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Lift Enhancement of Tiltrotor Wing Using a Gurney Flap
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A numerical investigation was undertaken to explore the lift-enhancing characteristics of the Gurney flap on a tiltrotor wing. The
heights of Gurney flaps range from 1 to 4% wing chord lengths. The Navier-Stokes equations with the Spalart-Allmaras turbulence
model were solved to simulate the flow structure around the Gurney flap. The computational results show that the presence of the
Gurney flap can dramatically improve the tiltrotor wing lift coefficient. Compared with the baseline configuration, the maximum
lift coefficient is increased by 10.67, 15.33, and 20.67% for the 1, 2, and 4% height Gurney flaps. On the other hand, the Gurney flap
also results in a drag penalty, and the overall effect on the wing lift-to-drag is detrimental. In particular, at an angle of attack of 2°,
use of a 4% chord length Gurney flap decreases the lift-to-drag ratio by 31.47%. Further studies demonstrate that the wing lift
increments are proportional to the square root of the Gurney flap height.

1. Introduction

The modern tiltrotor aircraft is a unique type of aerial vehi-
cle which combines the hover capability of the helicopter
with the high-speed cruise performance of fixed-wing air-
craft. It has wide application in military and civilian fields.
Tiltrotor aircraft rely on wings and rotors for generating lift.
During the conversion process, the rotors which produce the
lift in the helicopter mode gradually transition to provide
thrust in the airplane mode. If the wing-generated lift is
not enough to overcome the aircraft gravity, the flight height
can decrease, which may lead to serious crashes in some
cases [1]. To furnish the required lift no longer guaranteed
by the rotors, the design of wing lift-enhancement devices
is a key issue for tiltrotor aircraft aerodynamics.

One of the simplest lift augmenting devices is a Gurney
flap (GF) [2]. The GF is a small tab mounted at the trailing
edge on the pressure side of a lifting surface. It was first stud-
ied by Liebeck [3] and was followed up by extensive wind-

tunnel tests and numerical computations. Researches have
elucidated impacts of their height, mounting position, orien-
tation, and thickness. Jeffrey et al. [4] conducted experi-
ments on the E423 airfoil with GF. Their results indicated
that GF can increase the effective camber of the airfoil,
thereby resulting in lift increment. The computations carried
out by Singh et al. [5] showed that the GF height is a contrib-
uting factor, and the larger the GF height, the more the lift
improves. The investigations were performed by Jain et al.
[6] to determine the influences of chordwise locations and
mounting angles on the aerodynamic characteristics of a
NACA 0012 airfoil. Seven positions and seven mounting
angles were systematically analyzed. It has been documented
that GF should be fitted perpendicular to the chord line and
as close to the trailing edge as possible to gain the maximum
lift enhancement. The results of Li et al. [7] also revealed that
when shifted forward from the airfoil trailing edge, the capa-
bility of GF on lift augmentation will be reduced. The effect
of GF thickness has been studied by Hao and Gao using
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numerical simulations [8]. Based on their results, it was
observed that GF thickness has a little impact on the lift
coefficient and surface pressure distribution. A similar con-
clusion was found by Zhu et al. [9]. Although many scholars
have proven that GF has a positive effect on improving lift, it
increases drag simultaneously. In addition, the GF has a ten-
dency to produce additional nose-down pitching moment
[10]. To mitigate these side effects, Cole et al. [11] suggested
that GF should be retracted into the airfoil when not needed.
A more detailed description of the GF advantages and disad-
vantages can be seen in the review paper by Wang et al. [12].

Although there have been a number of studies on the
effect of Gurney flaps, most of them were limited to two-
dimensional airfoils or three-dimensional straight wings;
few studies have been conducted on tiltrotor wings. As is
well-known, lift enhancement is very necessary for tiltrotor
aircraft to ensure flight safety and stability. To this end, the
purpose of the current work is to investigate the lift-
enhancing capability of Gurney flaps on a tiltrotor wing.
Section 2 illustrates the geometry modeling and grid gener-
ation. Numerical methods are briefly described in Section 3.
The quantified lift enhancement effect introduced by the
GF is shown in Section 4. Conclusions are presented in
the final part.

2. Geometry Modeling and Grid Generation

A realistic V-22 tiltrotor wing configuration is chosen as a
basis for the numerical model. This wing is of constant
cross-section with a squared tip, and the wing section is an
A821201 airfoil with a thickness/chord ratio of 23%. Nor-
malized by the wing chord length (c), the effective wing
semispan is 2.75. Due primarily to structural design consid-
erations, the wing forward sweep angle is 6° and the dihedral
angle is 3.5° [13]. In the present simulation, three different
GF heights (h) were studied, 1, 2, and 4% of the wing chord
length. A typical GF configuration on the tiltrotor wing sec-

tion is illustrated in Figure 1. All computations were per-
formed using an O-H type grid system, as seen in Figure 2.
The flow is assumed to be symmetric about the midspan.
The outer boundaries are 50 chord lengths from the wing
surface in the upstream, downstream, top, and bottom.
The spanwise boundary is extended to 30 chord lengths
away. Fine spacing (1 × 10−6c) in a direction normal to the
wing surface is used so as to better capture the boundary
layer. Figure 3 shows the surface grid of the wing and sym-
metry plane.

3. Numerical Method and Validation

3.1. Governing Equations. The flow field is governed by a
Reynolds-averaged Navier-Stokes (RANS) equation, and
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Figure 1: Gurney flap on tiltrotor wing section.
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Figure 2: Mesh topology.
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the three-dimensional RANS equation in a conservative dif-
ferential form is shown as follows [14]:
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where W is the vector of conservative variables and
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Here, p is the pressure, ρ is the density, and E is the total
energy per unit mass; u, v, and w are the Cartesian velocity
components; R, S, and T are the viscous flux vectors. The
finite volume method was applied for the spatial discretiza-
tion with a second-order accuracy central difference scheme,
and the dual time-stepping strategy was implemented to the
unsteady flow simulations. The Spalart-Allmaras model [15]
was selected as the turbulence model for all results discussed
here. As for boundary conditions, the surface boundaries of

the wing and GF are defined as the no-slip wall condition,
and symmetry is enforced at the midspan. At the far-field
surface, the characteristic-based nonreflecting boundary
condition was applied.

3.2. Validation

3.2.1. Infinite-Straight Wing. The first validation case is an
infinite straight wing. The airfoil profile is exactly that
employed in the V-22 tiltrotor aircraft. In this case, the
chord Reynolds number is 2:0 × 106 (Mach number 0.13),
and the angle of attack is 7°. Comparison between the
numerical chordwise pressure distribution and the measured
data [16] is shown in Figure 4. Very good agreement
between the computed results and the experimental values
is observed.

3.2.2. NACA 0012 Wing with Gurney Flap. Due to the lack of
experimental data of the tiltrotor wing with Gurney flaps,
present numerical modelling is validated against the experi-
mental data of a NACA 0012 wing. The model has an aspect
ratio of 1.6, and the flow conditions for simulation are the
same as those of the wind-tunnel test [17]. Comparison of
computed aerodynamic coefficients with experimental data
is depicted in Figure 5, and Figure 6 shows a good agreement
between the computed and measured pressure distributions
without and with a 2%c height GF. These results demon-
strate that the present numerical approach is satisfactory to
obtain the accurate aerodynamic characteristics of the wing
with GFs.

4. Results and Discussion

In this work, three different GF heights were studied on the
semispan V-22 tiltrotor wing. They are 1, 2, and 4% of the
wing chord length. All calculations were conducted at a
Mach number of 0.2, yielding a Reynolds number of
4:65 × 106 based on the reference chord length.
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Figure 4: Comparison of pressure distributions of an A821201
infinite-straight wing.

Figure 3: Wing and symmetry plane grid.
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Figure 5: Aerodynamic coefficients of a NACA 0012 wing with different GFs.
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Figure 6: Calculated and experimental pressure distributions of a NACA 0012 wing without and with GF.

Table 1: Mesh dependency study of tiltrotor wing with a 2%c GF at α = 8°.

Total number of grid Cl Cd Cm

Coarse 1,860,000 1.23670 0.11165 0.00924

Medium 3,670,000 1.23998 0.11156 0.00951

Fine 7,150,000 1.23972 0.11149 0.00952
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Figure 7: Effect of GF height on wing aerodynamic coefficients.
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4.1. Mesh Dependency Study. To check the accuracy of the
mesh resolution, mesh dependency studies are carried out.
Three types of grids are compared: 1,860,000 (coarse),
3,670,000 (medium), and 7,150,000 (fine). The computed
aerodynamic coefficients are given in Table 1. It is shown
that the differences between the medium grid and the fine
grid are negligible. Therefore, the medium grid is used for
the present simulation.

4.2. Effects of Gurney Flap on Aerodynamic Characteristics.
The lift coefficients (Cl) versus the angle of attack (α) with-
out and with a GF are shown in Figure 7(a). Obviously, lift
augmentation is observed with the implementation of GF.
The increment of Cl is more remarkable with larger GF
height. Compared to the baseline wing, the maximum lift
coefficient (Cl,max) is increased by 10.67, 15.33, and 20.67
for the 1, 2, and 4% height Gurney flaps, respectively. For
the h/c = 2 and 4% cases, the stall angle (αstall) is decreased
from 24° to 22°. When a larger GF is utilized, the zero-lift
angle of attack (αZL) appears to become increasingly more
negative. Moreover, the lift-curve slope (Clα) for the con-
trolled configurations is found to be higher than that of the
clean wing. These results thus show that GF serves to add
the effective camber of the wing.

Figure 7(b) presents the drag coefficient (Cd) as a func-
tion of the angle of attack, and the drag polar curve is shown

in Figure 7(c). It is quite clear that GF increases the drag
coefficient for all angles of attack, and the larger the GF
height is, the more the drag increase will be. Substantial drag
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Figure 9: Effect of GF height on sectional lift coefficient at α = 0°.
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Figure 8: Pressure contours and flow structure near the trailing edge in the wing root plane at α = 0°.
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increment is observed when the height is increased to 4%c.
This is in agreement with the results of Singh et al. [5]. To
some extent, because the required time for the transition
from helicopter mode to airplane mode is short, the drag
penalty caused by the GF is acceptable.

Figures 7(d) and 7(e) show the characteristics of the lift-
to-drag ratio (Cl/Cd) at different GF heights. Because GF
produces more drag than the clean one, the lift-to-drag ratio
of the controlled wing is greatly reduced. In comparison

with the baseline wing at α = 2°, which is about the cruising
angle for the tiltrotor aircraft, the lift-to-drag ratio is
decreased by 9.88, 18.49, and 31.47% with 1, 2, and 4%
height Gurney flaps, respectively. According to the voyage
equation [18], the lift-to-drag ratio in the forward-flight
mode plays an important role in the flight range. As a result,
in order to use the GF efficiently, it is recommended that the
GF should be closed at cruise. Figure 7(f) shows the effect of
the Gurney flap’s height on the pitching moment.
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Figure 10: Pressure coefficient distributions on different spanwise locations at α = 0°.

Table 2: Aerodynamic performance parameters of tiltrotor wing without and with a GF.

Configuration Clα Cl,max αstall (Cl/Cd)max αZL Cd,min

No GF 4.28 rad-1 1.50 24° 17.72 -3.66° 1:41 × 10−2

h/c = 1% 4.69 rad-1 1.66 24° 16.36 -5.71° 1:59 × 10−2

h/c = 2% 4.83 rad-1 1.73 22° 15.14 -6.76° 1:84 × 10−2

h/c = 4% 4.97 rad-1 1.81 22° 12.79 -8.17° 2:46 × 10−2
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To better understand the flow mechanism of the GF,
Figure 8 presents the pressure contours and streamlines in
the vicinity the trailing edge at α = 0°. Without a GF, as
shown in Figure 8(a), the streamlines are in general very
smooth. When a GF is installed, as shown in Figures 8(b)–
8(d), three vortices, one upstream of the GF and two
counter-rotating vortices downstream of the GF, can be
clearly seen. The Kutta condition shifts from the airfoil trail-
ing edge to the lower edge of the GF, which leads to lift
enhancement [19]. Moreover, because the windward side
of the GF endures high pressure and the leeward side
endures low pressure, the drag increases with the existence
of a GF. The spanwise lift distribution is shown in
Figure 9. Four different spanwise locations are selected for
further analyzing the chordwise pressure variation. These
locations are placed at y/b = 0, 0:3, 0:6 and 0:9 from the wing
root, where b is the wing span length. Figure 10 presents the
pressure distributions for various positions without and with
a GF. It is evident that the addition of GF increases the pres-
sure difference between the upper and lower surfaces of the
wing section, especially near the wing root.

To deeply determine the effect of the GF, Table 2 lists the
lift-curve slope, the maximum lift coefficient, the stall angle,
the maximum lift-to-drag ratio, the zero-lift angle of attack,
and the minimum drag coefficient (Cd,min) for the uncon-
trolled and controlled tiltrotor wing. On the whole, GF
improves the lift-curve slope and maximum lift coefficient
and decreases the stall angle and maximum lift-to-drag ratio.
Additionally, as the height of the GF increases, the zero-lift
angle of attack becomes more negative, and the minimum
drag coefficient increases. Data points from -8° to 8° are
employed to evaluate the relationship between the lift coeffi-
cient increment (ΔCl) and GF height (h/c). The variation of
ΔCl versus h/c as well as ðh/cÞ0:5 is displayed in Figure 11.

The results show that the lift increments are nonlinear with
respect to GF height (see Figure 11(a)). In contrast, it is very
interesting to find that the lift improvements are propor-
tional to the square root function of the GF height, as shown
in Figure 11(b), which is similar with the results in Ref. [20].

5. Conclusions

The aerodynamic characteristics of the tiltrotor wing with-
out and with a GF were comprehensively investigated using
numerical simulations. Different GF sizes between 1 and 4%
of the wing chord have been studied. The aerodynamic per-
formance parameters were analyzed qualitatively and quan-
titatively. As expected, the results show that GF is an efficient
lift augmentation device, and the larger the GF height is, the
more obvious the lift-enhancement will be. The drag coeffi-
cient is also increased with the introduction of a GF, and
the overall effect on the wing lift-to-drag ratio is detrimental.
Further analysis indicates that the lift improvement associ-
ated with a GF is related to the square root of the GF height.
Conclusions acquired in this study may provide some guid-
ance for the design of tiltrotor aircraft aerodynamics.
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