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Two-dimensional direct numerical simulation of the flow over a NACA0018 airfoil with a cavity is presented. The

lowReynolds number simulations are validated bymeans of flow visualizations carried out in awater channel. From

the simulations, it follows that there are twomain regimes of flow inside the cavity. Depending on the angle of attack,

the first or the second shear-layer mode (Rossiter tone) is present. The global effect of the cavity on the flow around

the airfoil is the generation of vortices that reduceflow separation downstreamof the cavity. At highpositive angles of

attack, the flow separates in front of the cavity, and the separated flow interacts with the cavity, causing the

generation of smaller-scale structures and a narrower wake compared with the case when no cavity is present. At

certain angles of attack, the numerical results suggest the possibility of a higher lift-to-drag ratio for the airfoil with

cavity compared with the airfoil without cavity.

Nomenclature

c = chord of airfoil, m
D = cavity depth, m
f = frequency, Hz
k = reduced frequency
Rec = Reynolds number based on chord length
Sth = Strouhal number based on projected frontal area
StW = Strouhal number based on cavity opening
U1 = freestream velocity, m=s
W = cavity opening, m
� = angle of attack, �

� = kinematic viscosity, m2=s
� = boundary-layer momentum thickness, m
! = oscillation frequency, rad=s

I. Introduction

R ECENTLY, the Kasper vortex wing concept has received new
attention. The Kasper wing was claimed to achieve higher lift-

to-drag ratios compared with conventional airfoils (see [1] and
references therein). This high ratio was argued to be caused by
trapping a vortex (or multiple vortices) in the vicinity of the airfoil at
all times. A potential advantage of such a wing is that it can be
relatively thick, which is useful from a structural point of view for
applications such as high-altitude long endurance (HALE) aircraft or
wind turbines. The current work has been performed within a project
considering HALE application.‡

After the original claim of Kasper of high lift-to-drag ratio and
trapped vortices, scale models of the Kasper vortex lift wing were
tested in a wind tunnel [1]. None of the tested configurations of the
vortex wing performed as well as a conventional airfoil. It was
suggested that the discrepancy between thewind-tunnel experiments
and the claimed flow with trapped vortices was due to the Reynolds
number being too low during the wind-tunnel tests.

Although the original claim by Kasper was not supported by the
wind-tunnel experiment, theoretical studies have shown that airfoils
with trapped vortices can have favorable properties, such as high lift-
to-drag ratio or prevention of periodic vortex shedding at high angles
of attack. It was recently shown that, in a potential flow with two
trapped vortices, a nonzero volume body with lift exists with a
favorable pressure gradient along the entire contour of the body [2].
A favorable pressure gradient is beneficial, because it prevents flow
separation.

Construction of a solution of the flow past an airfoil with a cavity
and a trapped vortex is provided by Bunyakin et al. [3,4]. In both
papers, the flow is a Batchelor-model flow,whichmeans that the flow
is steady, two-dimensional, and the vorticity is uniform inside the
region of closed streamlines and zero outside, corresponding to the
high Reynolds number limit.

Rectangular cavities in plane walls have been studied extensively
[5]. However, not much literature is available for the case of a cavity
placed in an airfoil. From the literature about cavities in planewalls, it
is known that a cavity can display a shear-layer instability mode that
oscillates at a Strouhal number, StW � fW=U1, of order unity,
where W is the width of the cavity opening, f is the oscillation
frequency, andU1 is the freestream velocity [6]. The cavitymay also
give rise to a cavity wake mode [7], although this mode is rarely
observed in planar geometries. In the literature, cavities can be
classified as either deep or shallow, depending on the ratio of cavity
depth D to cavity opening W. Furthermore, one distinguishes for
very shallow cavities between open and closed cavities, depending
on the reattachment of the flow on the wall within the cavity. For the
cavity considered in this paper,D=W �O�1�, which corresponds to
an open, shallow cavity.

Because of the approximations made in the theory for designing a
wing with a cavity, some of the features of a cavity are omitted, such
as the oscillations of the shear layer. The oscillations of the shear
layer above the cavity might have a considerable effect on the aero-
dynamic characteristics of the airfoil in steady as well as unsteady
flow. In the case where the opening of the cavity is a significant
portion of the chord length of the airfoil, the oscillations of the shear
layer might interfere with the shedding of vorticity at the trailing
edge. In the current paper, we will focus on the aerodynamics of the
airfoil in a steady uniform freestream.

The available theoretical studies mainly focus on approximate
theory (inviscid or Bachelor-model flow). In the current paper, we
attempt to gain more insight into the flow physics by means of
two-dimensional direct numerical simulation (DNS) of the
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incompressible Navier–Stokes equations. Because of the separated
nature of the flow and instabilities, Reynolds-averaged Navier–
Stokes computations are not expected to correctly predict the flow. A
three-dimensional large eddy simulation (LES)would be expected to
capture the flow physics but would be very expensive. Therefore, a
preliminary numerical solution would be a two-dimensional DNS.
The simulations are qualitatively validated byflowvisualizations in a
water channel.

In this paper, we will use a geometry that was designed for quick
manufacture and low cost. First, the numerical model used will be
briefly discussed. Then the results of the numerical simulations for a
standard airfoil are presented and compared with experimental data
from literature. Hereafter, the computations of the flow around the
airfoil with a cavity will be compared with flow visualizations in a
water channel and with the numerical results of the standard airfoil.

II. Numerical Method

The two-dimensional incompressible Navier–Stokes equations
are solved using an immersed boundary (IB) projectionmethod [8,9].
The solid body of the airfoil is represented, on a regular Cartesian
grid, by a set of discrete forces that are in turn regularized (smeared)
on the grid. At these discrete body points, the no-slip condition is
exactly enforced. The equations are discretized with a second-order
finite volume method, and a streamfunction-vorticity approach is
used on a staggered grid arrangement. Because of the streamfunction
approach, the divergence-free constraint is exactly satisfied (to
machine precision). The IB treatment gives rise to a first-order error
in the momentum equations near the surface of the body; empirical
convergence studies [8] show better than first-order accuracy in the
L2 norm. Further details regarding the numerical method can be
found in the aforementioned references.

Numerical simulations are performed for several angles of attack
�, measured in degrees. The angle of attack is defined positive, as
indicated in Fig. 1. The standard NACA0018 airfoil is described by
2779 points on its surface, at which the no-slip condition is enforced.
For the airfoil with a cavity, this is 2995 points. The properties of the
calculations for a positive angle of attack are listed in Table 1. For the
airfoil with a cavity, the same cases as listed in Table 1 are also run
with the same properties at the corresponding negative angles of
attack. The computational domain typically extends to a distance of
12 chord lengths in the upstream and downstream directions and
three chord lengths in the upper and lower normal directions. Our IB
method uses a series of overlapping consecutively larger and coarser
grids; the number of grids is listed in Table 1 as grid levels. The
smallest domain with the finest resolution extends to 1.5 chord
lengths in the streamwise and 0.35 in the normal directions. The
nondimensional grid spacing�=c on this finest grid is 7:4 � 10�4 for
the majority of cases studied. Selected cases are run on a coarser grid
with �=c� 1:1 � 10�3 to test grid convergence. The standard
NACA0018 airfoil is computed at four angles of attack: 0, 4, 10, and
15�. The computational settings are the same as those listed for the
airfoil with a cavity. Typical run times are in the order of 700 h on a
single Advance Micro Devices, Inc. Opteron processor.

In the IBmethod, the discrete points at which the no-slip condition
is enforced cannot be too close to each other. Typically, the distance
between those points needs to be equal to or slightly greater than the
grid spacing. Note that if the distance between the points is too large,
then the surface is porous. At the sharp trailing edge, points of the
upper and lower surfaces can be too close to each other. This issue is
dealt with by omitting a few points on either the upper or lower
surfaces. The standard NACA0018 airfoil without a cavity at a zero

angle of attack is also computed with a rounded trailing edge where
no points are omitted. The trailing-edge radius is 0.3% of the chord
length, which is the same as that of the experimental airfoil. The
rounded trailing edge is described by approximately 10 points.

For selected cases, grid resolution and domain size were varied, in
order to assess convergence and influence of the far-field boundary.
From these results, one can conclude that the results presented, with
the resolutions and domain sizes indicated in Table 1, are essentially
grid independent. It should be noted that the flows considered show
signs of chaotic behavior in vortex shedding. The Reynolds number
is sufficiently high such that the formation of large-scale vortices and
the subsequent pairing of these structures gives rise to aperiodic low-
frequency oscillations that are difficult to characterize, because the
run times are not sufficiently long to observe many periods. Thus,
two cases at slightly different resolutions ultimately become decorre-
lated from each other and contain oscillations over sufficiently long
times such that it is not possible to distinguish any possible
contamination from the far-field boundaries. However, in all cases,
we observed that the time-averaged quantities and qualitative flow
regimes are indeed grid independent.

III. Results

Two-dimensional simulations are preformed for a standard
NACA0018 airfoil and a NACA0018 airfoil with a cavity. The
NACA0018 airfoil with a cavity is shown in Fig. 1. The cavitymouth
has W=c� 0:21. Both edges of the cavity are sharp. The forward
sharp edge will fix the separation point, and the rear sharp edge will
maximize the feedback loop of the shear layer. This configuration is
expected to give the most extreme oscillations of the shear layer.

In all the simulations, the Reynolds number based on the chord
length is Rec �U1c=�� 2 � 104, with � as the kinematic viscosity
of the fluid. In the following sections, the results of the computations
will be presented and compared with experimental data from
literature and flow visualization performed in a water channel. First,
the results for the standard NACA0018 airfoil (clean airfoil) are
presented, then the results for theNACA0018 airfoil with a cavity are
discussed and compared with the standard NACA0018 airfoil and
experimental data.

A. NACA0018

In this section, the results of the numerical simulation of the clean
airfoil are presented. At �� 0

�, the flow initially separates around
50% of the chord length. Literature reports separation at 51% of the
chord length from the leading edge for Rec � 1:6 � 105 [10]. This
separation causes a periodic vortex shedding in the wake of the
airfoil. We define, here, the Strouhal number Sth � fh=U1, with h
as the projected frontal area of the airfoil. At �� 0

�, h is equal to the
thickness of the airfoil and Sth � 0:42. As the flow develops, the
periodic shedding is modulated by a much lower frequency
oscillation. The separation points begin to oscillate upstream and
downstream, with opposite phases on the upper and lower surfaces.
The entire wake is shifted up and down during this low-frequency
cycle while its structure is unchanged. Snapshots of the vorticity
contours are shown at minimum and maximum lifts in Figs. 2a and
2b, respectively. For this low-frequency oscillation, Sth � 1:0 � 10�2

c

W

α

Fig. 1 NACA0018 airfoil with a cavity, with chord length c� 165 mm

and cavity opening of W � 34 mm. A probe location used in the

numerical simulations is shown by the tilted square.

Table 1 Setting for NACA0018 cases, with and without cavitya

Angle of attack, � Smallest
box size

Largest
box size

Grid
levels

Total number
of cells

0.0 1:49 � 0:328 23:9 � 5:25 5 4:4 � 106

1.0 1:49 � 0:328 23:9 � 5:25 5 4:4 � 106

2.0 1:49 � 0:328 23:9 � 5:25 5 4:4 � 106

3.0 1:49 � 0:358 23:9 � 5:73 5 4:8 � 106

4.0 1:49 � 0:358 23:9 � 5:73 5 4:8 � 106

6.0 1:49 � 0:358 23:9 � 5:73 5 4:8 � 106

10.0 1:49 � 0:358 23:9 � 5:73 5 4:8 � 106

15.0 1:49 � 0:433 47:8 � 13:9 6 6:96 � 106

aBox sizes are indicated in terms of chord lengths.
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and the amplitude of the lift force caused by this low-frequency
oscillation is a factor of four larger than the amplitude of the
oscillations due to the periodic vortex shedding. Additional calcul-
ations have shown that a lower curvature of the trailing edge causes
the amplitude of the low-frequency oscillation to decrease by about
10%, but it does not eliminate it. At �� 0:5�, the low-frequency
oscillation is also present. A calculation atRec � 104 did not display
the low-frequency oscillation. The low-frequency behavior is most
likely caused by a unique combination of Reynolds number and
geometry. It is likely that this low-frequency behavior is very
sensitive to three-dimensional effects and turbulence, which could be
a reason why it may not be observed in experiments. There is,
however, evidence of similar behavior in literature, but this was
reported for airfoils near stall conditions [11].

At�� 4�, the separation point on the suction sidemoves upstream
to about 25%of the chord length from the leading edge and to 75%of
the chord on the pressure side. Literature on the experimental
measurement of the location of the separation point on aNACA0018,
at a Reynolds number of Rec � 1:6 � 105, shows that at �� 3

�, the
points of separation on the suction and pressure sides are at 37 and
61%of the chord length from the leading edge, respectively [10]. The
separated boundary layer on the suction side rolls up into large-scale
vortices, which are periodically shed downstream. For this periodic
vortex shedding, Sth � 0:22.

At �� 10� and �� 15�, the flow is similar to the flow at �� 4�,
but the separation bubble and the vortex structures are larger, and the
separation point on the suction side moves upstream with increasing
angle of attack. Also, the separated vortices tend to merge into larger
structures before being shed into the wake. At �� 10

�, the Strouhal
number Sth of the wake is approximately 0.2.

In Figs. 3 and 4, the time-averaged lift and drag coefficients from
the numerical simulation of the clean airfoil are compared with
experimental data from the literature [12], at a Reynolds number of
4:14 � 104, and more recent experimental data [13], at a Reynolds
number of 1:5 � 105.

The deviation from the experimental data for the lift coefficient at
an �� 15

� is caused by the low Reynolds number and enforced two
dimensionality. The separated flow will be three dimensional and
turbulent in reality.

The drag coefficient is consistently above the experimental data
from the literature; however, the trend is correct. A probable cause for
the high values of the drag coefficient is the lower Reynolds number

in the numerical simulations. It should also be noted that laminar
separation is, in general, very sensitive, even to small disturbances,
such as acoustics or freestream turbulence in experimental
measurements.

In the IB method, the solution very close to the surface is
contaminated by the regularized body forces. Therefore, the pressure
in the numerical calculation has been probed at a distance of
approximately 1.5 cell spacings from the surface. This will still yield
accurate values of the pressure at the surface, since the pressure
across the boundary layer is, in the first approximation, uniform.

B. NACA0018 with Cavity

As already mentioned in Sec. I of this paper, we can expect
oscillations of the shear layer above the cavity. To have self-sustained
oscillations of this shear layer, the ratio of the momentum thickness
of the boundary layer � over thewidth of the cavity openingW should
be small [14]. The mainstream velocity used in the calculation of �
(fromnumerical data) is themaximumvelocity in the boundary layer,
which is about 27% higher than the freestream velocity due to wall
curvature. For �� 0�, �

W
� 1:6 � 10�2, which is much smaller than

Fig. 2 Vorticity contour plots for the clean airfoil at �� 0� at minimum and maximum lifts. Negative vorticity is gray, and positive is black.
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the required value of about 0.08, based on linearized stability
theory [15].

For the shear-layer oscillations across the cavity, the Strouhal
number is defined as StW � fW=U1 and is plotted in Fig. 5 for
different values of the angle of attack. The probe location is at the rear
part of the cavity and is indicated in Fig. 1 with the tilted square. It
must be noted that the probe location is the same with respect to the
airfoil for all angles of attack. Thismeans that for high positive angles
of attack, the probe is not actually in the shear layer but rather inside
the separation bubble.

From Fig. 5, it appears that there are two main regimes of the flow
inside the cavity. For positive angles of attack, there are two vortices
(of opposite sign) inside the cavity, and the shear layer above the
cavityweakly interacts with the sharp rear edge of the cavity. In these
cases, the Strouhal number based on cavity opening StW is
approximately 1.1. When compared with literature [6], we conclude
that this is the second shear-layer mode.

For �� 3
� and higher, the Strouhal number at the probe location

drops down, because the cavity is now fully inside the separation
bubble and the shear layer interacts more weakly with the rear sharp
edge of the cavity. In this case, however, the separation bubble
behavior is forced by the shear layer separating from the upstream
edge of the cavity. At �� 10

� and higher, the cavity is fully within
the separation bubble. The cavity has a strong influence on the
structure of the flow in the separation bubble. It promotes smaller-
scale vortex shedding than would otherwise occur for the airfoil
without a cavity at the same angle of attack.

For negative angles of attack, the shear layer oscillates violently,
and vorticity is periodically washed out of the cavity and transported
downstream. TheStrouhal number of the shear layer at these negative
angles of attack is approximately 0.5, which indicates the first shear-
layer mode. For higher negative angles of attack, the Strouhal
number increases. This increase can be understood by theflowveloc-
ity over the cavity being lower for higher negative angles of attack.

The case of �� 0� displays a mixed behavior. It starts out as the
positive angle of attack with a second shear-layer mode. Two main
vortices are present inside the cavity, and the shear layer oscillates
weakly. Gradually, the shear layer starts to interact more and more
with the sharp rear edge of the cavity and starts to display the more
violent first shear-layer mode behavior. After vortex shedding, the
flow in the cavity settles down and displays a flow similar to the
positive angles of attack again. The flow seems to be switching back
and forth between a mild second shear-layer oscillation to a more
violent first shear-layer mode oscillation, and back again; this
switching back and forth appears to continue. If one applies an
oscillating freestream flow, which is oscillating in the direction
perpendicular to the airfoil (this generates a velocity field around the
airfoil that is equivalent to that of a plunging airfoil), with an
amplitude of 5% of the main flow and a reduced frequency
k� !c=2U1 � 3:0, the first shear-layer mode disappears and only
the second shear-layer mode is present. For this case, the Strouhal
number in the shear layer StW at the probe location, indicated in
Fig. 1, is 1.22.

In Fig. 6, the lift coefficient, obtained from the simulations, is
plotted as a function of the drag coefficient for both the clean airfoil
and the airfoil with a cavity. In the upper right part of Fig. 6,where the
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Fig. 8 Vorticity contour plots for the airfoil, with and without a cavity, at �� 10�. Negative vorticity is gray, and positive is black.
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lift coefficient is positive, and thus the angle of attack is positive,
there are configurationswhere the lift-to-drag ratio for the airfoil with
a cavity is higher than the values for the clean airfoil. From the figure,
it appears that the increased efficiency is mainly due to a decrease in
drag, since the curve of the airfoil with a cavity is shifted to the left.
Figure 7 shows the lift-to-drag ratio as a function of the lift
coefficient. This figure shows that, for cl > 0, the airfoil with a cavity
has higher lift-to-drag ratios compared with the clean airfoil. The
most significant increase in lift-to-drag ratio is observed for �� 10�.
Snapshots of vorticity contours at �� 10

� are shown in Figs. 8a and
8b. They show that the wake of the airfoil with a cavity has smaller
vortices and is narrower. The vortex dipoles in thewake of the airfoil,
in Figs. 8a and 8b, are associated with fluctuations in the lift force on
the airfoil. Such dipoles have been observed in a previous two-
dimensional numerical study [16]; however, in experiments at this
value of Reynolds number, one may reasonably infer that the wake
would become turbulent and modify the coherence and strength of
these structures. For example, in the water-tunnel experiments
discussed in the next section, these dipoles are not evident in dye
visualizations.

Despite these limitations associated with two-dimensional
computations, it is interesting to compare the frequency spectra
associated with the wake oscillations between the clean airfoil and
the airfoil with a cavity. In Fig. 9, the Strouhal number Sth based on
frontal projected areah is plotted as a function of the angle of attack at
a probe location in the wake of the airfoil with and without cavity,
approximately half a chord length downstream of the trailing edge.
The frequency was computed from the dominant peak in the power
spectrum of the vertical velocity at the probe location.

At positive angles of attack, the airfoil with a cavity shows higher
values of Sth compared with the values of the clean airfoil. For
example, for �� 4�, the Strouhal number Sth � 0:22 for the clean
airfoil, and Sth � 0:62 for the airfoil with cavity.

In general, the spectra of the airfoil with a cavity contain more
peaks and are broader compared to the cases without a cavity. The
careful reader will notice that the results are not plotted for all the
values of the angle of attack; this is because it was not possible to
distinguish a dominant frequency at these angles of attack. The high
Strouhal number at �� 0� for the clean airfoil is caused by the
interaction of the separated boundary layers with each other and the
trailing edge. At other angles of attack, the Strouhal number is
determined by the separation bubble.

IV. Comparison with Experiments

For the airfoil with a cavity, no data are available from literature.
For a validation of our numerical data, we therefore conducted flow
visualizations in a water channel at Eindhoven University of
Technology. Thewater channel used here has a width of 300mm and
a length of 7 m, in which flows with velocities up to about 25 cm=s
can be reached. The airfoil section has a spanwise width of 150 mm
and is bounded at the ends by transparent Plexiglas endplates of

dimensions 30 � 20 cm2, and a thickness of 5 mm, to minimize end
effects and create quasi-two-dimensional flow over the airfoil; see
Fig. 10a. The upstream edges of the endplates are rounded to prevent
flow separation, and the airfoil is mounted in the middle of the
endplates.

The airfoil is placed vertically in the water channel at a distance of
1.1 m downstream of the contraction, and the water depth is set to
155 mm. A digital photo camera is mounted above the water surface
to capture snapshots of the flow. Figure 10b shows a schematic
drawing of the setup in the water channel. The flow is illuminated by
a horizontal light sheet, which is created by light from two slide
projectors that passes through a slit of 3 mm in black paper.
Visualizations are performed bymanual injection of fluorescent dye.
To observe the shear layer separating the cavity from the main flow,
the airfoil is placed vertically in the water channel. The water level is
adjusted such that the free surface just touches the upper endplate
upon which the airfoil is mounted. This ensures no-slip boundary
conditions on both ends of the cavity rather than no slip and free slip
when the upper end of the airfoil would stick out above the water
surface.

In Figs. 11 and 12, flow visualizations taken at two different
instants in time, both at �� 0� and Rec � 2 � 104, are shown on the
left and the corresponding vorticity plots of the numerical
simulations are on the right. In all thefigures, the direction of the flow
is from left to right.

The experiments clearly show shear-layer oscillations that are
qualitatively similar to those observed in the simulations.§ They also
showmode switching between the first (Fig. 11) and second (Fig. 12)
shear-layer modes at different instants in time. A similar mode
switching has been observed for cavities on planar walls [17].
Estimates of the hydrodynamicwavelength � of the structures down-
stream of the cavity reveal that �=W � 1 and �=W � 0:5 for the first
and second modes, consistent with Rossiter’s [18] observations.

However, thefirst shear-layermode appears to bemorevigorous in
the simulations, with much greater interaction between the shear
layer and the vortical structures within the cavity. Without more
detailed measurements, it is not possible to draw a firm conclusion,
but our expectation is that, consistent with previous two-dimensional
simulations of cavity flows [19], the current simulations exaggerate
the coherence of the vortical flow in the cavity, whereas the flow in
the experiments is likely to be modulated by three-dimensional
instabilities of the recirculating flow [20] and by the boundary layers
at the spanwise ends of the cavity.

Another difference between the simulations and experiments is
observed in the wake of the airfoil, especially at higher angles of
attack (not shown). In the experiments, the dye was quickly diffused

a)

wing

camera

U

water

upper endplate

lower endplate

free surface

bottom of water channel

b)

Fig. 10 The airfoil with cavity and endplates is placed vertically inside the water channel: a) photo of the airfoil with endplates and b) a schematic
drawing of the setup in the water channel.

§We are limited to making qualitative comparisons, because dye
visualization is not equivalent to vorticity field visualization. Unfortunately,
the computational data were not saved at fine enough time intervals to permit
detailed particle tracking computations to be made.
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in the wake, presumably due to a transition to turbulent flow that
cannot be captured in two-dimensional simulations.

V. Conclusions

Two-dimensional DNS results of the flow around a clean airfoil
and an airfoil with a cavity have been presented. The main goal of
these simulations was to explore the possible flow regimes and to
gain more insight into the flow physics. The low Reynolds number
simulations of the clean airfoil have been compared with data from
the literature and flow visualization carried out in a water channel. In
general, the agreement of these simulations with experimental data is
reasonable.

The relatively high thickness of the airfoil without a cavity causes a
laminar separation, which initially starts approximately half a chord
length from the leading edge at �� 0�. Besides the regular vortex
shedding due to the separated boundary layers, a very low-frequency
oscillation is present at �� 0�. This low-frequency oscillation
appears to be caused by a unique combination of geometry and
Reynolds number.

For the airfoil with a cavity, the flow in the cavity displays two
regimes. For positive angles, the flow in the cavity is dominated by
the second shear-layer mode. For negative angles, the flow in the
cavity displays behavior that appears similar to a cavity wake mode.
For�� 0

�, theflow in the cavity switches back and forth between the
second shear-layermode and thewakemode.However, if one applies
a small disturbance, the wake mode disappears and only the second
shear-layer mode remains. The first and second shear-layer modes
were also observed in flow visualizations performed in a water
channel.

In general, the oscillations of the shear layer above the cavity
generate small vortices, which suppress separation of the boundary
layer downstream of the cavity. For�� 0

�, the flowon the lower side
of the airfoil separates at about 50% of the chord length from the
leading edge, while the presence of the cavity causes the flow to be
attached on the upper side; this asymmetry generates a positive lift
force.

For �� 4
� and �� 6

�, the flow over the airfoil with a cavity
separates forward of the cavity. In this case, the shear layer does not
impinge on the surface of the airfoil. The shear layer interacts weakly
with the sharp rear edge of the cavity, causing a breakup of the shear
layer into small-scale structures. In this case, the shear layer is
dominating the separation bubble behavior.

At very high angles of attack, the flow over the airfoil with a cavity
separates well before the forward edge of the cavity, and the cavity is
in the separation bubble. The separated flow displays a strong
interaction with the cavity. At �� 10�, this interaction causes the
flow to shed smaller-scale structures than the airfoil without a cavity

at the same angle of attack. Consequently, the wake is narrower, and
the lift-to-drag ratio of the configuration with a cavity is higher
compared with the case without a cavity.

The simulations have revealed interesting flow physics associated
with the interaction of no less than three different types of
instabilities. These are the first- and second-cavity shear-layer modes
and separation bubble behavior, which is forced by a shear-layer
oscillation.More elaborate experiments and three-dimensional LESs
would be a logical next step to obtain more data and physical insight.
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