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Recently, flow control using vortex generators (VGs) and a Gurney flap (GF) has received considerable attention, but
independently. The purpose of this study is to perform a numerical investigation into the lift augmentation effects of a tiltrotor
wing with the combination of VGs and GF. The numerical results were obtained with the Reynolds-averaged Navier-Stokes
(RANS) equations, and the turbulence was solved by the Spalart-Allmaras one-equation turbulence model. The separate and
joint performances of these two control devices at different angles of attack are determined. It is shown that the combined
configuration can provide greater lift augmentation than either device individually. Compared with the baseline wing, the
implementation of both devices increases the stall angle of attack from 10° to 22°, and the maximum lift coefficient is improved

by 82.33%.

1. Introduction

Tiltrotor aircraft is a unique type of flying vehicle that com-
bines the vertical takeoft and landing capability of a helicopter
with the high-speed cruise performance of a turboprop air-
craft. Due to structural design considerations, the wings are
of small span, and they must be thick enough to accommodate
the rotor shaft for power transmission. However, the compar-
atively high thickness makes tiltrotor aircraft particularly sus-
ceptible to stall [1]. On the other hand, during the course of
conversion, the rotors which produce the lift gradually transi-
tion to provide aircraft thrust. If the wing-generated lift is not
sufficient to against gravity, the aircraft may encounter serious
flight accidents. Consequently, boundary layer control is criti-
cal, and the design of lift-enhancing devices is an important
problem for tiltrotor aircraft.

In recent years, various flow control techniques have been
developed for aerodynamic improvements. In general, these
techniques can be divided into passive and active control
methods depending on whether external energy is required
[2]. Compared with active control technology, passive control
offers a simple structure and is inexpensive. Vortex generators
(VGs) are among the most effective passive control devices.

First documented by Taylor [3], the VGs are composed of a
row of small plates that are mounted normal to the wing sur-
face. The streamwise vortices induced by VGs can enhance the
momentum mixing and thus reduce or eliminate boundary
layer separation. Numerous numerical simulations [4, 5] and
experimental tests [6, 7] have been carried out to determine
the influence of VGs. A detailed, comprehensive review was
presented by Zhao et al. [8]. Several studies [9, 10] mentioned
that the counterrotating VGs have a higher tendency to delay
flow separation, as compared to corotating configuration.
Additionally, triangular shape VGs were better performing
than rectangular shape VGs in terms of lift augmentation
and drag reduction, as reported by Fouatih et al. [11]. The
presence of VGs at the quarter-chord location along the XV-
15 wing eliminated the premature stall [12]. A similar result
was noticed when VGs were added to the midwing fairing of
the V-22 aircraft [13].

On the other hand, the Gurney flap (GF) is also a simple
high-lift device consisting of a short flat plate placed over the
pressure side of the airfoil. In 1978, Liebeck [14] conducted
the first wind-tunnel experiment with GFs. The results
showed that GF works by increasing the effective camber
of the airfoil. Inspired by this, GFs have been extensively
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FIGURE 1: Schematic diagram of the A821201 wing equipped with VGs and GF.

(a) Near the VGs

KX
RIS

RS

SR

i i

AT
20 ore,
G 5000
S 558
A

N\
RN

R

“‘\\\\%“

oy

TACY
st
CAORRY
o\
R
NS
\\‘s
X

S
%

55

Beaseests
TSRS

5

(b) Near the GF

FiGure 2: Computational grid of the controlled A821201 wing.
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FIGUre 3: Comparison of pressure distributions of an A821201
infinite straight wing.

investigated and applied to a wide range of fields, such as
static and dynamic stall control [15, 16], shock wave control
[17, 18], and rotor blade load control [19, 20]. The work by
Wang et al. [21] provides a comprehensive review of its
applications. In recently years, in-depth studies have been
carried out to explore the effects of geometrical parameters,
including height, chordwise location, and mounting angle.
Li et al. [22] and Date and Turnock [23] performed experi-
mental investigations and computational simulations on a
NACA 0012 profile with GFs. The results revealed that GF
height is a significant factor. The impacts of chordwise posi-
tion were assessed by Baker et al. [24], and they suggested
that GFs are most effective when located at the trailing edge.
Moreover, the best aerodynamic performance was achieved
with the mounting angle of 90° [25].

As indicated by the aforementioned literature survey,
there has been a great deal of researches on the effect of
VGs or GF. However, the simultaneous application of VGs
and GF is seldom studied, and the combined effects remain
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FIGURE 4: Comparison of aerodynamic coefficients of a DU97-W-300 airfoil without and with VGs.
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F1GURre 5: Comparison of aerodynamic coefficients of a NACA 0012 airfoil with a 2% chord GF.

unclear. The present work thereby is aimed at investigating
the joint performances of these two devices for a tiltrotor
wing. The structure of this paper is as follows. The geomet-
rical model and grid generation are given in Section 2. Sec-
tion 3 presents a description of the numerical approach.
The results are discussed in Section 4, and conclusions fol-
low in Section 5.

2. Geometry Modeling and Grid Generation

The chosen profile was generated by Bell Helicopter particu-
larly for use on the V-22 tiltrotor wing and is designated as
A821201 airfoil [26]. Figure 1 depicts a schematic diagram
of the design geometry. As can be seen, VGs are installed
on the upper surface, and the VG arrangement is depended

on five variables: height hy, length L, spanwise spacing d,
orientation angle f3, and chordwise positioning xv. In addi-
tion, hgp represents the height of GF. In the present simula-
tions, the chord length of wing is 650 mm, the span length is
35mm, and the value of spacing d is 17.5mm [7]. The VGs
are set as zero-thickness surfaces, and the thickness of GF is
I mm.

In order to reduce the computational burden, only one
pair of VGs is simulated with the periodic condition
imposed on spanwise boundaries [27]. The O-H type struc-
tured grid is used with a normal grid spacing of 1x 107°
chords at the wall surface, and the farfield boundary is
located at 30 chords. Figure 2 shows the close-up view of
computational grid. Grid clustering is evident near the sur-
face of VGs, as well as the trailing edge.



3. Numerical Methodology

3.1. Governing Equations. Based on the Cartesian coordi-
nates, the three-dimensional unsteady Navier-Stokes equa-
tions can be formulated as [28]

8W+8F+8G+BQ_8R+BS+BT (1)
S Tty e Ty

where W is the state vector and written as

p
pu
W= pv|. (2)
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L PE |

F, G, and Q represent the convective flux vectors and
expressed as
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In the above expressions, u, v, and w are the Cartesian
velocity components, p denotes the density, and E stands
for the total energy per unit mass. R, S, and T are the viscous
flux vectors. Pressure p is calculated as

p=(y-1)p E—%(u2+v2+w2) , (4)

where y is the specific heat ratio with the value of 1.4 for
ideal gas.

The finite volume method is adopted for spatial discreti-
zation with a second-order accuracy central difference
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TaBLE 1: The main parameters of calculated configurations.

Configuration Vortex generators _ Gurney flap
xyglc hyg (mm) L (mm) B(°) hge (mm)
Baseline — _ _ — —
VGl 02 25 15 15 _
VG2 0.2 5 15 15 —
VG3 0.2 5 25 15 —
VG4 0.2 5 15 10 —
VG5 02 5 15 20 _
VG6 0.1 5 15 15 —
VG7 0.4 5 15 15 —
G - - - = 325
GF2 — — S — 65
GF3 _ _ - o
VG6+GEF2 0.1 5 15 15 6.5

TaBLE 2: Grid independency study of the A821201 wing using the
combination of VG6 and GF2 at a=10¢.

Mesh C Cy C/C,

Coarse 1.9179 0.0334 57.4222
Medium 1.9286 0.0330 58.4424
Fine 1.9311 0.0329 58.6960

scheme, and the dual time-stepping algorithm with subitera-
tions is utilized for time discretization. All simulations pre-
sented herein use the Spalart-Allmaras one-equation
turbulence model, which can provide excellent predictions
of flows involving the implementation of flow control tech-
nologies [29]. At the farfield boundary, the characteristic
boundary condition with the Riemann invariants is
employed and the no-slip boundary condition is applied
on the wall surface. This flow solver is developed by our
research group and has been frequently applied to the aero-
dynamic calculations.

3.2. Validation. Three different cases were considered for
code validation. The first case is an A821201 infinite straight
wing. In this case, the Mach number is 0.13, and the angle of
attack is 7°. As depicted in Figure 3, the computed pressure
distributions are in good accordance with the experimental
values [30].

Because of lacking the experimental data of the A821201
airfoil equipped with VGs, present numerical modeling is
validated against the experimental data of the DU97-W-
300 profile. The Mach number is 0.13 with a Reynolds num-
ber of 2.0 x 10%, and the VG geometric parameters can be
found in Ref. [7]. As seen in Figure 4, the calculated aerody-
namic coefficients show good agreement with the
measurements.

The following case is a NACA 0012 airfoil fitted with a
2% chord GF. The wind-tunnel test was conducted at a
Mach number of 0.088, yielding a Reynolds number of
2.1 x 10°. The results were compared with the experimen-
tal data of Li et al. [22]. As shown in Figure 5, very good
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FiGurg 6: Comparison of aerodynamic coefficients without and with different GFs.

agreement was also found between numerical predictions
and experimental results, thus demonstrating the accuracy
and reliability of the present flow solver.

4. Results and Discussion

In this section, all simulations are undertaken at a Mach
number of 0.3, which corresponds to a chord Reynolds
number of 4.54 x 10%. Table 1 summarizes the calculated
configurations, and the symbol “-” represents “without.” In
our previous works [31, 32], seven VG arrangements (VGI
to VG7) were studied, and the impact of different parame-
ters has been discussed qualitatively and quantitatively. To
avoid redundant publication, it is not described here. By
comparison, VG6 shows the best aerodynamic performance
among those configurations. In the current work, the effects
of GF size on lift enhancement are firstly determined. The
GF heights are 3.25mm (GF1), 6.5mm (GF2), and 13 mm
(GF3), respectively, and the corresponding nondimensional

heights are 0.5%, 1%, and 2% of the wing chord. Then,
VG6 and GF2 are simultaneously applied to the baseline
wing to evaluate the combined effects.

4.1. Grid Independency Study. To examine the grid sensitiv-
ity, three different grids were computed: 2,453,139 (coarse),
4,249,077 (medium), and 6,272,545 (fine). Table 2 indicates
that the differences between medium and fine grids are neg-
ligible. Thus, the medium grid was used throughout this
study.

4.2. Effect of the Gurney Flap. Figure 6 shows the calculation
results of the A821201 wing without and with different GFs.
As seen in Figure 6(a), the addition of GF produces a signif-
icant lift increment compared with the baseline wing. Simul-
taneously, the larger the GF height, the more the lift
augments. The maximum lift coefficient is increased by
15.59%, 25.06%, and 38.55% for GF1, GF2, and GF3, respec-
tively. The results also suggest that the stall angle is unaltered
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Ficure 7: Comparison of aerodynamic coefficients for the uncontrolled and controlled cases.

under the control of GF, which draws the same conclusion
as in Ref. [33]. As illustrated in Figure 6(b), substantial drag
increment is found when GF height is increased to 2%
chord. Figure 6(c) presents the characteristics of lift-to-
drag ratio. Increments in the lift-to-drag ratio are evident
when a < 12 0. At a« =4 o, the installation of GF2 is an opti-
mal design, and in this case, the lift-to-drag ratio is increased
by 15.12% compared with that of baseline wing.

4.3. Effect of Joint Vortex Generators and Gurney’s Flap. As
previously mentioned, VGs can delay boundary layer sepa-
ration but the enhancement of lift coefficient at small angles
of attack is not evident, whereas the GF shows the opposite
characteristics. By combining the advantages of these two
devices, in this work, an extended numerical analysis is car-
ried out using the synergism of VG6 and GF2. Figure 7
shows the aerodynamic coefficients for four scenarios such
as baseline, baseline with VG6, baseline with GF2, and base-

line with both VG6 and GF2. As seen in Figure 7(a), the
overall lift characteristics are greatly enhanced with the com-
bination of VG6 and GF2. The reason is that the wing cam-
ber is increased by the GF, while the flow separation at high
angles of attack is suppressed by the VGs. In comparison
with the clean wing, the combined configuration increases
the maximum lift coefficient by 82.33%. However, as shown
in Figure 7(b), the implementation of both devices is accom-
panied by a certain drag penalty at small angles of attack.
Figure 7(c) presents the characteristics of lift-to-drag ratio.
It shows that the combined drag penalty leads to reduced
lift-to-drag ratio with respect to the baseline in the range
of 4° to 8°.

For better understanding, the streamlines at the middle
plane around different configurations are presented in
Figure 8. In the case of baseline, as well as GF2, when a =
10 o, there exists a small separation bubble over the suction
surface; when a = 20 o, the flow is mostly separated. For the
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TaBLE 3: Comparison of aerodynamic performance parameters for
the uncontrolled and controlled cases.

Configuration C, Cmax Al
Baseline 6.18 rad™ 1.43 10°
VG6 6.70 rad™ 2.44 22°
GF2 6.58 rad’ 1.79 10°
VG6+GF2 7.04rad 261 22°

single application of VG6, there is no obvious flow separa-
tion at the same angles of attack. With the combination of
VG6 and GF2, although a recirculation region occurs at
a=200, the scale of the separation region is largely
reduced. Figure 9 illustrates the comparison of pressure
coefficients for the uncontrolled and controlled cases.
The pressure distributions are extracted along the wing
centerline. It is apparent that the suction peak over the
upper surface is further improved by the combined config-
uration. The detail data of the lift-curve slope (C;,), the

maximum lift coefficient (C; ), and the stall angle of
attack (o) are listed in Table 3. It is shown that the
combination of VG6 and GF2 can result in remarkable
enhancements of lift characteristics.

5. Conclusions

In this paper, the influence of vortex generators, Gurney’s
flap, and their combination on the aerodynamic perfor-
mance of an A821201 wing is numerically investigated.
Based on the present results, the conclusions are as follows:

(1) The vortex generators can effectively suppress the
flow separation and augment the lift coefficient at
high angles of attack

(2) The Gurney flap can increase the effective camber of
the airfoil and has the ability to improve the lift coef-
ficient significantly at small angles of attack.



However, the stall angle remains unchanged com-
pared to the baseline wing

(3) The vortex generators and Gurney flap can work in
concert to provide better lift characteristics than
either device alone. The overall aerodynamic perfor-
mance is greatly enhanced with the combination of
these two control devices

Nomenclature

Latin Symbols

c Airfoil chord length

C;: Drag coeflicient

C/C,:  Lift-to-drag ratio

Cr Lift coefficient

Cimax: Maximum lift coefficient
Cr Lift-curve slope

% Pressure coeflicient

d: Spanwise spacing of vortex generator
E: Total energy per unit mass
E, G, Q: Convective fluxes

hgp: Height of the Gurney flap
hyg Height of vortex generator
L: Length of vortex generator
p: Pressure

R, S, T: Viscous fluxes

t: Physical time

u, v, w: Cartesian velocity

Ww: Conservative vectors

X, ¥, z:  Cartesian coordinate

Xyg: Chordwise positioning of vortex generator.
Greek Symbols

a:  Angle of attack
ag: Stall angle of attack
:  Orientation angle of vortex generator
y:  Specific heat ratio
p: Density.

Abbreviations

DU: Delft University
GF: Gurney flap
NACA: National Advisory Committee for Aeronautics

VGs:  Vortex generators
RANS: Reynolds-averaged Navier-Stokes.
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