounded by a fixed control vol-
ume is considered. Thus, the equations for aerodynamic loads
can be converted as follows:

L= pgs [—uvdy +vvdx] + (ﬁde

+,u<j>{ 2% dx +[3Z+g;)jdy} (6)

+(j.>|:—u vdy+vvdx}
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where L and D are the lift and drag forces, respectively. The

aerodynamic loads are reported based on the non-dimensional
forms of the lift and drag coefficients:

€y =L @
0.5pcU

The pressure term along the surface control was computed
using the Poisson equation for simplicity. Based on Egs. (6)
and (7), the velocity, pressure, and unsteady terms were inte-
grated throughout the control surface. For a static airfoil, some
corrections were introduced by van Oudheusden et al. to re-
duce the drag errors [32]. In the present study, the airfoil is
dynamic, and the drag force measurement is challenging due
to the errors for strong vortices with high velocity, which intro-
duce high uncertainties in the pressure and wake area. To
minimize the error for drag measurement in the dynamic case,
the control surface was placed far enough from the TEV [33].

The vertical control surface near the suction side of the airfoil
is not very close to the leading edge or airfoil surface. The level
of image noise in that area is high due to light refraction in the
suction wall of the airfoil. When the laser sheet illuminates the
flow, a shadow on the pressure side of the airfoil appears. Fig.
2 shows that some parts of control surface B2 are located in
the shadow, for which no velocity data is available. However,
the variations of the velocity along the control surface B2 are
negligible if the control surface is kept far enough away from
the airfoil. Therefore, the velocity profile along the B2 can be
estimated with a simple interpolation.

In the case of load computations, each case was tested ten
times to assure the accuracy of results. Furthermore, five dif-
ferent control volumes were selected to compute the aerody-
namic loads. As shown in Fig. 2, the location of B1 was con-
stant, while B2, B3 and B4 were moved to 0.5¢ away from the
airfoil (except for B2, where the maximum distance was c).
Therefore, fifty different results were examined for each speci-
fied moment, and then, the range of uncertainties was com-
puted. Finally, all the results were averaged for both the lift and
drag forces and presented with uncertainty bars in upcoming
section.

4. Results and discussion
4.1 Aerodynamic loads

Table 1 provides four different cases with different effective
angle of attack profiles and reduced frequencies. The instanta-
neous aerodynamic loads (lift and drag coefficients) were ex-
amined and compared for each case. All angles are shown as

Table 1. Case studies with different effective angle of attack profiles and
reduced frequencies.

Case Effective angle of attack K
Case 1 a=10°+10°sin(wt) 0.25
Case 2 a=20°+10°sin(wt) 0.25
Case 3 a=10°+15°sin(wt) 0.375
Case 4 a=20°+15°sin(wt) 0.375
4 T T T T
35
3
25k Dec
2k
Cl 15F E Cl)
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1 : @ 4 1 \
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Fig. 5. Instantaneous aerodynamic loads in one oscillating cycle: (a) Lift
coefficient for case 1; (b) drag coefficient for case 1; (c) lift coefficient for
case 2; (d) drag coefficient for case 2.

a since the effective angle of attack profile in this study is
equivalent for both pure heaving and pure pitching motions. Fig.
5(a) shows the lift coefficient for case 1. The angle of attack
varies between 0° and 20°, and the reduced frequency is k =
0.25. The lift coefficient increases gradually until a = 15°, and
then its slope increases abruptly because of LEV formation.
This sharp change in the lift coefficient has been observed
previously [9, 10, 34]. The angle of attack increases and
reaches its maximum value, where the maximum lift coefficient
occurs at this point. Stall also occurs at this moment [1, 4, 10],
and the LEV covers most of the suction side of the airfoil. With
decreasing of the angle of attack, the lift coefficient drops sud-
denly due to pinch-off. In the post-stall region, the aerodynamic
loads are more unstable due to the complex flow structures,
which lead to fluctuation in the lift coefficient. Measuring the
forces in this region is still challenging and needs more effort.
Fig. 5(b) illustrates the instantaneous drag coefficient for
case 1. The drag coefficient becomes slightly negative at lower
angles in the pre-stall region. This occurs because the small
vortices at this reduced frequency shed into the wake and turn
into inverse von-Karman streets for a short period. The vortex
structure changes, and then it creates a slight jet flow behind
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the airfoil along with thrust. When increasing the angle of attack,
the separation point advances toward the leading edge. Due to
the adverse pressure gradient near the leading edge, a large
separation bubble is formed. With further increasing of the
angle of attack, the separation bubble turns into a LEV, and
this increases the drag force. The maximum drag force could
occur right after stall or in the pre-stall region, where the TEV
starts to develop. The drag coefficients for both pure heaving
and pure pitching motions reach their peak after the stall, and
they decrease with decreasing of the angle of attack. Addition-
ally, the drag force produced by the pure pitching motion is
notably higher than that of pure heaving motion in the post-stall
region.

Fig. 5(c) shows the lift coefficient for case 2. In this case, the
angle of attack varies between 10° and 30°, and the reduced
frequency is k = 0.25 as well. The lift coefficient for both pure
heaving and pure pitching motions are the same at a = 10°.
Later, the lift coefficient for pure pitching starts to increase
more than that of the pure heaving motion. In other words, the
pure pitching motion produces higher lift than the pure heaving
motion in the pre-stall region. This occurs because the flow
reversal happens earlier in pure pitching motion than in pure
heaving motion. Therefore, in pre-stall region, it is expected
that the separation point advances toward the leading edge,
and it increase the lift coefficient for pure pitching motion. With
increasing the angle of attack, the LEV is formed, and this LEV
changes the slope of the lift coefficients. In the case 2, no
changes can be observed in the slope for pure pitching motion.
The pure pitching foil reaches the stall point at a = 24.6°, where
the maximum lift coefficient occurs. However, the lift coefficient
for pure heaving motion increases until a = 27.5°. This delay in
stall occurs because of delay in progress of the separation
point. The lift coefficient at the stall point (with the maximum lift
coefficient) is higher for pure heaving motion than pure pitching
motion. Additionally, the lift coefficient in the post-stall region is
mostly higher than that of pure pitching motion.

Fig. 5(d) shows the drag coefficient for case 2. The pure
pitching airfoil mostly produces a higher drag coefficient than
the pure heaving motion. The drag coefficient for both pure
heaving and pure pitching motions reach its maximum values
after the stall point, when the TEV develops. The small fluctua-
tions in the pre-stall and post-stall regions might be due to
small vortex shedding or the instabilities on the suction side of
the airfoil at lower angles of attack.

Fig. 6(a) shows the lift coefficient for case 3. In this case, the
angle of attack varies between -5° and 25°, and the reduced
frequency is 0.375 as well. The lift coefficient increases gradu-
ally in the pre-stall region. In this region, the lift coefficient usu-
ally varies linearly at lower angles of attack, where the flow is
not fully separated. As mentioned, the pure pitching motion
results in earlier reversal flow, and it advances the separation
point toward the leading edge. So it is expected to have higher
aerodynamic loads. Therefore, the lift coefficient for pure pitch-
ing motion in the pre-stall region is higher than that of pure
heaving motion. The LEV starts to grow at approximately a =

| L L o L I
35 5 35
o

© ()

Fig. 6. Instantaneous aerodynamic loads in one oscillation cycle: (a) Lift
coefficient for case 3; (b) drag coefficient for case 3; (c) lift coefficient for
case 4; (d) drag coefficient for case 4.

21°, and it develops even when the angle of attack starts to
decrease. The pure pitching motion produces a higher lift coef-
ficient at lower angles of attack in the pre-stall region, while the
pure heaving motion has a higher lift value at the stall point and
in the post-stall region (except at negative angles). In this case,
the stall does not occur at the maximum angle of attack. The
LEV even grows when the angle of attack starts to decrease.
This illustrates fast motion of the airfoil leads to a delay in LEV
formation. This could happen when excessive kinetic energy is
added to the boundary layer, which decelerates the transfor-
mation of separation point and the reversal flow activities.
Therefore, the boundary layer would be more stable, and the
flow would tend to attach to the suction surface until instability
occurs. That is why the LEV begins to develop later at higher
frequencies when the angle of attack is decreasing. Therefore,
the airfoils at higher reduced frequencies add excessive kinetic
energy in the boundary layer, which accelerates the flow, and
decreases the probability of flow separation.

Fig. 6(b) shows the instantaneous drag coefficient for case 3.
With increasing of the angle of attack (positive angles), the
vortices turn into inverse von-Karman streets, and create it
thrust in this short period. With further increases in the angle of
attack, the drag coefficient increases for both pure heaving and
pure pitching motions right after the stall point. In the post-stall
region, the drag coefficients drop as the angle of attack de-
creases. In this case, the drag coefficient for the pure pitching
airfoil is mostly higher than that of pure heaving motion, and
the differences become highly significant near the stall point.

Fig. 6(c) presents the lift coefficient for case 4, in which the
angle of attack varies between 5° and 35° and the reduced
frequency is k = 0.375 as well. The lift coefficient increases with
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the angle of attack, and the lift for pure pitching motion is again
higher than that of pure heaving motion in the pre-stall region.
Because the reduced frequency is high, the airfoil motion adds
additional energy to the boundary layer, and it decelerates the
reversal flow on the suction side of the airfoil. Hence, the sepa-
ration bubble formation occurs at higher angles of attack (a =
24° for pure pitching motion and a = 27.5° for pure heaving
motion). Because the pure pitching motion advances the sepa-
ration point earlier than the pure heaving motion, it reaches
stall point earlier as well (a = 32°). Therefore, the pure heaving
motion obviously has more delay in the stall (a = 35°) than the
pure pitching motion. In the post-stall region, the pure heaving
motion usually has a higher lift coefficient, but it seems to be
more unstable with large fluctuation amplitude. The lift coeffi-
cient for pure pitching motion also has some fluctuations but
with a small fluctuation amplitude. These fluctuations result
from vortices, which develop and shed into the wake.

Fig. 6(d) illustrates the drag coefficients for case 4. The drag
forces begin to increase with the angle of attack. Later, the
drag coefficients reach their maxima right after the stall point
for pure pitching motion, and at the stall point for pure heaving
motion. When the TEV starts developing, the flow from the
pressure side of the airfoil rushes to the suction side. Hence,
the pressure near the trailing edge on the suction side of the
airfoil increases. Therefore, it is expected that the lift force
drops, and the flow separation occurs behind the airfoil. The
LEV is a low-pressure vortex that notably decreases the pres-
sure on the suction side of the airfoil. LEV pinch-off reduces the
lift force, and causes a wide wake beyond the airfoil. Interest-
ingly, the airfoil with pure pitching motion produces higher drag
force than that with pure heaving motion. Small fluctuations in
the post-stall region for pure heaving motion also occur be-
cause of small vortex shedding after the primary LEV and TEV.

4.2 Flow structure

Fig. 7 shows the vorticity contours superimposed with veloc-
ity vectors for case 1. As shown in Figs. 7(a) and (g), the angle
of attack is a = 5° for both pure heaving and pure pitching mo-
tions. At this angle, the flow reversal occurs near the trailing
edge for pure heaving motion (Fig. 7(a)), while for pure pitching
motion, the Kelvin-Helmholtz instability occurs near the leading
edge. This instability shows that the flow is unstable. When the
angle of attack increases to a = 10°, the flow reversal near the
trailing edge starts to grow for pure heaving motion, and the
separation point advances toward the leading edge (Fig. 7(b)).
For pure pitching motion at the same angle, the flow is sepa-
rated, and the Kelvin-Helmholtz instability still occurs near the
leading edge. At a = 15°, the shear layer near the leading edge
becomes stronger for pure heaving motion, and a LEV is
formed as well (Fig. 7(c)). For pure pitching motion at the same
angle, the LEV is formed but it is smaller than that of pure
heaving motion. This occurs because the shear layer for the
pure heaving airfoil has more energy and feeds the LEV sig-
nificantly. The pure pitching motion produces less energy in the

" (b) a=10°1

Heaving motion

Pitching motion

Fig. 7. Vorticity contours superimposed with velocity vectors at different
angles of attack for case 1.

shear layer of the leading edge to feed the LEV. At the maxi-
mum angle of attack (a = 20°), the LEV covers the suction side
of the airfoil for the pure heaving motion, and the lift coefficient
reaches its maximum (Fig. 7(d)). For the pure pitching motion
at the same angle, the LEV also covers the suction side but it
seems to be smaller than that of the pure heaving motion. As it
is mentioned, the pure heaving motion can provide a stronger
shear layer near the leading edge to feed the LEV. Hence,
upon injecting more energy to a vortex, it may grow in size and
strength. When the angle of attack decreases to a = 15°, the
TEV has already grown for pure heaving motion (Fig. 7(e)) but
the TEV for pure pitching motion is still about to develop (Fig.
7(k)). Next, the LEVs for both pure heaving and pure pitching
motions are separated from the suction side of the airfoil and
shed to the wake. At this moment, an abrupt drop in the lift
coefficient is expected. A secondary LEV is also created for
both motions, which is about to move toward the trailing edge.
With a further decrease in the angle of attack (a = 10°), the
TEV leaves the airfoil and sheds to the wake for both motions.
In this post-stall region, the flow is strongly separated, and
other core vortices develop and leave the airfoil. Therefore,
some fluctuations in the aerodynamic loads are expected for
this region.

Fig. 8 shows the vorticity contours superimposed with veloc-
ity vectors for case 2. As the angle of attack increases to a =
15°, the LEV is fed by the shear layer at the leading edge of
the airfoil and it begins to develop for both pure heaving and
pure pitching motions (Figs. 8(a) and (g)). As the angle of
attack reaches a = 20°, the LEV grows and becomes stronger
for both pure heaving and pure pitching motions (Figs. 8(b) and
(h)), and the lift coefficient increases notably. With a further
increase to a = 25°, the LEV mostly covers the suction side of
the pure heaving airfoil (Fig. 8(c)), and after this moment,
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Fig. 8. Vorticity contours superimposed with velocity vectors at different
angles of attack for case 2.

dynamic stall occurs. But for the pure pitching motion (Fig. 8(i)),
the dynamic stall already occurred, and the LEV reaches its
maximum lift force. The TEV also begins to develop for pure
pitching motion, which indicates the LEV pinch-off, and hence,
a reduction in lift force. As mentioned, the pure heaving motion
results in less instability in the boundary layer on the suction
side of the airfoil, which leads to a delay in the stall. At a = 30°,
the LEV pinch-off already happened, and the TEV grows in
size and strength (Figs. 8(d) and (j)). The TEV leads to a re-
duction in lift force, and it also increases the drag force in most
cases [35]. Because stall occurs at the maximum angle of at-
tack (a = 30°), the flow is strongly separated from the airfoil
surface, and the drag coefficient increases continuously until
the maximum angle of attack. With a decrease in the angle of
attack to a = 25°, the lift and drag coefficients decrease. In this
case, the flow still seems to be separated for both pure heaving
and pure pitching motions (Figs. 8(e) and (k)), which continues
until a = 20° (Figs. 8(f) and (1)).

Fig. 9 illustrates the vorticity contours superimposed with ve-
locity vectors for case 3. For the pure heaving motion, the flow is
attached to the airfoil with a small reversal flow near the trailing
edge until a = 15° (Figs. 9(a) and (b)). Next, the separation bub-
ble is formed near the leading edge of the airfoil due to the ad-
verse pressure gradient (Fig. 9(c)). In the same case for pure

pitching motion, flow reversal occurs near the trailing edge (Figs.

9(g) and (h)), and then at a = 20°, the separation bubble is
formed near the leading edge as well (Fig. 9(i)). With a further
increase in the angle of attack to a = 25°, the flow in case 3
seems to be more stable than cases 1 and 2, due to the higher
reduced frequency. As shown in Fig. 9(d) for the pure heaving
motion, the LEV develops in size and strength. In this condition,
the LEV is still attached to the airfoil surface, and stall has not

Heaving motion

Pitching motion

(s

cow/U,

T (k) a=20°]
X
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Fig. 9. Vorticity contours superimposed with velocity vectors at different
angles of attack for case 3.

yet occurred even at the maximum angle of attack, a = 25°. For
the pure pitching motion at the same angle (Fig. 9())), the LEV
and aerodynamic loads are still growing. For both motions,
these results show that higher reduced frequencies could delay
the stall and increase the lift coefficient even after the maximum
angle of attack. With a decrease in the angle of attack to a = 20°,
the stall occurs for both pure heaving and pure pitching motions
(Figs. 9(e) and (k)). At this moment, the LEV mostly covers the
suction side of the airfoil, and the TEV begins to develop. With a
further decrease in the angle of attack to a = 15°, the TEV be-
gins to grow in size and strength, while the LEV detaches from
the airfoil surface and sheds to the wake.

Fig. 10 illustrates the vorticity contours superimposed with
velocity vectors for case 4. As the angle of attack increases to
a = 20°, the flow separates near the trailing edge for pure heav-
ing motion in the post-stall region, and there is no sign of sepa-
ration bubble formation at this angle (Fig. 10(a)). For the pure
pitching motion at the same angle, the flow reversal occurs
near the trailing edge, and the LEV develops as well. This
shows that the aerodynamic loads for pure pitching motion in
the pre-stall region are much higher than those of pure heaving
motion at the same angle. With a further increase in the angle
of attack to a = 25° (Fig. 10(b)), the flow stays relatively stable
for the pure heaving motion, and the LEV begins to grow at a =
30° (Fig. 10(c)). But for the pure pitching motion, the LEV con-
tinuously grows in size and strength until a = 30° (Figs. 10(h) and
(i), and it still produces a higher lift coefficient than the pure
heaving motion at the same angle. At the maximum angle of
attack, a = 35°, the LEV mostly covers the suction side of the
airfoil, and dynamic stall is about to occur for both pure heaving
and pure pitching motions (Figs. 10(d) and (j)). With a decreasing
angle of attack in the post-stall region to a = 30°, the trailing
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Fig. 10. Vorticity contours superimposed with velocity vectors at different
angles of attack for case 4.

edge begins to develop and the LEV pinch-off occurs (Figs.
10(e) and (k)). The TEV strength for pure pitching motion
seems to be higher than that of pure heaving motion at a = 30°,
which indicates that the lift force for pure pitching motion is
notably lower than that of pure heaving motion at the same
angle. At a = 25°, the flow is strongly separated for both pure
heaving and pure pitching motions (Figs. 10(f) and (1)), and in
the post-stall region, the lift coefficient drops significantly. How-
ever, these results show that at higher reduced frequencies,
the TEV for pure pitching motions is stronger than that of pure
heaving motions, which means the lift reduction might be
greater for these cases.

The overall results show that the flow structures are different
for pure pitching and pure heaving motions. The pure heaving
motion adds more kinetic energy to the boundary layer, which
yields more stable flow over the suction side of the airfoil. Thus

it decelerates the flow reversal and separation point movement.

Therefore, more delay is expected in the stall for pure heaving
motion as opposed to pure pitching motion. Regardless of kine-
matics, at a lower reduced frequencies (k = 0.25), dynamic stall
can occur even before reaching the maximum angle of attack.
However, at a higher reduced frequency (k = 0.375), the dy-
namic stall may occur even after the maximum angle of attack.
This situation occurs when the kinematic motion provides ade-
quate energy to the fluid-structure interactions, which adds
more kinetic energy to the fluid around the airfoil. Therefore, in
this case, dynamic stall occurs when the angle of attack is
decreasing.

4.3 Turbulence

One of hypothesis on why kinematics influences the aerody-
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Fig. 11. Energy spectrum for three different points (A, B, and C) aligned
vertically near the airfoil with regard to Fig. 2. The results are provided for
both pure heaving and pure pitching motions for cases 1 to 4.

namics of the airfoil in deep dynamic stall condition is that the
pure heaving motion adds extra kinetic energy to the boundary
layer. As opposed to pure pitching motion, the extra energy
comes from another velocity component derived from the pure
heaving motion. However, to consider this hypothesis, the ki-
netic energy inside and in the vicinity of the boundary layer
should be examined. To do so, the turbulence kinetic energy
(here in 2D) was measured and turned into a spectrum using
the fast Fourier transform (FFT).

Fig. 2 shows the locations for data acquisition to measure
the turbulence kinetic energy. As the airfoil moves, the location
of these three points varies with respect to the domain, but they
are stationary with respect to the airfoil. The points are also
located near the leading edge, where turbulence characteris-
tics are more important to investigate. This idea increases the
probability of measuring different ranges of turbulence scales
with these three points. Fig. 11 shows the energy spectrum for
points A, B, and C, as indicated in Fig. 2. The vertical axis
represents the turbulence kinetic energy per unit mass, and the
horizontal axis represents the turbulence frequency, f (Hz).
Because the frame rate of the camera was set to 3000 fps, the
maximum turbulence frequency that can be captured is
1500 Hz. As shown in Fig. 11(a), the maximum kinetic energy
belongs to the pure heaving motion at the lowest frequencies.
The turbulence kinetic energy for pure heaving motion in the
inertial range is notably greater than that of pure pitching mo-
tion. In other words, the pure heaving motion leads to higher
turbulence kinetic energy. This fact also adds extra energy to
the boundary layer, which yields a delay in separation, and
empowering of core vortices. Fig. 11(b) shows the energy
spectrum for case 2. In this case, the pure heaving motion
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seems to provide higher energy in the boundary layer than
pure pitching motion. The energy spectra at point B seem to be
similar for both pure heaving and pure pitching, but the pure
heaving motion has higher energy in the inertial range. Fig.
11(c) shows the energy spectrum for case 3. The slope of the
energy spectrum versus the turbulence frequency is the same
for both pure heaving and pure pitching motions because the
inertial range is universally independent. At higher frequencies,
the noise increases because of the PIV measurement tech-
nique and the limited size of the interrogation cells. The size of
the interrogation cells does not allow us to detect eddies
smaller than the interrogation cells. Therefore, as the frequency
increases, the results for such eddies appear as noise in the
spectrum. Fig. 11(d) shows the energy spectrum for different
points in case 4. The maximum energy for pure heaving motion
is slightly high at points B and C, while the differences in the
inertial subrange increase notably. Like in previous cases, the
pure heaving motion produces higher turbulence kinetic energy
than pure pitching motion. This extra energy decelerates the
reversal flow and instability inside the boundary layer. The
adverse pressure gradient is also delayed, which leads to a
delay in the stall or stronger core vortices.

4.4 Decomposition of flow structure

In deep dynamic stall, the flow is highly unstable, and the
turbulent flow is characterized by coherent structures that are
often significant part of flow mechanisms. These coherent
structures are large-scale vortices that are usually obscured by
small-scale turbulent fluctuations [36]. By using the proper
orthogonal decomposition (POD) approach, it is possible to
identify the most energetic coherent structures in deep dy-
namic stall, and investigate their roles in the stall mechanism.

The POD of the velocity vector in the domain, U = (u,v), has
an orthonormal set of bases that are invariant with time. The
POD modes represent the flow features that are orthonormal to
each other [37] and are defined as follows:

@, ={®!, 0} ©)

Each mode is related to a temporal coefficient a{t), and the
contribution from each flow feature to the original flow field is
a(f)®.. The temporal coefficient aj(t) is the instantaneous weight
of each flow feature at different moments of time [38]. After
decomposition of the flow field, the original velocity field can be
obtained from summation of the m modes [39]:

M=

U= a()0,(x,y). (10)

I
o

i

The variance of temporal coefficients, < a?>, shows the con-
tribution of each mode to the area-averaged mean kinetic en-
ergy, KE [39]. Hence, the modes can be ordered with respect
to KE. The kinetic energy of the original flow field can be ob-
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Fig. 12. Comparison of flow field for the original image and reconstructed
one using POD.

tained by summation of the variance of temporal coefficients
[40] as follows:

KE,,, = z<a2> . (11)

i=0

The flow in the PIV domain was decomposed, and the flow
field was categorized into different modes. Fig. 12 illustrates
the advantages of decomposition and reconstruction of the flow
field using POD. Case 4 is selected because it has more com-
plicated flow structure in the post-stall region. Fig. 12 shows
the vorticity contours, and it compares the original and recon-
structed flow fields using POD for the same sequences. In Fig.
12(a), the airfoil is around the stall point. In this moment the
LEV is developed, and it almost covers the suction side of the
airfoil. In the original image, the LEV is associated with small-
scale structures or measurement errors. There are also nu-
merous sharp values on the pressure side of the airfoil in the
shadow region, which is noise from the PIV and post-
processing calculations. In the POD image, the results are
reconstructed for only the first 20 energetic modes. The noise
on the pressure side of the airfoil is dampened and removed
from the flow field. In Fig. 12(b), the TEV is growing and rolling
up after the LEV pinch-off. In the original image, the TEV is
dispersed. Additionally, the wake has large-scale vortices con-
taining numerous eddies. However, in the reconstructed image,
the TEV has more solidarity, and the wake is recovered by its
coherent structures. By reducing the angle of attack in the post-
stall region (Fig. 12(c)), the noise on the pressure side of the
airfoil increases in the original image, and the wake has no
integrity due to small-scale vortices. But in the reconstructed
image, the wake has more integrity, and even during massive
flow separation, there is still a sign of large-scale structures.
Therefore, by using the POD approach, it is possible to identify
large-scale and energetic structures.

Figs. 13 and 14 are also provided to investigate different flow
modes. The energy bars show the amount of kinetic energy in
each mode as the percentage of the mean kinetic energy. The
cumulative energy also represents the amount of total energy.
We provided only 20 modes to examine the flow characteristics.
As shown in Figs. 13(a) and (b), the first mode in pure heaving
motion contains 50 % of the total energy, while the first mode in
pure pitching motion contains only 32 % of total energy. For the
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Fig. 13. Kinetic energy for the first 20 decomposed modes for cases 1 and
2. The energy bar shows the percentage of kinetic energy with respect to
the total energy of fluid. The cumulative energy shows the summation of
energies for a group of modes.

pure heaving motion the second mode has 14 % of the total
energy, while for pure pitching motion the second mode con-
tains 23 %. The rest of the modes may each contain 5 % of
total energy or less. The cumulative energy for pure heaving
and pure pitching motions for the two primary modes are 64 %
and 58 %, respectively. This means that regardless of kinemat-
ics, the first and second modes are dominant structures in the
flow field. Figs. 13(c) and (d) show the flow reconstruction for
case 2, in which the energy of the first and second modes for
pure heaving motion is 52 % and 18 %, respectively. For the
pure pitching motion, these values are 40 % and 23 %, respec-
tively. The cumulative for both pure heaving and pure pitching
motions are more than 60 %. With an increase in the number
of modes, the rate of change for the cumulative energy de-
creases notably, and the total energy reaches more than 80 %.
In other words, 80 % of the total energy occurs with the first
twenty modes, while the primary modes are more dominant in
the flow structure.

In cases 1 and 2, the first mode for pure heaving motion con-
tains more energy than that of pure pitching motion, while the
second mode contains less energy than that of pure pitching
motion. In other words, in pure pitching motion, the energy is
more highly distributed among other modes in comparison to
pure heaving motion. This indicates that the first mode in pure
heaving motion is dominant in the flow field, which indicates
solidarity of the flow structure during the dynamic stall process.

Fig. 14 shows the kinetic energy of the first 20 modes for
cases 3 and 4. As shown in Figs. 14(a) and (b), the kinetic
energy for the first and second modes for pure heaving motion
are 43 % and 14 %, respectively. These amounts for pure
pitching motion are 37 % and 14 %, respectively. The rest of
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Fig. 14. Kinetic energy for first 20 decomposed modes for cases 3 and 4.
The energy bar shows the percentage of kinetic energy with respect to the
total energy of the fluid. The cumulative energy shows the summation of
energies for a group of modes.

the modes for both pure heaving and pure pitching motions
have less than 7 % kinetic energy. In this case, the first mode
for pure heaving motion contains more kinetic energy than that
of pure pitching motion. As shown in Figs. 14(c) and (d), the
first and second modes for pure heaving motion have 42 %
and 14 % of total kinetic energy, respectively. These values for
pure pitching motion are 37 % and 25 %, respectively. The rate
of change in the cumulative energy for pure heaving motion is
less than that of pure pitching motions. This is because the first
mode in pure heaving motion contains higher kinetic energy,
which can be considered as the dominant mode in the flow
structure during dynamic stall. Again, in cases 3 and 4, the flow
structure for pure heaving motion has more solidarity, and the
coherent structures could be more stable in comparison to the
pure pitching motion.

At the end, the POD results show greater solidarity of coher-
ent structures for pure heaving motion compared to pure pitch-
ing motion. This indicates that the kinetic energy increases in
the shear, boundary, and mixing layers, which makes the flow
more stable. It also enhances the solidarity of coherent struc-
tures during dynamic stall.

5. Conclusions

In this study, the deep dynamic stall of a NACA 0012 was
experimentally investigated for pure heaving and pure pitching
experimentally. To visualize the flow structure over the moving
airfoil, a time-resolved PIV method was applied. The aerody-
namic loads were computed using a control-volume approach.
Additionally, the flow filed was decomposed into different
modes and reconstructed using POD. After decomposition, the
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pure heaving motion has a high-energy mode. This mode
makes the flow structure more stable in deep dynamic stall
conditions, in contrast to pure pitching motions.

The turbulence in the flow field was also measured at three
different points aligned vertically near the moving airfoil. The
turbulence in the boundary, shear, and mixing layers increases
due to excessive kinetic energy produced by pure heaving
motion. The high energy in boundary layer makes the flow
more stable. Hence, the flow reversal decelerates, and the
transfer of the separation point toward the leading edge is
postponed for pure heaving motion.

In the case of aerodynamic loads, at lower angles of attack in
the pre-stall region, the pure pitching motion produces higher
lift force than pure heaving motion. Furthermore, when the LEV
is created, the pure heaving motion has stronger core vortices,
and it produces a higher lift peak. In the post-stall region, the lift
force for pure heaving motion is usually more stable than that
of pure pitching motion. Additionally, the drag force for pure
pitching motion is usually higher than that of pure heaving mo-
tion. Finally, this study shows that the kinematics may change
the flow structure, and hence, the aerodynamic loads during
deep dynamic stall conditions. Therefore, corresponding kine-
matics should be determined first, and based on the related
motion, the dynamic stall should be considered.
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