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Flow control using synthetic jets has been computationally investigated to improve aerodynamic performance of

tiltrotor unmanned-aerial-vehicle airfoils under various flight conditions. Many features of complex tiltrotor flows

were captured, including wing leading-edge and trailing-edge separation and the massive region of separated flow

beneath the wing. To control the separation of the leading and trailing edges in hovering and transition-flight modes,

synthetic jets were located at suitable positions (0:01c, 0:3cflap, and 0:95cflap). It was observed that the flow structure

and rate of drag reduction could be substantially improved, depending on the frequency of synthetic jets in hovering

mode. Based on the flow control results in hovering mode, separation control was performed at transition mode.

Detailed computations revealed the download could be efficiently reduced by using both the leading-edge and

trailing-edge jets in hovering flight mode, and the leading-edge jet only in transition-flight modes. This indicates that

the flight performance of tiltrotor unmanned aerial vehicles could be remarkably improved by applying an active

flow control strategy based on synthetic jets.

Nomenclature

Ajet = suction or blowing amplitude, instantaneous peak
velocity at orifice

c = chord length
C� = momentum coefficient, �Ajet=U1�2h=c
cf = chord length of flap, cf=c� 0:31
f = frequency of periodic excitation
F� = nondimensional frequency, fcf=U1
h = slot width
U1 = freestream velocity

I. Introduction

A TILTROTOR unmanned aerial vehicle (UAV) is a unique flight
vehicle that combines the vertical takeoff and landing

capability of the helicopter with the efficient high-speed cruise
performance of the conventional fixed-wing aircraft. This is
achieved, among others, by positioning, at the wingtips of a fixed
wing, a rotor that can be tilted so as to provide lift for hover and thrust
for cruise flight. However, tiltrotor configuration must overcome
adverse aerodynamic download in hover that is caused by the drag
induced from the rotor downwash. The rotor downwash results in
separated flowon the downstream side of thewing, and the download
brings a significant penalty in the payload or vertical lift capability.
Because the rotor flow hits the wing in hover, the download force on
the wing has been measured to be about 10–15% of the total rotor
thrust [1]. Therefore, download alleviation is quite important for
increasing the flight performance and payload capacity of such
aircraft.

Many researchers and engineers have studied download reduction
using passive flow control. A flight test of XV-15 by Maisel and
Harris [2] has provided quantitative estimates of hover performance
including the effect of flap deflection angle on download. By
increasing the flap deflection angle, the download can be reduced
owing to the reduction in the effective wing area influenced by the
rotor downwash as well as the reduction of the vertical drag
coefficient. McCroskey et al. found that the drag on the airfoil during
hover was sensitive to the flap angle and the surface-curvature
distribution along the upper surface near the leading edge [3]. Further
discussions on the effects of the wing geometry on the download can
be found in research by Felker [4].

The capability of download alleviation can be provided by active
flow control too. The effectiveness of active flow control was suc-
cessfully demonstrated on a full-scale XV-15 aircraft. The reduction
of the wing download was experimentally explored at NASA Ames
Research Center [5,6]. The wing download was reduced by as much
as 25–54% with continuous blowing slots [7]. In the experiment by
Kjellgren et al., an oscillatory jet at the flap shoulder of a V-22
tiltrotor wing yielded a reduction of up to 40% of the download [8].
The effect of a thin tangential jet located at thewing leading edge of a
tiltrotor configuration in hover was computed by Fejtek and Roberts
using the thin-layer Navier–Stokes equations [9], which demon-
strated the effectiveness of leading-edge tangential blowing in
reducing the rotor download. Thewing download of theV-22 tiltrotor
aircraft using synthetic jets has also been studied by detached-eddy
simulations [10].

Thus far, most studies about the alleviation of the tiltrotor
download have focused on the hovering flight mode. To maintain a
required level of thrust, however, download reduction is also
necessary in transition flight mode as well as in hovering. Keeping
this inmind, activeflow control has been computationally conducted
using synthetic jets for download reduction in hovering and
transition flight modes.

A synthetic jet is one of the most actively studied flow control
devices, because it has a potential to be implemented in actual aircraft
flow control system. Many researchers and engineers produced
impressive experimental and numerical studies. Vasile et al. [11] and
Vaccaro et al. [12] experimentally investigated the flow structures
and interactions caused by a synthetic jet over a finite and sweptback
wing and inside inlet ducts. Kim and Kim [13] and Kim et al. [14]
studied flow control mechanisms of synthetic jets using a
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NACA 23012 airfoil and the effect of jet exit configuration on flow
control performance. The flowfield of a round synthetic jet issuing
into a crossflow was investigated by Xia and Mohseni [15], and a
synthetic jet was applied for low-speed maneuvering and station-
keeping of small underwater vehicles [16]. Chaudhari et al. studied
the effects of excitation frequency, cavity design, and orifice shape
[17,18]. Zhou and Zhong obtained the interaction of a circular
synthetic jet with boundary layer, and they examined the formation
and development of coherent structures using theQ criterion [19,20].
In addition, research on the interaction between synthetic jets with
crossflow was conducted experimentally and numerically by Wood
et al. [21]. Günther et al. [22] and Petz and Nitsche [23] studied flap
separation control by periodic excitation near the flap for high-lift
configuration.

The focus of the present paper is to control the separated flow
around the tiltrotor smart UAV (SUAV) airfoil in hovering and
transition flight modes. The SUAV is the unmanned Korean tiltrotor
aircraft that has vertical takeoff and landing capability with a high-
speed cruise performance. To achieve the goal, the flow structures
over the SUAV airfoil in hovering and transition flight modes were
first investigated. Based on the observed flow structures, leading-
edge and trailing-edge separation flows were controlled using
synthetic jets. First, synthetic jets were applied to the leading and
trailing edges in hovering flight mode. Since the actual flow control
mechanism and flow structure can be fundamentally different,
depending on synthetic jet parameters [13], flow characteristics were
examined according to the jet location and nondimensional jet
frequency. Efficient synthetic jets were then employed to reduce the
download on the leading and trailing edges. Second, separation flow
control was conducted in transition flight modes based on the flow
control results in hovering. Finally, by comparing the flow control
results of synthetic jets located at the leading and trailing edges, the
most effective flow control condition was obtained at hovering and
transition flight modes.

II. Numerical Methods

A. Governing Equations

Accurate prediction of stall characteristics, with or without turbu-
lence models, is still an extremely challenging task. By considering
available computing power and required numerical accuracy, the
present approach relies on solving unsteady Reynolds-averaged
Navier–Stokes (URANS) equations. A URANS simulation
combined with adequate turbulence models, such as the �-! shear
stress transport (SST) turbulence model, can provide reasonably
good solutions [24].

The incompressible governing equations are given by the
continuity equation and themomentum equation for the conservation
of mass and momentum, where the overbar indicates a Reynolds-
averaged quantity:

r � �u� 0 (1)

�
@ �u

@t
� � �u � r �u��r �p� ��� �t�r2 �u (2)

The governing equations were then solved in a time-accurate
manner by employing the method of pseudocompressibility, where �
is the pseudotime and � is the pseudocompressibility parameter
[25,26]:

@ �p

@�
���r � �u (3)

The upwind-differencing scheme based on flux-difference
splitting, combined with the MUSCL approach, was used to
calculate the convective termwith a third-order spatial accuracy. The
viscous fluxes were then centrally differenced by a second-order
spatial accuracy, and the flow variables were updated by the lower–
upper symmetric Gauss–Seidel time integration [27].

The turbulence model used in the present computation is the
Menter SST two-equation model, which has provided excellent
predictions of flows involving separation [26,28]. Also, the total
stress limitation (TSL) method was employed to include the effect of
flow transition [29]. All computations were performed with a finite
volume-based in-house code that had been extensively validated
[13,26,30].

B. Synthetic Jet Boundary Conditions

A synthetic jet actuator is an oscillatory jet generator that requires
zero-net mass input yet produces a nonzero momentum output.
Figure 1 shows a schematic of a synthetic jet actuator that contains an
enclosed cavity with a small orifice on one face. At the Compu-
tational Fluid Dynamics (CFD) Validation Workshop at the second
AIAA Flow Control Conference, Rumsey et al. reported that,
compared with experiment data, the velocity distributions near the
orifice exit might exhibit some anomalies neither captured nor
modeled by CFD, but they also mentioned that global flow features
could be captured with reasonably good accuracy [24,31].

Based on these results, the suction/blowing-type boundary
condition proposed byKral et al. [32], as in Eq. (4), was applied to the
synthetic jet actuator. The top-hat condition, wherein the spatial
variation of the jet at the orifice was neglected, was employed to
obtain computationally efficient results without compromising
physical reality [33]. A perturbation to the flowfield was then
introduced by the jet velocity, where � denotes the streamwise
direction, � denotes the cross-slot direction, un is a velocity vector,
and djet is a unit vector in the jet direction:

u n��� 0; �; t� � Ajetf��� sin�!t�djet; f��� � 1 (4)

Figure 2 shows the computed centerline velocities compared with
experimental data, which are measured using hot-wire anemometry
along the cross-slot direction. The origin of the coordinate system is
located at the center of the jet orifice. Except for some differences
observed near the jet entrance, the computed results are in fair to good

Fig. 1 Schematic of synthetic jet.

Fig. 2 Centerline velocity profile.
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agreement. It appears that the difference between computed and
experimental results near the jet entrance is mainly due to the
velocity fluctuation caused by hot-wire anemometry near the jet
entrance [34].

III. Code Validation

The case of the V-22 Bell A821801 airfoil with a flap deflection
angle of 85� was considered for code validation. The geometric
details and experimental data can be found in [10]. The chord
Reynolds number is 3 � 105, the angle of attack is �85�, and the
velocity of the downstream rotor is 17 m=s. The synthetic jet is
located at a flap chord length of 0.3 with the slot width of 0.2% of the
flap chord length, and its angle with the surface tangent is 32�. The
nondimensional frequencyF� is 0.6, and themomentum coefficient
C� is 0.011. The boundary conditions of Eq. (4) can be determined
from F� and C�.

Figure 3 shows the V-22 Bell A821801 airfoil mesh and close-up
view of the jet-slot region. A hyperbolic O grid was used with the
wall spacing of a 1:0 � 10�5 chord. The outer boundary was
extended to 25 chords. The number of grid points covering the jet slot
was eight. To examine the grid sensitivity, three grid densities
(509 � 120, 409 � 115, and 309 � 110) were considered for the
noncontrolled and controlled cases. From the comparison of the
computed results depicted in Fig. 4a, the differences between 509 �
120 and 409 � 115 are less than 2%, which is thought to be adequate
for reliable computations. Thus, the 409 � 115 grid was chosen for
code validation.

Using the chosen grid system, the time-step sensitivity was also
examined. To maintain sufficient temporal accuracy, subiterations
were conducted in pseudotime until themaximumflowdivergence of
the converged solution at the fixed physical time was less than
1:0 � 10�6. Three levels of different time steps were tested: 40, 80,
and 120 steps per synthetic jet period. Figure 4b shows the results of
the pressure distribution against the number of time steps. The
computational differences between 80 and 120 time steps were less
than 2%, indicating that 80 time steps could adequately resolve the
time-dependent nature of the flowfields within the URANS formu-
lation. Computed results were obtained after reaching a sufficient
level of time-periodic behavior.

Figure 4c shows the distribution of the time-averaged pressure
coefficients along the chord length. Depending on the turbulence
model and computations, some deviations between the computed
results and experimental data can be observed. Since the flow region
contains both laminar and turbulent flow dynamics, computational
predictions using the �-! SST turbulent model combined with the
TSLyield a reasonable agreement with experimental measurements.
This is also confirmed from the results of Table 1. Although the
computed results do not exactly agree with the experiment data, they
do predict the general trend fairly accurately.

IV. Flow Control Results

The whole results are divided into two parts: analysis of flow
structures and flow control over the SUAVairfoil using synthetic jets.
The objective of the first part is to understand the basic flow features
around the SUAVairfoil in hovering and transition flight modes. In
the second part, for reducing the download by the rotor downwash
that acts upon thewing, flow control using synthetic jets is simulated.
The SUAVairfoil is composed of main airfoil and trailing-edge flap.
The results are obtained using the overset grid method. Alhough not
presented here, the choice of the overset grid system and time step
was based on the resolution study, as in the case of the code
validation.

Fig. 3 Mesh for V-22 Bell A821801 airfoil.

Table 1 Comparison of drag coefficients

Cd

Experiments 1.49
k-! SSTwith TSL 1.501
k-! SST 1.253
Laminar 1.990

Table 2 Flight conditions

Flight mode Tilt angle, deg Flap angle, deg Freestream velocity, m=s Reynolds number

Hovering 90 70 17 9:0 � 105

Transition 1 90 50 23.80 1:2 � 106

Transition 2 80 25 40.66 2:1 � 106

Transition 3 60 25 54.91 2:9 � 106

Transition 4 45 25 58.62 3:1 � 106

Transition 5 30 25 62.36 3:3 � 106

Transition 6 15 25 66.38 3:5 � 106
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A. Basic Flow Structures over Smart Unmanned-Aerial-Vehicle

Airfoil

As shown in Table 2, the flow structures over the SUAV airfoil
were analyzed based on actual flight conditions. The standard flight
condition of the SUAV was described in [35]. The induced velocity
was obtained through the momentum theory by applying SUAV real

disk loading. The freestream velocity and angle of attack were
determined by the sum of the forward flight speed and the induced
downwash velocity.

Figure 5 shows the drag histories according to the flight
conditions. From now on, all of the horizontal axes of the drag
histories indicate the nondimensional time scaled by the freestream

Fig. 4 Comparison of pressure distributions (left: control off; right: control on): a) computational grids, b) time steps, and c) turbulence models.
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velocity and the chord length of the SUAVairfoil. Drag refers to the
force acting in the direction of the freestream velocity, and the wing
download is caused by the drag force. Thus, the drag histories
indicate the variation of the wing download. The drag histories show
a regular periodicity, and their values increase as the direction of the
tilt angle approaches 90�, as shown in Fig. 5. Since the flow is not
separated in transition flight mode 6, in Table 2, flow structures are
observed in hovering and transition flight modes 1–5.

Figure 6 shows some periodic patterns of drag histories and
correspondingflow structures (or patterns of streamlines) in hovering
flight mode. The overall flow pattern is as follows. For interval 1, the
separated flow developed near the leading edge is attached on the
lower surface of the airfoil and, as a result, a low-pressure region
steadily grows. This leads to the monotonic increase in drag, which
reaches the drag peak at the end of interval 1. For interval 2, the large
leading-edge separation vortex, which is steadily increased by the
rotor downwash, is finally detached from the lower surface, and it
moves along the freestream direction. The drag is thusmonotonically
decreased. For interval 3, as the size of the vortex developed from the
flap trailing edge becomes larger, the drag bounces back and grows

Fig. 5 Drag histories in hovering and transition flight modes.

Fig. 6 Flow pattern according to drag history in hover.

Fig. 7 Flow pattern according to drag history in transition flight mode 1.
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again. For interval 4, the flap trailing-edge separation vortex is
eventually detached from the lower surface, and the drag is decreased
again. Overall, the wing download is alternatively fluctuated by the
growth and detachment of the separation vortices at the leading and
trailing edges.

The flow structures of transition flight modes 1 and 2 are similar to
those of the hovering flight mode. The drag history and the change of
the flow pattern of transition flight mode 1 are shown in Fig. 7. In
intervals 1 and 2, drag changes depend on the growth and detachment
of the leading-edge separation vortex. In intervals 3 and 4, a similar
drag pattern can be observed according to the behavior of the flap
trailing-edge separation vortex.

The flight condition of transition flight mode 3 is a tilt angle of 60�

and a flap angle of 25�. In comparison with Figs. 7 and 8, it displays a
somewhat different fluctuation pattern. The drag peak at the end of
interval 1 is higher than the one observed at the end of interval 3. Like
the case of transitionflightmode 1, the drag peak is determined by the

intensity of the leading-edge and flap trailing-edge separation
vortices. As the tilt and flap angles become smaller, the horizontal
component of the freestream velocity becomes larger and the vortex
intensity is decreased. Compared with transition flight mode 1, the
flap trailing-edge vortex is particularly less developed than the
leading-edge vortex. As the flight mode changes from hovering to
transition, this trend becomes clearer and thewing download is more

Fig. 8 Flow pattern according to drag history in transition flight mode 3.

Fig. 9 Flow pattern according to drag history in transition flight mode 4.

Fig. 10 Geometry of SUAV airfoil with synthetic jets.

Fig. 11 Drag histories under trailing-edge flow control in hover

(F� � 1).
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susceptible to the leading-edge vortex than the flap trailing-edge
vortex. Hence, to suppress the wing download in the transition flight
modes, the control of the leading-edge separation vortex is more
important.

Transition flight mode 4 has a tilt angle of 45� and a flap angle of
25�. Figure 9 shows the drag pattern and flow structure. As the
horizontal component of the freestream velocity becomes larger, the
duration of the leading-edge vortex get longer, and the drag is
continuously increased in intervals 1 and 2. At the end of interval 2,
the leading-edge separation vortex is detached and the drag is
reduced in interval 3. In interval 4, the flap trailing-edge separation
vortex is created, but it is not attached to the flap lower surface; thus,
thewing download is not increased. Overall, the drag history is solely
determined by the growth and detachment of the leading-edge
separation vortex. The drag pattern of transition flight mode 5 is quite
similar to mode 4, except that the period becomes shorter, and the
trailing-edge vortex is now developed on the flap upper surface.

Through an analysis of computed flowfields in the hovering and
transition flight modes, it is observed that the wing download is
determined by the growth and detachment of the leading-edge and
flap trailing-edge vortices. In the hovering flight mode, the leading-
edge and flap trailing-edge vortices are equally influential. In the
transition flight modes, the role of the leading-edge vortex becomes
more decisive. Exploiting the observed flow characteristics, leading-
edge and trailing-edge separation controls are carried out to reduce
the wing download.

B. Flow Control over Smart Unmanned-Aerial-Vehicle Airfoil

The geometry of the SUAVairfoil with synthetic jets, for leading-
edge and trailing-edge separation control, is shown in Fig. 10. The
leading-edge synthetic jet was located at 1% chord from the leading
edge and is denoted as the 0:01c jet. Vortices produced by the 0:01c
jet with a jet angle of 90� are going to change the structure of the
leading-edge separation vortex. The trailing-edge synthetic jets were
located at 30%flap chord and 95%flap chord, and they are denoted as
the 0:3cflap jet and 0:95cflap jet, respectively. It is generally known
that the effect of the synthetic jet is most visible when the jet location
and the separation point are the same. Hence, the 0:3cflap jet was near
the separation point in theflap upper surface. In addition, theflows on
the flap upper surface greatly contribute to the formation of the
trailing-edge separation vortex below the flap. Thus, the 0:95cflap jet
was placed at the end of the trailing-edge flap to control the vortex
formation. The inclination angle of the synthetic jets in the trailing
edge was the same (32�) as the validation case. The peak jet velocity
was 80 m=s in the hovering and transition flight conditions, which is
within a range of feasible velocity [36,37]. The locations and jet
angles of the synthetic jets were fixed in all flight modes. The drag
histories were then analyzed using a low-path filter of the fast Fourier
transform.

1. Flow Control in Hovering Flight Mode

Numerical simulations were performed by changing the major
control parameters of the synthetic jet: the jet location and the

Fig. 12 Drag histories under trailing-edge flow control in hover (F� � 0:5, 1, 2, and 5). (a) 0:95cflap jet; (b) 0:3cflap jet.

Fig. 13 Close-up view of streamlines at blowing/suction peak (0:3cflap
jet, F� � 5, left: blowing peak, right: suction peak).

Fig. 14 Rate of drag reduction in terms of nondimensional frequency

(flow control in hover; left: 0:3cflap jet; right: 0:95cflap jet).
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nondimensional frequency F� of 0.5–5. The control parameters for
locations 0:01c, 0:3cflap, and 0:95cflap areF� � 0:5, 1, 2, and 5. The
characteristic length used in the nondimensional frequency is the
chord length of the trailing-edge flap.

a. Trailing-Edge Separation Control. The separation flow
around the flap trailing edge was controlled by the synthetic jets
located at 0:3cflap and 0:95cflap. Figure 11 shows the drag histories
with F� � 1. From the suppression of the first drag peak, it is
observed that the control of the trailing-edge vortex also affects the
growth and detachment of the leading-edge separation vortex. From
the basic flow features over the SUAVairfoil (Sec. IV.A), the growth
and detachment of the leading-edge and flap trailing-edge vortices
appear consecutively and periodically. The suppression of the flap
trailing-edge vortex naturally shortens the time to develop and detach
the leading-edge vortex, which results in the suppression of the first
drag peak. It is interesting to observe in Fig. 11 that the 0:95cflap jet
performs better than the 0:3cflap jet, particularly at the second drag
peak. This indicates that the flows near trailing edge are critical in
determining the intensity of the flap trailing-edge vortex, and the
0:95cflap jet controls the trailing-edge flow feature more effectively.

Figure 12a shows the drag histories in terms of the nondimensional
frequency (F� � 0:5, 1, 2, and 5) with the 0:95cflap jet. As the jet
frequency increases, the period of the drag fluctuation becomes
shorter. Thus, the high-frequency 0:95cflap jet can effectively reduce
the drag due to the trailing-edge separation vortex. The results with
the 0:3cflap jet in Fig. 12b exhibit a similar trend. Figure 13 shows the
flow featurewith a high-frequency 0:3cflap jet, confirming again that,
with a high-frequency synthetic jet, the flownear the synthetic jet slot
tends to be firmly attached and, as a result, more stable flow structure
can be obtained on the flap surface [13]. From the comparison of the
drag histories between the 0:3cflap jet with F� � 5 and the 0:95cflap
jet with F� � 1, one can see that the second drag peaks due to the
trailing-edge separation vortex are almost identical, indicating that
the 0:95cflap jet with F� � 1 gives the same performance as (and is

thusmore efficient than) the 0:3cflap jet withF� � 5. Finally, Fig. 14
shows the rate of drag reduction of the two jets in terms of jet
frequency. The download can be reduced up to about 20% with a
synthetic jet of F� � 5. Overall, the 0:95cflap jet located near the
trailing edge turns out to bemore effective than the 0:3cflap jet located
near separation point.

b. Leading-Edge Separation Control. Flow separation at the
leading edge was controlled by the 0:01c jet. Figure 15 shows the
drag histories when the nondimensional jet frequency is one. Basic
flow control characteristics are quite similar to the case of trailing-
edge separation control. First, the leading-edge synthetic jet
suppresses the formation of the leading-edge separation vortex. The
vortices produced by the 0:01c jet continuously disturb the large
leading-edge separation vortex and finally split it into small vortices,
as shown in Fig. 16. As the same time, the jet vortices push the small
vortices and prevent them from staying longer at the airfoil lower
surface, which leads to the suppression of thefirst drag peak. Second,
the control of the leading-edge vortex positively interferes with the
attachment and detachment of the trailing-edge separation vortex,
leading to the substantial reduction of the second drag peak. As
shown in Fig. 17, the drag peaks become lower and the period of the
drag fluctuation tends to be shorter as the nondimensional jet
frequency decreases. Particularly, the second drag peak is signif-
icantly suppressed in the case of lower jet frequency. The reason can
be understood from Fig. 18. By a bigger vortex created by a lower-
frequency jet, theflow structure at the airfoil lower surface is changed
much more substantially. In addition, the suppression of the large
leading-edge vortex favorably affects the detachment of the flap
trailing-edge separationvortex. It is seen that theflow control effect is
most visible with the leading-edge jet of F� � 0:5.

The periodic behavior of the drag histories and flow structures in
the case of F� � 0:5 are shown in Fig. 19. For interval 1, the
leading-edge synthetic jet alters the flow structures at the bottom of
the airfoil. It splits the single leading-edge separation vortex into

Fig. 15 Drag histories under leading-edge flow control in hover (0:01c
jet, F� � 1).

Fig. 16 Close-up view of streamlines of SUAV leading edge (0:01c jet, F� � 1; left: control off; right: control on).

Fig. 17 Drag histories under leading-edge flow control in hover (0:01c
jet; F� � 0:5, 1, 2, and 5).
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small vortices, which results in a mild increase of the drag. For
interval 2, the small vortices are gradually merged to form a larger
vortex, and it detaches from the airfoil after a short stay. Thus, the
drag is decreased. For interval 3, almost simultaneously, the split
leading-edge vortices, before they merge into a larger vortex, disturb
the flow near the flap lower surface and interfere with the attachment
of the trailing-edge separation vortex. Thus, the drag coefficient is
not drastically increased. For interval 4, the reduced flap trailing-
edge vortex is finally detached, and the drag is decreased.

Figure 20 shows the rate of drag reduction when the flow control is
conducted by the leading-edge synthetic jet. As explained, the jet
performance is roughly inversely proportional to the jet frequency.
The wing download is reduced by about 18% at F� � 0:5.

c. Trailing-Edge and Leading-Edge Separation Control. With
the leading-edge and trailing-edge synthetic jets (0:01c, 0:3cflap, and
0:95cflap jets), flow controls of the leading-edge and trailing-edge
separation vortices were carried out. Table 3 summarizes the jet
operation conditions. Based on the results of the leading-edge and

trailing-edge separation controls, two cases (cases 1 and 2) with a
standard operation condition (F� � 1 for all jets) and two cases
(cases 3 and 4) with an optimal operation condition (F� � 0:5 for
the 0:01c jet, F� � 5 for the 0:3cflap and 0:95cflap jets) are
considered. Figure 21 shows the drag histories for each case. As
expected, flow control on both edges clearly yields a better
performance than just the leading-edge or trailing-edge separation
control. In particular, the most effective performance is case 4
(F� � 0:5 for the 0:01c jet andF� � 5 for the 0:95cflap jet), which
is consistent with the previous flow control results. Figure 22 shows
the rate of drag reduction for each case. All four cases provide quite
impressive performances, especially case 4, which reduces the wing
download more than 40%.

Through the analyses on the leading-edge and trailing-edge
separation control performance, it is observed that synthetic jet under
suitable actuating conditions beneficially changes the local flow
feature andvortex structure tobringasignificant reductionof thewing
download acting on the SUAVairfoil in the hovering flight mode.

Fig. 18 Flow pattern of SUAV airfoil under leading-edge flow control in hover.

Fig. 19 Flow pattern according to drag history under leading-edge flow control in hover (0:01c, F� � 0:5).
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2. Flow Control in Transition-Flight Modes

Based on the results in the hoveringflightmode,flow control in the
transition flight modes was also conducted. The flow pattern in the
transition flight modes changes according to the tilt angle and flap
angle. As the direction of the freestream velocity is progressively
horizontal, the separated flow at the leading edge becomes a
dominant factor in increasing the wing download. From hovering to
transition, the horizontal component of the freestream velocity
gradually increases and the flap angle become smaller to avoid
massive flow separation on the flap upper surface. For flow control in
the transition flight modes, a synthetic jet was selected by referring
the flow control results in the hovering flight mode: the 0:01c jet with
F� � 0:5 for the leading-edge synthetic jet, and the 0:95cflap jet
with F� � 5 for the trailing-edge synthetic jet. The flow control
performance and the rate of drag reduction were then examined in
transition flight modes 1–4. Modes 5–6 were not included, since the
pattern of the drag fluctuation was different from other modes (see
Fig. 5); thus, the effect of flow control was not visible. This, however,
does not mean the synthetic jet is not effective at all to modes 5–6.
Although not included, a satisfactoryflow control performance could
be obtained by changing the location of the synthetic jet.

In transition flight mode 1, the tilt angle is 90� and the flap angle is
50�. The leading-edge and trailing-edge synthetic jets are applied,
respectively, to control separation vortices, and the drag histories are
as shown in Fig. 23. While, in the hovering flight mode, the high-
frequency trailing-edge jet disturbs the separated flow on the flap
upper surface and controls the flap trailing-edge flow structure, its
role in transition flight mode is not visible. This is because separated
flow on the flap upper surface is less dominant as the magnitude of
the freestream velocity and the flap angle change (see Table 2). On
the other hand, the leading-edge jet vortices efficiently prevent the
leading-edge separation vortex from staying longer at the lower
surface of the airfoil. In transition flight mode 1, the effect of the
leading-edge synthetic jet ismuchmore significant and the role of the
flap trailing-edge jet is relatively minor. Figure 23 shows the drag
history and flow structurewith the leading-edge jet only, in which the
overall flow structure is more or less similar to the hovering flight
mode.

Transition flight mode 2, as shown in Fig. 24, also exhibits the
feature that only the leading-edge synthetic jet prevails in deter-
mining the wing download characteristic. The split small vortices
owing to the leading-edge jet readily move into the freestream
direction, which eventually pushes the flap trailing-edge separation
vortex into the freestream direction. As a result, the trailing-edge
separation vortex does not stay on the flap lower surface and the
period of the drag history is halved. In other words, the second drag
peak that is produced by the flap trailing-edge separation vortex does
not appear any longer. Figure 24 shows overallflow structurewith the
leading-edge synthetic jet in transition flight mode 2. The small
leading-edge separationvortex is formed (interval 1) and continues to
grow in size (interval 2), which leads to the steady drag increase in
intervals 1–2. The fully developed leading-edge separation vortex is
then detached. The trailing-edge separation vortex is developed, but
it does not stay close to the flap surface (interval 3), and it finally
moves away into the freestream direction (interval 4). As a result, the
drag is steadily decreased in intervals 3–4.

The freestream velocity component is increasing in transition
flight modes 3–4; thus, the flow control characteristic observed in
mode 2 is accentuated. Figures 25 and 26 show the reduction of the
effective download by applying the leading-edge synthetic jet only.
Flow structures similar to transition flight mode 2 are shown in
Figs. 24, but the size and intensity of the flap separation vortex
become weaker. Figure 27 shows the rate of drag reduction in all the
transition flight modes and it confirms again that efficient flow

Fig. 20 Rate of drag reduction in terms of nondimensional frequency
(flow control in hover, 0:01c jet). Fig. 21 Drag histories under leading-edge and trailing-edge flow

controls in hover.

Fig. 22 Rate of drag reduction in terms of leading-edge and trailing-

edge jet conditions in hover.

Table 3 Operating conditions of leading-edge

and trailing-edge synthetic jets

Case Jet conditions

1 0:01c�F� � 1� � 0:3cflap�F� � 1�
2 0:01c�F� � 1� � 0:95cflap�F� � 1�
3 0:01c�F� � 0:5� � 0:3cflap�F� � 5�
4 0:01c�F� � 0:5� � 0:95cflap�F� � 5�
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control can be realized by operating the leading-edge synthetic jet
only. With the leading-edge synthetic jet of F� � 0:5, drag can be
reduced from 6 to 58%. In mode 4, the flow control effect is not
substantial compared with other modes. This is partially because the
jet location and jet anglemay not be optimal, and the amplitude of the
drag fluctuation is relatively smaller.

Figure 28 summarizes the results of separation control using
synthetic jets. The leading-edge jet with low frequency and the
trailing-edge jet with high frequency are most effective in the
hovering flight mode. In addition, the leading-edge jet with low
frequency, operated in all transition-flight modes, is quite effective.
The wing download is reduced in both the hovering and transition
flight modes. The rate of the drag reduction is about 43% in hover,
and in transition flight modes, the drag can be reduced up to about
58%. Consequently, the flight performance of the SUAV can be
remarkably improved, both in hovering and transition flight
modes, by the proposed flow control strategy based on syn-
thetic jets.

V. Conclusions

To reduce the download on the wing produced by the rotor-
induced downwash of a tiltrotor UAV, flow structures in the hovering
and transition flight modes were analyzed, and flow control using
synthetic jets was then conducted. Through analyses of the computed
flowfields in the hovering and transition flight modes, it is observed
that the wing download is determined by the growth and detachment
of the leading-edge and flap trailing-edge vortices. In the hovering
flight mode, the leading-edge and flap trailing-edge vortices are
equally influential. In the transition flight mode, however, flow
structure becomes more dependent on the evolution of the leading-
edge vortex. Exploiting the observed flow characteristics, leading-
edge and trailing-edge separation controls are carried out by suitably
positioned synthetic jets.

Flow control in hover was achieved by applying the leading-edge
and trailing-edge synthetic jets. Detailed numerical simulations
suggest that a high-frequency jet at the trailing edge efficiently
suppresses the generation of the flap trailing-edge separation vortex.

Fig. 23 Drag histories and flow pattern under leading-edge flow control in transition flight mode 1 (0:01c jet, F� � 0:5).

Fig. 24 Drag histories and flow pattern under leading-edge flow control in transition flight mode 2 (0:01c jet, F� � 0:5).
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Vortices produced by the leading-edge jet continuously disturb the
large leading-edge separation vortex and finally split it into smaller
vortices. Flow control effect wasmost visiblewith the low-frequency
leading-edge jet. With both the low-frequency leading-edge and
high-frequency trailing-edge synthetic jets (the 0:01c jet with
F� � 0:5, and the 0:95cflap jet withF� � 5), thewing download in
hover was significantly reduced more than 40%.

The outcome of the flow control strategy in hover was extended to
control separation vortices in the transition flight modes. It is
observed that the leading-edge separationflow is a dominant factor in
increasing the transition download; thus, the role of the leading-edge
synthetic jet is much more significant in determining overall flow
structures. Efficient flow control in all transition modes is possible
with the leading-edge jet only. By operating the low-frequency
leading-edge synthetic jet only (the 0:01c jet with F� � 0:5), drag
can be remarkably reduced.

Based on the numerical results and comparisons, it is observed that
the wing loading on the SUAV can be significantly reduced by
applying the proposed flow control strategy using synthetic jets.
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