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Flow separation caused by the integration of a leading edge slat cut-out to accommodate an ultra-high bypass
ratio engine reduces the maximum lift coefficient. In this study, an active flow control approach including 88
pulsed jet nozzles near the leading edge is used to control flow separation over a multi-element high-lift aerofoil.
A hybrid large-eddy simulation (LES) and stress-blended eddy simulation (SBES) method is deployed to analyze
flow physics and wind tunnel tests are also performed for the flow with/without control. The results show that
severe flow separation is observed for the clean case by visualizing the streamlines on the airfoil’s surface via
numerical and experimental methods. Compared with the clean case, the stall angle is delayed by around 4°, and

the maximum lift coefficient is increased by more than 15% after deploying the active flow control. Meanwhile,
when the active flow control is imposed, a lift enhancement region caused by the vortex shedding downstream of
the jet nozzles is formed adjacent to the leading edge, and its scale becomes larger along the spanwise direction.

1. Introduction

Aerofoil performance in aircraft operations including runway dis-
tance, climb rate, operational range, and payload capacity, is crucial
[1]. To ensure enough lift at low flight speed during landing and take-
off operations, high-lift devices including leading edge and trailing edge
devices are employed to increase the lift coefficient. Generally, high-lift
devices include a single slat (near the leading edge) and a single flap
(near the trailing edge). Meanwhile, modern airplanes often have large
slat cut-outs due to the growth in engine diameter. Then, the result of
the cut-out is that the downstream flow field is contaminated by the ad-
ditional vortices generated at the interfacial cut-out corners between the
slat and the main element. These vortices strongly influence the flow be-
haviour of the airfoil by triggering flow separation, which can lead to
loss of the available lift and even wing stall [2].

Therefore, various methods are actively explored to overcome the
degradation of the airplane wing performance caused by flow separa-
tion [3-5]. For example, Jirasek et al. [6] showed that vortex generators
as passive control devices are effective for suppressing flow separation
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under some conditions. However, these vortex generators usually cause
a drag penalty when the flow does not separate. On the other hand, the
active jet control system has been proven as an effective technique in
suppressing flow separation owing to the fact that jet flow can stabi-
lize the boundary layer flow by adding/removing momentum to/from
the boundary layer and forming vortical structures [7-10]. The vortical
structures also enhance the boundary layer flow mixing and momen-
tum exchange between the inner and outer parts of the boundary layer.
Hue et al. [2] numerically investigated the effects of constant blowing
devices with different slot sizes, types and injection velocities on the
characteristics of an aircraft in a high-lift configuration, and found that
the lift coefficient was enhanced by ~ 3% and the stall angle was delayed
around one to two degrees.

According to previous efforts [11-14], the control performance of
dynamic blowing is superior to constant blowing due to the enhanced
vorticity production associated with the former approach [15]. As an im-
portant parameter of the dynamic flow control, the optimum actuation
frequency f is usually chosen in the same order as the shedding fre-
quency of the dominant eddy f in the shear layer, namely, O(f/f,) ~ 1
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Nomenclature
a,a angleof attack...........cooiiiiiiii i ° u dynamic ViSCOSItY ... vvvvnerneniin et Pa-s
C chordlength...... ..ot m D, Po, Or p' pressure, freestream pressure, or fluctuation
C, lift coefficient PIESSUIE .. v ettt et te e et e e e eenaeanens Pa
(o drag coefficient T SETESS TEIISOT & v v vttt et eeetee e eee e eeee e enneenneens Pa
C, pressure coefficient, C,=(p—Ds) /(0.5p,, Ufo) S Strain rate tenSOr . ..o\t e e e e 571
Cy total pressure coefficient, C, = (p + 0.5pU 2 _ Do)/ t L1800 PPt s
0.5p, Ugo) Tje pulsed jet flow period, 0.02 s

U or U, velocity or freestream veloCity................cou... m/s T, convective time scale, T, =C/U, ...........coovnnnnn. s
U, convective velocity, U, = U, cos(28°).......ccco.n... m/s Ar* dimensionless time step, At* =1/(C/U,,)
Ujer OF Ujyy oy jet flow velocity or maximum jet flow velocity m/s Ty wall shear Stress........c.ooviveiiiiiiiiiiinennnenn.s Pa
DC duty circle X, ¥, Z  €OOTdINate .. ....vneeeiieeee i e e ieieieieaananans m
f actuation frequency, 50 Hz Az cross-stream grid spacing...............oooiiiiiiii. m
fs dominant vortex shedding frequency Ax* wall unit in the x direction
F* dimensionless actuation frequency, F* = fC/U Ayt wall unit in the y direction
p or p. 1 density or freestream density............. Kg/m? Azt wall unit in the z direction

[16,17]. This is based on two observations [18]: (1) acoustic excita- Sf1ap = 39° Ostar = 29°

tion experiments show a trend toward the aforementioned criterion @

when the forcing intensity is increased [19]; (2) it was shown that the %

expansion rate of a turbulent free shear layer can be enhanced most ef-

fectively through excitation with such a frequency [20,21]. Therefore, (a)

the primary objective of the present study is to numerically investigate
and further reveal physical mechanisms of flow separation suppression
achieved by dynamic blowing with such an optimum actuation fre-
quency, which can complement previous experimental studies. Another
objective is to analyze the lift enhancement mechanisms caused by the
pulsed active flow approach, which has not been actively explored be-
fore.

However, the accurate prediction of the lift coefficient by conduct-
ing numerical simulations is a challenging task because of the geometric
complexities of the airfoil and high-lift systems [22,23]. Meanwhile, the
flow over an airfoil involves strong and complex nonlinear interactions
between the viscous and inviscid flow features. It also presents various
complex physical phenomena such as flow separation, the confluence of
boundary layers and wakes and strong pressure gradients [24]. For the
prediction of such unsteady flow, large-eddy simulation (LES) instead of
the traditional computational fluid dynamics (CFD) techniques based on
the well-known Reynolds-averaged Navier-Stokes (RANS) equations are
extensively employed [23,25,26]. This is because the three-dimensional
smooth body flow separation of a high-lift configuration cannot be re-
liably predicted by the steady RANS or URANS models, irrespective of
the turbulence model [23,27-29]. However, the LES method presents
detailed temporal and spatial information regarding a wide range of
turbulence scales [24,30]. Based on the comment of reference [23,31],
however, LES is unlikely to be used in aircraft design until around 2045
due to the expense. An intermediate step is to employ hybrid RANS/LES
methods, in which the attached and separated boundary layers are sim-
ulated using an underlying RANS turbulence model and an LES-like
scale-resolving strategy, respectively [23].

In this study, therefore, numerical simulations are performed by us-
ing a hybrid model combining the LES and stress-blended eddy simula-
tion (SBES) to investigate the flow separation control of a multi-element
high-lift airfoil with and without the active flow control devices, and to
understand the underpinning physics mechanism of the suppression of
flow separation. The numerical results are compared with experimen-
tal measurements of the same configuration. The numerical simulation
details and experimental configurations are introduced in Sec. 2. The
corresponding results including flow separation suppression and lift
coefficient enhancement mechanisms are presented and discussed in
Sec. 3. Finally, the main conclusions of this work are drawn in Sec. 4.

= A5 Nozzles

Fig. 1. (a) Landing configuration of the DLR-F15 airfoil. (b) View of the active
flow control system, and this figure is reprinted from reference [32]. (c) Exper-
imental setup with DLR-F15 inside the wind tunnel.

2. Experimental and numerical methodology
2.1. Experimental details

Fig. 1a shows the DLR-F15 model investigated in this work. The de-
flection angles for the slat and flap are 29°and 39°, respectively. The
chord length C is 0.34m, and the length of the airfoil in the spanwise
direction is 3.90 C. The lengths of the slat and flap are 0.15 C and 0.30C,
respectively. The sweep angle is 28°. The wing model is a state-of-the-art
concept manufactured by Institute of Aviation (ILOT) [32]. The actua-
tors are employed on the suction side of the leading edge of the main
element to suppress the local flow separation. The experimental actua-
tion system consists of three major components: a pressurized air supply,
fast switching solenoid valves to generate pulsed airflow, and actuator
chambers, as shown in Fig. 1b. The jet enters the ambient flow through
an orifice in the main element’s surface as a fast pulsed jet. A total of
88 rectangular jets near the leading edge are distributed equally along
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Fig. 2. Unsteady blowing boundary conditions applied in experiments and sim-
ulations.

the slat cut-out region. The distance between each nozzle and the lead-
ing edge is 0.13C. Each jet nozzle has a spanwise length of 3.5x 1073 m
and a chordwise length of 0.7 X 1073 m. The distance between each two
nozzles is 3.5 x 1073 m. All jets are operated through 44 solenoid valves,
and each valve feeds two adjacent jets. The valves are individually con-
trolled in frequency and duty cycle, and they are connected to a pressure
tank embedded inside the model. Pressure, temperature and mass flow
rate are constantly monitored at the inlet of the tank during the ex-
periment. Furthermore, the model is equipped with a centreline row of
64 static pressure taps dedicated to measuring the pressure distribution
along the upper and lower sides of the main body and the flap. Fig. 1c
shows the experimental setup including the DLR-F15 mounted inside
the wind tunnel.

For all cases reported in the following sections, the values of the
freestream velocity U,, and maximum jet flow control velocity U yax
are 30m/s and 100m/s, respectively. The Reynolds number is 6.93 X
10°. There are no trips attached to the leading edge, and the transi-
tion of laminar inflow to turbulent flow occurs naturally. To ensure that
the actuation frequency is in the same order as the shedding frequency
of the largest eddy in the shear layer shown in Fig. 3, the dimension-
less actuation frequency is chosen as F* = fC/U_, = 0.56, where f is
50 H z. Such a frequency response of the experimental actuators can be
achieved, as presented in our partner’s work [32]. In addition, the duty
circle (DC) is configured as DC =25%.

2.2. Simulation details

2.2.1. Governing equations
The turbulent flow over the multi-element wing is governed by the
Navier-Stokes equations used in reference [33]

E+a_)q(ﬁUi>:O’ (1a)
P R .
E(PU,')"'E(P i j)_ 6x,-+0xj’ (1b)

where UI- is the velocity in the i (i = 1,2,3) direction, x is the coordi-
nate, f is the time, j is the pressure and p is the density. In this work,
the tilde and “T"” subscript are used to show that each variable has dual
meanings [33]. Namely, in a RANS simulation, the tilde denotes an en-
semble averaging operation. However, it represents a spatially filtered
variable, and pp = p, (the sub-grid scale viscosity) for LES simulation.
The Smagorinsky closure [33,34] is adopted for the hybrid LES-SBES
model [35] in this work.
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The stress tensor 7;; is computed using

19U,

-——5; |, 2
30x; Y 2)
where y is the dynamic viscosity, and §;; is the Kronecker delta function

(6;; =1ifi=jand 6;; =0if i # j). The strain rate tensor S',-j is expressed
as

S 1 ()U i aU j

The Dirichlet boundary conditions are applied for the inlet of the
computational domain and jet flow nozzles. One should note that the
velocity of the jet flow is a time-dependent signal, as shown in Fig. 2.
For the outlet of the computational domain, the pressure boundary con-
dition is employed. The no-slip wall boundary condition is configured
for all airfoil surfaces. The non-dimensional time step Az* is 0.0015. In
terms of the numerical schemes, the temporal integration method em-
ployed to solve the governing equation is based on the second-order
implicit approach [36]. The pressure-velocity coupling is achieved by
the SIMPLEC scheme. The turbulence and momentum terms are dis-
cretized by the second-order upwind scheme and central-differencing
scheme, respectively.

%[j =2(u+ pr) <S',-j -

2.2.2. The mesh generation

The wing model in numerical simulations is shown in Fig. 4. The
computational domain has a shape of a cuboid, and the high-lift multi-
element airfoil is fixed in it. The cuboid has a length of 12C with 2C
upstream in the streamwise direction and 4C in the crossflow direction.
To capture the near-wall flow-aligned streak-like structures and flow
separation phenomenon, a fine cross-stream mesh spacing is required.
As pointed out by Tucker et al. [37], the cross-stream mesh spacing of
almost 20 wall units (namely, Azt = Az\/ﬁ /u = 20, where Az is the
cross-stream grid spacing, 7,, is the wall shear stress and y is the dy-
namic viscosity of the fluid) is required to obtain an adequate streak
resolution. Similarly, a streamwise (x direction) mesh spacing of almost
100 wall units (namely, Ax* ~ 100) is also needed to perform a wall-
resolved LES. For our wing model, the total number of mesh cells will
be more than 1.5 billion if we strictly follow the aforementioned mesh-
ing rules and employ the LES approach to investigate the active flow
control achieved by the jet flow. This extremely large mesh count poses
a challenge to computational resources and data storage. Fortunately,
Davidson et al. [38] proposed the zonal modelling approach and re-
ported that a significant enhancement of the cross-stream grid spacing
(100 < Azt < 300) is possible for the zonal LES turbulence model. In
this study, the jet flow nozzles are located on the leading edge and we
are interested in active flow control for the middle part of the high-
lift multi-element airfoil. Therefore, a hybrid LES-SBES approach [35]
is employed for balancing the computational accuracy and expense. As
shown in Fig. 4, the middle part and the two end sections of the airfoil
are modelled by the LES and SBES models, respectively.

Fully structured mesh points are generated for the high-lift airfoil. All
wall surfaces are wrapped by a thin O-type block to ensure grid orthog-
onality [39]. Similar to previous efforts [24,39-41], the non-uniform
mesh is generated after balancing the computational accuracy and re-
sources. The boundary layer region is modelled using 30 hexagonal
mesh layers and the wall-normal spacing of the first layer of the struc-
tured mesh is carefully chosen to ensure Ayt < 1, and each nozzle is
discretized with around 70 mesh nodes. The total number of mesh cells
is around 70 million. The values of Ax*, Ay™ and Azt meet the afore-
mentioned meshing rules suggested by Tucker [37] and Davidson et al.
[38].
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Fig. 5. Comparison of the pressure coefficients obtained from simulations and experiments at the cut plane of z/C =142 at a = ;.

3. Computational and experimental results
3.1. Validation

Before investigating the active flow control, it is meaningful to con-
duct computations and experiments on the airfoil without any control
system which is referred as the clean case throughout this work. This
can be considered as a reference to verify the effectiveness of the de-
ployed control technique. The time-averaged pressure coefficient at the
cut-plane of z/C = 1.42 obtained from experiment and numerical sim-

ulation is compared in Fig. 5. It should be noted that the pressure
coefficient refers to the static one throughout this work unless other-
wise specified. For the clean and control cases, pressure coefficients of
the main element (namely, 0 < x/C < 1) computed by two methods are
in good agreement with each other, and the agreement is comparable
to the agreement reported in reference [42,43]. A slightly larger differ-
ence is observed for the flap (1 < x/c < 1.25), which is responsible for
the gap of the lift coefficient shown in Fig. 7a.

The profiles of three dimensional streamlines at « = 0°and a = «; de-
fined in Fig. 7 are presented in Fig. 6. The three dimensional separated
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Fig. 6. The profiles of streamlines of the clean case. (a) @ = 0°, experiment, (b) a =0°, CFD, (¢) @ = «;, experiment, (d) @ = a;, CFD. The CFD results are coloured by

the dimensionless velocity magnitude.
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Fig. 7. (a) Lift and (b) drag coefficients at various angles of attack.

flow is visualized using the smoke wire technique in the experiment,
and the streamlines in the simulation are coloured by the velocity mag-
nitude nondimensionalized by the freestream velocity. At a = a;, one
can observe that the flow is not fully attached to the upper surface of
the wing, and the flow separation shows prominent three-dimensional
characteristics, as shown in Fig. 6¢ and Fig. 6d. Namely, the stream-
lines near the inboard slat region defined in Fig. 4 are parallel to the
flow direction. At the region where the distance between it and the in-
board slat is around 0.08C, however, a large vortex is formed. Then, the
streamlines almost turn back and interact with the freestream flow.

3.2. Lift and drag coefficients

Numerical simulations and experiments are performed at various an-
gles of attack to obtain the lift and drag behaviour of the multi-element
airfoil. To ensure that simulations are converged, the lift and drag co-
efficients for each clean and active flow control case computed by the
numerical simulation are averaged over 20 periods [23,24]. The lift and
drag coefficients are shown in Fig. 7. The enhancement of the lift co-
efficient achieved by the active flow control is relatively small in the
linear branch of the lift. However, compared with the clean cases, the
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Fig. 9. Distributions of the time-averaged pressure coefficients at three cut-planes at ¢ = ;.

enhancements of the maximum lift coefficient are 16% and 19% for the
experiment and simulation, respectively. The stall angle is significantly
delayed at around 4°for the active flow control cases at a higher angle of
attack. Therefore, the active flow control illustrates enhancements for
the maximum lift and stall angle [44]. Additionally, resembling results
of reference [23,44,45], there is a considerable gap that is small rela-
tive to the active flow control effect (the difference is less than 0.1) for
the linear branch of the lift coefficients computed from experiments and
simulations, as shown in Fig. 7a. Moreover, the active flow control does
not have an obvious penalty on the drag coefficients at various angles
of attack compared with clean cases, as shown in Fig. 7b.

3.3. Pressure coefficient

The total pressure coefficients C,, are shown in Fig. 8a and Fig. 8b.
The negative values represent the total pressure deficit mainly caused
by the vortex system (off the surface) and near-wall viscous effects. Sim-
ilar to reference [46], the slat vortex and cut-out vortex are observed.
The cut-out vortex limits the growth of the low-pressure region on the
main-element wing. Hence, compared with the clean case, the extent of
the low-pressure domain is remarkably reduced when the active flow
control is applied, as can be seen in Fig. 8c and Fig. 8d.

The time-averaged pressure coefficient distributions over the airfoil
surfaces in both clean and active flow control cases are computed. To
clearly show the comparison of the pressure profile, cut-planes are ex-
tracted along the spanwise direction, and the corresponding results are
shown in Fig. 9. At the region near the inboard slat, the active flow
control has limited impact, featuring a tiny difference between the time-
averaged pressure coefficients of clean and active flow control cases, as
shown in Fig. 9a. From Fig. 9b and Fig. 9c, however, it can be observed
that most of the lift enhancement in the active flow control cases is ob-
tained in the upstream section of the suction surface, close to the leading
edge of the wing, as also observed in reference [47]. This area is defined
as the lift enhancement area in Fig. 9b, and will be further analyzed in
the following figure. Also, one can observe that the effects of the active
flow control on the pressure coefficients of the pressure surface and flap
of the wing are almost negligible. Moreover, it should be noted that the
spike of suction/negative pressure coefficient is caused by the jet flow,
as also observed in previous work [44].

To show the region where the active flow control has a positive ef-
fect on the enhancement of the lift coefficient, fifteen cut-planes are
created, and distributions of the corresponding pressure coefficients are
extracted. Then, the coordinates of the critical points (i.e., see Fig. 9b)
defined as the position where the jet flow does not affect the lift coeffi-
cient are plotted in Fig. 10. One can observe that the lift enhancement
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Fig. 10. Profiles of critical pressure coefficient points at « = «;.

area close to the leading edge becomes larger along the spanwise di-
rection. Near the inboard slat region defined in Fig. 4, the jet flow of 8
nozzles does not have significant effects on the lift coefficient.

3.4. Analysis of flow separation suppression

In addition, the numerical simulations are deployed to shed more
insights into the physics of the flow around the wing. For such a swept
wing, the flow separation around the wing surface is essentially a three
dimensional structure with a strong spanwise velocity component. By
treating the @ = a; cases without/with active flow control as exam-
ples, the time-averaged streamlines for four cut-planes extracted along
the spanwise direction are visualized in Fig. 11. For the clean case, the
flow is attached to the upper surface of the wing, as shown in Fig. 11a.
Resembling an observation in reference [48], the size of the leading
edge vortex gradually increases along the spanwise direction, and it al-
most covers all the suction surface of the wing at cut-planes z/C = 1.42,
z/C =1.79 and z/C = 2.09 where the flow is completely separated, as
can be seen from Figs. 11b to 11d. After applying the active flow con-
trol, the change in flow pattern at the cut-plane z/C = 0.16 shown in
Fig. 11e is minimal. On the contrary, as shown in Fig. 11f, Fig. 11g and
Fig. 11h, the dimensions of the vortexes are dramatically reduced, indi-
cating that flow separation is efficiently suppressed.

By treating the case of @ = a; without/with active flow control as an
example, the time-averaged streamwise wall shear stress on the suction
surface is visualized in Fig. 12. Theoretically, the flow separation region
is defined as the domain where the wall shear stress is equal to zero
[49]. Based on this definition, one can observe from Fig. 12a that more
than half of the wing suction surface for the clean case is in reversed
separated flow where the wall shear stress is less than zero. However,
as shown in Fig. 12b, the reverse flow domain is efficiently narrowed
by imposing the active flow control.

The mean streamwise boundary layer velocity profiles at z/C = 1.42
at a = a; are shown in Fig. 13. The distance between an observation
point and the wing surface d, and the streamwise velocity U are normal-
ized by the chord length C and the free stream velocity U, respectively.
For the clean case, one can observe that the near-wall velocity of the
three observation points are negative values, illustrating that flow sep-
aration has occurred. However, after imposing the active flow control,
the near-wall streamwise velocities at x/C = 0.52 and 0.72 are positive
values, indicating that flow separation has been effectively suppressed.

3.5. Mechanism analysis of lift enhancement

Some localised analysis will be reviewed in this subsection to explain
the evolution of the global lift coefficient. Fig. 14 exhibits the phase av-
eraged pressure coefficient at various cut planes. To analyze the effects
of the active flow control on the suppression of flow separation, five
phases (namely, t/Tj =0.6,0.8,1.0,1.2,1.4) of a period are chosen,

et
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and the pressure coefficient is phase-averaged for more than 20 peri-
ods to obtain a steady value. For the cut-plane z/C = 0.16 where flow
separation does not occur (see Fig. 10), the flow is almost not affected
by the active flow control, which can be observed from the negligible
differences among the pressure coefficient profiles with/without active
flow control, as shown in Fig. 14a. Moreover, one can observe from
Figs. 14b to 14d that, in terms of other cut-planes along the spanwise
direction, the pressure distribution on the bottom surface of the wing is
only minorly affected by the active flow control. However, the pressure
of near-leading edge region of the top surface is reduced when the jet ve-
locity is 0, which is responsible for the lift enhancement achieved by the
active flow control, as presented in Fig. 7a and Fig. 10. Also, the scale
of the lift enhancement region increases gradually (by treating the cut-
plane z/C = 1.42 shown in Fig. 14b as an example, itis 0 < x/C $0.47,
0<x/C50.6lor0<x/C<0.78 att/T;,, =0.6,0.8,1.0, respectively).
For the near-leading edge region, the pressure coefficient is enhanced
on the suction surface when the active flow control cycle is on, which
derives the associated lift enhancement towards the trailing edge of the
wing (i.e., the region 0.48 S x/C 0.9 att/T;,, = 1.2 in Fig. 14b). Com-
pared with the clean case, the value of pressure reduces again when
the active flow control velocity reaches 0 (i.e., t/T},, = 1.4), resulting in
an additional lift enhancement area (i.e., the domain 0 < x/C $0.20 in
Fig. 14b).

To explain the aforementioned pressure reduction at ¢/T;,, = 1.4
presented in Fig. 14b when actuators are switched off, the streamwise
velocity profiles of two points are plotted in Fig. 15. One can observe
that the reverse flow velocity of the clean case is reduced, indicating the
enhancement of streamwise momentum. This observation matches pre-
vious efforts [50-53], namely, flow control causes a larger entrainment
of high-momentum fluid into the near-wall region, thereby controlling
separation.

The phase-averaged vortex structure of the flow field combined with
the pressure coefficient at the cut-plane z/C = 1.42 during one jet flow
period is shown in Fig. 16. When the jet flow velocity Uj, /U e max
sketched in Fig. 2 is equal to 1.0, the leading edge vortex gradu-
ally breaks down into two vortices owing to the interactions between
the jet flow and main flow. A small one is near the leading edge
(0.1 £x/C <0.2) and a large one is at the middle section of the wing
(0.3 < x/C £0.6), as shown in Fig. 16a. Then, the large vortex moves
towards the trailing edge and eventually diminishes. Conversely, the
dimension of the small vortex maintaining almost the same position
gradually increases, and this vortex becomes the new one for the next
jet flow period. Such an observation is in agreement with the previ-
ous investigation [51], namely, when the dynamic actuation frequency
closes to the shedding frequency of the dominant eddy, the separated
shear layer is deflected towards the surface, and a vortex trail can be
seen advecting along the airfoil surface. In addition, the vortex shedding
phenomenon shown in Fig. 16 in an active flow control period affects
pressure distribution on the top surface (see Fig. 14), further improving
the lift coefficient of the wing.

4. Conclusion

In this work, an active flow control technique using 88 pulsed jet
actuators mounted near the leading edge of a slat cut-out is employed
to suppress flow separation. A hybrid model combining the Large-eddy
Simulation (LES) and Stress-Blended Eddy Simulation (SBES) is em-
ployed to investigate the flow physics over a high-lift multi-element
airfoil. The lift and drag coefficients at various angles of attack pre-
dicted by the numerical simulations and experiments are compared. A
significant flow separation region is observed for the clean case with-
out active flow control when the angle of attack approaches «;. Both
experimental and numerical results indicate that the active flow con-
trol is able to increase the maximum lift by more than 15% as well
as the stall angle by around 4°. Also, the active flow control does not
have an obvious penalty on the drag coefficients at various angles of



Q. Sun, F. Bahri, M. Jabbal et al.

Aerospace Science and Technology 159 (2025) 110017

08 06 04 02 08 06 04 02
xIC xIC
(a) z/C = 0.16 (b) 2/C =1.42 (¢) 2/C =1.79

08 06 04 02
x/C
(e) 2/C =0.16

() 2/C = 1.42

(g) 2/C = 1.79

(h) z/C =2.09
Fig. 11. Profiles of time-averaged streamline at @ = a,. The top and bottom rows of figures represent clean and active flow control cases, respectively.

(a) Clean case

(b) Active flow control case

Fig. 12. Profiles of time-averaged streamwise wall shear stress at a = a;.
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