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The increase in the maximum lift of an airfoil caused by small, movable tabs mounted on its upper surface has
been explored in low-speed, wind-tunnel experiments at a chord Reynolds number of 1.0 X 10°. These devices,
herein called lift-enhancing effectors, have a chord that is 9% that of the airfoil and deploy passively at angles of
attack approaching stall. Compared to the clean airfoil, the maximum lift coefficient is increased by approximately
20 % with these simple devices. The lift increase is mainly caused by the effectors acting as “pressure dams,” allowing
lower pressures upstream of their location than would occur otherwise. At an effector the pressure recovers in
a stepwise manner and continues downstream toward a trailing-edge value that is higher than that of the clean
airfoil. This higher trailing-edge pressure also contributes to the increase in lift by allowing higher pressures over
much of the lower surface. It has been shown that, in the absence of separation, properly installed effectors will lay
flush on the surface and allow the airfoil to have the same performance in the low-drag range as the clean airfoil.

Introduction

EASUREMENTS using the 14.4% thick HQ-41 airfoil on
which narrow spanwise strips were attached on the aft por-
tion of the upper surface showed, in comparison to the baseline
airfoil, a 10-25% increase in the maximum lift coefficient.! In these
experiments the chordwise width of each strip was 10% of the air-
foil chord, and they were hinged at their leading edges to the airfoil.
Similar devices, herein called lift-enhancing effectors (LEEs), are
depicted in Fig. 1. These devices deploy passively under the influ-
ence of separated flow progressing toward the leading edge as the
angle of attack increases. The amount of deployment is governed
mainly by the pressures that occur over the airfoil. In Ref. 1 it is
assumed thatit is the momentum of the reversed flow that causes the
effectors to deploy. In describing how these lift-enhancing devices
operate, an analogy is made to the cover feathers of bird wings,
which stand up during landing and appear to aid separation control
in the high-liftregime. The enhancementof the high-liftregion can
be achieved without an undesirable impact on the low-drag region
of the airfoil by making the effectors lie flush with the surface in
the absence of flow separation.! Additional experiments using the
12.3% thick HQ-35 airfoil showed comparable gains in maximum
lift coefficients, and it was again demonstrated that such gains can
be achieved without penaltiesin the low-drag operating range of the
airfoil 2
Although directed toward a very different application, data from
wind-tunnel tests on spoilers and dive brakes also corroborate the
lift-increasing potential of the upper-surfaceeffectors. Spoilers and
dive brakes increase overall aircraft drag by increasing profile drag
and by “spoiling” the wing lift distribution such that higher induced
drag results. Of particular relevance are measurements made on
the 17% thick FX-67-VC-170 airfoil equipped with a 10% chord
spoiler located at 80% chord? As these measurements were di-
rected toward obtaining data for spoiler applicationsrather than for
lift augmentation, the angles of spoiler deployment were fixed at
30 and 90 deg. Nevertheless, a relative increase in the maximum
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lift coefficient of approximately 15% was measured. Measurements
made on airfoils having scissors-type (Schempp-Hirth) dive brakes
show similar results?

The temporary availability of a pressure-orifice-equipped model
in the Pennsylvania State University wind tunnel afforded the op-
portunity to explore the performance of the lift-enhancing effectors
using surface pressure and wake survey measurements. In addition
to allowing verification of the results obtained in other facilities, the
surface-pressuredistributiondata allow insightinto the functioning
of the effectors that is not possible with the force-balance and wall
pressure integration methods used in the studies noted.! -3

Experimental Procedure

Wind Tunnel

The experiments reported herein were conducted in the
Pennsylvania State University Low-Speed, Low-Turbulence Wind
Tunnel. This facility is a closed-throat, single-return, atmospheric
tunnel with a test section measuring 1.0 x 1.5 m. Numerically con-
trolled turntables are used to set the angle of attack of the two-
dimensional model. The turntables are flush with the floor and ceil-
ing of the tunnel and rotate with the vertically mounted model. At
a velocity of 46 m/s, the flow angularityis below £0.25 deg every-
wherein the test section. At the same velocity the mean velocity vari-
ationin the test sectionis below £0.2%, and the turbulenceintensity
is less than 0.045% (Refs. 4 and 5). The Pennsylvania State Univer-
sity wind tunnelis equipped with anumerically controlledtraversing
probe that automatically aligns with the local flow direction as the
angle of attack changes. For these tests the nose of the probe was
positioned 0.7 chords downstream of the model trailing edge.

Model

The modelusedintheseexperiments was of the 17.7% thick S§24
airfoil, shown in Fig. 1, which was designed for use on vertical-axis
wind turbines.S Although the designis symmetrical, a small amount
of asymmetry was introduced during the manufacturing process.
The chord length of the model is 45.6 cm. The upper and lower
surfaces each have 30 pressure orifices. These orifices are 0.8 mm
in diameter and drilled normal to the local surface. Although the
relatively low maximum lift coefficient of 0.89 makes the S824 less
than ideal for investigations of high lift, it was chosen for these
experiments mainly because of its availability. In addition, a large
amount of data for the clean airfoil without lift-enhancing effectors
is available from earlier measurements and thus provides a baseline
for comparison®

The lift-enhancing effectors are made of 0.35-mm-thick Mylar
tape extending over the complete span of the model. The chordwise
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Fig. 1 S824 airfoil shown with self-actuated upper-surface high-lift
augmentation effectors.

width of the effectors is approximately 4.0 cm or about 9% of the
model chord. The devices were attachedat their leading edges to the
model upper surface using tape that also acted as a hinge with rea-
sonably low stiffness. The chordwise location of the effectorsis ref-
erenced to this attachment point. The effectors were restricted from
deploying beyond 90 deg with respect to the local airfoil surface.

Tests

In the experiments discussed here surface-pressuredistributions
and wake survey measurements were obtained. Each pressure value
was averaged from 500 samples that were taken at 500 Hz. The sur-
face pressures were reduced to standard pressure coefficients and
integrated to obtain sectional lift and pressure drag coefficients, as
well as pitching-moment coefficients about the quarter-chordpoint.
Section profile drag coefficients were obtained from the wake to-
tal and static pressures using standard procedures.” Standard low-
speed, wind-tunnel wall corrections have been applied to all of the
coefficients presented® The data were obtained with free transition
at a chord Reynolds number of 1.0 x 10°,

The uncertainty of a measured force coefficient depends on the
operating condition and generally increases with increasing angles
of attack? In the higherlift regions, with which the experiments that
are discussed herein are mostly concerned, the measured lift coef-
ficients have an uncertainty of Ac; ==£0.005. Because no pressure
orifices were located on the effectors, the lift coefficients presented
do not account for the force contribution caused by the pressure
differences between the front and backsides on the effectors them-
selves. An estimate using the surface-pressure differential across
the effector locations, however, demonstrates that this contribution
is insignificant. In the high-lift region the drag coefficients have an
uncertainty of Ac, ==£0.00015.

Flow visualizationusing fluorescentoil was used to detect transi-
tionlocationsand regions of separated flow.! It was also used to ver-
ify the two-dimensionalityof the flow throughoutthese experiments.

Measurements were taken on several configurationsin which one
or two effectors were mounted at differentchord locations. The first
configuration tested had a single effector mounted with its leading
edge at 86% chord. The choice for this location was based on the
results of the predicted boundary-layer behavior for the airfoil, as
well as on the observations described in Ref. 1. In particular, the
theoreticalanalysis shows a small separatedregion aft of 95% chord
that remains relatively stationary over much of the low-drag region
of the airfoil. Once the angle of attack exceeds the upper limit of the
low-drag region, i.e., @ > 7 deg, the separation point starts moving
forward. Reference 1 describes that the effector is pushed up by
the reversed flow. Thus, by mounting the effector so that its trailing
edge is at 95% chord, it is upstream of the small separated region
until the angle of attack is greater than that of the upper limit of the
low-drag range.

In addition to the single effector at 86% chord, measurements
were made with a single effectorat 55% chord, with double effectors
at 55 and 86% chord and with double effectorsat 70 and 86% chord.

Experimental Results

The lift and moment curves for the baseline airfoil, along with
those for a single effector at 86% chord and for double effectors at
70 and 86% chord, are presented in Fig. 2, whereas the correspond-
ing drag polars are given in Fig. 3. In comparing these results, the
increase in the maximum lift coefficient achieved by the effectors
is of the most significance. For both the single- and double-effector
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Fig. 2 Lift and moment coefficients vs angle-of-attack curves of the
baseline S824 airfoil along with those of single and double effector-
equipped configurations.
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Fig. 3 Lift vs drag coefficient curves of the baseline S824 airfoil along
with those of single- and double-effector-equipped configurations.

configurations the maximum lift coefficientis increased over that of
the clean airfoil by approximately 18-20%.

In addition to the beneficial lift increase, it is observed that the
drag in the low-drag range is increased, and the effectors cause
the zero-liftangle of attack and pitching moment to be shifted in the
positive direction. These are consequencesof the effectorsnotbeing
“nested” properly and, thus, being slightly deployed throughoutthe
low-drag region in these experiments. In an actual application this
would not be the case.

Single Effector at 86 % Chord

Asshownin Fig. 2, the configuration with a single effectorhinged
at 86% chord achieveslift coefficients that exceed those of the clean
airfoilas soonas the effectorbeginsto deploy. This occursat an angle
of attack of about 9 deg. The effector is fully deployed, normal to
the local airfoil surface, at « = 14 deg. There is a noticeableincrease
in lift curve slope as the angle of attack is increased further. The
maximum lift coefficient of 1.05 is reached at « = 16 deg, which is
significantly more than the clean airfoil value of 0.89 at « = 14 deg.

Fluorescent oil-flow studies on the clean airfoil show that at
o = 14 deg, the turbulent separation point is at about 42% chord.
With an effector at 86% chord, the separation point moves aft to
about 48% chord, and no explicit reversed-flow pattern is observ-
able aft of the effector. On the upstream facing side of the effector,
a stagnation point is indicated at the middle of the surface, and from
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Fig. 4 Pressure distributions for o =16 deg of baseline S824 airfoil
and of configuration having a single effector at 86 % chord.

there oil is transported to leading and trailing edges of the effector.
This marks the presence of a recirculationregion at the base of the
effector. With and without effectors a laminar separation bubble,
which is about 1% of the chord length, is visible near the lead-
ing edge of the airfoil. No significant three-dimensional effects are
observed at this angle of attack with either configuration.

The pressure distributions measured at an angle of attack of
16 deg for the clean airfoil and for that having a single effector
at 86% chord are presented in Fig. 4. In comparing these results,
the most noticeable differenceis a pressure recovery step occurring
at the effector location. Upstream of that point, the pressures on the
effector-equippedairfoil reach lower values than those on the clean
airfoil. The leading-edge suction peak is not shown in this plot, or
in any subsequent ones, to allow for a scale that better illustrates
the pressure differences in the vicinity of the effectors. The upper-
surface suction peak of the effector-equippedairfoil reaches a value
of C,, = —6.97, whereas that of the clean airfoilis C, = —5.54. The
pressures downstream of the effector are higher than those occur-
ring at corresponding locations on the clean airfoil. Because of the
higher pressure at the trailing edge, the effector version also sup-
ports a higher pressure over the entire lower surface. In addition to
producing the higher suction peaks, flow visualizationstudies show
that the flow is attached approximately 10% further downstream on
the effector-equippedairfoil than it is on the clean one. Based on the
measured pressure distributions, it is estimated that of the total 28%
increase in lift at this angle of attack about 85% comes from the
decreased pressures on the upper surface, with the balance caused
by the increased pressures on the lower surface.

Pressure distributions for angles of attack from « = 14 to 17 deg
for the configuration with a single effector at 86% chord are pre-
sented in Fig. 5. For these angles of attack, all of the pressure dis-
tributions exhibit upstream separated flow, followed by a pressure
recovery step across the effector, followed by another separated re-
gion up to the trailing edge. Just upstream of the pressure rise is
a small favorable gradient from about 70 to 80% chord, which be-
comes slightly less favorable as the angle of attack increases. This
favorable pressure gradient is an indication of recirculating flow
upstream of the effector. As the angle of attack is increased from
14 deg to that at which the airfoil stalls, 16 deg, the separation
point moves upstream from about 55% to about42% chord. As the
angle of attack is increased beyond stall to 17 deg, the separation
point moves forward to about 25% chord. The separation points on
the clean airfoil that correspond to the same angles of attack, re-
spectively, are at 42, 40, and 22% chord. Again, the corresponding
suctionpeaks are not shown in that Fig. 5, but the measured pressure
coefficients are —5.87, —6.97,and —6.73, respectively,for the three
angles of attack.
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Fig. 5 Pressure distributions with one effector at 86% chord for sev-
eral angles of attack.
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Fig. 6 Pressure distributionsfor o = 16 deg of baseline S824 airfoil and
of configurations having a single effector at 86% and double effectors
at70 and 86 %.

Effectors at 70 and 86 % Chord

As shown in Fig. 2, the configuration with effectors at 70 and
86% chord has a lift-curve behavior that is similar to that of the
single effector. As soon as the angle of attack increases beyond
that corresponding to the upper limit of the low-drag region, the
deployment angle of the aft effector increases until, at an angle of
attack of 14 deg, it is deployed fully. As this occurs, the upstream
effector is deployed at an angle of about 30 deg with respect to
the local airfoil surface. Both effectors are fully deployed when
the maximum lift coefficient of 1.08 is reached. This value is only
slightly greater than that obtained with the single effector, although
it is achieved without the increase in lift-curve slope that occurs in
the case of the single-effector-equippal airfoil. As is the case with
the single effector, the lift decreases very abruptly when the angle
of attack is increased beyond that of stall.

The pressure distributions shown in Fig. 6 are for the clean air-
foil, for the airfoil having a single effector at 86% chord, and for the
double-effector configuration with devices at 70 and 86% chord.
The double-effector version achieves essentially the same overall
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Fig. 7 Pressure distributions with effectors at 70 and 86 % for several
angles of attack.

integrated results as the single-effector configuration, but has pres-
sure levels between the two effectors that are the same as those of
the clean airfoil and pressures behind the second effector that are
the same as those of the single-effector version. From the pressure
distributionsit appears that the flow is separated aft of 45% chord,
as well as in the region between the effectors. The leading-edge
suction peak of the double-effector-equipped airfoil C,, = —7.25, is
lower than that of the single-effectorconfiguration C,, = —6.97, and
of the clean airfoil C,, = —5.54.

Pressure distributions for angles of attack from o = 14 through
17 deg are plotted for the double-effector configuration in Fig. 7.
On the upper surface a large pressure recovery step occurs across
each effector. As with the single effector, a small favorable gradient
exists just upstream of each effector and is most obvious in front
of the effector at 70% chord. The pressure distribution shown for
o = 17 degis immediately poststall. The leading-edgesuction peaks
for the angles of attack presented in the figure have pressure coef-
ficients of —6.12, —7.25, and —7.61, corresponding to increasing
angles of attack of 14, 16, and 17 deg.

Discussion
Lift

The results presented herein corroborate those of Refs. 1 and 2,
namely, that effectors on the upper surface of an airfoil increase
the maximum lift coefficient by about 20%. The lift increase is
mainly caused by a reduction in the upper-surface pressures that
occur upstream of the effectors. The pressure recovery that occurs
across a deployed effector raises the pressure at the trailing edge to
a value that is slightly greater than that of the clean airfoil. Thus,
the effector can be regarded as a “pressure dam,” across which the
upstream and downstream pressures are decoupled. In addition to
the reduced pressures on the upper surface in front of the effector,
the slightly higher pressures over the entire lower surface contribute
roughly 15% to the total increase in lift.

In general, separated flow regions and their lower pressures con-
tribute to the productionoflift by rear loading the upper surfaceof an
airfoil; however, this also has a detrimental effect on the overall lift
by reducing the leading-edge suction peak. Near stall, the suction
peak collapses under the influence of the separation point having
moved forward. This change from front to aft loading on the airfoil
is often reflected in an increase in nose-down pitching moment near
and beyond maximum lift. Furthermore, as the pressure in the sep-
arated region remains essentially constant to the trailing edge, this
influences the lower surface-pressuredistributionby lowering it and
further contributing to the loss in lift. In the presence of a deployed

effector, the pressure of the rearward separationis less able to prop-
agate upstream. Until the thickness of separation exceeds the height
of the fully deployed effector, a difference in pressures upstream
and downstream of the effector can exist. As a result, the upstream
pressures, including those of the leading-edgesuction peak, are sig-
nificantly lower than those in the separated region near the trailing
edge.

Opverall, it is found that the more forward an effector is located,
the lower the pressures upstream of it will be. The resulting gains in
lift expected as a result of these lower pressures, however, are offset
because this more forward location of the effectorreduces the extent
of surface over which these lower pressures act. The maximum lift
coefficient that can be achieved is the result of this tradeoff. Based
on the experiments discussed herein, the largest gains in maximum
lift occur when the effectors are located fairly far aft. It is also noted
from the results presented, as well as others,? that the sharpness of
the stall can be softened by a more forward placement of an effector.

Drag

The drag coefficients of the clean airfoil and two effector-
equipped configurations are plotted against lift coefficient in Fig. 3.
As has already been noted, within the low-drag range the effector-
equipped airfoils have greater drag than the clean airfoil and have,
as well, their zero-lift angles of attack and moments shifted in the
positive direction. This is because the effectorsin these experiments
are not nested as they would be in an actual application and, con-
sequently, are slightly deployed even at low angles of attack. As
demonstrated in Refs. 1 and 2, it is possible to avoid the premature
deployment in the absence of separation by using an effector with
porosity or with a jagged trailing edge so that sufficient pressure re-
lief is provided. Because the focus of the experiments reported here
is on the nonlinear portion of the lift curve, when the deployment
of the effectors is intended in order to augment the maximum lift,
investigations with porous effectors were not performed.

As shown in Fig. 3, at lift coefficients above 0.85 the effector-
equipped configurations show considerablybetter performancethan
does the clean airfoil. For example, at the angle of attack of the
maximum lift coefficient of the clean airfoil « = 14 deg, the single-
effector version has nearly 15% less drag and produces about 10%
more lift than the clean airfoil.

Conclusions

The augmentation of the maximum lift coefficient of an airfoil
by about 20% from upper-surface, high-lift effectors was explored
experimentally in the Pennsylvania State University Low-Speed,
Low-Turbulence Wind Tunnel. The results obtained using surface-
pressure integration are in close agreement with the force-balance
measurements of other researchers.:> Further corroborationof such
an increase is provided by the results obtained using wall-pressure
integration on an airfoil having a deployed spoiler? Thus, three
different measurement methods strongly support the validity of the
measured increase in maximum lift coefficient.

The effectors deploy passively as the forward boundary of sepa-
rated flow moves upstream with increasing angles of attack. From
the surface-pressuredistributionsit is apparent that the effectors act
as pressure dams that reduce the adverse effects of the separation
on the pressure distribution of the attached flow upstream.

The results of the experiments presented herein suggest that fur-
ther research on these devices is warranted. Additional work is nec-
essary to get a better understanding of the influence of the location,
length, and deployment angle of the effector on the maximum lift.
In addition, the behavior of the effectors in three-dimensional, as
well as unsteady flow, should be examined more closely.
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