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Abstract
The aerodynamic performance of active flow con-

trol on wings using synthetic jets with zero net-mass
flow is investigated. The study is conducted via
wall-modeled large-eddy simulations using a finite-
element-based solver. The performance of synthetic
jets is evaluated for the high-lift configuration of the
JAXA Standard Model at realistic Reynolds numbers
for landing Rec = 1.96 × 106. The results show
that, at high angles of attack, the control success-
fully eliminates the laminar/turbulent recirculations
located downstream the actuator, which increases the
aerodynamic performance. Our efforts illustrate the
technology-readiness of large-eddy simulation in the
design of control strategies for real-world external
aerodynamic applications.

1 Introduction
The aerodynamic performance of an aircraft wing is
significantly affected by the interaction of the flow
with the nacelle and brackets, as well as by boundary-
layer flow separation, specially at the high angles of at-
tack (AoA) typically encountered during take-off and
landing operations. At high angles of attack, the loss
of momentum across the boundary layer leads to the
flow separation and eventually the wing stall. In such
situations, adding momentum to the flow might pre-
vent the flow detachment, thus increasing the aerody-
namic performance of the wing. The control of the
boundary layer over wings has been the subject of
many investigations in the past decades, studying dif-
ferent flow control techniques such as vortex genera-
tors, plasma actuators, synthetic jets, etc. Comprehen-
sive reviews regarding these techniques can be found
in [9, 6, 11]).

Several studies exploring the capabilities of AFC
actuators in high-lift devices (i.e. suction and blow-
ing, sweeping jets, fluidic oscillators, plasma actua-
tors, synthetic jets) have been conducted. A brief re-
view on the state of the art of active flow control tech-
niques for civil aircrafts can be found Batikh et al. [4].
Radespiel et al. [26] reviewed different techniques for
AFC using constant blowing showing that tangential
blowing can be promising at increasing the lift at high

angles of attack. Recent results published in the lit-
erature have shown that AFC can be beneficial for in-
creasing the side force of an aircraft tail [31, 3] or that
the use of microjets is interesting when it comes to
drag reduction [16, 1].

The present work is focused on the application of
synthetic jets with zero net mass flux as a promis-
ing technique for AFC of wings.Indeed, synthetic jets
have been shown to succeed at reducing the fuel burnt
during the operations of take-off and landing [12]. In
the context of synthetic jets for AFC, there have been
significant advances in the past years in airfoils (see,
for instance, [22, 2, 10]). However, whether they can
be implement on a full aircraft is still subject of inves-
tigation. Nonetheless, recent studies point out at their
successful use to control separation in wings during
short-duration operations (see for instance [13, 30, 5]).

In the present work, the use of synthetic jets for
AFC of the wing boundary layer of a full aircraft in
stall is explored by means of wall-modeled large-eddy
simulations (WMLES). Slotted synthetic jets are lo-
cated at both the main and slat of the JAXA Stan-
dard Model (JSM). This geometry was the subject of
study in the recent 3rd AIAA CFD High Lift Predic-
tion Workshop [29], where RANS-based methodolo-
gies, challenged to predict the onset of stall and max-
imum lift, had difficulties to predict the lift coeffi-
cient at high angles of attack AoA. A landing con-
figuration with the high-lift devices (slat and flap) de-
ployed in the absence of nacelle/pylon is considered
at Rec = U0C/ν = 1.93 × 106 and Mach number
M0 = 0.15. Here, the Reynolds number is defined
in terms of the free stream velocity U0 and the wing
mean chord C. Ten different actuations strategies are
explored to assess the impact of the different control
parameters in stall conditions.

2 Mathematical formulation

In the present work, wall-modeled large-eddy simula-
tions of the flow are performed. The incompressible
spatially filtered Navier-Stokes equations read,
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The variables are normalized using the reference
length L and reference velocity U0, which define the
Reynolds number Re = U0L/ν, where ν is the kine-
matic viscosity of the fluid. The filtered velocity is
ui, P = p/ρ is the modified pressure, and τij =
uiuj − uiuj is the subgrid-scale stress (SGS) tensor.
The SGS stresses tensor is modeled using an eddy vis-
cosity approach with its deviatoric part parametrized
as
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is the strain-rate tensor. The formulation is closed by
using a proper SGS viscosity, νsgs. In the present study
the Vreman [34] model is used.

The simulations are performed using the code Alya
[33], which is a parallel multi-physics/multi-scale sim-
ulation code developed at the Barcelona Supercom-
puting Center to carry out high-performance compu-
tations efficiently. In this work, second-order spatial
discretizations are used. The convective term is dis-
cretized using a Galerkin finite element (FEM) scheme
proposed by Charnyi et al.[7]. This scheme preserves
linear and angular momentum, and kinetic energy at
the discrete level. In the formulation used, neither up-
winding nor any equivalent momentum stabilization
is employed. Pressure stabilization, by means of a
fractional step scheme [8], is introduced to use equal-
order elements. This approach is similar to those used
for pressure-velocity coupling in unstructured, collo-
cated finite-volume codes [15]. An explicit third-order
Runge-Kutta method combined with an eigenvalue-
based time-step estimator [32] is used for the temporal
integration of the equations. The current approach is
less dissipative than the traditional stabilized FEM ap-
proach as shown in Lehmkuhl et al. [18].

In order to deal with the grid-resolution require-
ments necessary to well resolve the small-scale flow
motions in the near-wall region, a wall model is here
used. In the model, the no-slip boundary condition at
the wall is replaced by a wall-stress boundary condi-
tion. The wall-shear stress from the algebraic equi-
librium wall model is imposed as the wall boundary
condition, and the wall is assumed to be isothermal.
A finite element extension [24] of the wall law of Re-
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Figure 1: Comparison of JSM results of the WMLES from
Lehmkuhl et al. [19] with wind tunnel data from
[35, 23]. (a) Lift coefficient, (b) Drag coefficient.

ichardt [27] is used:
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where y+ = yn uτ/ν, yn being the wall normal
distance and uτ =

√
τw the skin friction velocity

and τw the wall normal shear-stress . The velocity
is here normalized with the skin friction velocity as
u+ = un/uτ . The exchange location suggested by
Kawai et al. [17] is here used.

3 Definition of the cases and com-
putational domain

The JAXA Standard Model (JSM) in high-lift configu-
ration, experimentally studied at JAXA [35, 23] is se-
lected to investigate the different AFC strategies. The
landing configuration with the high-lift devices, i.e.
slat and flap, deployed is considered. The Reynolds
number Rec = U0 C/ν is Rec = 1.93 × 106 and
the free-stream Mach number M0 = 0.17. The na-
celle/pylon components are not included in the simu-
lations.

The performance of the WMLES in the JSM con-
figuration was already assessed by Lehmkuhl et al.
[19] at different angles of attack (AoAs) correspond-
ing to the linear lift regime, maximum lift and stall
conditions, i.e. at AoA = 10, 18.58, and 21.57◦ .
In that study, a computational grid of about 65 × 106

collocation nodes was used. The results from the val-
idation exercise, reproduced here for completeness in
Figure 1, show that the lift coefficient is in good agree-
ment with the experimental results; the drag coeffi-
cient is slightly over estimated compared to the exper-
imental measurements. However, as discussed in [19],
these differences might be due to the geometric differ-
ences between the computations and the experimental
set-up.

Following the studies carried out in [19], present
computations are performed in a domain of x ≡
[−35.7, 142.8]; y ≡ [−71.43, 0] and z ≡
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Figure 2: (a) Computational domain (not-to-scale) and (b)
location of the slotted synthetic jets (main at
x/C = 0.5 and flap at x/C = 0.1)

(a) (b)

Figure 3: Detail of the mesh used. (a) Mesh refinement at
the wing at y/C = 1 (b) detail of refinement close
to wall.

[−71.43, 71.43] (see figure 2a). All sizes are normal-
ized with the wing mean chord. The body is placed at
[x, y, z] ≡ [0, 0, 0]. As we are interest in study the ef-
fect of the actuation on a high-lift configuration, in the
present study the AoA = 21.57◦ is considered. The
actuation is imposed in both the main wing and the
flaps, as shown in Figure 2b. The slotted actuators are
located across the whole wing at x/C = 0.5 for the
main, and at x/C = 0.1 for the flap wings; the width
of the actuator is h = 0.01C .

The mesh here adopted is similar to that reported
in Lehmkuhl et al. [19]. The mesh consist of 180 mil-
lions of finite elements, and is composed of anisotropic
wedge/prism layers near the wall and tetrahedra else-
where. Additionally, dedicated mesh density zones are
designed to provide a proper mesh resolution in the
wakes of the slant, flap, and main wings. A detail of
the mesh used is shown in figure 3. The mesh is refined
in the near-wall regions so that the number of grid cells
across the local boundary layer thickness ranges from
5 to 10. Notice that with the wall-model the first node
off the surface is located at about y+ ≈ 30.

A uniform plug flow as the inflow boundary con-
dition, i.e. a uniform velocity profile (u, v, w) =
(U0 cos(AoA), 0, U0 sin(AoA)), is set. At the outlet,
the Navier–Stokes characteristic boundary condition
for subsonic non-reflecting outflow and top planes is
imposed [25]. Homogeneous Neumann boundary con-
ditions are used in the symmetry plane. At the surface
of the aircraft, the equilibrium model as described in
the previous section is imposed. Actuation slots in the
main wing and in the flaps are used. The main goal of
the actuation is to control both the separation induced
by the brackets connecting the slant and main wing,
and the laminar separation bubbles in the flap region.
At the outlet of the actuation line, the jet velocity vjeti
(or (u, v, w)jet in x-, y- and z-direction) is defined as,

(u, v, w)jet =Vmax sin(2πft) cos(2πτyy)

(cosα, sinα, 1)(sin Φ, sin Φ, cos Φ)

(5)

where f is the actuator frequency F+ = fC/U0, τy
is the spanwise period of the signal (0 in 2D actu-
ations and Njet/Ly in 3D), Vmax is obtained from

Cµ =
(ρV 2

max)Aact

(ρU2
0 )Aref

, α is the angle with respect to the
y-axis and Φ is the angle respect to the wing surface
normal. The actuation can be two-dimensional (2D)
across the whole slot area or three-dimensional (3D)
where a slot period along the span is imposed. In the
case of a 3D actuation, the outlet mimics a determined
number of jets in the wing span (Njet) adjusted to have
a period τy = 0.1. The period used here was proven
to be successful at introducing momentum mixing to
reduce the separation bubble formed on airfoils at low
Reynolds numbers (see [28]).

The complete set of actuation cases is reported in
Table 1. The set of cases comprises the variation of
the actuation angle, the momentum coefficient and the
frequency, as well as the effect of using a 2D actuation
along the whole wing span.

4 Results
The results of the actuation for all cases are reported
in figure 4 for the lift and aerodynamic efficiency in
terms of the differences respect to the baseline case
(CL = 2.685, CD = 0.405, CL/CD = 6.63). In gen-
eral, except for cases 1-3, the lift is improved, the case
10 being the best situation, whereas in all cases aero-
dynamic efficiency is increased. Actually, the largest
reduction in the drag is observed when actuation is
only applied to the flap (case 2). However, the largest
lift increase is observed when a combination of both
actuation in the flap and main is applied (case 10).

The results of the actuation for all cases are re-
ported in figure 4 for the lift and aerodynamic effi-
ciency in terms of the differences respect to the base-
line case (CL = 2.685, CD = 0.405, CL/CD =



Table 1: AFC considered parameters for the main wing and flap.

Case Φ[deg] Cµ F+ type Φ[deg] Cµ F+ type
Main Flap

AFC1 0 0.015 1.52 3D 0 0.015 1.52 3D
AFC2 - - - - 0 0.015 1.52 3D
AFC3 0 0.0075 1.52 3D 0 0.0015 1.52 3D
AFC4 - - - - 0 0.0015 1.52 3D
AFC5 60 0.0075 1.52 2D 0 0.0015 1.52 3D
AFC6 60 0.015 1.52 2D 0 0.0015 1.52 3D
AFC7 60 0.0075 1.52 3D 0 0.0015 1.52 3D
AFC8 45 0.015 1.52 2D 0 0.0015 1.52 3D
AFC9 45 0.015 15.2 2D 0 0.0015 15.2 3D
AFC10 45 0.015/0.023 1.52 3D 0 0.0015 1.52 3D

6.63). In general, except for cases 1-3, the lift is im-
proved the case 10 being the best situation, whereas
in all cases aerodynamic efficiency is increased. Actu-
ally, the largest reduction in the drag is observed when
actuation is only applied to the flap (case 2). However,
the largest lift increase is observed when a combina-
tion of both actuation in the flap and main is applied
(case 10).

To understand the effect of the actuation on the
main wing, we inspect the flow patterns in the pres-
ence and absence of actuation. Figure 5 shows the
mean streamlines for the un-actuated base flow and
for cases AFC3, AFC6, and AFC8. The visualizations
suggest that the main losses in the lift force are due to
the formation of large separated zones. In the uncon-
trolled case, a large recirculation region occurs behind
the flap, which lifts up the boundary layer in the rear
end of the main wing right after the flow changes di-
rection as induced by the flap deployment. For actu-
ated cases with Φ = 0◦ (AFC1 and AFC3), the turbu-
lent boundary layer is vertically displaced, which de-
creases the lift coefficient. When the actuation in the
main wing is suppressed, the variations in the lift is
very small, and the jet located at the flap can barely
act on the recirculation zone. The present results sug-
gest that Φ = 0o is not a viable option to improve the
lift forces, and the most efficient actuations are in the
tangential direction with angles between Φ = 45o and
Φ = 60o. For Φ = 45◦, the jet is injected directly into
the main boundary layer, enhancing mixing and pre-
venting separation. The actuation strategies which ap-
proximates the best the ideal linear behavior of CL are
AFC8 and AFC10, with a slight improvement for case
AFC10. In both cases, the large recirculation zone be-
hind the flap is almost suppressed and the streamlines
evolve parallel to each other behind the flap (see fig-
ure 5 bottom right and figure 6). Therefore, the ac-
tuator with spanwise-varying Cµ along the wing is ef-
fective in compensating for the geometrical changes in
the wing.

Figure 4: JSM high-lift at Rec = 1.93 × 106 and AoA =
21.57o. AFC results. (left) Percentage of lift vari-
ation respect the baseline configuration. (rifgt)
Percentage of variation of the aerodynamic effi-
ciency

Figure 5: JSM high-lift at Rec = 1.93 × 106 and AoA =
21.57o. 2D streamlines at different span-wise lo-
cations: baseline case vs different actuator jet an-
gles. Top left) baseline; top right) AFC3(Φ = 0o);
bottom left) AFC6(Φ = 60o); and bottom right)
AFC8(Φ = 45o).

5 Conclusions

Since the early days of aviation, many efforts have
been devoted to the design of devices capable of pro-
viding the required lift, while reducing the associated
drag of the device, such as slotted flaps or other high-
lift mechanisms. Among the various approaches, ac-
tive flow control via synthetic jets has emerged as a
versatile technology for a broad range of applications
at moderate and high Reynolds numbers. However, the
use of CFD in the design of active flow control strate-
gies for real-world applications has been hampered by



Figure 6: JSM high-lift at Rec = 1.93 × 106 and AoA =
21.57o. Streamlines colored by non-dimensional
streamwise velocity at the JSM high-lift wing:
left) baseline configuration; right) AFC10.

the prohibitive computational cost associated with the
computation of all the scales of the motions typically
encountered in turbulent flows.

In the present work, we have investigated the im-
pact of AFC on the aerodynamic performance of actu-
ated high-lift wings. To make the problem tractable,
the methodology employed has been wall-resolved
and wall-modeled LES. A systematic study of the ef-
fect of synthetic jets is addressed by performing a cam-
paign of WMLESs varying the jet inclination angle
relative to the solid boundary, the value of the mo-
mentum coefficient, actuating jet frequency, and the
number of actuation lines (flaps or wing+flaps). The
comprehensive matrix of cases provides rich informa-
tion about the impact of the AFC on the flow. The
most effective control in terms of aerodynamic per-
formance (with 6.2% improvement) is achieved for
jets with 45 degrees inclination angles, frequencies of
F+ = 1.52, and variable spanwise momentum coef-
ficient along the wing. Interestingly, cases where the
actuation is limited to the flaps reveal that the addi-
tional momentum injected into the boundary layer oc-
curs too late downstream flow to efficiently remove the
recirculation pattern.
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