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A direct numerical simulation investigation of the synthetic
jet frequency effects on separation control of low-Re flow
past an airfoil
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23955-6900 Jeddah, Saudi Arabia

(Received 23 November 2014; accepted 20 April 2015; published online 5 May 2015)

We present results of direct numerical simulations of a synthetic jet (SJ) based

separation control of flow past a NACA-0018 (National Advisory Committee for

Aeronautics) airfoil, at 10◦ angle of attack and Reynolds number 104 based on the

airfoil chord length C and uniform inflow velocity U0. The actuator of the SJ is

modeled as a spanwise slot on the airfoil leeward surface and is placed just upstream

of the leading edge separation position of the uncontrolled flow. The momentum

coefficient of the SJ is chosen at a small value 2.13 × 10−4 normalized by that of the

inflow. Three forcing frequencies are chosen for the present investigation: the low

frequency (LF) F+ = feC/U0 = 0.5, the medium frequency (MF) F+ = 1.0, and the

high frequency (HF) F+ = 4.0. We quantify the effects of forcing frequency for each

case on the separation control and related vortex dynamics patterns. The simulations

are performed using an energy conservative fourth-order parallel code. Numerical

results reveal that the geometric variation introduced by the actuator has negligible

effects on the mean flow field and the leading edge separation pattern; thus, the

separation control effects are attributed to the SJ. The aerodynamic performances of

the airfoil, characterized by lift and lift-to-drag ratio, are improved for all controlled

cases, with the F+ = 1.0 case being the optimal one. The flow in the shear layer

close to the actuator is locked to the jet, while in the wake this lock-in is maintained

for the MF case but suppressed by the increasing turbulent fluctuations in the LF

and HF cases. The vortex evolution downstream of the actuator presents two modes

depending on the frequency: the vortex fragmentation and merging mode in the LF

case where the vortex formed due to the SJ breaks up into several vortices and the

latter merge as convecting downstream; the discrete vortices mode in the HF case

where discrete vortices form and convect downstream without any fragmentation and

merging. In the MF case, the vortex dynamics is at a transition state between the

two modes. The low frequency actuation has the highest momentum rate during the

blowing phase and substantially affects the flow upstream of the actuator and triggers

early transition to turbulence. In the LF case, the transverse velocity has a 1%U0

pulsation at the position 18%C upstream of the actuator. C 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4919599]

I. INTRODUCTION

Low Reynolds number flow (“low” here means ReC < 70 0001 and ∼15 000 to 500 0002)

around an isolated airfoil is relevant in the context of a variety of engineering applications such

as the micro air vehicles, small wind turbines, and low-speed aircraft. Thanks to the advance-

ment of modern technology and demands from such industries, smaller and lighter airfoils are

urgently needed and are being developed and utilized in various engineering applications where

low Reynolds number flows have to be dealt with.3 Airfoils in such scenarios are often operated at

high angle of attack (AoA) and thus suffer from flow separation due to an adverse pressure gradient

(APG). At small angles of attack, the separated flow transitions to turbulent flow and reattaches to

1070-6631/2015/27(5)/055101/22/$30.00 27, 055101-1 ©2015 AIP Publishing LLC
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the airfoil surface, forming the well known laminar separation bubble,4 or simply does not reattach

for stall or post-stall flow. In either of the above conditions, flow separation decreases the lift of the

airfoil, and hence, flow separation control is an important goal.

Flow control techniques can be generally categorized as passive and active. Passive control

devices (e.g., the vortex generator) have proved to be quite effective in delaying separation by

producing vortices which exchange the momentum between the near wall region and the outer

flow.5,6 However, passive control strategies are typically not flexible for off-design conditions and

permanently introduce a drag penalty, especially for low-Re flows. An active control device is

generally implemented as a tiny hole of certain shape on the airfoil leeward surface. The hole is con-

nected with a cavity (actuator) through which the fluid blowing or suction is conducted as a result

of the piston stroke or pipe transportation of fluid from the other end. Active control is preferred

over the passive one in that it is free of any device mounted on the airfoil surface, and is more

flexible in adapting to various operating conditions by adjusting the magnitude and direction of the

jet velocity. An active control device generally has three operating modes: steady blowing/suction,

pulsed jet, and synthetic jet (SJ, also known as zero net mass flux jet or ZNMF jet). The steady

blowing/suction mode7–9 is the simplest in which the magnitude and direction of the jet velocity

are held constant. Separation is alleviated through the mechanism of energizing the flow in the

boundary layer, either by directly injecting high-momentum fluid through blowing or by introduc-

ing high-momentum fluid from the exterior cross-flow through suction. The pulsed jet10–13 is similar

to the steady blowing but differs in that the jet is injected into the boundary layer periodically. The

boundary layer flow is sufficiently excited that perturbations amplify and transition to turbulence

is initiated. In comparison with a steady blowing jet, a pulsed jet may penetrate deeper into the

boundary layer with the same velocity. The SJ accommodates the features of the above two modes

in the manner that periodic blowing and suction of fluid from the actuator are applied, and the

mass flow rates of blowing and suction are equal in magnitude with a resulting zero net mass flux.

The SJ is preferred over conventional steady blowing in that it could achieve the same prescribed

performance improvement by a much smaller momentum coefficient, sometimes up to a saving of

two orders of magnitude.5 The actuator required could be small and light and is independent of the

main propulsive system (see Glezer and Amitay14 and references therein), which makes the SJ a

competitive candidate in potential engineering applications.

The SJ-based separation control has been widely studied both numerically and experimentally

for either an isolated airfoil or other types of configuration, as reviewed by Gad-el-Hak and Bush-

nell,15 Greenblatt and Wygnanski,5 Glezer and Amitay,14 and Zhang et al.16 Avdis et al.17 performed

a large-eddy simulation (LES) study on a turbulent boundary layer flow over a nominally 2D hump

mounted on a flat plate at chord Reynolds number ReC ≈ 9.4 × 105. The SJ resulted in an approx-

imately 30% reduction of the time-averaged size of the separation zone, in reasonable agreement

with the experimental value of 28%. Suzuki18 performed a similar 2D simulation on a semi-circular

cylinder at Reynolds number Rer = 4 × 103. He observed that the periodic forcing by the jet breaks

the large-scale separated vortices into smaller ones, delaying the separation point and resulting in

an improved aerodynamic performance. The experimental investigation by Naim et al.19 concluded

that, for flow over a circular cylinder, the control effects are not only determined by the position and

forcing frequency of the jet but also by its direction with respect to the oncoming cross-flow. The SJ

opposing the cross-flow is more effective in promoting transition at low momentum coefficient, thus

reducing the laminar flow separation. Besides flow over bluff bodies, the SJ is also used for the sepa-

ration control of flow in a diffuser-type configuration. Dandois et al.20 conducted a LES study on

turbulent boundary layer flow past a rounded ramp at Reh ≈ 2.8 × 104 based on the step height. At

low frequency (LF), the SJ decreases the maximum backflow velocity from 16% of the oncoming

flow velocity down to 9%. The separation zone formed at the leeward side of the ramp is suppressed

in the low frequency case but dramatically increases in the high frequency (HF) case. The numerical

and experimental results in the literature examined above show that even for simple geometries, the

effect of the SJ on the separation control is largely dependent on the parameters, such as the forcing

frequency and the position of the actuator. Actuation with inappropriate parameters changes the

control effects and may even lead to counterproductive outcomes.
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Active separation control for flow over an airfoil is more complex than a cylinder or a ramp

with respect to the determination and optimization of parameters. In the uncontrolled case, the flow

is determined by the AoA of the airfoil and the chord Reynolds number ReC; for compressible

flow, it is also necessary to consider the Mach number Ma, the Prandtl number Pr, and the ratio

of specific heat γ of the flow. The actuator of the SJ is characterized by its shape and dimensions,

and its position on the leeward surface of the airfoil, normalized as x+ = xactuator/C. The key SJ

forcing parameters include the velocity ratio ujet/U0 which is often normalized as the momentum

coefficient Cµ, the reduced forcing frequency F+ = feC/U0, the profile of the velocity across the

actuator exit, and the velocity direction with respect to the oncoming flow. These parameters form

a multitude parameter space that is too large to be comprehensively investigated, either numerically

or experimentally, to understand the flow physics and optimize the control effects. The SJ is nor-

mally implemented by fixing some of the parameters and changing the rest within certain regimes,

and responses of the control effects are studied and correlated with the latter group. The parame-

ters that substantially affect the separation control effects are the actuator location, the jet velocity

direction, and the forcing frequency. For the actuator position, Amitay et al.21 and Seifert and Pack22

concluded that the actuator should be placed near the separation point of the uncontrolled case,

while the experimental results of Buchmann et al.23 show that an actuator at the leading edge is

also effective. Raju et al.24 performed 2D simulations for compressible flow past a NACA-4418

(National Advisory Committee for Aeronautics) airfoil at ReC = 4 × 104 and AoA = 18◦, and their

results show that the lift and lift-to-drag ratio may not be improved when the actuator is placed

inside the separation zone, in agreement with the findings of Kotapati et al.25 The jet velocity

direction is determined by two angles: the pitch angle defined as the angle between the jet and

the local wall, and the skew angle as the angle between projection of the jet on the wall and the

cross-flow. Separation control is affected by the two angles through different mechanisms. The pitch

angle determines the injection/suction of fluid into/from the boundary layer; a non-zero pitch angle

induces spanwise vortices that energize the boundary layer flow by the entrainment effect of the

cross-flow, and the virtual aero-shaping26,27 may also take effect. A non-zero skew angle introduces

extra streamwise vortices that enhance the mixing of flow inside and outside of the boundary layer.

Along with the parameters regarding a single actuator, the control effects are also dependent on the

shape of the actuator and the arrangement of the actuator array.28–30

The forcing frequency of the SJ is arguably the most important parameter and is indeed the key

parameter to be optimized for better separation control effect.24,31–33 Experimental and numerical

results31,34,35 reveal that the fundamental mechanism of separation control by a SJ is the formation

of coherent roll-up lifting vortices not far from the airfoil surface. Such vortices are also observed in

the cases of a nominally 2D hump17 and flat plate.13 The effectiveness of separation control depends

on the receptivity of the mean flow to the imposed actuation. To achieve better performance, the SJ

should be operated at an appropriate forcing frequency once the forcing amplitude (velocity ratio

ujet/U0) is above a threshold value. Here, we give a brief description about the naturally occurring

frequencies for flow over an airfoil that are important to determine the forcing frequency (for a

more detailed exposition, the reader is encouraged to consult Refs. 31, 33, 36, and 37). At certain

Reynolds number, there might be three natural frequencies depending on the AoA for flow over a

thin airfoil. At a low AoA, the attached flow over the airfoil, although subjected to an APG, does

not separate, and thus, the flow is dominated by the wake instability and is characterized by the

frequency fwake. As the AoA increases, the attached flow separates at a position close to the leading

edge as a result of the APG, and the separated shear layer may reattach before the trailing edge. In

this case, there are three natural frequencies: fSL, fsep, and fwake, denoting the frequency of rolled-up

vortices in the shear layer, the unsteady fluctuation in the separation bubble, and in the wake,

respectively. At high AoA where separation is severe and post-stall flow dominants, the flow behaves

like that pasts a bluff body and is characterized by fSL and fwake. Based on this classification, it

is clear that the effective forcing frequency relies on the AoA and other flow parameters; thus, the

determination of the effective or optimal frequency is case dependent and should be determined

based on the uncontrolled flow physics. It is also noted here that this classification can be somewhat

confusing in some studies owing to the fact that one or more frequencies are mistakenly represented

by other types of frequencies.
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Greenblatt and Wygnanski5 comprehensively reviewed the separation control for flow over a

post-stall airfoil using the SJ as well as other techniques. They summarized that for the majority of

the selected cases, the optimal reduced frequency F+ = feXte/U0 is in the range of 0.3 ≤ F+ ≤ 4.0,

in which Xte is the distance from the actuator to the trailing edge. Wu et al.31 performed 2D simula-

tions on turbulent flow past a post-stall NACA-0012 airfoil at ReC = 5 × 105 and AoA = 18◦ − 35◦.

They found that the effective reduced frequency is in the range of 0.3–2.0 fwake where the flow

is resonant to the excitation in some form. At AoA = 25◦, the lift-to-drag ratio increases 49.2%

and 46.7% for fe/ fwake = 1.0 and 2.0, respectively, at which harmonic resonance of vortex shed-

ding occurs. The largest lift increase is 73.2% at the subharmonic resonance of vortex shedding

fe/ fwake = 0.5. Duvigneau and Visonneau32 simulated the 2D flow over a NACA-0015 airfoil at

ReC = 8.96 × 105 and AoA = 12◦ − 24◦ and proposed an optimization procedure to maximize the

lift at different AoAs by modifying the velocity ratio, pitch angle, and forcing frequency of the

SJ. The reduced frequency F+ = feC/U0 reaches its optimal value around 0.8 for AoA = 14◦ − 20◦,

while a much smaller value of 0.25 is found for AoA = 22◦. They conclude that the optimal mean

lift with regard to the whole variation range of AoA is obtained at F+ = 0.85. You and Moin38

conducted a LES study for the same airfoil and Reynolds number at AoA = 16.6◦, in which the

SJ gives a 70% lift increase when operated at F+ = 1.284. The separation control for flow over

a NACA-0015 airfoil is also experimentally studied by Tuck and Soria39 and Buchmann et al.23

at ReC = 3 × 104 and AoA = 18◦. They found that the optimal forcing frequencies in terms of

maximum lift are F+ = 0.65 and F+ = 1.3, which are the wake frequency fwake and its harmonic

2 fwake. In the numerical simulation of Raju et al.24 for a stalled NACA-4418 airfoil at ReC = 4 × 104

and AoA = 18◦, a separation bubble is formed close to the leading edge and the uncontrolled flow

is characterized by all three natural frequencies fSL, fsep, and fwake. The results reveal that the SJ

forcing near fsep ∼ O(1) is effective in reducing the size of the separation bubble and increasing the

lift-to-drag ratio, while the separation control is unfavorable when the reduced forcing frequency

is higher fSL ∼ O(10), at which the shear layer vortices merge into larger ones and separation

becomes more severe. The phenomenon of ineffective forcing at high frequency due to the merging

of Kelvin-Helmholtz vortices is also observed by Kotapati33 for flow over a flat plate with an elliptic

leading edge and a blunt trailing edge. However, an opposite conclusion was reached based on the

experimental results of Amitay et al.21 Their results show that there are two distinct regimes of

the reduced frequency F+ = feC/U0 where enhancement of lift-to-pressure drag ratio L/Dp occurs:

either when the forcing frequency is the same order as the shedding frequency fwake (F+ ≤ 4.0) or

it is more than an order of magnitude larger (F+ ≥ 10.0). This unusual variation may be attributed

to the airfoil configuration and the scaling manner of the reduced frequency. For certain types of

airfoils, the length scale C or Xte may be inappropriate, and the reduced frequency should be scaled

by the separation bubble length.5

Compared with the naturally developing flow past an isolated airfoil in the uncontrolled state,

the introduction of the SJ imposes a periodic excitation due to which the flow is largely determined.

For a post-stall state, the leading edge separated shear layer has a rich spectrum that may respond

to a variety of disturbances of different frequencies.31 The separation pattern and the initial stages

of the separated shear layer development are affected and may partially be locked to the forcing

frequency or its harmonics, resulting a quasi-periodic flow whose unsteady behavior is determined

by the coherent structures arising from the SJ. The wake has a weak dependency on the excitation

of the SJ since it is relatively far from the actuator, and primarily because it is governed by its

own global instability mechanism.33 In the present study, we perform direct numerical simulations

(DNSs) on the low-Re stalled flow past an isolated airfoil controlled by the SJ. The main objective is

to investigate the frequency effects on the aerodynamic performance improvement and the dynamic

characteristics of the coherent structures. Based on the high fidelity results from the DNS compu-

tations, the present investigation emphasizes flow resonance to the imposed periodic actuation, and

the formation and evolution patterns of the near-field structures are also analyzed. Section II gives a

detailed description about the physical problem and the numerical methods used in the simulation.

Section III gives the simulation results, including the aerodynamic performance improvement, the

flow resonance to the actuation, and the formation and evolution of the coherent structures. Some

conclusions are presented in Sec. IV.
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FIG. 1. Schematic illustration of the physical model and the mesh details close to the airfoil. The mesh is plotted every fifth

gridline for clarity.

II. PHYSICAL MODEL, NUMERICAL METHOD, AND FLOW DIAGNOSTICS

A. Physical setup

The physical model of the present problem is shown in Figure 1. The NACA-0018 airfoil

is rescaled to unit chord length C and is extended to include a sharp trailing edge located at

(x/C, y/C) = (1.0,0.0). The airfoil is assumed to be straight in the spanwise direction. The angle

of attack is 10◦. The Reynolds number is ReC = 104 based on the chord length C and the uniform

inflow velocity U0. The profile of the airfoil is not modified for the baseline (uncontrolled) case,

while an actuator of the SJ is placed at the leeward surface close to the leading edge for the

controlled cases.

The actuator of the SJ is modeled as a straight spanwise slot for the DNSs. The smoothly

curved airfoil leeward surface is modified by the exit of the actuator, denoted by the straight dashed

line in Figure 2. As a result, the surface curvature is discontinuous at the junctions between the actu-

ator exit and the airfoil surface. In the present study, the SJ is simply modeled by the time-periodic

velocity boundary conditions at the actuator exit,11–13,18,24 instead of a cavity-type actuator where

the jet is realized by the piston stroke in the cavity.17,20,33,38 Although phase lag exists between the

piston velocity and the jet velocity,23 and the jet will undergo viscous dissipation, we mainly focus

on the effects of jet on flow separation control and neglect the implementation details of a synthetic

jet.

There are several geometric and operational parameters for the actuator and the SJ, including

the position x+ = xactuator/C and width w+ = width/C of the actuator, the reduced frequency of the

time-varying jet F+ = feC/U0, where fe is the actuation frequency, and the profile and direction of

FIG. 2. Physical model of the synthetic jet.
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the jet velocity. Due to the huge computational expense of each DNS computation, it is practically

impossible to cover the whole parameter space. In the present study, we mainly focus on the effects

of the frequency and choose fixed values for other parameters. The position of the actuator will

be discussed in Sec. III. The width of the jet is w+ = 0.02 and is resolved by 24 grid points. The

direction of the jet is assumed to be normal to the local surface with zero spanwise component, and

the velocity profile is of Poiseuille-type,

ujet(r, t) = umax[1 − (
r

width/2
)2]sin(2π fet), −width/2 6 r 6 width/2, (1)

where the maximum velocity is fixed at umax = 0.2U0 and r is the distance to the jet center. The

momentum coefficient is

Cµ =


ρu2

jet
drdzdt

ρU2
0
CLz/ fe

= 2.13 × 10−4. (2)

In the present study, the physical domain is discretized by a C-type mesh. The size of the

computational domain should be large enough to minimize the influences of the artificially imposed

boundary conditions. The domain size in the x–y plane is determined by the wake length W (from

the trailing edge to the outflow boundary) and the domain radius R (from the airfoil surface to the

inflow boundary). Based on the DNS study by Jones et al.40 for compressible flow past an airfoil at

ReC = 5 × 104, a wake length of W = 5C is deemed sufficient where a convective outflow condition

is applied, and a domain radius of R = 5.3C is enough to capture the outer potential flow. We fix the

wake length and domain radius to be 10C, i.e., the exterior boundary is at least 10C away from the

nearest airfoil surface.

DNS requires that sufficiently large spanwise domain size to resolve the largest flow structure

in this direction. In most DNS and LES studies at relatively higher Reynolds number, the spanwise

domain size is normally chosen as Lz = 0.1-0.2C.11,12,38,40 In the DNS study by Hoarau et al.41

for incompressible flow past a NACA-0012 airfoil at ReC = 800 and 20◦AoA, the dominant flow

structure in the spanwise direction is about 0.64C. In our DNS, we use a spanwise domain size

of Lz = C, and its adequacy is confirmed by a posteriori two-point correlation of the spanwise

turbulent fluctuating velocity w ′, defined as42

rw′w′(∆z) =
w ′(z, t)w ′(z + ∆z, t)

w ′rms(z)w
′
rms(z + ∆z)

, (3)

where ∆z is the spanwise separation distance, and the coefficient is averaged over combinations of

probes with the same ∆z. The variation of the coefficient with respect to ∆z is plotted in Figure 3.

Fröhlich et al.43 concluded that the domain size is large enough if the velocity component in the

periodic direction is uncorrelated within a separation distance of half the domain size. It is shown in

Figure 3 that for the baseline simulation, the correlation coefficient decays to around zero for probes

FIG. 3. Two-point correlation coefficient of w′-velocity between spanwise-oriented probes of the baseline case.
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close to the trailing edge where turbulent flow has developed, confirming the adequacy of spanwise

domain size.

The computational domain is discretized by a 2048 × 256 grid in the x–y plane with the grids

clustered near the airfoil surface, and 128 equally spaced grids in the spanwise direction. During the

entire time of all the simulations, the maximum ∆η+ is ≈ 0.6 and maximum ∆ξ+ and ∆z+ are ≈ 5.0

and ≈ 20.0, respectively. It is noted that the maximum ∆z+ (and also the maximum ∆ξ+ and ∆η+)

appear close to the airfoil leading edge where the flow impinges on the wall and turns its direction

to move along it. The flow in the vicinity of the leading edge is still laminar. The friction velocity is

maximum in this region as a result of the large wall-tangent velocity. For flow close and downstream

of the actuator (x/C = 0.12 − 0.14), the maximum ∆z+ on the upper surface rapidly drops to around

5.0. The other two components of mesh spacing, ∆η+ and ∆ξ+ also decrease further downstream.

These values indicate that the resolution in the region of turbulent flow is adequate.

B. Solution method

The governing equations for the present simulations are the three-dimensional incompressible

continuity equation and Navier-Stokes equations in non-dimensional form,

∂uk

∂xk

= 0, (4)

∂ui

∂t
+
∂ukui

∂xk

= −
∂p

∂xi

+
1

ReC

∂2ui

∂xk∂xk

, (5)

where ReC = U0C/ν is the Reynolds number; (u1,u2,u3) ≡ (u, v,w) are the velocity components;

p is the pressure; (x1, x2, x3) ≡ (x, y, z) are the Cartesian coordinates representing the streamwise,

transverse and spanwise directions.

A uniform flow (u, v,w) = (U0,0,0) is imposed at the inflow boundary. At the outflow plane,

the convective outflow condition ∂u/∂t +UB∂u/∂x = 0 is implemented, in which UB is the bulk

velocity. A no-slip boundary condition for velocity is prescribed on the airfoil surface except for

the actuator where the velocity is applied in the form of Eq. (1). Periodic boundary condition is

employed in the spanwise direction.

A generalized curvilinear coordinate transformation is applied from the physical domain

(x, y, z) to the computational domain (ξ1, ξ2, ξ3) ≡ (ξ,η, z), in which the governing equations are

spatially discretized on a collocated grid. The governing equations are spatially discretized by an

energy conservative fourth-order scheme.44 In order to minimize the aliasing error, the convective

term is written and discretized in the skew-symmetric form.44,45 The discretized governing equa-

tions are solved by a semi-implicit fractional step method.46 The convective and viscous terms are

explicitly and implicitly treated, respectively. The modified-Helmholtz equation resulting from the

implicit treatment of viscous terms in the predictor step and the pressure Poisson equation are both

solved using the multigrid solvers with point- and line-relaxed Gauss-Seidel smoothers. The time

step size is about 2.0 × 10−4C/U0 in all simulations reported here, corresponding to a maximum

CFL = 1.0. The initial condition is taken as one snapshot of the 2D simulation result, and the 3D

simulation runs until time 70C/U0 and then an additional 50C/U0 for statistics.

C. Post-processing methods for flow diagnostics

Flow past a bluff body at low Reynolds number is predominantly determined by the time-

dependent nature of the large-scale vortex shedding. As the Reynolds number increases, the flow

is still dominated by the vortex shedding, but stochastic velocity and pressure fluctuations are

observed. In order to better understand the evolution of the coherent structures, a triple-decomposi-

tion is applied to the velocity and pressure field data.47 The flow past an airfoil manipulated by the

natural vortex shedding or the SJ is written as

φ(x, t) = φ(x) + φ∗(x, t) + φ′(x, t), (6)
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where φ(x, t) is the instantaneous variable; φ(x) is the time-averaged mean; φ∗(x, t) is the coherent

component due to the large-scale vortex shedding and/or the SJ; φ′(x, t) is the stochastic turbulent

fluctuation. Each component on the RHS of Eq. (6) can be computed based on the instantaneous

flow field,

φ(x) =
1

t1 − t0

 t1

t0

φ(x, t)dt, (7)

φ∗(x, t) =
1

n

n−1


i=0

φ(x, t + i · T) − φ(x), (8)

φ′(x, t) = φ(x, t) − φ∗(x, t) − φ(x), (9)

where t1 − t0 stands for the duration of the simulation, and T is the period of the large-scale vortex

shedding or the jet pulsation. In experiments the value of T is normally determined from a reference

pressure or velocity signal at some fixed point,48,49 while in present simulations, it is computed and

averaged through spectral analysis on the flow field at several probes. Since we mainly focus on the

flow around the airfoil and in near wake and the flow is locked to the forcing in the controlled cases,

phase jitter50 is not of great concern and is omitted.51,52 The first term on the RHS of Eq. (8) is the

phase-average over a number of instantaneous flow fields of the same phase; thus, the turbulent fluc-

tuation is erased. In the rest of this paper, we use the overbar φ to denote time-averaging during the

whole simulation. The quantities are averaged in the spanwise direction unless specified otherwise.

III. RESULTS AND DISCUSSION

The present study is primarily a DNS investigation of flow control using a SJ. Table I lists

the selected cases to be analyzed. For the baseline (uncontrolled) case, the airfoil profile is kept

at its original state and no actuator is installed. The second case is the zero-jet case, in which an

actuator is implemented on the airfoil leeward surface but no blowing/suction is applied and hence

is an examination of the changes affected by the geometrical modification of the airfoil surface.

The remained three cases are the controlled cases where the SJ is operated at different frequencies

F+ = 0.5, 1.0, and 4.0. Holman et al.53 investigated a SJ discharging into a quiescent flow and

proposed a vortex pair formation criterion in the form Rejet/S2 > 1 for a quasi-2D SJ similar to the

one considered in this study, where S is the Stokes number of the SJ. This criterion is proposed to

ensure that the vortex pair formed during the blowing phase is not ingested back into the actuator in

the suction phase. In our simulation, the value of Rejet/S2 is 2.71, 1.35, and 0.34 for the LF, MF, and

HF cases, respectively. The high-frequency SJ does not satisfy the criterion. However, the SJ in this

study interacts with a cross-flow rather than discharges into a quiescent flow; hence, the vortex pair

formed by the SJ during the blowing phase is convected downstream by the cross-flow and is not

necessarily ingested back into the actuator in the suction phase.

The location of the SJ actuator is determined based on the results of the baseline case. As

discussed in Sec. I, it is generally confirmed that the SJ is effective and efficient when located

close to the leading edge separation point, but so far there is no consensus on whether it should

be implemented upstream or downstream of the separation point. Here, we follow the conclusion

of Raju et al.24 that the SJ is ineffective when located within the separation bubble, and place it

TABLE I. Summary of simulation cases.

Case Actuator umax/U0 F+ Note

1 No . . . . . . Baseline

2 Yes 0.0 . . . Zero-jet

3 Yes 0.2 0.5 LF jet

4 Yes 0.2 1.0 MF jet

5 Yes 0.2 4.0 HF jet
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FIG. 4. Time history of the leading edge detachment position.

upstream of the most upstream location of the instantaneous separation point of the baseline case.

Figure 4 presents the time histories of the leading edge separation position for the uncontrolled case.

The attached flow separates at around x/C = 0.15 and the fluctuation of its position is limited to

a small value of ∆x/C = 0.012. Based on these results, the actuator of the SJ is positioned on the

airfoil leeward surface with its centre located at x+ = 0.13 for all the following simulations. The

actuator exit is perpendicular to the local exterior normal direction of the original airfoil profile, and

the windward and leeward locations of the actuator are at a distance of about 0.01C from its centre.

The introduction of the actuator and the SJ will affect the flow due to two distinct forcings:

the geometric variation of the airfoil surface as a result of the actuator, and the forcing from the

SJ. Although it is well-accepted that the latter contributes to the separation control, the installation

of the actuator on the airfoil surface results in a slot (the actuator exit denoted by the dashed

line in Figure 2) around which the surface curvature is not continuous. The discontinuities at the

junctions between the actuator exit and the remaining smooth surface may trigger separation and

affect subsequent flow development. Dandois et al.20 performed a LES study on the SJ-based sepa-

ration control for flow over a rounded ramp and investigated the effects of the actuator cavity by

its presence without forcing. Their results show that the length of the separation bubble is 3.49h

for the zero-jet case compared with 3.45h for the baseline case, where h is the ramp height. The

mean streamwise velocity field shows only a slight difference between the two cases. The effects

of the actuator geometry in the our airfoil configuration are presented from the following three

aspects: flow separation location, mean flow, and aerodynamic forces. The position of the leading

edge separation point is shown Figure 4; the maximum and minimum values in the zero-jet case are

very close to those of the baseline case. The mean transverse velocity field is shown in Figure 5; it

is clear that the passive existence of the SJ has almost negligible effects on the mean flow field. The

mean force coefficients listed in Table II quantitatively confirm the negligible difference between the

baseline and zero-jet cases, especially for the pressure distribution which is a dominant portion of

the lift and drag. The tiny differences between the results of the baseline and zero-jet cases should

FIG. 5. Mean transverse velocity v/U0 of baseline case (solid line) and zero-jet case (dashed line).
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TABLE II. Aerodynamic forces and related quantities.

Case CL (C′
L
)rms CD (C′

D
)rms CL/CD ∆CL(%) ∆(CL/CD)(%)

Baseline 0.2536 0.0465 0.1316 0.0062 1.9210 . . . . . .

Zero-jet 0.2570 0.0495 0.1328 0.0070 1.9352 1.34 0.74

F+= 0.5 0.6974 0.1212 0.1259 0.0146 5.5393 175.00 188.36

F+= 1.0 0.7880 0.1126 0.1239 0.0129 6.3608 210.76 231.07

F+= 4.0 0.3660 0.0342 0.1091 0.0049 3.3547 44.32 74.08

mainly be attributed to the limitations of the simulations, including the resolution, the local mesh

variation, and the time interval used for statistics. Based on these results, we conclude that the

geometric variation brought by the actuator has negligible effects on the flow and that the control

effects ought to be solely attributed to the periodic forcing of the SJ.

A. Mean flow characteristics

The implementation of the SJ for separation control is primarily intended to improve the

aerodynamic performance of the airfoil. Table II lists the sectional force coefficients and related

quantities. The force coefficients are defined as

CL =
Lift

1
2
ρU2

0
CLz

, CD =
Drag

1
2
ρU2

0
CLz

, (10)

in which ρ = 1 is the density of the fluid. The force coefficients are computed by integrating the

pressure and shear stress over the airfoil surface. The introduction of SJ always improves the lift

and lift-to-drag ratio although the drag is only slightly decreased. The reduced frequency F+ = 1.0

is the optimum value, while the higher value F+ = 4.0 also yields an improved aerodynamic perfor-

mance. The fluctuations of the forces, indicated by their root-mean-square values, are augmented

by the periodic forcing of the SJ. The augmentation is most remarkable for the LF case and rapidly

decreases as the forcing frequency increases, and the force fluctuations for the HF case are approx-

imately the same level as the baseline case. The dependence of the augmentation on the forcing

frequency is mainly attributed to the different separation characteristics and evolution patterns of

the coherent structures. For low-frequency actuation, the separation bubbles are generated during

the blowing phase and are relatively stationary on the airfoil leeward surface, before convecting

downstream during the suction phase and eventually leave the airfoil. The generation and convec-

tion of these separation bubbles drastically affect the local flow pattern close to the airfoil compared

with those of the high-frequency actuation and results in the augmentation of the force coefficients.

These flow patterns will be discussed in detail in Sec. III C.

We examine the mean streamwise velocity profiles for the baseline and controlled cases in

Figure 6. Flow separation is evident upstream of x/C = 0.20 for all cases. For the baseline case, the

FIG. 6. Mean streamwise velocity profiles at equally spaced intervals x/C = 0.1,0.2, . . .,1.0.
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fluid flow in the separation zone has almost zero velocity over a major portion of its domain except

the trailing edge region. The separation for the controlled cases is more intense in the sense that

there is a maximum backflow velocity about 20%U0 at x/C = 0.30 and 0.40, although the size of

the separation bubble is relatively smaller along the y-direction. The effects due to the SJ control

are more pronounced when the flow develops downstream and approaches the trailing edge. Starting

from x/C = 0.50, the size of the separation bubble is smaller by at least 50% than that of the

baseline case in the y-direction, and the backflow even disappears downstream of x/C = 0.70 and

0.80 for the MF and LF cases, respectively. For the HF case, the size of the bubble is only reduced

by around 30% at the trailing edge. The velocity profile of the baseline case and the HF case is

almost identical in the region close to the airfoil, normally within 0.05C away from the airfoil

surface downstream of x/C = 0.60. This reflects that the SJ operated at high frequency is relatively

less capable of affecting the flow close to the wall in the time-mean sense, with weak capability in

separation control and smallest improvements in aerodynamic performance.

Figure 7 presents the pressure coefficient on both sides of the airfoil surface, and the skin

friction coefficient on the leeward surface. The two coefficients are defined as

Cp = 2(p − pref)/U
2
0 , (11)

Cf = sgn(us)
1

ReC
(
dus

dn
)wall/U

2
0 , (12)

where pref is the reference pressure taken as the pressure at the outflow boundary pref = 0; us is

the wall-tangent velocity; and (dus/dn)wall is its wall-normal gradient on the wall. The skin friction

coefficient is negative if the fluid moves from downstream to upstream direction, indicative of

separation. There is a favourable pressure gradient over almost the entire lower surface of the airfoil.

On the upper surface, there is a suction peak near the leading edge due to the acceleration of the

flow followed by an immediate pressure recovery. The size of the separation zone is indicated by the

pressure plateau, which is a large one for the baseline and HF cases and two smaller ones for the LF

and MF cases. The introduction of the SJ substantially lowers (respectively, increases) the pressure

on a major portion of the upper (respectively, lower) surfaces of the airfoil, which significantly

improves the pressure lift. The high levels of Cf close to the leading edge result from the flow

acceleration. In the separation region, Cf is close to zero for the baseline case except near the

trailing edge since the flow is almost stationary in the separation zone as reflected in Figure 6. For

the LF and MF cases, there are two regions with negative peak of Cf with a much smaller value than

the baseline and HF cases, indicating the small but intensive separation bubbles induced by the SJ.

The negative peaks are not precisely associated with the pressure plateaus due to the recirculation

bubbles formed beneath the separation bubbles. The inset of the Cf figure presents the variation of

Cf in the neighborhood region of the actuator. Compared with the baseline case, the SJ gives rise

to the wall-tangent velocity (i.e., Cf is increased) and delays the leading edge separation. However,

the HF actuation, although with the largest Cf improvement, does not produce small separation zone

and the best aerodynamic performance improvements.

FIG. 7. Mean pressure coefficient and skin friction coefficient distributions. The vertical dashed lines denote the position of

the actuator.
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Based on the DNS results, it is concluded that the employment of the SJ significantly reduces

the flow separation on the airfoil leeward surface; thus, the aerodynamic performance of the airfoil

is substantially improved. The SJ operated at medium frequency (MF) F+ = 1.0 is the optimal

among the three frequencies, which gives the largest improvements to the lift and lift-to-drag ratio.

B. Flow resonance

1. Power spectra analysis

The dynamic response of the flow to the SJ provides insights into the vortex dynamics. The

response of the flow to the forcing of the SJ is examined by the temporal variations of velocity at

three probes above the airfoil leeward surface and in the near wake. The positions of the probes are

shown in Figure 5. Probe C1 is located in the shear layer just downstream of the actuator of the SJ

where separation occurs for the baseline case and where the SJ-induced vortex forms and rolls up

for the controlled cases. Probe C2, located above the airfoil trailing edge, is inside the separation

zone for the baseline and HF cases and in the cross-flow for the LF and MF cases. Probe C3 is

located downstream of C2 where the separated vortices roll up and develop downstream and interact

with the counterclockwise rotating vortices formed on the airfoil lower surface. The power spectra

of the temporal variation of the transverse velocity v/U0 at the three probes are given in Figure 8,

and their major characteristics are summarized in Table III.

For the baseline case, the shear layer (probe C1) exhibits a broadband spectrum that could

potentially respond to disturbances within a wide frequency range. Probes C2 and C3 in the sepa-

ration zone and wake, respectively, also have relatively broadband spectra but dominant frequencies

due to the wake instability are visible. The dominant natural frequency is not a regular sharp-peak in

the spectrum but is a range of finite width, which is around f C/U0 = 1.0 ± 0.2 in the present case.

For the LF case, the flow field is regularized by the SJ and becomes quasi-periodic, as shown by

the harmonics of the spectra at the three probes. The flow in the shear layer does not respond to

the forcing frequency of the SJ but rather to its second harmonic. At probe C2, the flow distinctly

responds to the SJ ( fe) and its two harmonics (2 fe and 3 fe), while the higher harmonics are indis-

tinguishable in the broadband spectrum as a result of the growing turbulence. The spectrum at probe

FIG. 8. Temporal power spectra of spanwise-averaged transverse velocity v/U0 at the probes indicated in Figure 5. Black,

red, and green lines, respectively, denote the probes C1, C2, and C3. The spectra are artificially separated for clarity.
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TABLE III. Characteristics of the power spectra of velocity measured at the probes C1, C2, and C3 (Figure 5). fe is the

forcing frequency controlling the jet velocity in Eq. (1).

Case Probe Characteristic features

Baseline C1 Broadband spectrum with no favorable resonant frequency.

C2/C3 Broadband spectrum peaks near fwake with notable turbulent fluctuations.

F+= 0.5 C1 Periodic about 2 fe with clear harmonics up to 8 fe.

C2/C3 Broadband spectrum, quasi-periodic about fe with clear harmonics up to 3 fe.

F+= 1.0 C1 Perfectly periodic about fe. Well organized periodic vortical structures.

C2/C3 Periodic about fe with increasing turbulent fluctuations.

F+= 4.0 C1 Periodic about fe with noticeable turbulent fluctuations.

C2/C3 Broadband spectrum with no favorable resonant frequency.

C3 in the wake is similar except that the flow clearly responds to even higher harmonics (4 fe and

5 fe). The flow is locked to the forcing of the SJ for the MF case. The spectrum for probe C1 in the

shear layer clearly consists of the fundamental frequency of the SJ excitation and its harmonics up

to 9 fe, representing a well organized vortical flow downstream of the actuator whose formation and

unsteady development are almost perfectly periodic about the frequency fe. The temporal variations

of the flow at probes C2 and C3 show similar behavior that the flow is perfectly locked to the forcing

of the SJ near and downstream of the trailing edge; thus, the turbulent fluctuations are weak. For the

HF case where the jet is pulsating at a high frequency, the flow in the shear layer is locked to the

forcing, while the spectra at the other two probes are broadband similar to those observed for the

baseline case.

It is summarized here that the flow in the shear layer close to the actuator of the SJ has a

broadband spectrum that responds to actuation at different frequencies (F+ = 0.5, 1.0, and 4.0), and

the flow is relatively well organized in that the formation and evolution of vortices are periodic

to a certain degree. In regions close to the trailing edge and in the near wake, the spectra become

broadband and the amplitudes of the harmonics are reduced due to the growing stochastic turbulent

fluctuations. However, the application of the SJ at the frequency closest to the natural frequency of

the uncontrolled flow (i.e., F+ = 1.0) leads to the best locking of flow field to the excitation both

in the shear layer and in the near wake region; thus, the flow is periodic even in the wake and the

high-frequency turbulent fluctuations are suppressed.

2. Lock-in of flow to the SJ

Figure 9 shows the mean turbulent kinetic energy (T.K.E.) distributions to illustrate the grow-

ing turbulent fluctuations as the flow develops downstream. The u′-based T.K.E. is defined as

(u′u′ + v ′v ′ + w ′w ′)/(2U2
0
). For the baseline case, transition takes place in the separated shear layer

and the flow is fully developed downstream of the trailing edge. The low-frequency actuation trig-

gers earlier transition that occurs more close to the airfoil, while the turbulence intensity decreases

FIG. 9. Mean turbulent kinetic energy distributions in a neighborhood of the airfoil.
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in the MF case. Since the high-frequency actuation only regularizes the near-field flow, the wake

flow in the HF case is relatively fully developed to turbulence somewhat similar to the baseline case.

The flow dynamics may be further examined through a deterministic analysis of its response

to the forcing of the SJ. The periodicity of the flow subjected to periodic forcing is investigated by

a two-time correlation of the transverse velocity in the whole flow field. The two-time correlation

coefficient is defined as54

Cv(x, y) =
v(x, y, t) · v(x, y, t + T)


v2(x, y, t)



v2(x, y, t + T)

, (13)

where v is the instantaneous transverse velocity averaged in the spanwise direction. T is the

normalized period of the pulsating flow field; in controlled cases it is chosen as the period of

the forcing frequency (T = 1/F+), while for the baseline case we use T = U0/(C fwake) = 0.858. In

regions where the coefficient is one, the flow is steady or T-periodic and is fully deterministic to

the periodic forcing of the SJ, while decorrelation and imperfect lock-in are indicated by smaller

values of Cv. Lamballais et al.54 suggested computing this correlation using a number of discrete

snapshots within only two consecutive cycles to prevent false artificial correlation or decorrelation.

In our simulations, the statistics lasts for at least 25 cycles (the LF case); the unsteady flow field

cannot be perfectly T-periodic due to the turbulence fluctuations and phase jitter.50 For a statistically

time-invariant representation of the flow field, the coefficient is computed within as many as integer

cycles in our study. The Cv distributions are shown in Figure 10. For the baseline case, decorrelation

(Cv < 1) is pronounced downstream of the middle of the airfoil since transition to turbulent flow

starts. Good correlation is observed close to the leeward surface for x/C ∈ [0.8,1.0]. The backflow

is quasi-steady in this region and is less affected by the cross-flow and wake vortices, and a similar

trend is also observed in the HF case. Compared with the baseline case, the unsteady flow fields in

the controlled cases are more or less locked to the periodic forcing and are more deterministic. The

flow field is well correlated above the leeward surface and the decorrelation is only severe down-

stream of the trailing edge. For the MF case, it is seen that the whole flow field is almost perfectly

locked to the periodic forcing of the SJ such that good correlation is observed even in the near wake.

This deterministic analysis confirms the frequency dependent receptivity of the excitation of the

separated flow. The separated shear layer and the wake can shift and lock to the excitation frequency

and its harmonics, and this lock-in is pronounced when the forcing frequency is close to that of the

uncontrolled flow, similar to the conclusions of Wu et al.31

C. Coherent structures

1. Vortex dynamics

The velocity and pressure of the flow can be decomposed into the time-averaged mean, the

coherent, and the incoherent components as shown in Eq. (6). For the baseline case, the coherent

component is primarily due to the large-scale vortex shedding that naturally develops as a result of

FIG. 10. Frequency effect on the two-time correlation coefficient Cv.
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FIG. 11. Evolutions of phase-averaged streamlines and the Q-invariant for the F+= 0.5 case. The vertical dashed lines

denote the position of the actuator. The Q-field is plotted for [1, 1000] with 20 exponentially scaled levels. (a) t/T = 0; (b)

t/T = π/4; (c) t/T = 2π/4; (d) t/T = 3π/4; (e) t/T = 4π/4; (f) t/T = 5π/4; (g) t/T = 6π/4; (h) t/T = 7π/4.

the flow instability, and the incoherent component is due to turbulent fluctuations. For the controlled

cases, the periodic forcing exerted by the SJ determines the coherent structures of the flow and is

important in flow separation and the evolution of vortices. In order to gain a better understanding

about the time-dependent effects of the SJ on the flow, Figures 11-13 show the temporal evolution

of the phase-averaged streamlines and Q = −0.5ui, ju j, i at eight equally spaced time instants within

one period for all three controlled cases. The forcing of the SJ consists of the blowing phase from

t/T = 0 to t/T = 4π/4 and the suction phase from t/T = 4π/4 to t/T = 8π/4(= 0).

For the LF case shown in Figure 11, the non-dimensional period of the forcing is the largest

among all three controlled cases. The injection of fluid to the cross-flow produces a separation

bubble just downstream of the actuator. The separation bubble first emerges around x/C = 0.3 at

t/T = 0, which originates in the suction phase as a result of the roll up of the near wall vortex (A1 in

(g)). The jet velocity increases until t/T = 2π/4 and the separation bubble increases in size in both

the wall-tangent and wall-normal directions. The vortex is energized by the jet on the side close to

the actuator, while the other side is less resistant to the high kinetic energy cross-flow and breaks up

into two vortices, and the downstream one (vortex C in (b)) is convected away with the cross-flow.

At t/T = 3π/4, the jet velocity is smaller compared with its peak value and the vortex close to the

actuator breaks up into two vortices A and B. The vortex A further breaks up and three vortices

appear (A1, A2, and B), as seen in ( f ). The three vortices are larger during the suction phase than

the blowing phase during which they convect downstream along with the cross-flow. The vortices

A2 and B merge into one single vortex, and A1 is remarkably weakened and finally vanishes at

t/T = 7π/4.

The vortex dynamics in the MF case shown in Figure 12 is somewhat similar to the LF case

but with some differences due to the higher frequency (smaller period) of the SJ actuation. First,

the separation bubble emerges completely within the blowing phase, as seen in (b). The separation

bubble grows but is much smaller than the one in the LF case in both wall-tangent and wall-normal

directions. The smaller size is mainly due to the shorter duration of the blowing phase so that the

growth of the bubble is less promoted by the virtual aero-shaping effect provided by the SJ. The

second difference is that there is only one vortex breakup during the whole cycle, which is shown at
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FIG. 12. Evolutions of phase-averaged streamlines and the Q-invariant for the F+= 1.0 case. The vertical dashed lines

denote the position of the actuator. The Q-field is plotted for [1, 1000] with 20 exponentially scaled levels. (a) t/T = 0; (b)

t/T = π/4; (c) t/T = 2π/4; (d) t/T = 3π/4; (e) t/T = 4π/4; (f) t/T = 5π/4; (g) t/T = 6π/4; (h) t/T = 7π/4.

FIG. 13. Evolutions of phase-averaged streamlines and the Q-invariant for the F+= 4.0 case. The vertical dashed lines

denote the position of the actuator. The Q-field is plotted for [1, 1000] with 20 exponentially scaled levels. (a) t/T = 0; (b)

t/T = π/4; (c) t/T = 2π/4; (d) t/T = 3π/4; (e) t/T = 4π/4; (f) t/T = 5π/4; (g) t/T = 6π/4; (h) t/T = 7π/4.
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the end of the blowing phase t/T = 4π/4. The two smaller vortices develop downstream to form two

individual ones and no merging is observed within the current streamwise scope.

The vortex dynamics in the HF case has a complete different scenario compared with its LF

and MF counterparts, as shown in Figure 13. In the blowing phase, a small separation bubble forms

quite close to the actuator. The pulsating frequency of the SJ is so high that the separation bubble

is only slightly energized and is relatively smaller than those in the LF and MF cases. There is no

vortex fragmentation and merging during the whole cycle. The rapidly pulsating forcing from the SJ

generates a set of vortices; the vortices are energized primarily by the cross-flow and grow as they

convect downstream.

From the above observations, we basically identify two modes of vortex dynamics depending

on the forcing frequency of the SJ: the vortex fragmentation and merging mode and the discrete

vortices mode. In the first mode that is observed in the LF case, the pulsating period of the SJ is

long that a separation bubble grows mainly during the blowing phase. The separation bubble is large

in the wall-tangent direction and is less resistant to the high kinetic energy cross-flow and breaks

up into two individual vortices. This kind of fragmentation may take place more than once within

one cycle. The individual vortices may merge as they develop downstream. In the second mode,

observed in the HF case, the separation bubble emerging in the blowing phase is smaller in size

especially in the streamwise direction. It develops downstream without any breakup and merging,

forming a clear set of vortices. Based on this classification, we can find that the vortex dynamics in

the MF case is a transition state between the above two modes.

2. Downstream convection of vortices

The evolution of the multiple vortices along the airfoil leeward surface, from the leading edge

to the trailing edge, is depicted by the space-time diagrams of the instantaneous spanwise-averaged

skin friction coefficient in Figure 14. Four cycles are presented for each controlled case. The

fragmentation and merging of vortices are in accordance with the findings in Figures 11-13. The

clockwise rotating vortices result in negative Cf . In the LF and MF cases, the separated vortices give

large negative values of Cf , reflecting their high intensity compared with those in the HF case. This

figure can be used to quantify the convection velocity of the discrete vortices obtained by computing

the slopes of the stripes. In the present study, the convection velocity of the vortices in the LF and

MF cases are 0.33U0 and 0.37U0, respectively, while a much larger value of 0.50U0 is observed

in the HF case. Dandois et al.20 comprehensively summarized the convection velocity of the shear

layer vortices for flows with different configurations. The results show that the convection velocity

is 0.5–0.6U0 for most studies of flow over a backward facing step or a ramp, where the discrete

vortices mode is observed downstream of the actuator.20,17 The higher convection velocity in the HF

case is similar to the convection velocity of two-dimensional Kelvin-Helmholtz vortical structures

as discussed in the above studies since they exhibit similar discrete vortices mode. For the LF and

FIG. 14. Space-time diagrams of instantaneous spanwise-averaged skin friction coefficient C f . From left to right: F+= 0.5,

1.0, and 4.0. The dashed line denotes the isoline C f = 0. The actuator is denoted by the white zone.
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MF cases, the virtual aero-shaping effect of the SJ27 substantially modifies the profile of the airfoil

during the blowing phase and the separated vortices formed downstream of the actuator are less

affected by the cross-flow; the vortex downstream of the SJ shown in Figures 11(b) and 11(c) is

elongated along the airfoil and hardly moves downstream. During the suction phase, there is no vir-

tual aero-shaping and the elongated vortex breaks up into smaller ones which convect downstream

with the cross-flow (see Figures 11(b)-11(d)). This stationary-convection pattern results in a small

convection velocity in the LF and MF cases.

3. Coherent structures close to the SJ

The frequency effects of the SJ on the near-field coherent structures are quantitatively pre-

sented by the profiles of mean coherent Reynolds stresses in Figure 15. The profile at x/C = 0.13

is located at the centre of the actuator exit, while the profiles at x/C = 0.12 and x/C = 0.14 are

positioned close to the edges of the actuator exit. The Reynolds stresses in the baseline case are

almost zero (< 10−5) within the range the profiles are presented (0.11 ≤ x/C ≤ 0.40) due to the

quasi-stationary separated flow in this region. For the controlled cases, the extrema values of the

Reynolds stresses occur at a short distance from the airfoil surface due to the inertia of the jet flow,

with the exception of v∗v∗ at the centre of the actuator exit where the maximum value is expected.

A careful inspection reveals that the wall-normal location of the maximum stresses, in terms of

y/C, is frequency dependent. The position is furthest from the surface for the LF case, while it is

moving close to the surface as the frequency increases for the MF and HF cases owing to the smaller

momentum of the jet added to the ambient cross-flow, or the smaller “stroke” length of the jet at

higher frequency.14 The magnitudes of the stresses also monotonically decrease with the frequency

in the neighborhood of the actuator (0.11 ≤ x/C ≤ 0.17); the stresses are substantially suppressed

by the high frequency fluctuation of the SJ, and the component u∗u∗ is more affected that its value is

only slightly larger than that of the baseline case. In the downstream region away from the actuator

(x/C ≥ 0.20), separated vortices form and their fragmentation and merging may occur, so that the

stresses are less frequency dependent and depict different profiles compared with those upstream.

As we have demonstrated in Figures 11-14, the momentum of jet flow and the intensity of the

separated vortex in the LF case are the most pronounced among the controlled cases; thus, u∗u∗ of

FIG. 15. Distributions of mean coherent Reynolds stresses u∗u∗/U2
0

and v∗v∗/U2
0

at several streamwise stations close to the

actuator. Black curves for baseline; red curves for F+= 0.5; green curves for F+= 1.0; blue curves for F+= 4.0.
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the LF case is larger than the MF and HF cases. The profiles of u∗u∗ at x/C = 0.30 and 0.40 clearly

show two maxima with one close to the wall and the other approximately in the shear layer, which

are attributed to the periodic convection of the discrete vortices whose top and bottom sides roughly

coincide with maxima in these regions. Similarly, the maximum value of v∗v∗ is also induced by the

periodic passing separated vortices but with only one peak appears approximately between the two

maxima of corresponding u∗u∗ due to the periodic upwash/downwash of the left/right side of the

passing vortices, which is especially apparent at x/C = 0.40.

4. Effects on the upstream flow

In the present study, the peak blowing/suction velocity of the SJ is only 20% that of the

cross-flow, and the momentum coefficient of the SJ is even smaller because of the Poiseuille-type

velocity profile and the sinusoidally time-varying pattern. Moreover, since the actuator of the SJ

is positioned at x+ = 0.13 and the velocity is normal to the local surface, the velocity vector

is (u, v,w)jet/U0 = (±0.064,∓0.997,0.000) across the whole actuator exit. These numbers demon-

strate that the SJ is only slightly pointing upstream and the streamwise component of the jet

velocity is quite small considering the high kinetic energy of the cross-flow. However, the pertur-

bation introduced by the SJ may be propagated by the pressure field, and we are interested in

how much the flow field, both upstream and downstream of the actuator, is affected by the SJ

and its amplified pattern. Figure 16 gives the streamwise distributions of the peak rms values of

the spanwise-averaged coherent velocities. The peak coherent velocities are enhanced by the SJ

compared with the baseline case with an increase of more than two orders of magnitude above the

actuator. In the downstream region, the corresponding value of u∗ only slightly varies, while there is

an obvious decrease of (v∗rms)max in the near wake for the HF case since the flow is less locked to the

perturbation and turbulent fluctuations grow. The flow upstream of the actuator is also significantly

affected by the SJ by way of pressure propagation in the incompressible flow. The peak rms values

of u∗ and v∗ for the baseline case are negligibly small with maximum values of around 0.1%U0.

Taking (u∗rms)max = 1%U0 as a criterion, the flow field in the HF case is affected by the SJ to the

most upstream position of x/C = 0.03, while in the LF and MF cases, it is affected up to a further

position of around x/C = −0.03. The corresponding values of (v∗rms)max in the LF, MF, and HF cases

are, respectively, around x/C = −0.05, −0.02, and 0.08. Considering the fact that the oncoming

flow is steady and the turbulent fluctuation upstream of the actuator is almost zero (see Figure 9),

FIG. 16. Streamwise distributions of peak rms values of coherent velocity components. The dashed lines indicate the position

of the actuator.
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the fluctuations are entirely contributed by the SJ. In other words, the perturbation of the SJ could

obviously affect the flow field up to 18%C upstream of the actuator centre as shown in the LF case,

where the peak rms value of v∗ is 1% of the uniform cross-flow velocity. Although the criterion

of 1%U0 is comparably much smaller than the peak values downstream of the actuator, the above

analysis reveals that the SJ could also noticeably affect the upstream flow field within a certain

distance.

IV. CONCLUSIONS

In this study, we presented results of direct numerical simulations on a synthetic jet based

separation control of flow past a NACA-0018 airfoil, at 10◦ angle of attack and Reynolds number

ReC = 104. The SJ is simply modeled by a nominally 2D oscillatory velocity boundary condition

on the airfoil leeward surface just upstream of the separation point of the uncontrolled flow, and

its momentum coefficient is fixed at a small value Cµ = 2.13 × 10−4. We focus on the effects of

the forcing frequency of the SJ on the separation control, including the aerodynamic performance

improvement, the temporal and spatial evolutions of the SJ induced coherent structures, and the

lock-in of the flow on the forcing. The forcing frequency of the SJ is chosen at three values: the low

frequency F+ = 0.5, the medium frequency F+ = 1.0, and the high frequency F+ = 4.0.

The effects of the geometric variation introduced by the actuator of the SJ are first studied by

conducting two simulations: the uncontrolled baseline case, and the zero-jet case in which the airfoil

profile is modified by the actuator but no blowing/suction is applied. The results demonstrate that

in the present configuration and parameter space, the separation control is attributed to the SJ while

the effects of the geometric variation due to the actuator are negligible. The lift and lift-to-drag ratio

of the airfoil are improved by the employment of the SJ at all three forcing frequencies. Separation

is significantly reduced both in size and duration. The SJ operated at low and medium frequencies

gives better improvement in that the large separation zone is reduced in the time-averaged sense,

while the actuation at high frequency results in a large separation zone at the trailing edge.

Since the SJ provides extra perturbation to the flow, we are most interested in the temporal-

spatial behavior of the unsteady flow subjected to the periodic forcing. Spectral analysis of the

temporal variations of velocity at several probes reveals that the shear layer in the uncontrolled

case has a broadband spectrum that may respond to perturbation in a wide frequency range. In the

controlled cases, the flow in the shear layer is better locked to the forcing, while the flow in the

separation zone and wake is less perfectly locked due to the growing turbulent fluctuations. The

flow in the MF case is well organized in both the shear layer and wake since the forcing frequency

F+ = 1.0 is closest to the natural frequency fwake of the uncontrolled flow. Based on the forcing

frequency of the SJ, there are basically two modes of vortex dynamics downstream of the actuator:

the vortex fragmentation and merging mode at low frequency in which the separation bubble formed

due to the SJ breaks up into several vortices and they may merge as convecting downstream; the

discrete vortices mode at high frequency that the separation bubble convects downstream without

any breakup and merging, thus forming a set of discrete vortices. The convection velocity of the

discrete vortices in the second mode is 0.5U0, which is close to the value in the configurations of a

backward-facing step or ramp. The convection velocities in the LF and MF cases are close but are

smaller than that of the HF case.

Since the direction of the jet velocity is normal to the local airfoil surface, the jet is slightly

pointing upstream with a velocity vector (u, v,w)jet/U0 = (−0.064,0.997,0.000). However, the jet

affects not only the flow downstream of the actuator but also upstream of it. In the LF case where

the momentum rate is the largest during the blowing phase, the SJ could increase the peak rms value

of the coherent velocity to 1%U0 as far as a position 18%C upstream of the actuator, which is a

significant value considering the tiny momentum coefficient of the SJ.

In the present study, we only considered the SJ-based separation control of the incoming

laminar flow past an airfoil, while in practice the incoming flow is likely to be turbulent in which

case the control effects and related flow mechanisms must be revisited. The effectiveness of the

SJ on separation control and improvement of aerodynamic performances has been experimentally
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confirmed for the low-intensity turbulent incoming flow.23 We believe that the turbulent flow would

exhibit similar responses to the actuation and that similar vortex dynamical patterns be exhibited

since the virtual aero-shaping effects can be maintained. Nevertheless, a more thorough investiga-

tions is warranted for an incoming turbulent flow to confirm the feasibility of the SJ in potential

engineering applications. Such a study will be part of a future investigation.
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