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Abstract — The unsteady wake characteristics of a plunging
airfoil were investigated experimentally during near-stall and
post-stall conditions for an Eppler 361 airfoil at Reynolds
number Re = 2.5x10%. Oscillation frequencies of 1.0 Hz and 3.0
Hz (reduced frequencies k = 0.19 and 0.57, respectively) are
considered for a total plunging depth of 16 cm (1.07¢) and three
different initial angles of attack (a, = 0°, 10°, 15°). The results
show that the leading- and trailing-edge vortices have a more
dominant effect on the wake velocity for initial angles of attack
both near (¢, = 10°) and post (¢, = 15°) stall of the airfoil.
The results show periodic variations in wake velocity with
notably different behaviour in the lower portion of the wake
between near and post stall cases. For the post-stall condition,
the wake velocity experiences clearly periodic larger
fluctuations in the center of wake, indicative of periodic vortex
shedding. The unsteady flow field of a plunging airfoil exhibits
hysteresis effects, forming a closed loop in the velocity-position
diagram with differing velocity magnitudes between the
upstroke and downstroke motions. The reduced frequency has
a significant influence on wake velocity and therefore on
aerodynamic loads.
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l. INTRODUCTION

Unsteady aerodynamics, such as transient gust loads on
aircraft or the wake characteristics of an oscillating airfoil, can
enhance our understanding of several complex flow phenomena
(e.g., separation, reattachment, vortex shedding) observed in
nature (e.g., aquatic and avian animal locomotion) [1], energy
production (e.g., hydraulic and wind turbines) and transportation
(e.g., micro air vehicles, helicopter blades) [2,3].

Several studies have investigated the unsteady aerodynamics
of oscillating airfoils and flapping wings [4], with von Karman
and Burgers [5] presenting an early theory on the effects of wake
vortices behind airfoils on drag and thrust. Subsequent studies
have demonstrated that pitching and plunging airfoils generate a
von Ka&rman vortex street at low airfoil oscillation frequencies.

The vortices shed from the upper airfoil surface rotate clockwise,
while those shed from the lower surface rotate counterclockwise.
Under these conditions, the velocity profile in the wake exhibits
a velocity deficit or drag. At higher airfoil oscillation
frequencies, the oscillating airfoil generates a reverse von
K&rmaén vortex street, where the vortices shed from the upper
surface rotate counterclockwise and those shed from the lower
surface clockwise. The velocity profiles in this case instead
indicate thrust production in the wake [6-10].

Although numerical and experimental studies of oscillating
airfoil motions combining pitching and plunging have revealed
additional key parameters as well as more complex vortex
interactions and lift/drag production [11], it is interesting that a
plunging airfoil alone demonstrates all the essential fluid
dynamics of oscillating airfoils. These include vortex shedding,
trailing- and leading-edge vortices [12], leading-edge separation
at high oscillation frequencies and plunging amplitudes, as well
as drag or thrust generation under specific conditions [13].

When the angle of attack of an oscillating airfoil exceeds the
static stall angle, flow separation or stall begins later compared
to a static airfoil. This delay is accompanied by the formation of
a leading-edge vortex on the airfoil surface, which moves
downstream [14,15]. At a high angle of attack, a plunging airfoil
produces strong leading-edge vortices accompanied by complex
vortex interactions in the wake. While the leading-edge vortex
temporarily enhances lift by remaining attached to the surface,
its eventual movement past the trailing-edge generates a
significant negative, or nose-down, pitching moment and
induces flow separation across the entire airfoil. This unsteady
phenomenon is referred to as dynamic stall and can result in
structural fatigue and potential failure due to intense vibrations
and excessively high aerodynamic loads [15]. Nonetheless, the
increase in lift of the airfoil in the post-stall and dynamic stall
regimes can be used for flow control strategies [16]. Flow
visualization studies of an oscillating airfoil in the dynamic stall
regime at high angles of attack also show the formation of
leading- and trailing-edge vortices [17]. Gao et al. [18] identified
that the interaction patterns among consecutive leading-edge
vortices and the trailing-edge vortices constitute the main
mechanisms influencing the three-dimensional transition and the
related force characteristics of an oscillating airfoil. Bull et al.



[3] also observed significant load fluctuations at post-stall angles
of attack during plunging motions (with increasing and
decreasing equivalent angle of attack) attributed to large-scale
vortex shedding alternating from the leading and trailing edges.

For flights at low Reynolds numbers (Re < 10°), designers
face challenges in overcoming poor performance caused by flow
separation. One possible solution is to operate at high angles of
attack to generate more lift. However, this can lead to post-stall
conditions during maneuvers and when encountering gusts [19].
Certain unsteady parameters, such as oscillation frequency and
amplitude, can have a positive effect on lift during post-stall and
influence the behaviour of the leading- and trailing-edge vortices
[20]. Despite the important role of leading-edge vortices on
aerodynamic loads and in the wake, the behaviour of leading-
and trailing-edge vortices under various unsteady conditions at
high angles of attack, as well as their effects on the unsteady
wake of oscillating airfoils, are still not completely understood.

In this study, we measure the unsteady wake characteristics
of an Eppler 361 airfoil performing pure plunging motions at
various angles of attack, including both pre-stall and post-stall
conditions, at a low Reynolds number (Re = 2.5x10%). Of
particular interest are the effects of leading-edge vortices and
oscillation frequency on the unsteady wake, including velocity
hysteresis. The experimental conditions are selected to closely
replicate those experienced during civil aircraft maneuvers and
gust encounters. Hot-wire anemometry is used to measure the
velocity in the wake.

II.  METHODOLOGY

The experiments were conducted in a closed circuit low-
speed wind tunnel at the Amirkabir University of Technology,
having a rectangular test section of 0.45 m x 0.45 m and a length
of 1.2 m. The turbulence intensity in the test section is 0.1%, and
the maximum wind tunnel speed in the test section is 45 m/s. An
Eppler 361 airfoil, made of solid aluminum, with a chord length
(c) of 15 cm and a span of 45 cm, was placed horizontally in the
test section. The gap between the airfoil and the side walls was
less than 0.1 cm.

The scotch-yoke mechanism was used to create the plunging
motion. Figure 1 shows a schematic of the mechanism which
includes a variable speed motor that can provide oscillating
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Figure 1: Schematic of the mechanical system used to create the plunging
motion of the airfoil.

Airfoil
trailing edge

Figure 2: Hot-wire array behind the Eppler 361 airfoil.

motions with frequencies (f)) ranging from 1.0 Hz to 3.0 Hz and
plunging amplitudes (h,) ranging from 4 cm to 8 cm. In this
work, we only discuss the largest plunging motion (total
plunging depth, normalized by the chord, h = 2hy/c = 1.07).
The corresponding Reynolds number, based on the freestream
velocity of U = 2.5 m/s, was Re = 2.5x10% Three initial angles
of attack (a,) were investigated, namely, 0°, 10° and 15° at
reduced frequencies (k = nfc/U) of 0.19 (1.0 Hz) and 0.57 (3.0
Hz). Velocity measurements were acquired using constant
temperature anemometry (CTA) and seven 5-pum hot-wire
probes.

A traverse mechanism was used to move the series of hot-
wires through the near wake both vertically (y/c = +1) and
downstream. The velocity was measured up to one chord length
downstream of the trailing edge of the airfoil (x/c < 1). Figure
2 shows the series of hot-wire probes and the airfoil within the
wind tunnel test section. The hot-wire measurements were
calibrated in the wind tunnel before each experiment to
minimize errors caused by changes in sensor temperature. A
Pitot tube measures the freestream velocity.

The instantaneous angle of attack («) is the sum of the initial
angle of attack a, and the equivalent angle of attack a.q =
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Figure 3: Variation of airfoil height in cm (blue, solid) and equivalent

angle of attack (red, dashed) during one plunging cycle for ¢, = 0° and k

=0.19.



khcos (2mft), namely, @ = a, + @eq Where the parameters k

and h ultimately transmit the effects of the plunging motion on
the instantaneous angle of attack and ¢ is in seconds. Likewise,
the dimensional airfoil height is given by h = h,sin (27ft), as
measured from the point at which the oscillation mechanism is
attached (0.25c¢ from the leading edge).

The phase lag between the plunging motion and the
equivalent angle of attack is n/2 radians. Figure 3 shows a
schematic of the plunging airfoil motion for h = 1.07, a, = 0°
and k = 0.19, as well as the corresponding variation of the
equivalent angle of attack over one cycle. The equivalent angle
of attack reaches its maximum or minimum value when the
airfoil height = 0 cm, namely, when the airfoil is in its neutral
position during the upstroke or downstroke phase respectively.
The plunging motion of an airfoil affects the equivalent angle
of attack by decreasing it above the neutral position and
increasing it below the neutral position. These variations
become especially significant near the static stall angle of attack
and post-stall.

Il.  RESULTS & DISCUSSION

To explore the effects of the leading- and trailing-edge
vortices on velocity in the unsteady wake, we present the
velocity measurements in three separate regimes, namely, before
the static stall angle of attack (a, = 0°) in section Ill.A, near the
static stall angle of attack (a, = 10°) in section I11.B, and after
the static stall angle of attack (a, = 15°) in section I1I.C. In
section 1l11.D, we examine the ensemble-averaged velocity
hysteresis in the wake. To illustrate the wake behaviour, the
wake velocity is measured at several positions, though we
restrict our discussion here to those taken one chord length
downstream of the trailing edge (x/c = 1) at three vertical
positions as shown in Fig. 4, representing the upper wake (point
a, y/c = 0.5), the middle wake (point b, y/c = 0) and the lower
wake (point ¢, y/c = -0.5) with reference to the neutral airfoil
position (h = 0 cm).

A. Before the static stall angle of attack

In this section, we consider an initial angle of attack a, = 0°.
Figure 5 shows the velocity in the middle portion of the wake
(Fig. 4, point b) for reduced frequencies of k = 0.19 (left) and k
= 0.57 (right) over one cycle. The airfoil position is shown for
reference as a red dashed line. Leading-edge vortices are known
to develop, detach and shed in the wake even at low angles of
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Figure 4: Schematic of the velocity measurement points, relative to the
neutral position, at one chord length downstream (x /¢ = 1) including point
a in the upper wake (y/c = 0.5), point b in the middle wake (y/c = 0), and
point c in the lower wake (y/c =-0.5).
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Figure 5: Velocity variations over one cycle at the middle portion of the
wake (Fig. 4, point b) where x/c = 1 and y/c = 0 as measured from the
trailing edge and with reference to the neutral position. The initial angle of
attack is a, = 0°. The reduced frequency (k) is 0.19 on the left and 0.57
on the right. The dashed red line shows the airfoil position as a reference.

attack when the reduced frequencies are sufficiently high [20].
At the low reduced frequency (k = 0.19), the flow remains
largely laminar though we already observe velocity fluctuations
as the airfoil passes through its neutral position, both during its
upstroke and downstroke. Such velocity fluctuations can
generally result from flow perturbations induced by the motion
of the airfoil itself, from the shedding of a small leading-edge
vortex in the wake during the downstroke, or from the influence
of trailing-edge vortices shed as the airfoil passes through its
neutral position. At the higher reduced frequency (k = 0.57), the
velocity fluctuations are more apparent and peak during the
downstroke motion as the airfoil passes through the neutral
position (h = 0 cm) and the equivalent angle of attack begins to
increase. An overall increase in peak velocity magnitude is also
observed.

Figure 6 shows the velocity measurements in the upper wake
(Fig. 4, point a) at the same reduced frequencies. At the lower
reduced frequency (k = 0.19), the velocity is observed to exhibit
a low amplitude variation following the airfoil’s displacement in
time. This is consistent with the shedding of a small leading-
edge vortex. An increase in velocity is first observed in the upper
wake (just prior to t = 0.4 s) after which we observe its effects
in the middle wake (Fig. 5, left). At k = 0.19, the wake only
extends as far as |y/c| = 0.5. At the higher reduced frequency
(k = 0.57), the velocity exhibits considerable excursions
throughout the entire cycle, which is consistent with the
shedding of a leading-edge vortex as the airfoil descends from
its uppermost position, which is felt one chord downstream only
as the airfoil ascends to its neutral position [22-24]. The wake
also widens considerably, extending beyond the measurement
points (i.e., |y/c| » 1).
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Figure 6: Velocity variations over one cycle at the upper portion of the
wake (Fig. 4, point a) where x/c = 1 and y/c = 0.5 as measured from the
trailing edge and with reference to the neutral position. The initial angle of
attack is a, = 0°. The reduced frequency (k) is 0.19 on the left and 0.57
on the right. The dashed red line shows the airfoil position as a reference.



B. Near the static stall angle of attack

In this section, we consider an initial angle of attack of a, =
10°, which is close to the static stall angle of attack of the airfoil
(asean = 12.5°). Figure 7 shows the velocity variations over two
cycles for a reduced frequency of k = 0.57 at the upper (top),
middle (center) and lower (bottom) portions of the wake,
corresponding to y/c = 0.5, 0 and -0.5 respectively (as in Fig.
4). In comparison to the higher reduced frequency (k = 0.57)
results with a low initial angle of attack (a, = 0°) presented in
Figs. 5 and 6, the velocity fluctuations are more significant and
exhibit clear periodicity at all measured portions of the wake.
Gao et al. [18] observed that at high initial angle of attack (a,)
and reduced frequency (k), which causes the instantaneous angle
of attack («) during upward motion to be significantly higher
than that during downward motion, there is considerably weaker
vortex shedding from the lower surface of the airfoil and the
wake is primarily influenced by the leading-edge vortex from the
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Figure 7: Velocity variations over two cycles at the upper portion of the
wake (Fig. 4, point a) where x/c =1 and y/c = 0.5 as measured from the
trailing edge and with reference to the neutral position, the middle portion
(Fig. 4, point b) where y/c = 0, and the lower portion (Fig. 4, point c)
where y/c = -0.5. The initial angle of attack is @, = 10° and the reduced
frequency (k) is 0.57. The dashed red line shows the airfoil position as a
reference.

upper surface. The behaviour of the velocity fluctuations is
therefore indicative of the shedding of leading-edge vortices in
the wake, namely, as the airfoil descends from its uppermost
position (h = 8 cm) down to its neutral position (h = 0 cm), a
large vortex is shed and its effects are felt at roughly the same
time at the three measurement points as the airfoil begins its
ascent. The passage of the leading-edge vortex is however more
clearly observed in the upper portion of the wake where it is
shed.

C. After static stall angle of attack

In this section, we consider an initial angle of attack of a, =
15°, which is close to and exceeds the static stall angle of attack
of the airfoil (ag,; = 12.5°). At the plunging amplitude of study
(h = 1.07) and the lowest initial angle of attack (a, = 0°), the
maximum instantaneous angle of attack varies from 11.5° to
34.6° when k =0.19 and 0.57 respectively. At an initial angle of
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Figure 8: Velocity variations over two cycles at the upper portion of the
wake (Fig. 4, point a) where x/c = 1 and y/c = 0.5 as measured from the
trailing edge and with reference to the neutral position, the middle portion
(Fig. 4, point b) where y/c = 0, and the lower portion (Fig. 4, point c)
where y/c = -0.5. The initial angle of attack is @, = 15° and the reduced
frequency (k) is 0.57. The dashed red line shows the airfoil position as a
reference.
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Figure 9: Ensemble-averaged velocity hysteresis over one cycle at the
middle portion of the wake (Fig. 4, point b) where x/c =1and y/c =0 as
measured from the trailing edge and with reference to the neutral position.
The initial angle of attack is a, = 0°. The reduced frequency (k) is 0.19 on
the left and 0.57 on the right.

attack of a, = 15°, the maximum instantaneous angle of attack
attains 49.6° at k = 0.57, which far surpasses the static stall
angle. We therefore expect to have a deep dynamic stall. The
dynamic stall process is commonly divided into four stages:
attached flow over the airfoil surface at low angles of attack, the
formation of a strong leading-edge vortex, the detachment of this
vortex from the airfoil’s suction surface, and subsequent
reattachment of the flow [1-3].

Figure 8 shows the velocity variation over two cycles at the
higher reduced frequency of k = 0.57 at the upper (top), middle
(center) and lower (bottom) portions of the wake, corresponding
again to y/c = 0.5, 0 and -0.5 respectively (as in Fig. 4). In the
upper wake (Fig. 4, point a), the velocity decreases during the
airfoil’s upstroke from the neutral position (i.e., while the
equivalent angle of attack decreases) and begins to recover as
the airfoil descends past the neutral position. In the lower wake
(Fig. 4, point c), the velocity increase is somewhat less
significant compared to the other locations. The largest velocity
variation occurs during the second half of the plunging motion
(i.e., while the equivalent angle of attack increases). The greatest
time-averaged forces and moments have been shown to occur
when the unsteady motion is within or near the post-stall flow
regime of the static airfoil [20].

In the middle portion of the wake (Fig. 4, point b), we
observe a gap between consecutive shedding of the leading-edge
vortices that can be interpreted as a delay in the formation and
propagation of the leading-edge vortex due to the higher reduced
frequency. At reduced frequencies below 0.15, the process of
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Figure 10: Ensemble-averaged velocity hysteresis over one cycle at the
middle portion of the wake (Fig. 4, point b) where x/c =1and y/c =0 as
measured from the trailing edge and with reference to the neutral position.
The initial angle of attack is a, = 10°. The reduced frequency (k) is 0.19
on the left and 0.57 on the right.
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Figure 11: Ensemble-averaged velocity hysteresis over one cycle at the
middle portion of the wake (Fig. 4, point b) where x/c =1and y/c =0as
measured from the trailing edge and with reference to the neutral position.
The initial angle of attack is @, = 15°. The reduced frequency (k) is 0.19
on the left and 0.57 on the right.

dynamic stall and subsequent shedding are similar to a typical
bluff-body von K&rman vortex street, where multiple alternating
vortices are released from the leading and trailing edges [23].
The velocity fluctuations at the lower reduced frequency of k =
0.19 (not shown) similarly shows the effect of multiple vortices
in the wake.

D. Velocity hysteresis

At reduced frequencies k < 0.2, the dynamic stall vortex is
shed before the maximum instantaneous angle of attack is
reached, resulting in a small counterclockwise loop at the lower
right-hand side of the larger clockwise loop in lift hysteresis
[22]. In this study, we observe the same behaviour in velocity
hysteresis. Figures 9-11 show the ensemble-averaged velocity
hysteresis over one cycle at the middle portion of the wake (Fig.
4, point b) for each initial angle of attack («, = 0°, 10° and 15°
respectively). The velocity hysteresis profile shows a small
counterclockwise loop at k = 0.19 at all angles of attack. When
the initial angle of attack is zero (a, = 0°), the variations of
velocity over one cycle show the combination of clockwise and
counterclockwise variations, indicating the presence of vortices
shedding in the wake and corresponding increases and decreases
in velocity with the passage of the vortex through the
measurement points. Increasing the reduced frequency induces
larger leading-edge vortices, increasing the velocity fluctuations
in the wake, resulting in a more open (larger loop) hysteresis
pattern. As a, increases from 0° to 15°, the hysteresis loops
involve stronger and larger vortical structures [16]. In the case
of o, = 15° and k = 0.57, only a clockwise loop remains along
with an overall increase in velocity magnitude and larger
aerodynamic forces over the airfoil. The velocity hysteresis
suggests that lift increases progressively as the airfoil moves
from stall onset to the light stall regime, and finally to the deep
stall regime.

IV. CONCLUSION

In this study, the unsteady wake of a plunging Eppler 361
airfoil was investigated at a Reynolds number of Re = 2.5x10*
for a total plunging depth of h = 1.07. We considered reduced
frequencies of k = 0.19 and 0.57 for three initial angles of attack
representing pre-stall (e, = 0°), near stall (a, = 10°) and post-
stall (a, = 15°) conditions. The velocity was measured through
constant temperature hot-wire anemometry at one chord



downstream of the trailing edge in the upper (a half-chord
above), middle and lower (a half-chord below) portions of wake
with reference to the neutral position. Our results show that the
oscillation frequency strongly influences wake characteristics of
a plunging airfoil, which is consistent with the literature [2, 3,
13, 20, 23]. Previous studies focus mainly on the aerodynamic
characteristics (e.g., lift) at low oscillation amplitudes and low
frequencies. In our work, we examined the effects of a broader
range of oscillation conditions and angles of attack on velocity
variations across different regions in the wake, providing new
insights into the wake dynamics under extreme oscillatory
conditions.

Before the static stall angle of attack (a, = 0°), the velocity
in the wake shows small variations and smaller peaks, indicating
that the boundary layer over the airfoil remains laminar. As the
reduced frequency increases, the start of transition from laminar
to turbulent flow, as well as its reversion, are delayed or even
prevented, causing a slight decrease in the degree of hysteresis
variations.

When the initial angle of attack («, = 10°) is near the static
angle of attack of the airfoil (a4 = 12.5°), stall occurs during
the downstroke. As the equivalent angle of attack of the airfoil
increases, the flow separates from the upper surface and
reattaches, forming a separation bubble. With further increase, a
leading-edge vortex forms. At the same time, a weaker trailing-
edge vortex develops from the lower surface. During the
downstroke, the leading-edge vortex is carried downstream and
sheds in the wake. Velocity variations in the wake and velocity
hysteresis clearly identify the leading-edge vortex. In the middle
portion of the wake, the velocity variations are more unsteady.

When the equivalent angle of attack exceeds its static stall
angle, the boundary layer becomes more unsteady and the stall
phenomenon intensifies. The reversed flow moves upward,
leading to the formation of a larger and stronger leading-edge
vortex. Increasing the reduced frequency delays the formation of
the leading-edge vortex and subsequent ones. Although the
vortex shedding phenomenon does not fundamentally change,
its strength and phase are highly dependent on the reduced
frequency. However, as the leading-edge vortex enters the wake,
it has a marked effect on the velocity fluctuations, velocity
hysteresis and overall wake thickness.
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