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This paper is prompted by a recent numerical study (Lewin, G. C., and Haj-Hariri, H., “Modelling Thrust
Generation of a Two-Dimensional Heaving Airfoil in Viscous Flow,” Journal of Fluid Mechanics, Vol. 492, Oct. 2003,
pp. 339-362) that shows that for a two-dimensional (2-D) elliptic airfoil undergoing prescribed heaving motion in a
viscous fluid, both leading-edge vortices and trailing-edge vortices contributed to the formation of the wake
structures. However, an earlier dye-visualization study (Lai, J. C. S., and Platzer, M. F., “Jet Characteristics of a
Plunging Airfoil,” AIAA Journal, Vol. 37, No. 12, 1999, pp. 1529-1537) on a heaving NACA 0012 airfoil appears to
show that the wake structures were derived from trailing-edge vortices only. The dissimilarity in the two studies
remains unclear because there is no corresponding experimental data on a 2-D heaving elliptic airfoil. In this study,
digital particle image velocimetry technique was used to investigate the wake-structure formation of a 2-D elliptic
airfoil undergoing simple harmonic heaving motion. For the range of flow conditions investigated here, our results
show that the type of wake structures produced is controlled by when and how the leading-edge vortices interact with

the trailing-edge vortices.
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1. Introduction

IOLOGICAL fliers and swimmers, such as insects and fishes,

use flapping foils to generate high lift and thrust in fluids. The
earliest studies on flapping foils were carried out independently by
Knoller [1] and Betz [2], who recognized that a flapping foil
generates an effective angle of attack, with the resulting normal force
producing both lift and thrust components. This finding was verified
by Katzmayr [3], who measured the thrust of a stationary airfoil
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subjected to a sinusoidally oscillating freestream. A subsequent
analysis by Glauert [4] using classical linear theory of an oscillating
wing in an inviscid incompressible fluid found that for a fixed
advance ratio, there is no preferred frequency, and the thrust
coefficient and efficiency increased monotonically with decreasing
frequency. A later analysis by Garrick [3] on plunging and pitching
plates, based on the assumption of small-amplitude oscillations in an
inviscid incompressible fluid, found a rapid reduction in the
propulsive efficiencies of flapping foils, from a value of 1.0 at a low
flapping frequency to about 0.5 as the frequency is increased. This
finding was later confirmed in an experiment by Silverstein and
Joyner [6] in 1939. However, von Kdrmédn and Burgers [7] were the
first to provide theoretical explanation of drag and thrust production
based on the orientation of the wake vortices; the well-known drag-
producing Karmdn vortex street and thrust-producing reverse
Kéarman vortex street were identified by them and were later verified
experimentally by Bratt [§]. Further theoretical works by Wu [9] and
Lighthill [10] showed that flapping foils can generate different kinds
of spatially periodic patterns of vortices that were used as a form of
propulsion by aquatic animals (see also [11-15]). In the following
decades, numerous theoretical and experimental studies [16-28]
were conducted to better understand flapping-foil acrodynamics and
propulsion, and the recent interest in using flapping wings [29-40] to
generate lift and propulsion in applications such as micro air vehicles
has given research in this area a further impetus.

Although the bulk of the investigations on flapping foils were
concentrated on pure pitching or combined heaving and pitching
motions, some studies have also been conducted on pure heaving
motion. It is well established that the motion of a heaving airfoil is
described by three nondimensional parameters: namely, Sta, Stc,
and Re, although in some cases, A/c is used in place of Sta.
Depending on the heaving frequency and amplitude, studies by
Freymuth [16], Jones et al. [23], Lai and Platzer [24], Lewin and
Haj-Hariri [25], and Young and Lai [26] showed that the wake
structures of a heaving airfoil can be characterized by a drag-
producing Karman vortex street, thrust-producing reverse Karman
vortex street, or neutral wake (in which two vortices of the same
sign are produced in every half-cycle). In a numerical study by
Lewin and Haj-Hariri [25] (henceforth referred to as LH) on a
heaving two-dimensional (2-D) elliptic airfoil in a viscous fluid, the
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wake structures were found to be produced from the interaction of
leading-edge vortices (LEVs) and trailing-edge vortices (TEVs);
however, an earlier dye-visualization study by Lai and Platzer [24]
(henceforth referred to as LP) on a heaving NACA 0012 airfoil
showed that these wake structures originated from only the trailing
edge of the airfoil. Although the interaction of the LEVs and the
TEVs to produce different wake structures in a pitching airfoil is
well established, there appears to be a lack of experimental data on a
pure heaving 2-D elliptic airfoil to compare with the computational
results of LH.

The objective of this study is to examine the wake-structure
formation of a 2-D elliptic airfoil undergoing a sinusoidal heaving
motion at a constant Reynolds number (based on freestream velocity
and the chord length of the airfoil) of about 1000; with the advance
ratios of 0.0919, 0.160, and 0.276; and the reduced frequency from
0.1 t0 2.0. Our attention is focused on the formation of the large-scale
wake structures only (such as the leading-edge and trailing-edge
vortices) and not the small-scale structures (such as the boundary-
layer and secondary vortices). Previous experimental studies [41—
44] showed that the small-scale structures have insignificant
influence on the topology of the large-scale structures. Although our
Reynolds number is twice that of LH [25], the choice is constrained
by our experimental setup. Nevertheless, previous experimental
studies [18,19] on an oscillating and translating airfoil showed that
Reynolds number has little effect on the wake pattern.

II. Experimental Setup

The experiments were conducted in the recirculating water
channel (see Fig. 1) in the Fluid Mechanics Laboratory of the
National University of Singapore. The test rig, equipped with a
flapping mechanism, was placed inside the test section of the water
channel. The flapping mechanism consisted of two servomotors that
controlled the pitching and heaving motions of the airfoil with the
resolutions of 0.1 mm and 0.025 deg, respectively. In the present
study, the pitching motion was not activated. A two-dimensional
elliptic airfoil, with a chord length of 20 mm and a maximum
thickness of 2.5 mm, spanned the width of the test rig (200-mm wide,
giving L/c = 10), bounded by two vertical Perspex end plates to
reduce three-dimensional flow effects. A third Perspex plate was
placed horizontally on the water surface to prevent free surface
effects. The airfoil was supported by a brass rod through a vertical
slot in the Perspex end plate at the far side of the test section, and the
slot was sealed with a flexible rubber flap to prevent flow leakage
through the slot. The airfoil was subjected to a sinusoidal heaving
motion at a constant Reynolds number of about 1000. The heaving
motion was governed by the following equation:

Y = Alcos(27f1)]

For digital particle image velocimetry (DPIV) measurements, the
flow was uniformly seeded with 10-pm spherical glass particles of a
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Fig. 1 Side view of the test rig equipped with a flapping mechanism.
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density of 1000 # 20 kg/m?>. The DPIV setup consisted of a server,
a dual-cavity Nd-Yag laser, a 1024 by 1024 pixel particle image
velocimetry (PIV) camera and a dual-processor CPU Windows NT
workstation running Dantec FlowManager Version 3.30 software.
The two servomotors that controlled the airfoil pitching and heaving
motions were in turn controlled by two National Instruments real-
time data-acquisition cards. As pointed out earlier, only the heaving
motion was activated in the present experiment. At the start of each
run, a program written on LabVIEW calculated the prescribed
positional displacement of the airfoil with respect to time, and the NI-
DAQ card then sent out the positional signals to the servomotor to
start the heaving motion of the airfoil. At the same time, the card
triggered the PIV server to start firing the Nd-Yag laser. The laser
beam was expanded by a cylindrical lens into a laser sheet 2-mm
thick that bisected the span of the airfoil. The PIV server, which
controlled the synchronization of the PIV camera and the PIV lasers,
signaled the camera to capture image pairs that were recorded as
1008 by 1016 pixel images, corresponding to a physical area of 130.9
by 131.9 mm. On average, more than five particles were captured
within the interrogation area of 16 x 16 pixels. Dantec’s adaptive
cross-correlation DPIV algorithm was used to analyze the captured
flow images. With the preceding interrogation area and 25% overlap
in the final step of the processing, the algorithm produced velocity-
vector fields with a spatial resolution of 0.1c¢. Subpixel accuracy in
the velocity vectors was achieved using a three-point symmetrical
Gaussian curve-fit interpolation scheme. Data validation was carried
out using both peak validation and moving-average validation
techniques, and velocity vectors were rejected unless all the criteria
were met. The averaged error per interrogation cell in the vorticity
calculations, based on the simple difference scheme adopted in the
Dantec algorithm, is approximately 6.75% (see also Luff et al. [45]).
Estimation based on Cohn and Koochesfahani [46] showed that the
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resolution of the measurements is sufficient to capture the large-scale
wake structures.

A total of 18 heaving motions were conducted through a
combination of Sta values of 0.0919, 0.160, and 0.276 and Stc
values of 0.10, 0.25, 0.50, 0.75, 1.00, and 2.00. For each flow
condition, the airfoil started and ended its sinusoidal motion of six
cycles atits topmost position, and the experiment was repeated a total
of 20 runs for subsequent ensemble averaging. Because of the
opacity of the airfoil, the laser beam cast a shadow beneath the airfoil,
making the shadow region void of data. To circumvent this problem
so thata complete flowfield was obtained, every set of the experiment
was repeated with the reversed orientation and motion of the airfoil.

III. Results and Discussion
A. Leading-Edge Vortex and Wake Structures

The results obtained in the present study are presented in Figs. 2—
11. In agreement with the computations of LH [25], our results show
that the type of wake structures produced in a heaving 2-D elliptic
airfoil depends very much on when and how the leading-edge
vortices interact with the trailing-edge vortices (and sometimes with
the airfoil). In general, both LEVs and TEVs are generated at the
beginning of each stroke, and they grow and eventually shed as the
airfoil moves away, but under some conditions, there is a
considerable delay in the shedding of the LEV relative to the TEV.
The delay causes a substantial phase shift between the two vortices,
which obviously influences the topology of the wake structures. At
low reduced frequencies of 0.10 and 0.25, a leading-edge vortex is
shed before the end of each stroke, whereas at higher reduced
frequencies of 0.50 to 2.00, the LEV is shed at the end of the stroke.
For a fixed reduced frequency, the advance ratio controls the
amplitude of the motion. In general, the higher the advance ratio (i.e.,
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Fig. 2 Vorticity plot of Sta = 0.16 (2 = 1.6) and Stc = 0.1 over one cycle of heaving motion (dissipated wake).
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Fig. 3 Vorticity plot of Sta = 0.276 (h = 1.104) and Stc = 0.25 over one cycle of heaving motion (reverse-Kdrman-vortex-street-like structure).

higher heaving velocity) the stronger the LEVs and TEVs, but with
the tendency of LEV shedding before the airfoil reverses its direction
of motion. The following is a summary of the wake patterns observed
here.

1) Dissipation wake refers to the absence of coherent vortical
structures in the wake region. Here, both the LEV and the TEV, upon
shedding from the airfoil, form a dipole that interacts destructively
with the freestream. This usually occurs at low Stc of 0.10. We are
not aware if this pattern has been observed previously, although the
formation of a dipole is not new.

2) A reverse-Karman-vortex-street-like structure is associated
with thrust production and occurs when LEVs and TEVs interact in

such a way that two rows of alternating vortices are formed, with the
top-row vortices having a counterclockwise circulation and the
bottom-row vortices having a clockwise circulation.

3) Deflected wakes are those with the flow structures deflected
away from the freestream direction. They occur at the highest
reduced frequencies of Stc = 2.00 for both the advance ratios Sta =
0.160 and 0.276, and Stc = 1.00 for Sta =0.276. These wake
structures were seen in the past (for example, see LP [24] and LH
[25)).

4) Neutral wake structures possess two vortices of equal sign shed
every half-cycle. These wake structures have also been seen by LP
[24] and LH [25].
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Fig. 4 Vorticity plot of Sta = 0.276 (k = 0.368) and Stc = 0.75 over one cycle of heaving motion (reverse-Karman-vortex-street-like structure).

5) A merged Kdrmdn vortex street is associated with drag
production, and is similar in appearance to the reverse-Kdrman-
vortex-street-like structure, except for the reversal in the sign of the
circulation of the top- and bottom-row vortices.

B. Detailed Description

The vorticity field for each of the preceding cases is presented in
Figs. 2-10. Take note that these results were obtained during the fifth
cycle of the heaving motion, in which the wake structures behind the

airfoil had reached a periodic state. For ease of reference, the vortices
of interest are identified by the heaving stroke that they originate
from (D for downstroke, U for upstroke, subscript 1 for the current
stroke, subscript —1 for the previous stroke, etc.) and the sign of
circulation is indicated as either positive (counterclockwise) or
negative (clockwise). For example, DILEV1 (—) signifies current
downstroke and first leading-edge vortex with clockwise circulation,
and DILEV2 (—) current downstroke and second leading-edge vortex

with clockwise circulation. Likewise, UILEV] (+) signifies current
upstroke and first leading-edge vortex with counterclockwise
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Fig. 5 Vorticity plot of Sta = 0.16 (2 = 0.16) and Stc = 1 over one cycle of heaving motion (reverse-Karman-vortex-street-like structure).

circulation, and Ulﬂw1 (—) current upstroke and first trailing-edge
vortex with clockwise circulation. Similarly, D_; . (+)indicates the
leading-edge vortex of the previous downstroke.

1. Dissipated Wakes

Figure 2 shows the generation of dissipated wake structures at
Sta = 0.160 and the lowest Stc of 0.10. As depicted in the figure, the
airfoil started with a downstroke motion in which a leading-edge
vortex [DlLEV] (—)] was formed and grew as the airfoil moved
downward. Atabout the same time, the shear layer at the trailing edge
started to roll up to form DITEV1 (4) and convected downstream. As

soon as Dlmv, (—) was shed from the leading edge at midstroke (see
t = 0.25T), a second leading-edge vortex [D]LEVZ (—)] was initiated.
When DlLEVl (—) was moving toward the trailing edge, it paired up
with DlTEVI (+) to form a dipole, with the horizontal component of
their induced velocity pointed in the upstream direction. During the
upstroke motion, a corresponding event occurred, as can be seen in
Figs. 2¢c and 2d. Unlike the other wake structures (which will be
discussed later) in which coherent vortices persisted for a greater
streamwise distance, the interaction of the dipole with the
surrounding flow appears to speed up the annihilation of the
vorticity, hence the name “dissipated wakes.”
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Fig. 6 Vorticity plot of Sta = 0.276 (h = 0.276) and Stc = 1 over one cycle of heaving motion (deflected wake).

2. Reverse-Kdrmdn-Vortex-Street-Like Structure

With increasing Stc, a thrust-producing reverse-Karman-vortex-
street-like structure appeared. Figure 3 shows the resultat Stc = 0.25
and Sta = 0.276. At the beginning of the downstroke (¢ = 0.000),
the leading-edge vortex that was formed during the previous
upstroke [U_; . (+)] had already reached the trailing edge. As the
airfoil moved downward, at about t = 0.125T, U_; _ (+) was shed
from the trailing edge and merged with a new TEV to form
Uy () + Dy, (+). Atabout the same time, anew leading-edge
vortex [D gy, (—)] was initiated. By the time the airfoil had reached
the end of the downstroke (see r = 0.5007), DILEV| (—) had shed and

convected toward the trailing edge of the airfoil. As the airfoil
reversed its direction of motion and moved upward, DII_FIV1 (=)
merged with a trailing-edge vortex UITEVl (—) of the same circulation
[i.e., D ey, (=) + UITEV1 (—)]. Therefore, every stroke of the heave
motion created merged vortices at the trailing edge, but with
alternating signs, leading to two strong vortices of opposite sign per
cycle, and the arrangement of the vortices is such that they formed a
reverse-Kdrmén-vortex-street-like  structure, with the top-row
vortices having a counterclockwise circulation and the bottom-row
vortices having a clockwise circulation.

At a higher value of Stc = 0.75, the mechanism leading to the
formation of the reverse-Karman-vortex-street-like structure is the
same as before. However, the strength of the merged vortices is
slightly weaker. Figure 4 shows the result at Sta =0.276 and
Stc = 0.75. Here, at the beginning of the downstroke (¢ = 0.000),
the LEV formed during the upstroke of the previous cycle U_; . (+)
was still attached to the airfoil at about a quarter-hord from the
leading edge. As the airfoil continued its downward motion with a

higher velocity because of a higher Stc (see t = 0.1887 and 0.375T),
it compressed U_;  (+) with some stretching as the vortex was
convecting toward the trailing edge. Therefore, the vorticity of the
U_,, . (+) was partially weaken by the induced secondary vorticity
of the opposite sign, in a manner similar to that in an accelerated flow
past a NACA 015 airfoil [47]. The weaker U_; _ (+) subsequently
merged with the trailing-edge vortex D Inev, (+) of the same sign. The
combined strength of Dipy, (+) + U_,,,, (+) is now weaker than in
the preceding case (Fig. 3), in which no partial annihilation of
U_,,,, (+) took place.

When Stc was increased to 1.00 with Sta = 0.0919 and 0.160, as a
consequence of shorter distances of separation between the shed
vortices and the higher heaving frequency, the LEV formed from the
previous cycle reached the trailing edge only at the end of the
following heaving cycle, as can be seen in Fig. 5 for the case of
Sta = 0.160 at Stc = 1.00. Here, it can be seen that at the beginning
of the downstroke (fr=0.000), two LEVs [U_, . (+) and
U_,,,, ()] were on the lower airfoil surface and one [D_; _ ()]
was on the upper surface. When the airfoil began to move downward,
bothU_;  (+)andD_;  (—1) convected toward the trailing edge,
whereas U_, . (+) had started to merge with anewly generated TEV
lie., U, (+) + Dlnﬁvl (4); see t = 0.2507]. At the end of the
downstroke (t = 0.5007), the merged U_, . (+) + Dlmv, (+) had
moved away from the trailing edge, and D_; _ (—) had almost
reached the trailing edge. And as the airfoil reversed its direction of
motion and moved up, D_;  (—) merged with a new TEV [i.e.,
D_y, (5) + Uy, ()i see 1= 0.675T]. Although U_, . (+) and
D, ., (—) were convecting along the upper and lower airfoil surfaces,
respectively, a new LEV [U ey, (+)] started to form at the leading
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Fig. 8 Vorticity plot of Sta = 0.276 (h = 0.552) and Stc = 0.5 over one cycle of heaving motion (reverse-Karman-vortex-street-like structure).

edge of the airfoil (r = 0.7507). At the end of the upstroke, the
mergedD_; _ (—) + UITEvl (—) had separated from the trailing edge
and U_, , had reached the trailing edge. The end result was the
merged U_, (+)+ Dl'uiv] (+) interacting with the merged
D (=) + UITF_V| (=) to form two rows of vortices with the
circulations that gave a reverse-Karman-vortex-street-like structure.
In this case, it can be seen that the top-row vortices were formed from
the merging of the TEV of the current downstroke with the LEV of
the upstrokes formed two cycles earlier. Similarly, the bottom-row
vortices were formed from the merging of the TEV of the current
upstroke with the LEV of the downstroke formed two cycles earlier.
This characteristic is partly caused by the higher heaving frequency.

3. Deflected Wakes

Ateven higher frequencies (Sta = 0.160 at Stc = 2.00 and Sta =
0.276 at Stc = 1.00 and 2.00) deflected wakes are formed. Figure 6
shows the vorticity plot of Sta = 0.276 at Stc = 1.00. Here, as the
airfoil moved downward, the TEV [DlTEVI (+)] shed from the trailing
edge merged with the TEV [U_, . (+)] formed during the upstroke
one cycle earlier, to form a vortex pair or dipole, with the induced
velocity vector inclined to the downstream direction. The direction of
deflection is determined by the starting condition of the plunging
oscillating airfoil, because when the direction of starting stroke of the
heaving motion was reversed, the wake deflected in the mirror-image
direction. The dominant effect of the starting condition on the
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Fig. 9 Vorticity plot of Sta = 0.0919 (h = 0.1838) and Stc = 0.5 (reverse-Karman-vortex-street-like structure).

direction of deflection was also observed in the numerical calculation
by Jones et al. [48].

A combination of these vortex pairs gives the appearance of a
deflected wake similar to that observed by LP [24] and LH [25].
Although these wake structures are produced from the LEV and
TEV, a previous study [23] showed that they can also be produced
from the shedding of the trailing-edge vortices only.

4. Neutral Wake Structures

These wake structures have also been previously observed by LP
[24] and LH [25] and occur in the present experiment at lower
frequency when Stc was around 0.50. At the beginning of every
stroke, the LEV formed in the previous stroke did not merge with the
newly formed TEV. Thus, a pair of vortices of the same sign was shed
with every single stroke of the heaving motion.

Figure 7 shows the vorticity plot of Stc = 0.50 and Sta = 0.160.
At ¢t =0.000, the LEV [U_, ,, (+)] formed during the previous
upstroke was still attached to the airfoil, and as the airfoil moved
downward, the U_, _ (+) convected toward the trailing edge.
During this time, a TEV [Dlm, (+)] of the same sign was also
generated and shed at the trailing edge (see t = 0.1257 and 0.2507).
A moment later at t = 0.375T, the U_, _ (+) was also shed into the
wake and aligned almost vertically with Diy, (+). The process then
repeated for the next half-cycle. Therefore, for every cycle of the
heaving motion, the wake consisted of two pairs of vortices, with
each pair having the same sign circulation. Close examination of the
result shows that in every vortex pair, the LEV is slightly weaker than
the TEV. This could be attributed to the combined effect of vortex
stretching and vorticity diffusion as the LEV convected along the

airfoil surface during the heaving motion. Because one vortex was
stronger than the other, the induced velocity of the stronger TEV
caused the weaker LEV to rotate around it, as can be seen further
downstream.

In addition to the preceding configuration, the characteristics of
the neutral wakes produced at Stc = 0.50 were found to vary with
Sta. In particular, for the highest Sta of 0.276, because one vortex is
significantly stronger than the other, the resulting wake pattern
closely resembles that of a reverse Kdrmdn vortex street, as can be
seen in Fig. 8. From a thrust-producing viewpoint, this is definitely
a reverse-Karman-vortex-street structure, but the pattern is included
here purely from a flow-topology consideration. During the
experiment, it could be seen that every time the airfoil reversed its
direction of motion, and because of the higher amplitude and
velocity encountered here, the airfoil compressed the LEV (U_, )
produced during the previous stroke (see ¢ = 0.1257), causing it to
stretch and weaken rapidly before shedding from the trailing edge
as a much weaker TEV (see t = 0.3757). Although the vortex pair
looks like a neutral wake structure at the beginning, the weaker one
diffused rapidly, and at about 1.5-chord length downstream from
the airfoil, the wake resembles a reverse Kdrmdn vortex street (see
t =0.500T). Note that in Fig. 11, this case is considered as a
reverse-Karman-vortex-street-like structure. When Sta was reduced
to 0.0919 (see Fig. 9), the mechanism leading to the formation of a
neutral wake structure, and its subsequently transformation into a
reverse-Karmdn-vortex-street appearance due to the demise of the
weaker vortex is similar to that depicted in Fig. 8. Note that in
Fig. 11, this case is also considered as a reverse-Kdrman-vortex-
street-like structure. The wake patterns shown in Figs. 8 and 9
would become the same pattern shown in Fig. 4 if merging of the
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Fig. 10 Vorticity plot of Sta = 0.0919 (2 = 0.123) and Stc = 0.75 over one cycle of heaving motion (merged Karman vortex street).

like signs of the LEV and TEV had occurred at the beginning of
every stroke.

5. Merged Kdrmdn Vortex Street

At Sta =0.0919 and Stc =0.75, the results are presented in
Fig. 10. Here, as the airfoil moved downward, it compressed the
U_,,,, (+) formed during the previous cycle and caused it to stretch.
As aresult, part of the vorticity was fed into Diy, (+) (see Figs. 10b
and 10c). When the airfoil moved upward, a corresponding event
occurred (see Figs. 10d—-10f), resulting in the formation of a narrow
line of vortex street. Close examination on the wake pattern reveals

that the vortices arrange in a form of Kdrmén vortex street, although
the lateral distance between the vortices is very small. It is thus called
merged Kdrman vortex street.

C. Discussion

A parameter map similar to that used by Triantafyllou et al. [21]
and Jones et al. [23] to classify wake structures is presented in Fig. 11.
The results of LH [25] (after converting into Stc, Sta, and h) are
included for comparison. It should be noted that although LH
conducted extensive computations on the heaving motion, we are
able to ascertain only 11 cases, with 10 cases derived from the
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vorticity plots presented in their paper and one case based on their
discussion of the result. For the remaining cases presented in Fig. 2 of
their paper, it is difficult to ascertain the exact wake structures based
on the data presented.

Within the confines of limited comparison, it can be seen from
Fig. 11 that our results are in good agreement with that of LH [25].
For example, LH’s results for Sta = 0.2387 shows the wake
structure changing from a thrust-producing reverse-Kdrméan-vortex-
street-like structure to deflected wakes as Stc is increased. A similar
trend is displayed by our results at a slightly higher Sta = 0.276.
Likewise, LH’s results at Sta = 0.1592 show the presence of
reverse-Karman-vortex-street-like structures for a range of Stc, and
our results at the same Sta =0.16 also show the same wake
structures for the same range of Stc, with the exception of point 2,
which indicates a neutral wake (see Fig. 7). It is unclear why this is
the case, even though the experiment and the computation are
conducted at the same flow condition. Similarly, LH’s results at
Sta = 0.1273 also show the reverse-Kdrmdn-vortex-street-like
structure for a range of Stc, and our results at a lower Sta = 0.0919
also show the same wake structures for the same range of Stc, except
at Stc = 0.75, which shows a Kdrmén vortex street (see Fig. 10). The
reason for the difference is not clear to us, although our Sta value is
about 28% lower. Note that LH’s data for Stc = 0.7958 and Sta =
0.191 (identified as point 1) are also included in the plot for
completeness, even though we did not conduct the experiment for
this condition.

As Figs. 2-10 clearly show, the type of wake structures produced
by a heaving 2-D elliptic airfoil depends primarily on when and how
LEVs interact with TEVs. Although LP [24] observed all the wake
structures reported here, except the dissipated wake for a heaving
NACA 0012 airfoil, their flow structures appear to be originated from
the trailing edge of the airfoil. Their finding is reinforced in a
subsequent numerical study by Young and Lai [26] on a heaving
NACA 0012 airfoil, which shows that although leading-edge
separation appears to dominate aerodynamic forces for k (as defined
in the present paper) less than eight, “wake structures appear to be
controlled primarily by trailing-edge effect” for k£ up to 40. This
raises the question as to why their results are different from that of LH

[25] and the present study? An examination of the parameters used
by LP shows that their airfoil was subjected to much smaller heaving
amplitudes and higher frequencies. However, as can be deduced
from our results in Figs. 9 and 10, high heaving frequency and low
amplitude (i.e., high Stc and low Sta) will lead to weak LEVs due to
partial annihilation of vorticity by the airfoil motion. With the NACA
0012 airfoil, the round leading edge of the airfoil further inhibits
strong leading-edge flow separation. Therefore, the resultant reverse-
Karman-vortex-street structure is produced from the shedding of the
trailing-edge vortices only. In contrast, much larger amplitudes of
heaving are used in the present experiment (and also in LH’s
computations), and this combined with a sharper leading edge of the
elliptic airfoil provides a more favorable condition for stronger flow
separation, resulting in the formation of shed LEVs, which plays a
crucial role in the wake formation. However, a recent thesis by
Young [49] on numerical simulation of the unsteady aerodynamics
of flapping airfoils shows that strong leading-edge vortices can also
be shed from the NACA 0012 airfoil for certain parameter
combinations; unfortunately, no experimental results are available to
verify these predictions.

IV. Conclusions

The formation of the large-scale wake structures of a 2-D elliptic
airfoil undergoing sinusoidally heaving motion at Re = 1000 was
studied experimentally using digital particle image velocimetry
technique. For the range of advance ratios and reduced frequencies
investigated, five different wake structures are observed. In
agreement with of the computations of LH [24], they are formed from
the interaction of the LEV with the TEV and sometimes with the
heaving airfoil. When the interaction leads to the merging of LEVs
and TEVs, either a deflected wake or a drag-producing merged
Karman vortex street or a thrust-producing reverse-Karman-vortex-
street-like structure is produced. When no merging of LEVs and
TEVs occurs, either a dissipated wake or neutral wake is formed. The
type of wake structure produced depends on not only the advance
ratio and the reduced frequency, but also the nondimensional heave
amplitude.
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