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Introduction

FTER the laminar boundary layer separates from the airfoil

surface, the flow can reattach to the surface as a turbulent shear
layer. The region between the laminar separation and the reattach-
ment is called a laminar separation bubble [1]. Depending on the
chordwise extent of the laminar separation bubble, it can be classified
as a short or long bubble. Once the short bubble fails to reattach to the
airfoil surface, which is commonly known as a short bubble burst, the
airfoil stalls abruptly. Some classical devices such as transition ramps
[2], boundary-layer trips [3], and pneumatic turbulators [4] were
developed to produce disturbances that could lead to the early flow
transition of the boundary layer and consequently delay airfoil stall.
Note that the technique of employing the boundary-layer trip strip on
sail plane is still commonly used due to its simplicity and high
effectiveness for a wide range of Reynolds numbers. The initial study
of the control of the short bubble burst as a means to avoid airfoil stall
was conducted by Rinoie et al. [5]. The novel concepts considered
the use of a thin plate placed inside the short bubble to control the
separated shear layer development artificially. Their experimental
results revealed that the vortical structures originating from Kelvin—
Helmholtz instabilities inside the separated shear layer are enhanced
by those formed at the trailing edge of the plate, and this forces
the separated shear layer to reattach downstream of the plate. As a
result, both the stall angle and the maximum lift coefficient of the
NACA 0012 airfoil section were increased. Kurita et al. [6] showed
that the application of the rectangular plate was more effective
compared with the thin plate that was applied onto the same airfoil
section and that the leading-edge stall was further suppressed.
Likewise, the circulated flow reattaches onto the airfoil surface and
alters the lift characteristics near stall. However, the effectiveness of
the plates was only demonstrated through the comparison of the lift
characteristics of the airfoil, which were calculated from the pressure
distributions. Both the drag force and the overall performance of the
airfoil with the plate attachment were not investigated. Unless
specified otherwise, these two types of plates are called “burst control
plates.” Note that this technology (the burst control plate) can be
extensively used on low-speed unmanned aerial vehicles. An adverse
effect of this technology arises from the existence of the plate at the
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front portion of the airfoil. The objectives of the present study are
to expand the existing experimental data base and to extend the
understanding of the effects of the application of the burst control
plate on the aerodynamics characteristics.

Experimental Setup

Measurements were conducted in a subsonic suction-type wind
tunnel with a freestream turbulent intensity of 0.16% at a freestream
velocity of 10 m/s. ANACA 63, — 012 airfoil with span of 200 mm
and a chord length of 200 mm was employed. The Reynolds number
based on the chord length is 1.3 x 103. The 12% thick section was
selected for use in the present investigation because of the already
existing data for this airfoil section (see [7]). The control of the short
bubble burst was realized by attaching the burst control plate across
the span and at the front portion of the airfoil. Two types of plates
were used, the thin plate and the rectangular plate, which were
demonstrated in [3,6], respectively. Both types of plates have a
constant width along the span direction. The thickness and chordwise
length of the thin plate are 0.3 and 10 mm, respectively. With the
leading edge of the thin plate (x/c = 0.025, where c is the chord
length of the airfoil and x is the Cartesian coordinate with the origin at
the leading edge of the airfoil) fixed on the airfoil surface, the plate is
tilted and the loose edge is 1 mm above the airfoil surface. On the
other hand, the height and the chordwise length of the rectangular
plate are 1 and 3.2 mm, respectively. For the rectangular plate, two
positions (defined at the leading edge of the plate) were tested:
x/c =0.034 and 0.059. The layout of the thin plate and the rect-
angular plate are illustrated in Figs. la and 1b, respectively.
Smoke flow visualization at the center of the airfoil span was con-
ducted. An oil mist of Ondina oil was used as the flow visualization
particles. A 500 W halogen lamp was used as a light source (the width
of the light sheet was approximately 5 mm). The visualized flow was
recorded using a digital camera. Aerodynamic forces were measured
by a three-component external load cell connected to a 12-bit data
acquisition system with a sampling rate of 512 Hz. The accuracy of
the force measurement is approximately +1%. Aerodynamic forces
were normalized by the freestream dynamic pressure and airfoil
area. Wind-tunnel wall corrections were made based on [8]. The
initial tests were conducted on the baseline airfoil (without the plate
attachment), and the results were compared with the airfoil with the
burst control plate attachment.

Experimental Results
Smoke Flow Visualization

Figure 2 shows the flow patterns around the airfoil (with and
without the plate attachment) at the stall angle. Note that these stall
angles were determined by the force measurements, where the lift
coefficient C; denotes the maximum (except in Figs. 2a and 2b) and
the physical parameters of the burst control plate including the height
h and the width w were normalized by the airfoil chord c.

Figure 2a shows that the laminar flow separation occurs in the
vicinity of the leading edge of the baseline airfoil atee = 9.5 degand
that the separated flow reattaches on the airfoil surface as turbulent
flow at a location very close to the leading edge. The short bubble is
formed between the separation location and the reattachment
location. Figure 2b indicates the flow patterns around the base-
line airfoil after stall (at o = 10.5 deg). It clearly shows that the
separated laminar flow in the vicinity of the leading edge of the airfoil
fails to reattach to the surface (i.e., short bubble burst) and that a
reversed flow is established. The result of this reversed flow pheno-
menon is to create a large wake of recirculating flow downstream of
the surface. Note that the airfoil stalling characteristics depend on
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Fig. 1 Illustration of the burst control plates [5,6].

both the turbulent boundary-layer separation at the rear portion of the
airfoil, which moves upstream with an increasing angle of attack, and
the occurrence of the short bubble burst at the front portion of the
airfoil.

Figure 2c shows that the thin plate is attached to the airfoil at
o =10.5 deg and that the flow structure including the short bubble
formation near the leading edge of the airfoil is similar to the one in
Fig. 2a. Even though the angle of attack in Fig. 2c is set higher than
the one in Fig. 2a, the large flow separation is avoided. This is mainly
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Fig. 2 Smoke flow visualization for different cases: a) « = 9.5 deg,
b) « =10.5 deg,c) « =10.5 deg,andd) « = 12 deg.

due to the fact that the strength of the vortical structures inside the
separation bubble is enhanced by the trailing edge of the thin plate.
This clearly demonstrates the benefit of the thin plate as the airfoil
stall is suppressed. Figure 2d shows that the rectangular plate is
attached to the airfoil ate = 12 deg. At this high angle of attack, the
attached flow occurs over the front portion of the airfoil, which is
remarkable, although the flow separates again at about x/c = 0.5.
This clearly demonstrates the effectiveness of the rectangular plate.
The result suggests that the momentum of the reattached turbulent
flow, which affected by the rectangular plate (in case 3, as shown
in Fig. 2d), is much lower than the thin plate in case 2 (as shown
in Fig. 2¢). As a result, the pressure drag in case 3 at o« = 12 deg
(mainly due to the increase of the chordwise extent of the turbulent
boundary-layer separation at the rear portion of the airfoil) is higher
than the value in case 2 at the stall angle (¢ = 10.5 deg) as seen in the
force measurements.

Force Measurements

Figure 3 shows the lift coefficient C, for cases 1, 2, 3, and 4. (Note
that the configuration of each case, except case 4, is labeled in Fig. 2;
case 4 mainly demonstrates the effect of displacing the rectangular
plate downstream.) Because of the uncertainty of less than 0.1 deg for
the angle of attack «, the lift coefficient of the baseline airfoil at
a =0 deg does not equal zero and this error is consistent for all
cases. When the burst control plate is attached to the airfoil surface
and o is less than 9 deg, the lift coefficient is reduced compared
with the value of the baseline airfoil. Note that the short bubble at
o <5 deg does not occur at the front portion of the NACA 63,—
012 airfoil section, as discovered in [7]. The laminar flow in the
vicinity of the leading edge of the airfoil is artificially tripped, which
produces a boundary-layer transition region and reduces the suction
pressure. The reduction in the lift coefficient is reduced when « is
greater than 5 deg, because the burst control plate is actually located
within the short bubble. It becomes obvious that the use of the burst
control plate at any angle of attack less than 9 deg is detrimental to the
flowfield on the suction surface of the airfoil.

When « is between 9 and 12 deg, the lift coefficient for cases 2, 3,
and 4 is significantly higher than the value of the baseline airfoil. In
particular, the lift coefficient at @ = 11.2 in case 3 is 0.985, which is
over 17% higher than the value of the baseline airfoil. The turbulent
boundary-layer separation moves gradually from the trailing edge of
the airfoil with increasing angle of attack. Herein, the trailing-edge
stalling only occurs if the flow separation starting from the trailing
edge of the airfoil is observed when stall occurs. When the lift
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Fig. 3 Comparisons of lift coefficient: [J, case 1 (baseline airfoil); <,
case 2 (h/c = 0.005, w/c = 0.05, x/c = 0.025); A, case 3 (h/c = 0.005,
w/c =0.016, x/c = 0.034); and O, case 4 (h/c = 0.005, w/c = 0.016,
x/c = 0.059).
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Fig. 4 Comparisons of drag coefficient: [J, case 1 (baseline airfoil); <,
case 2 (h/c =0.005, w/c = 0.05, x/c = 0.025); A, case 3 (h/c = 0.005,
w/c =0.016, x/c = 0.034); and O, case 4 (h/c =0.005, w/c = 0.016,
x/c = 0.059).

coefficient for case 2 is compared with value for case 4 (note that the
trailing-edge location and the height of both plates in these two cases
are the same), it can be seen that these two lift curves are almost
overlapping with each other. The lift coefficient for case 2 is slightly
higher than the value for case 4 when « is between 9 and 12 deg. The
reduction of C, is mainly due to the difference in the geometry of the
plate, which affects the formation of the vortical structures generated
by the plates.

As the short bubble moves forward along the airfoil surface with
increasing angle of attack, it is subjected to an increase in the local
velocity, which reduces its chordwise extent. However, the increased
curvature of the airfoil surface in the vicinity of the leading edge
makes it more difficult for the separated flow to reattach to the surface
and this condition becomes rather obvious when « is higher than
12 deg. Therefore, when the effect of the curvature overcomes the
effect of the increased velocity, the flow does not reattach to the
airfoil surface and the amount of lift that is lost (above the stall angle)
depends on the extent of the turbulent flow separation over the entire
portion of the airfoil.

Figure 4 compares the drag coefficient C, for cases 1, 2, 3, and 4.
At o =0 deg, the drag coefficient for cases 2, 3, and 4 is slightly
higher than the value for case 1 (baseline airfoil). Because of the
presence of the burst control plate at the front portion of the airfoil,
the boundary-layer transition region (originating aft of the plate)
extends in the chordwise direction. The burst control plate acts like a
boundary-layer trip strip at o between 0 and 3 deg. The drag increase
in cases 2, 3, and 4 comes from the skin friction due to the transition
region that exists over the suction surface of the airfoil. The drag at o
between 3 and 6 deg in cases 2, 3, and 4 is significantly higher than
the value for the baseline airfoil because of the small separation—
reattachment region that exists at the leading edge of the airfoil. The
burst control plate on the surface of the airfoil increases the surface
roughness in the flowfield near the leading edge of the airfoil. When
the sharp leading edge of the rectangular plate is positioned at its
most forward location (i.e., in case 3), the extent of the separation—
reattachment region is deemed to be large.

In contrast, the drag is successfully suppressed when the burst
control plate is applied to the airfoil at o between 9 and 11.2 deg.
In particular, the drag coefficient for case 3 is significantly lower
than the values for the other cases (cases 1, 2, and 4). Because the
chordwise length of the short bubble is reduced when the burst
control plate is attached to the airfoil surface, as shown in smoke flow
visualization, the drag coefficient mainly depends on the extent of the
turbulent boundary-layer separation over the rear portion of the
airfoil. Note that the maximum drag reduction is over 100% when
case 3 is compared with case 1 and that the performance of the airfoil
(L/D ratio) is greatly increased between these angles of attack. On
the other hand, the drag coefficient increases gradually due to the
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turbulent boundary-layer separation at the rear portion of the airfoil
moving upstream with increasing angle of attack. When « is above
13 deg, the drag coefficient of all cases are approximately identical.

Conclusions

The novel concept of the burst control plate was investigated on a
NACA 63, — 012 airfoil section at a chord Reynolds number of
1.3 x 10°. The lift coefficient for the airfoil with the burst control
plate attachment is significantly higher than the value for the baseline
airfoil at « between 9 and 12 deg. In particular, the lift coefficient of
case 3ata = 11.2 deg is 0.985, which is over 17% higher than the
value of the baseline airfoil. The stall angle of the airfoil with the
burst control plate attachment was postponed. The drag of the airfoil
with the burst control plate attachment at o between 9 and 12 deg is
greatly reduced. The short bubble burst is effectively suppressed, and
the drag of the airfoil mainly depends on the extent of the turbulent
boundary-layer separation over the rear portion of the airfoil. The
application of the burst control plate on the NACA 63, — 012 airfoil
section is effective in terms of stall suppression. However, the use of
the burst control plate at any angle of attack less than 9 deg is
detrimental to the flowfield on the suction surface of the airfoil.
Ongoing research using particle image velocimetry measurements
aims to reveal the flow interactions (including the flow turbulent
intensity) at and aft of the location of turbulent flow reattachment.
Hence, this could identify the reasons for the detrimental effect on
performance at low angles of attack, and implementation of these
burst control plates could be anticipated.
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