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Abstract

Numerical simulation of separation control using a synthetic jet was performed on NACA23012 airfoil. The
computed results showed that stall characteristics and control surface performance could be improved substantially by
resizing the separation vortices. It was observed that actual flow control mechanism was fundamentally different
depending on the range of synthetic jet frequency. For low frequency range, small vortices due to synthetic jet
penetrated to the large leading edge separation vortex flow, and as a result, the size of the leading edge separation
vortex remarkably decreased. For high frequency range, however, the small vortex did not grow enough to penetrate
into the large separation vortex, but the synthetic jet changed airfoil circulation directly. The synthetic jet conditions for
effective lift increase are as follows: the non-dimensional frequency of the synthetic jet is 1; the location of the
synthetic jet slot is the same as the separation point; and the jet velocity is large enough to perturb the separated flow.
By exploiting these conditions, it was observed that the combination of the synthetic jet with a simple high lift device

could be as good as a conventional fowler flap system.
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1. Introduction

Since the flight of the Wright brothers, many
researchers and engineers have attempted to increase
lift and reduce drag, and these efforts have led to an
efficient design of modem aircraft. Nowadays, air-
crafts are developed for various missions of flight.
The common demand of aircraft design is to improve
global aircraft performance to satisfy various mission
requirements. From this point of view, it is clear that
the lift-to-drag ratio is the key aerodynamic factor.
The aircraft providing a higher-lift may need a
quicker and shorter take-off and landing distance.
However, the existing high-lift generation systems do
not satisfy the strict design requirement of a higher-
efficiency and higher-performance aircraft system, so,
as always, more efficient flow control strategy needs
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to be investigated.

Naturally, there have been continual research in the
field of flow control and especially, on the flow
control methods using a MEMS system since the
1990’s by Ho et al. (1998) and Gad-el-Hak (2002).
Basic flow control (ex: the delay of flow separation,
transition control and so on) and precise attitude
control, both of which profoundly affect the
maneuverability of aircrafts, missiles and so on, are
being actively studied. Among the flow control
devices, the synthetic jet has become one of the
actively studied subjects, because it has a potential to
be implemented to an aircraft flow control system.

A schematic of a synthetic jet is shown in Fig. 1. A
jet is generated by an oscillatory membrane within a
cavity. Then, the surrounding fluid enters and exits
the cavity through a slot. At the blowing phase, the
membrane moves upward to eject fluid from the
cavity. At the suction phase, the membrane move
away from the slot exit to suck in fluid into the cavity.
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Fig. 1. Schematic of synthetic jet.

As a result, a vortex ring is formed between the
discharged fluid and the surrounding fluid, and it is
moved far away.

There have been numerous researches on the flow
control using an oscillatory jet. Separation delay by
acoustic excitation of an airfoil was investigated by F.
Collins and J. Zelenevitz (1975) and followed by
many others. Especially, an encouraging work was
performed by I. Wygnanski and A. Seifert et al
(1993). They experimentally demonstrated the delay
of airfoil stall by using an oscillatory blowing jet. It
was found that the oscillatory blowing jet could delay
separation much more efficiently than steady blowing,
which had been traditionally used for this purpose. In
the Defense Advanced Research Projects Agency
(DARPA) Micro Adaptive Flow Control (MAFC)
program, a full-scale flight test of the XV-15 ex-
perimental airplaneé was conducted by Nagib et al.
(2003). The test results confirmed that the synthetic
jet could provide 14% reduction in download forces
during hovering by controlling local separated flow
around the wing.

A. Glezer and M. Amitay et al. (2001a; 2001b)
used a synthetic jet, positioned near the leading edge
of a thick airfoil, to reattach the separated flow on the
upper surface of the airfoil at stall and confirmed the
reattachment of the separated flow and the movement
of the separation point. In addition, D. Smith and A.
Glezer et al. (2002) investigated controlled interac-
tions of adjacent synthetic jets.

L. Kral et al. (1997) numerically simulated a syn-
thetic jet actuator and obtained the results that were in
good agreement with the experimental data of D.
Smith and A. Glezer et al. They used an INS2D solver
based on the Reynolds Averaged Navier-Stokes
(RANS) approach. L. Kral et al. (1998) also carried
out several numerical investigations on post-stall flow
control. These results showed the benefits of the
RANS-based numerical approach in the analysis of a

synthetic jet flow.

In addition, the formation and evolution of a 3-D
synthetic jet was studied in detail by using Direct
Numerical Simulation (DNS) by R. Mittal et al.
(2004). They also investigated the effect of the length-
to- width ratio of a synthetic jet slot and the flow
physics in the cavity of a synthetic jet actuator.
Moreover, they observed the difference in the velocity
distribution between the case with and the case
without cavity.

However, the numerous studies about flow control
using a synthetic jet mainly focused on low Reynolds
number flows because the flow instability mechanism
by turbulent transition was the main research interest
and experimental studies on high Reynolds number
flows were relatively difficult. The analysis of flow
control characteristics at high Reynolds number,
however, is very important because the results can
provide valuable information on the feasibility of
various flow control methods for aircraft application.
Recently, active flow control strategy to increase lift
was demonstrated at high Reynolds numbers, cor-
responding to a jet airplane at take-off conditions, by
A. Seifert et al. (1999).

In the present paper, numerical simulations to
understand the aerodynamic mechanism of separation
control using synthetic jet on NACA23012 airfoil
were performed. Flow control with a synthetic jet was
carried out on NACA23012 with a 20% chord flap,
and the flow characteristics of separation control on
the leading edge and plain flap were studied. In
addition, the combination of the synthetic jet with a
simple high lift device on the effective flow control
conditions was investigated.

2. Numerical methods

2.1 Governing equations

In this study, the two-dimensional unsteady incom-
pressible Navier-Stokes equations were used to si-
mulate unsteady separated flows. The incompressible
governing equations are given by the continuity
equation,

V=0 (1

and momentum equations,

p%—u+pﬁ~Vﬁ=—Vﬁ+(ﬂ+,u,)Vzﬁ 2)
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for the conservation of mass and momentum, where
the over-bar indicates a Reynolds-averaged quantity.
The govemning equations were then solved time-
accurately by using the method of pseudo-com-
pressibility [proposed by Chorin (1968)]. By using
the MUSCL approach, the upwind differencing
scheme based on flux-difference splitting was used to
calculate the convective terms at third-order spatial
accuracy. Viscous fluxes were then centrally di-
fferenced by using second-order spatial accuracy, and
flow variables were updated by the LU-SGS time
mtegration scheme of Yoon et al. (1991).

Turbulence model used in the present computation
was the Menter’s shear stress transport two-equation
model. Bardina et al. (1997) reported that this tur-
bulence model can provide excellent prediction of
flows with separation. All computations were per-
formed with a finite volume based in-house code,
which has been extensively tested by Kim et al
(2000). In all calculations presented here, the
boundary layer was assumed to be fully turbulent
with the Reynolds number of 2.19x10°.

2.2 Bounduary condition of synthetic jet

Suction/blowing type boundary condition proposed
by L. Kral et al. (1997) was adopted to model a
synthetic jet actuator. Pecturbation to the flow-field is
introduced in terms of the velocity at the surface as

R(E=0.0= A, f(n)sin(n), G)

where ¢& denotes the stream-wise direction, 1 de-
notes the cross-stream direction, and i, is the
stream-wise component of velocity. Spatial variations
over the orifice is chosen as a top hat distribution as

fm=1 )

L. Kral et al. (1997) proposed the top hat dis-
tribution because this distribution matched well with
the experiment data. Pressure boundary condition at
the solid surface is obtained by the momentum
equation, which ignores viscous effects. The time
harmonic velocity perturbation is considered and then
boundary condition becomes

% _ o, .
3 Pat ©)

3. Results

Simulations in the present study were carried out
using the following conditions: freestream velocity of
U, = 35.9 nv/s and a chord Reynolds number of Re =
2.19x10° for various jet velocities and frequencies.
The chord length of the airfoil was 914.4 mm (3 ft),
and the width of the two-dimensional slot was 1.0
mm (about 0.11% chord). The NACA23012 airfoil
with a 20% chord plain flap was used in the present
study and is shown in Fig. 2.

3.1 NACA23012 baseline case

First, the basic test case without a synthetic jet was
considered. The results of the uncontrolled NACA-
23012 airfoil are shown in Fig. 3 and compared with

12% chord characteristic length (for 12% synthetic jet)

(b) NACA23012 with leading edge synthetic jet

81% chord Al
characteristic length
(for 81% synthetic jet)

(c) NACA23012 with plain flap synthetic jet
Fig. 2. Geometry of NACA23012 with a 20% plain flap.
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Fig. 3. Lift coefficient curves of NACA23012 (non-con-
trolled case).
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(2) AOA-20°

(a) Leading edge separation without flap deflection.

(1) AOA-6°

(2) ADA-10°

(3) ADA-14°

(b) Plain flap separation with 30° deflected flap.

Fig. 4. Phase-averaged streamlines of non-controtled case.

experimental data of Wenzinger et al. (1939) and
Abbott et al. (1959). Figure 3 depicts the lift co-
efficient versus the angle of attack and the ex-
perimental data. The results agree fairly well with the
experimental data except at the position of stall.
However, the general behavior in the post-stall region
is captured accurately enough to understand the main
characteristics of flow physics. Prediction of precise
stall characteristics with or without turbulence models
is still an extremely challenging task, but current
numerical models based on 2-D unsteady RANS
equations provide fairly accurate information on
global flow physics related to the separated or
attached flows.

Figure 4 shows the streamlines of the uncontrolled
case. In Fig. 4(a), for the uncontrolled case with an
angle of attack of 18° with no-flap deflection, the
flow was separated at the trailing edge region of the
suction surface. At an angle of attack of 20°, the flow
was separated at about the 12% chord from the
leading edge and at the angle of attack was 22°, the
separation point was moved a little bit forward. At an
angle of attack of 20° and 22°, a large separation
region occupied the flow field on the suction surface
without reattachment. Thus, the proper location of the
synthetic jet would be at the 12% chord from the
leading edge in the controlled case.

In Fig. 4(b), for the case of a plain flap, the flow on
the suction surface was separated for all angles of
attack considered. The results show that the separa-
tion tendency was more intensified with increasing
angle of attack. In these cases, the angle between the
separation streamline and the plain flap increased
with the angle of attack from 6° to 14°, but the

position of separation did not move forward. The
flow separated at the leading edge of the plain flap.
Again, the separation region occupied the whole flow
field on the suction surface of the plain flap without
reattachment.

3.2 NACA23012 controlled case

Computations for a controlled NACA23012 airfoil
were performed with a leading edge synthetic jet.
Also, a NACA23012 airfoil with a 30° deflected plain
flap was used for simulations of a plain flap synthetic
jet. Based on the previous computation, a leading
edge synthetic jet was located on the suction surface
at the 12% chord from the leading edge. These are
described in Fig. 2(b). The inclined angle of the
synthetic jet was 23° from the local airfoil surface and
it was fixed for all cases. According to the authors’
preliminary study, the effect of a tangential synthetic
jet on separation control was larger than that of a
normal-direction synthetic jet.

The case of a plain flap synthetic jet is shown in
Fig. 2(c): a NACA23012 airfoil with a 20% chord
plain flap deflected at 30°. Again, based on the
previous computation, a jet was located on the suction
surface at the 81% chord from the leading edge. Also,
the inclined angle of the jet was 23° from the surface.
In order to understand the overall flow characteristics
of separation control using a synthetic jet, numerical
simulation was performed by changing the major
control parameters of the synthetic jet: jet peak
velocity from 1 to 3 times of freestream value and a
non-dimensional jet frequency (F+) of 0.5 ~ 5. The
characteristic length used in the calculation of the non-
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dimensional frequency is the distance between the
trailing edge and the jet slot, as described in Fig. 2.
The jet momentum coefficient (C, ) is defined as the
ratio of the momentum provided by the synthetic jet
to the freestream momentum. From the definition of
the non-dimensional frequency, it can be seen that the
geometric distance influenced by the synthetic jet
momentum is equal to airfoil chord length when the
non-dimensional frequency is 1. Similarly, the geo-
metric distance is reduced to half-chord length when
the non-dimensional frequency is 2.

For the purpose of simplicity, ‘F1’ denotes a non-
dimensional frequency of 1; ‘F2’ is a non-dimen-
sional frequency of 2; and ‘F5’ is a non-dimensional
frequency of 5. Similarly, ‘V1’ indicates the ampli-
tude of the synthetic jet peak velocity is equal to the
freesteam velocity; V2’ means it is double the value
of the freesteam velocity; and ‘V3’ represents the
synthetic jet peak velocity is the triple of the
freestream velocity. Also, ‘LE12p’ implies the
location of a synthetic jet slot is the 12% chord from
the leading edge.

3.2.1 Leading edge separation control
Computations were performed for a leading edge

15} . 0 15f

~ |

Frequency (F+) =1

Frequency (F+) =2

1371

synthetic jet. Figure 5(a) shows a comparison bet-
ween baseline and controlled results. As shown in the
figures, the synthetic jet yields the largest effect on
the improvement of the lift coefficient when the non-
dimensional frequency is [. Also, the lift coefficient
increases with the amplitude of the synthetic jet
velocity at the same non-dimensional frequency, as
expected. These results show that the leading edge
synthetic jet did improve stall characteristics and
increased the maximum lift coefficient. At an angle of
attack of 22°, the maximum lift was obtamed at a
non-dimensional frequency of 1, as mentioned. The
improvement in lift, which was almost [10% higher
compared to the uncontrolled case, is shown in Fig. 5.
In Fig. 4(a) of the uncontrolled case, at an angle of
attack of 22°, the separation point was very near the
synthetic jet slot. Therefore, the conditions of the
maximum lift enhancement can be as follows: the
non-dimensional frequency is 1; the location of the
synthetic jet slot is equal to the separation point; and
the jet velocity is large enough to perturb the
surrounding separated flow.

3.2.2 Plain flap separation control
A NACA23012 airfoil with a 30° deflected plain
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Fig. 5. Lift coefficient curves.
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flap was simulated. As shown in Fig. 5(b), the lift
coefficient before stall angle greatly increased when
the non-dimensional frequency was 1. Also, as the
amplitude of the synthetic jet velocity increased, the
lift coefficient increased at the same non-dimensional
frequency. However, after an angle of attack of 16° at
which the leading edge stall occurred, a similar
tendency was not observed. On the contrary, the
effect of the synthetic jet was not noticeable because
the synthetic jet was located within the region of flow
separation.

At an angle of attack of 6° the lift coefficient
increased in proportion to the amplitude of the
synthetic jet velocity at the same non-dimensional
frequency [Fig. 5(b)]. The maximum lift increase was
obtained at a non-dimensional frequency of 1, which
were the same result to the case of the leading edge
synthetic jet. However, at an angle of attack of 10°
and 14°, the maximum lift increase was obtained at
the non-dimensional frequency of 5 in the case of
‘V3’ (Cu = 0.0177). This may be explained by the
fact that the high frequency synthetic jet (F3) could
control the local flow to attach firmly and to make a
more stable flow structure. These results indicate that
a high frequency jet can improve the control surface
performance better than a low frequency jet. In the
case of high frequency jet, the attachment eftfect of the
separated flow was more prominent, and as a result, it
stabilizes the local flow structure.

Therefore, there are differences between these

results and the results of the leading edge synthetic jet.

The reason is that the flow control mechanism at high
frequency region is fundamentally different from that
at low frequency region, which will be explained in
the next part.

3.2.3 Flow control mechanism in terms of jet
Sfrequency

Based on the analyses of the previous flow control
results, it was observed that the flow control me-
chanism could be characterized by the non-dimen-
sional frequency of the synthetic jet. The charac-
teristics of the flow control mechanism could be
divided into two types according to the variation of
the non-dimensional frequency: a low frequency jet
(F1) and a high frequency jet (F5).

When the non-dimensional frequency was low (F1
or F2), a small vortex was formed due to a long
period of synthetic jet motion, viscous force and jet
inclined angle. Figure 6(a) shows the snapshots of

local flow structure at four different phases: start of
blowing (0°), maximum blowing (90°), start of
suction (180°) and maximum suction (270°). As
shown in the figures, the controlled case had a small
vortex shedding periodically from the synthetic jet
slot. The small vortex moved along the suction
surface and penetrated to the large leading edge
separation vortex flow, and as a result, the size of the
leading edge separation vortex substantially de-
creased. This was somewhat contrasted with the un-
controlled case, at which the whole suction region
was dominated by a large reverse flow (Fig. 4). As
explained schematically in Fig. 7(a), the momentum
supplied by the synthetic jet was exhausted for the
generation of the small vortex.

Figure 6(b) shows the typical flow feature in case
of high jet frequency (F5). In this case, the small
vortex did not grow enough to penetrate into the large
separation vortex because the period of synthetic jet
motion was too short. Therefore, the synthetic jet
could not perturb the separated flow with a smaller
vortex and the lift enhancement was not noticeable
compared to low frequency case. However, the flow
near the synthetic jet slot was firmly attached, and as
a result, more stable flow was induced on the suction
surface. Figure 7(b) explains its aerodynamic conse-
quence schematically. As shown in Fig. 7(b), the
‘virtual’ geometry of the airfoil in the controlled case
(F5) is formed by the combined shape of the main
airfoil with the separated flow. And the freestream

Phase =07

. . . . Ph-.'lseflm" e - _.

Phase = 180 °

&

(@) F1V3

(b) F5V3
Fig. 6. Phase-locked streamlines (AOA 22°).



Chongam Kim et al. / Journal of Mechanical Science and Technology 21(2007) 1367~1375 1373

(b)F+=5

- i
1t no control
joom e LE12p FIVA ‘\I
-~ LE12p F1V2
lmimimee LE42pFAV3,
as % D 5
angle of attack(deg.)
2 T T
; é
L >

1 nocontrol
—————— LE12p F2V4 ,
oaflimimimm - LEf2pF2v2. . _. L 1.
- =~ LE12p F2V3 '
06 v‘o 1‘5 m‘L'-“_‘
2~ -
19
L2
tdle PO ;I::,____.._
o v \.I

no control e Ao —
i--~--- LE12pF5V1:
oald] = mmimmim LE12pF5vz. L 1.
i-~=~-- LE12pF5V3|
5‘0 |l5 2‘0

angle of attack(deg.)
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flowed around the virtual airfoil shape formed by
both the airfoil and the separated flow on the suction
surface. Thus a portion of the supplied momentum

0.15¢_yfr23”

e ——— iy

\(}..l\Zc ,/
081c

Fig. 9. Geometry of NACA23012 with leading edge droop
and plain flap.

from the synthetic jet contributed to the temporal
change of airfoil circulation, as shown Fig. 7(b). In
other words, the circulation around the virtual airfoil
was enhanced or reduced depending on the phase of
the high frequency synthetic jet. At the blowing phase,
circulation was enhanced while circulation was
reduced at the suction phase. Thus the temporal
fluctuation of the lift coefficient was larger than those
at low frequency range (Fig. 8).

3.2.4 Combination of synthetic jet and simple high

lift device

Based on the previous results, most effective
conditions of separation control using a synthetic jet
could be summarized as follows. The non-dimen-
sional frequency of the synthetic jet is 1, at which the
lift coefficient increased much more than other fre-
quencies. The lift coefficient increases with synthetic
jet momentum at the same non-dimensional fre-
quency. And, when the synthetic jet is located at the
separation point, maximal tift can be obtained.

Those effective conditions were applied to an
airfoil with a simple high lift device. The non-
dimensional frequency was fixed to 1, and the
separation point was fixed by introducing the leading
droop and plain flap, at which the synthetic jet was
located. This is described in Fig. 9. A NACA23012
with a 15% chord leading edge droop and 20% plain
flap was simulated. The leading edge droop was
deflected 20°, and the plain flap was deflected 30°.
The inclined angle of the synthetic jet was 23° and the
synthetic jet velocity was the triple of the freestream
velocity. In this case, the characteristic length was the
distance between the positions of the synthetic jet and
the trailing edge, which are used for the calculation of
the non-dimensional frequency.

As shown in Fig. 10 the combination of the syn-
thetic jet with the simple high lift device produced the
similar aerodynamic performance as the conventional
fowler flap system. In Fig. 11, the flow patterns
around the simple high lift device with and without
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Fig. 11. Phase-averaged streamlines.

the synthetic jet are compared. These results con-
firmed that aerodynamic characteristics were re-
markably improved by the leading edge droop with
the synthetic jet near the separation point and by the

plain flap with the synthetic jet at the flap leading
edge.

4. Summary

In this work, we presented the numerical simulation
results of flow control using a synthetic jet on a
NACA23012 airfoil with a 20% plain flap at Re-
ynolds number of 2.19x10° for various angles of
attack, jet velocities and jet frequencies. Moreover,
we confirmed that the synthetic jet was able to move
the separation point and thus change the global flow-
field structure efficiently. Consequently, stall charac-
teristics and control surface performance were re-
markably improved by using a synthetic jet.

The aerodynamic characteristics of the flow control
could be divided into two types according to the
variation of the non-dimensional frequency. For low
frequency, a small vortex penetrated to the large
separated flow at the leading edge, which led to the
substantial size reduction of the leading edge se-
paration vortex. For high frequency, on the other hand,
the small vortex did not grow enough to penetrate
into the large separation vortex. Instead, the synthetic
jet firmly attached the local flow and changed the
circulation of the virtual airfoil shape. The maximum
lift was obtained when the separation point coincided
with the synthetic jet location and the non-di-
mensional frequency was L. In addition, separation
control was effective as the peak velocity of the syn-
thetic jet increased.

Although a small vortex generated by the synthetic
jet greatly affected the separation control and lift
force enhancement, it might possess a side effect that
induced local flow structure to be easily broken by
external disturbance or gust. Beside, if the required
peak velocity is too large, the weight and size of the
synthetic jet also would increase, which may hamper
the efficient design and manufacture of a flow control
system based on synthetic jet. Therefore, further re-
search to reduce the amplitude of the synthetic jet
peak velocity without compromising separation con-
trol capability is necessary.
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Nomenclature
c : Chord length
h : Slot width
U.. : Freestream velocity
f : Frequency of periodic excitation

C, : Momentum coefficient, (4 je,/Uw)Zh/c
F+ : Non-dimensional frequency, fo/U,
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