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The aerodynamics of a Gurney-flap-equipped airfoil has been explored by means of low-speed wind-tunnel

experiments performed at a chord Reynolds number of 1:0 � 106. Various chordwise locations and sizes of Gurney

flaps were tested. Surface-pressure distributions and the wake momentum deficit were measured and used to

determine lift, pitching moment, and drag. Compared with the clean airfoil, the measured maximum lift coefficient

can be increased by nearly 30%with these simple devices. The amount of lift increase has a nearly linear dependency

on the chordwise location and size of the Gurney flap. Minimum drag is primarily affected by the flap size and, to a

lesser extent, by the chordwise location. The Gurney flap increases in maximum lift are obtained by increasing the

lower-surface pressures over the aft part of the airfoil. At the same time, themagnitude of pressure peak on the upper

surface near the leading edge is reduced such that the upper-surface pressures over themiddle parts of the airfoil are

reduced and the separation point is moved aft by the reduced pressure-recovery gradients. As expected, this

increases the aft loading and results in an increased nose-down pitchingmoment. As the angle of attack is decreased,

the influence of a Gurney flap extending from the lower surface likewise decreases as the flap is increasingly

immersed in the thickening boundary layer. A Gurney flap mounted to the upper surface behaves in the opposite

way: increasing the negative lift at low angles of attack and having less and less influence as the angle of attack is

increased. AlthoughGurney flaps result in significantly higher drags for airfoils with extensive runs of laminar flow,

this disadvantage disappears as the amount of turbulent boundary-layer flow increases, as is the case with fixed

transition near the leading edge of the airfoil.

Nomenclature

CP = pressure coefficient, �pl � p1�=q1
c = airfoil chord
cd = profile-drag coefficient
cl = section lift coefficient
cm = section pitching-moment coefficient about the quarter-

chord point
p = pressure
q = dynamic pressure
R = Reynolds number based on freestream conditions and

airfoil chord
x = airfoil abscissa
y = airfoil ordinate
� = angle of attack relative to x axis, deg

Subscripts

l = local point on the airfoil
max = maximum
1 = freestream conditions

Introduction

T HE Gurney flap was conceived over three decades ago by race
car campaigner Dan Gurney as a lift enhancement device

used to increase the downforce provided by the wing of his
Indianapolis 500 car. These small flaps, which are typically less than
0:02c in height and extend perpendicularly from the lower surface of

an airfoil near its trailing edge, produce incremental increases in lift
coefficient of nearly 30% [1]. Gurney flaps offer the prospect of
increased values of lift in situations in which the accompanying
increase in drag is not a significant detractor. In addition to the down-
load wings of race cars, applications that have been considered
include the main rotor and tail surfaces of rotorcraft, wind-turbine
blades, and the main wings of heavy-lift uninhabited air vehicles
[2–4].

Miniature trailing-edge effectors (MiTEs) are deployable Gurney
flaps that are positioned at or near the trailing edge of a wing or rotor
blade and can be deployed when needed [5]. They are typically
segmented into small spanwise elements that can be individually
activated. Currently, MiTEs are being explored for the simultaneous
lift, pitch, roll, and yaw control of tailless fixed-wing aircraft,
including the Boeing blended-wing–body concept [5], for flutter
suppression [6], for enhanced rotorcraft performance [7], and for
load alleviation on wind-turbine blades [8].

The goal of the research effort discussed herein is to develop
relationships between the size and the location of a Gurney flap and
its aerodynamic effects. Steady two-dimensional wind-tunnel
measurements over a range of flap heights and chordwise locations
have been made. The significance of the experimental results
presented here lies in the high quality of the force and moment data,
obtained using pressure integration, for an airfoil equipped with
Gurney flaps, as well as the availability of surface-pressure
distributions and wake surveys. Further, these measurements are the
first to quantify the drag penalty due to Gurney flaps on an airfoil
designed for extensive runs of laminar flow, as well as the effect on
the aerodynamic characteristics when transition is fixed near the
leading edge. Finally, along with being useful for the sizing of
Gurney flaps for many applications, these results should be of value
in validating computational fluid dynamic (CFD) predictions.

Two-Dimensional Wind-Tunnel Tests

To obtain a better understanding of Gurney flap aerodynamics, an
airfoil was wind-tunnel-tested with and without Gurney flaps
attached at and near the trailing edge. Lift and moment data were
obtained using surface-pressure integration, whereas drag was
measured using a wake-traversing probe. In addition to the baseline
airfoil, configurations with Gurney flaps having heights of 0.005,
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0.01, and 0:02c and positioned at 0.90, 0.95, and 1:0c were tested.
Data were obtained with natural and fixed transitions. Measurements
were taken at a chord Reynolds number of 1:0 � 106 and Mach
number of less than 0.2. Unlike most previous investigations that
measured forces using a balance, the use of surface-pressure
integration allows a great deal of insight as to howGurney flaps alter
the flowfield to achieve higher maximum lift coefficients.

Wind Tunnel, Model, and Data-Acquisition System

The Pennsylvania State University low-speed low-turbulence
wind tunnel is a closed-throat single-return atmospheric facility. The
test section is rectangular, 3.3 ft high � 4:8 ft wide, with filleted
corners. Themaximum test-section speed is 220 ft=s. Airfoil models
are mounted vertically in the test section and attached to computer-
controlled turntables that allow the angle of attack to be set. The
turntables are flush with the floor and ceiling and rotate with the
model. The axis of rotation corresponds to the quarter-chord of the
model. The gaps between the model and the turntables are sealed to
prevent leaks.

The flow quality of the Pennsylvania State University wind tunnel
has beenmeasured and documented [9]. At a velocity of 150 ft=s, the
flow angularity is below �0:25 deg throughout the test section. At
this velocity, the mean velocity variation in the test section is below
�0:2%, and the turbulence intensity is less than 0.045%.

Although the attainment of high flow quality is certainly a
requisite for measuring meaningful airfoil aerodynamic character-
istics, additional confidence in the measurements made at
Pennsylvania State University is gained by making comparisons
with those taken elsewhere. For this purpose, perhaps the two most
highly regarded two-dimensional low-speed wind tunnels are the
Low-Turbulence Pressure Tunnel (LTPT) at the NASA Langley
Research Center [10] and the Low-Speed Wind Tunnel at Delft
University of Technology in The Netherlands [11]. For low-
Reynolds-number airfoil aerodynamics, a benchmark set of data is
that obtained with the Eppler 387 airfoil in the LTPT [12]. In Fig. 1,
results from these data for R� 2:0 � 105 to 4:6 � 105 are compared
with those from the Pennsylvania State University tunnel [13].
Except for poststall aerodynamics, which are highly three-
dimensional and not all that meaningful with respect to two-
dimensional measurements, the agreement of the data from the two
facilities is excellent. Additional comparisons of these two sets of
data at Reynolds numbers down to R� 0:6 � 105, not included here
for clarity, demonstrate similar agreement [13]. In Fig. 2,
Pennsylvania State University tunnel measurements made on the
laminar-flowS805wind-turbine airfoil [14] are compared with those
obtained using the same wind-tunnel model at Delft University of
Technology [15]. These data, at Reynolds numbers from R� 0:7 �
106 to 1:5 � 106, also demonstrate excellent agreement. In addition
to the force and moment data comparisons presented here, pressure
distributions and measured transition locations also show agreement
that is in accordance with those shown in [13,14].

The model used for the Gurney flap measurements is that of the
12%-thick S903 airfoil shown in Fig. 3. This airfoil was designed for
use in a study exploring the effect of thickness ratio and surface
roughness on the maximum lift coefficients generated by wind-
turbine airfoils [16]. As an airfoil intended for wind-turbine
applications, the S903 airfoil is designed to take advantage of
significant runs of laminar flow; however, other than that, its
thickness ratio, pitching moment, and operating range are similar to
those of airfoils currently used on rotorcraft.

The 1.5 ft chord model was mounted vertically in the wind tunnel
and completely spanned the 3.3 ft height of the test section. It is
constructedwithfiberglass skins formed inmolds thatwere produced
using a numerically controlled milling machine. The model has 33
pressure orifices on the upper surface and 32 on the lower. Each
orifice has a diameter of 0.020 in. and is drilled perpendicular to the
surface. The orifice locations are staggered in the spanwise direction
to minimize the influence of an orifice on those downstream. The
measured coordinates of the airfoil as tested, as well as the locations
of the pressure orifices, are contained in [16].

To obtain drag measurements, a wake-traversing, pitot-static
pressure probe ismounted from the ceiling of the tunnel. A traversing
mechanism incrementally positions the probe across thewake,which
automatically aligns with the local wake streamline as the angle of
attack changes. For these tests, the probe was positioned vertically at
the tunnel centerline, with the nose of the probe located 0.7 chords
downstream of the model trailing edge.

The basicwind-tunnel pressures aremeasured using piezoresistive
pressure transducers. Measurements of the pressures on the model
are made by an automatic pressure-scanning system. Data are
obtained and recorded with an electronic data-acquisition system.

Experimental Methods

The surface pressures measured on the model are reduced to
standard pressure coefficients and numerically integrated to obtain
section normal and chord-force coefficients, as well as the section
pitching-moment coefficient about the quarter-chord point. Section
profile-drag coefficients are computed from the wake total and static
pressures using standard procedures [17]. Low-speed wind-tunnel
boundary corrections are applied to the data [18]. A total-pressure-
tube displacement correction, although quite small, is also applied to
the wake-survey probe [17].

As is clear from the applying the procedures prescribed in [19], the
uncertainty of a measured force or moment coefficient depends on
the operating conditions and generally increases with increasing
angles of attack. In the higher-lift regions, for which the uncertainty
is the greatest, the measured lift coefficients have an uncertainty of
�cl ��0:005. The uncertainty of drag coefficients measured in the
low-drag range is �cd ��0:00005, and as the angle of attack

cm

α-10 -5 0 5 10 15 20

-0.10

-0.05 cm

0.005 0.010 0.015 0.020 0.025

0.0

0.5

1.0

1.5

Penn State, R = 2.0 x 105

Langley-LTPT
Penn State, R = 3.0 x 105

Langley-LTPT
Penn State, R = 4.6 x 105

Langley-LTPTcι

cd

α-10 -5 5 10 15 20

0.5

1.0

Penn State
Langley-LTPT

R = 3.0 x 105

cι

Fig. 1 Comparison of aerodynamic characteristics of the Eppler 387

airfoil measured in the low-speed wind tunnels at Pennsylvania State

University and NASA Langley.
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approaches stall, this increases to �cd ��0:00015. The pitching-
moment coefficients have an uncertainty of �cm ��0:002.

In addition to making the quantitative measurements indicated,
flow-visualization studies were performed using fluorescent oil [20].
These methods were used not only to determine transition locations
and regions of separated flow as they depend on angle of attack, but
also to verify the two-dimensionality of the tests. As is typically the
case in this facility, it was found that the flow over the model was
two-dimensional up to and slightly beyond the angle of attack at
which the maximum lift coefficient occurs.

Experimental Results

Pressure distributions of the baseline airfoil and those for the
airfoil with a 0:02c-high Gurney flap mounted at the 0.90 and 1:0c

locations of the lower surface are shown in Figs. 3 and 4. The effects
of the different chordwise locations at a constant lift coefficient of 0.7
are compared in Fig. 3, and pressure distributions at themaximum lift
coefficients are shown in Fig. 4. The maximum lift coefficients are
1.15, 1.35, and 1.5 for the baseline airfoil and for the cases having the
Gurney flap located at 0.90 and 1:0c, respectively.
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Fig. 2 Comparison of aerodynamic characteristics of the S805 airfoil
measured in the low-speedwind tunnels at Pennsylvania StateUniversity

and the Delft University of Technology.

Fig. 3 Pressure distributions at a cl � 0:7 with and without Gurney
flaps.

Fig. 4 Pressure distributions at a clmax with and without Gurney flaps.
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Fig. 5 Aerodynamic characteristics with varying Gurney flap height.
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In Fig. 3, it can be seen that the Gurney flap significantly increases
the pressures on the lower surface of the airfoil just upstream of the
flap. Downstream of the flap, a strong favorable pressure gradient
leads to a trailing-edge pressure that is lower than that of the baseline
airfoil. On the upper surface, the lowering of the trailing-edge
pressures with the Gurney flaps reduces the leading-edge suction
peak and postpones the start of the pressure recovery by almost
0:20c. The pressure recoveries occur with lower pressures than in the
baseline case. This causes a relaxing of the adverse pressure gradient
on the upper surfaces such that both Gurney flap configurations have
longer runs of laminar flow than the baseline, followed by a small
laminar separation bubble that forms at about 0.60 to 0:70c.

As can be observed in Fig. 4, the maximum lift-coefficient gains
with the Gurney flap are due in large part to an increase in the lower-
surface pressure upstream of the flap location. At the higher angles of
attack, the thinning of the boundary layer of the lower surface results
in an increasingly upstream spreading of the Gurney flap influence.
Further lift gains are due to the lowering of the pressure levels of the
recovery region on the upper surface. In these cases, the separation
point moves aft from roughly 0.10 to 0:15c as the Gurney flap is
moved from 0:90c to the trailing edge. At these angles of attack, the
trailing-edge pressures of all three configurations are approximately
equal. The difference in maximum lift between the two Gurney flap
configurations is primarily explained by the earlier pressure drop on
the lower surface, which occurs when the Gurney flap is positioned
more forward, and the subsequent loss of lift production from theflap
location up to the trailing edge.

The influence of the Gurney flap height on the aerodynamic
characteristics is shown in Fig. 5. Comparedwith the baseline airfoil,
the Gurney flap that is 0:02c high and located at the trailing edge

achieves a 29% increase in themaximum lift coefficient. The smaller
flaps have gains in the maximum lift coefficient that are roughly
proportional to their size. As the boundary layer thins on the lower
surface with increasing angles of attack, the Gurney flap on that
surface becomes more effective and the lift generated increases.
Likewise, the impact of a Gurney flap diminishes as the angle of
attack decreases, resulting in a converging of the lift curves toward
the negative maximum lift coefficient. As a consequence of the
Gurney flap effectiveness depending on the angle of attack, the lift-
curve slope increases with the height of the Gurney flap. The
moment-coefficient curves behave similarly, in that they merge with
increasingly negative angle of attacks. At angles of attack for which
the Gurney flap is effective, the increased aft loading due to the flap
results in pitching-moment coefficients that are more nose-down
than those of the baseline airfoil. The changes in pitching-moment
coefficients are again roughly proportional to the Gurney flap height,
as is (within the low-drag angle-of-attack region) the increase in the
minimum drag coefficient.

Some schemes involving deployable Gurney flaps (MiTEs)
require that they be located far enough forward of the trailing edge to
be completely buried within the airfoil when not deployed. As is
demonstrated by the results presented in Fig. 6, the aerodynamic
gains achieved with Gurney flaps are only moderately reduced by
upstream mounting locations. The maximum achievable lift
coefficient is reduced by approximately 10% as the flap location is
moved from the trailing edge to 0:90c. The changes in the moment
coefficient are of similar magnitudes, whereas the drag character-
istics are more influenced by the height of the Gurney flap than by its
chordwise location.

As noted, the S903 airfoil was designed for significant amounts of
laminar flow. To explore how Gurney flaps and MiTEs would affect
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Fig. 6 Aerodynamic characteristics with varying Gurney flap
chordwise location.
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Fig. 7 Aerodynamic characteristics with natural transition and

transition fixed at :02c on the upper surface and :05c on the lower.
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the aerodynamics of traditional airfoils not designed for extended
runs of laminar flow, measurements were made on the S903 with
transitionfixed at 0:02c on the upper and 0:05con the lower surfaces.
Because the primary interest is on the aerodynamic behavior near the
maximum lift coefficient, the turbulator grit was sized to the critical
roughness height for angles of attack approaching stall [21]. Thus, at

lower angles of attack, the grit size is too small to force transition.
This is demonstrated in Fig. 7 by the converging of the free- and
fixed-transition drag curves at low angles of attack. As also observed
in this figure, although the drag increases as expected with fixed
transition, the lift and moment curves are essentially unaffected.
With fixed transition, the drag increase due to the Gurney flap is not
nearly as large as it is with free transition, especially in the case of the
baseline airfoil that has significant amounts of laminar flow. The
fixed-transition cases are more likely to be representative of what is
expected for an airfoil not designed for extended laminar flow.

Based on results such as the preceding, the effects of Gurney flap
height and location are summarized in Fig. 8. These plots should
prove useful in the preliminary sizing of Gurney flaps for various
applications.

Concerns about whether or not MiTEs can be used as control
devices with up and down deployment are addressed by the data
presented in Fig. 9, in which the effects of a 0:01c-high Gurney flap
on the upper surface with those of one on the lower surface are
compared. The Gurney flap on the upper surface becomes effective
as the angle of attack decreases and the boundary layer on the upper
surface thins. At higher angles of attack, its aerodynamic
characteristics merge with those of the baseline airfoil. For a
lower-surface Gurney flap, the opposite is true. It becomes more
effective with increasing angles of attack, whereas at lower angles of
attack, its aerodynamic characteristics merge with those of the
baseline. Although at midrange angles of attack, MiTEs still have a
significant effect on lift and moment, an upward-deploying MiTE
will have no control effectiveness on a surface approaching a positive
angle-of-attack stall, and a downward-deploying MiTE will have no
effect on a surface approaching a negative angle-of-attack stall.

Conclusions

The changes in airfoil aerodynamics due to Gurney flaps of
varying sizes and locations at and near the trailing edge were
explored experimentally using the Pennsylvania State University
low-speed low-turbulence wind tunnel. The results obtained using
surface-pressure integration are in general agreement with those
obtained by other researchers using force balances. The high-quality
drag data and surface-pressure distributions presented here help to
understand and predict the aerodynamic behavior of Gurney flaps. In
addition, the experimental results provide valuable data for the
validation of computational methods.

The lift gains with Gurney flaps attached to the lower surface are
due in large part to an increase in the lower-surface pressures
upstream of the flap location. At the higher angles of attack, the
influence of the Gurney flap spreads increasingly forward. Further
lift gains are due to a lessening of the adverse recovery gradients on
the upper surface, thus moving the point at which the flow separates
aft. In addition, for the case of an extended laminar-flow airfoil, the
value of the minimum drag varies nearly linearly with the Gurney
flap height, whereas the flap location has less influence on the drag.
For the fixed-transition cases, the relative increase in drag due to the
Gurneyflap is less severe. Finally, as a consequence of the aft loading
that is a consequence of the Gurney flap effect on the pressure
distribution, a Gurney flap increases the amount of nose-down
pitching moment.
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