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The present research focuses on the experimental investigation of the effectiveness of synthetic jet actuation 
on a pair of counter-rotating vortices generated by an unswept, low aspect ratio, squared-tipped wing in order 
to preserve the mutual induction during their evolution. The synthetic jet is actuated at Crow and Widnall’s 
instability frequencies (𝐹+ = 0.071, 0.55) and at a fixed momentum coefficient 𝐶𝜇 = 0.2% with the goal of 
reducing the vortex strength and the induced circumferential velocity. The effect of the jet exit section area, and 
thus the characteristic jet velocity, has been investigated by testing three wing models equipped with a synthetic 
jet issuing through a rectangular slot of constant length and three different values of the height, equal to 0.01, 
0.02, and 0.04 chord lengths, respectively. A phase-locked stereoscopic particle image velocimetry setup has 
been designed and implemented to carry out a parametric study in the near wake of the wing models at four 
downstream distances from the wing trailing edge, namely equal to 0.1, 0.5, 1 and 2 chord lengths.
The slot with a height to chord ratio of 4%, yields the minimum vorticity level, the maximum vortex diffusion 
with a diameter up to 3 times greater than the baseline reference value, and lower values of the vortex circulation. 
This effect, together with the periodic motion along a ±45◦ direction experienced by the vortex after the synthetic 
jet blowing, is beneficial in terms of an anticipated instability of the tip vortices as well as of the mitigation of 
the blade-vortex-interaction in propellers.
1. Introduction

Wingtip vortices are a byproduct of lift generation on finite-span 
lifting wings and they come with many adverse effects spanning vari-
ous applications. In fact, the aviation industry has been concerned for 
decades with their drawbacks such as wake hazard, induced drag, and 
Blade-Vortex Interaction (BVI) noise. With regard to the first one, if a 
smaller aircraft encounters the strong vortices shed from a larger plane, 
the angular momentum from the vortices may induce a large destabi-
lizing moment, which can cause an irrecoverable loss of control [1]. 
To overcome this, aviation regulations mandate strict distances that are 
dependent on the size of the leading and trailing aircraft. Owing to the 
presence of the wingtip vortices, the freestream kinetic energy is trans-
ferred into rotational one producing a downwash in the wake of the 
wing. As a consequence, the induced drag is produced which accounts 
for up to 40% of the aircraft’s total drag [2]. Helicopter main rotor 
blades represent another area where vortex-structure interaction could 
compromise the structural integrity of the blades. During the rotation, 
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each rotor blade sheds a tip vortex which can interact with the following 
blades and the tail-rotor blades. This interaction, known as Blade-Vortex 
Interaction (BVI), results in large unsteady forces due to rapid changes 
in local velocity around the blades, leading to an enhanced rotor-blade 
fatigue and noise source [3,4]. In general, three ways are conceivable 
to reduce the BVI noise: increasing the distance between the tip vortex 
and the blade; reducing the blade load when the vortex interaction oc-
curs; decreasing the tip vortex strength. In this framework, researchers 
proposed innovative blade tip designs [5] trying to deflect the vortex 
avoiding the impact with the following blade and the use of wingtip 
devices to weaken the tip vortex such as sub-wing [6–8], end-plate tip 
[7], vane tip [9], tip spoiler [10], canard tip [11], and wingtip blowing 
[12–15].

Significant efforts have been devoted over the years trying to con-
trol the adverse effects of trailing vortices [16,2]. The most common 
alleviation schemes rely on altering the thickness, turbulence, and lon-
gitudinal velocities in the vortex core. It has been proven by Bailey and 
Tavoularis [17] that injecting turbulence into the free-stream increases 
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Nomenclature

Acronyms

3C Three Components
2D Two Dimensional
3D Three Dimensional
BCs Squared wing Baseline Case
BVI Blade Vortex Interaction
PIV Particle Image Velocimetry
sCMOS scientific Complementary Metal-Oxide-Semiconductor
SJ Synthetic Jet
S-PIV Stereoscopic Particle Image Velocimetry
Ss01 Squared wing with synthetic jet slot height of 1% of the 

chord length
Ss02 Squared wing with synthetic jet slot height of 2% of the 

chord length
Ss04 Squared wing with synthetic jet slot height of 4% of the 

chord length
ZNMF Zero-Net-Mass-Flux

Roman letters

𝐴𝑗 synthetic jet exit section area . . . . . . . . . . . . . . . . . . . . . . . . m2

𝐴𝑤∕2 half-wing surface area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

𝑏 wing span. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
𝑐 wing chord . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
𝐷𝑒 equivalent hydraulic diameter . . . . . . . . . . . . . . . . . . . . . . . . m
𝐷𝑚𝑎𝑥,𝐷𝑚𝑖𝑛 Major and minor axes of the vortex . . . . . . . . . . . . . . . . . m
𝑑 downstream distance of the measurement plane . . . . . . . m
𝑑𝑝 tracer particle diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
𝑒𝑧 unit vector normal to the measurement plane
𝑓 frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Hz
𝑓𝑎 actuation frequency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Hz
𝑓# camera f-number
𝐿𝑒 equivalent length . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
𝐿𝑚 measurement resolution. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
𝑂𝑥𝑦𝑧 Physical reference frame
𝑂′𝑥′𝑦′ Vortex centered reference frame
𝑃𝑀 spatial vector from the center point 𝑃 to a point 𝑀
𝑝𝑗 synthetic jet exit section perimeter . . . . . . . . . . . . . . . . . . . . m
𝑟 radial coordinate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

𝑟𝑐 vortex core radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
𝑆 surface area for computation of Γ1 . . . . . . . . . . . . . . . . . . . m2

𝑇 synthetic jet actuation period . . . . . . . . . . . . . . . . . . . . . . . . . . s
𝑈0 characteristic velocity of the synthetic jet . . . . . . . . . . . m∕s
𝑈𝜃 circumferential velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m∕s
𝑈∞ free-stream flow velocity. . . . . . . . . . . . . . . . . . . . . . . . . . . . m∕s
𝑢𝑐 spanwise velocity of the vortex center. . . . . . . . . . . . . . . m∕s
𝑢𝑀 total velocity vector at point 𝑀 . . . . . . . . . . . . . . . . . . . . . m∕s
𝑢𝑒 velocity along the jet centerline at the exit section . . m∕s
𝑢, 𝑣,𝑤 velocity component in the Cartersian reference 

frame . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m∕s
𝑣𝑐 transverse velocity of the vortex center . . . . . . . . . . . . . m∕s
𝑥0, 𝑦0 Vortex center coordinates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m

Greek letters

𝛼 geometrical angle of attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦

Γ vortex circulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2∕s
Γ𝐵𝐶𝑠 vortex circulation of the baseline case. . . . . . . . . . . . . . m2∕s
Γ𝑐 vortex core circulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2∕s
Γ1 scalar function for vortex identification
𝜁𝑧 streamwise vorticity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1∕s
𝜁𝑧,𝑚𝑎𝑥 maximum streamwise vorticity . . . . . . . . . . . . . . . . . . . . . . 1∕s
𝜁𝐵𝐶𝑠
𝑧,𝑚𝑎𝑥

maximum streamwise vorticity of the baseline case . . 1∕s
𝜆 wavelength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
𝜇∞ free-stream dynamic viscosity . . . . . . . . . . . . . . . . . . . . . . . Pa⋅s
𝜃 azimuthal coordinate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad
𝜌∞ free-stream flow density . . . . . . . . . . . . . . . . . . . . . . . . . . kg∕m3

𝜌𝑗 jet density. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg∕m3

𝜏𝑠 tracer particle relaxation time . . . . . . . . . . . . . . . . . . . . . . . . . . s
Φ vortex inclination angle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦

𝜙 phase of the synthetic jet signal . . . . . . . . . . . . . . . . . . . . . . . . ◦

𝜙𝑒 phase of the electrical signal . . . . . . . . . . . . . . . . . . . . . . . . . . . ◦

Dimensionless parameters

𝐶𝜇 momentum coefficient, 
(
𝐴𝑗𝜌𝑗𝑈

2
0
)
∕ 
(
𝐴𝑤∕2𝜌∞𝑈2

∞
)

𝜂 self-similar variable, 𝑟∕𝑟𝑐
𝐹+ dimensionless frequency, 𝑓𝑎𝑐∕𝑈∞
𝑅𝑒𝑐 chord Reynolds number, 

(
𝜌∞𝑈∞𝑐

)
∕𝜇∞

𝑆𝑡 Stokes number, 
(
𝜏𝑠𝑈∞

)
∕𝑑𝑝
the vortex wandering and the rate of decay of the peak tangential veloc-
ity. Since creating upstream turbulence in the flight-path of an airplane 
is not a practical method, different methods have been extensively stud-
ied to inject turbulence into a wingtip vortex such as: use of structural 
modification of the wingtip (i.e. winglets) and/or along the trailing 
edge of the wings and flaps; blowing or suction in the vicinity of the 
wingtip; excitation of the inherent instabilities of the tip vortices, com-
monly referred to as Crow [18] and Widnall [19–21] instabilities. The 
control techniques implementing the aforementioned methods are gen-
erally distinguished between passive and active.

Most of the early research into passively solving the wake vortex 
hazard involved a modification of the wake structure before roll-up by 
changing the geometry of the wing, thus changing the load distribution. 
Rossow [22] performed theoretical studies using 2D inviscid compu-
tations to determine the optimized loading distribution which would 
result in a wake that would either not roll-up or be more diffused. Lin-
ear load distribution from root to tip as well as with abrupt variation 
in lift resulted in a diffused vorticity field with a noticeable decrease 
in the induced rolling moment that would be encountered by the fol-
lowing aircraft. Also a notched load distribution has been demonstrated 
to result in a more diffused wake by Graham et al. [23]. Corsiglia and 
2

Dunham [24] performed experiments both on ground-based facilities 
and flight tests on a full scale Boeing 747 showing that a less hazardous 
wake can be obtained by shifting the wing center of pressure inward. 
In addition to geometric modification of the wings, a variety of ex-
periments were performed on adding static devices to already existing 
planforms: splines mounted directly downstream of the wing tip [25]
and different wing tip shapes [26]; spoilers installed on the suction side 
of wings [27]; fins (i.e., winglets) mounted on the suction or pressure 
side of wings [28–31]. The use of such devices is still aimed at modify-
ing the load distribution and/or adding another discrete vortex to the 
wake that might interact with the tip vortex in a beneficial way.

Active wake alleviation strategies rely upon some time-dependent 
forcing to perturb the aircraft wake and excite its inherent instabilities 
to promote a faster decay. Furthermore, active flow control in princi-
ple allows to optimize the wake alleviation throughout the entire flight 
envelope. The first attempts to implement active flow control of the 
wingtip vortices were based on time-dependent lift distributions trig-
gered by oscillations of the elevator [32,33], periodic flap oscillations 
[34], lateral-control and roll oscillations [35–37], oscillating ailerons 
[38], and segmented Gurney flaps [39]. Although an anticipated wake 
dissipation has been demonstrated to be achievable, the excessive level 
of oscillations makes the former strategies not feasible during take-off 

or landing [35] especially because of the associated passenger discom-
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fort [37]. Furthermore, the oscillation of the lift distribution could lead 
to a coupling with the wing bending mode, with associated structural 
issues that need to be taken into account during the design process.

More recent active flow control techniques rely on exhausting mass 
and momentum in the vicinity of the wingtip to control the formation 
of the trailing vortex. In this case, the drawback is to harvest the mass 
injected, usually bleeding it from the engine, which reduces its effi-
ciency during take-off and cruise, although not during landing when the 
engines are generally idling. To overcome this shortcoming, Zero-Net-
Mass-Flux (ZNMF) devices (e.g. synthetic jets, plasma actuators, etc.) 
for momentum injection might represent an interesting solution. On 
the other hand, these devices lack the control authority of net mass flux 
devices and therefore they carry their own set of challenges [40].

In the last years, Edstrand and Cattafesta [41] performed PIV exper-
iments on the effects of uniform and segmented steady blowing from 
the wing suction side. Garcìa-Ortiz et al. [42] investigated the effects 
of continuous blowing through a small orifice up to 20 chord-lengths 
downstream. Although the wingtip vortex strength is highly decreased 
at a Reynolds number based on the chord 𝑅𝑒𝑐 = 7 ⋅103, scaling at larger 
values of 𝑅𝑒𝑐 showed poor performance. Using steady and pulsed jets 
from discrete ports on the wingtip, Heyes and Smith [43] studied the 
effect of blowing on the vortex position. They showed striking effects 
on the vortex structure resulting in a higher core size and a reduced in-
duced velocity peak. This was the first work with the goal of introducing 
vortex perturbations tuned to the inherent flow instability frequencies, 
accelerating the vortex break up.

As already mentioned, the use of zero-net-mass-flux devices, such as 
synthetic jets (SJs), allows the injection of turbulence, momentum, and 
vorticity into the flow with a variable frequency tuned to match the in-
herent flow instabilities on the wingtip vortices avoiding any bleed from 
the engine. In order to analyze the effectiveness of SJs actuation and 
for comparison purposes in the wingtip vortices literature, two dimen-
sionless control parameters are taken into account, the SJ momentum 
coefficient and the dimensionless actuation frequency, which are re-
spectively defined as

𝐶𝜇 =
𝐴𝑗

𝐴𝑤∕2

𝜌𝑗𝑈
2
0

𝜌∞𝑈2
∞
, 𝐹+ =

𝑓𝑎𝑐

𝑈∞
(1)

where 𝐴𝑗 is the exit section area of the jet, 𝐴𝑤∕2 is the half-wing surface, 
𝜌𝑗 and 𝜌∞ are the jet and freestream densities, 𝑈∞ is the freestream ve-
locity, 𝑐 is the wing chord-length and 𝑓𝑎 is the jet actuation frequency. 
In the present work, following Smith and Glezer [44], the characteris-
tic jet velocity 𝑈0 is defined as the mean centerline velocity over the 
portion of the cycle corresponding to the ejection

𝑈0 =
1
𝑇

𝑇

2

∫
0

𝑢𝑒 (𝑡) 𝑑𝑡 (2)

where 𝑇 is the SJ actuation period and 𝑢𝑒 is the velocity along the jet 
centerline at the exit section.

In the literature, there are few examples of application of SJs to the 
control of the wing tip vortices. Margaris and Gursul [45,46] conducted 
a parametric PIV investigation on the effect of both continuous and syn-
thetic jets blowing from slots located at the leading and/or trailing edge 
of a NACA 0015 with both a squared and rounded wingtips. They ob-
served that the jet produced one or more counter-rotating vortices that 
typically merged with the primary vortex, reducing its strength up to 
50% (𝐶𝜇 = 0.016%, 𝐹+ = 0.75). Dghim et al. [47–49] reported a de-
tailed investigation of the effectiveness of SJ actuation in the near and 
mid-wake development of a wingtip vortex. They demonstrated that 
blowing at actuation frequencies in the range corresponding to Crow 
and Widnall’s instability frequencies leads to the best results in terms 
of decreased pressure coefficient distribution at the wingtip, while a 
vorticity peak reduction up to 60% is obtained by increasing the val-
3

ues of the control momentum coefficient up to 𝐶𝜇 = 1%. They also 
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investigated the effects of the blowing slot shape by comparing the per-
formance of a spanwise straight and a curved nozzle. They observed in 
both cases a reduction of the tangential velocity peak and an increase 
of the vortex core size, with the straight SJ nozzle outperforming the 
curved one due to the larger turbulence level introduced into the flow. 
More recently, Zaccara et al. [50] conducted a parametric study on the 
effectiveness of the SJ control on wingtip vortices by varying 𝐶𝜇 and 
𝐹+. Promising results were obtained by observing a maximum reduc-
tion of 46% on the peak value for the configuration with 𝐶𝜇 = 0.04%
and 𝐹+ = 0.735 in time-averaged evolution. Phase-averaged measure-
ments were carried out and revealed a clear relation between the SJ 
blowing and suction phases and the periodic variation of the vortices 
features.

The present work fits into the wake of the previous investigation 
and aims at investigating the effects of the SJ slot geometry on the 
control of the wingtip vortices generated by a finite-span wing. The ac-
tive control is carried out by triggering the inherent Crow and Widnall 
instabilities varying the SJ operating frequency at fixed momentum co-
efficient 𝐶𝜇 = 0.2%. The effects of the jet exit section area, and thus the 
characteristic jet velocity, are investigated by testing three wing mod-
els equipped with a synthetic jet rectangular slot of constant length, 
lying in the chord plane, with an increasing height of 0.01, 0.02, and 
0.04 chord lengths respectively. Stereoscopic particle image velocime-
try (S-PIV) measurements are carried out in different crosswise planes 
located in the near wake at a downstream distance from the wing trail-
ing edge of 0.1, 0.5, 1 and 2 chord lengths. As in the authors’ previous 
work [50], a phase-locked analysis is conducted to give clear insight of 
the development of the wingtip vortices under the SJ actuation.

It is remarked that the goal of the present investigation is to evaluate 
the sensitivity of the wing-tip vortex structure to the SJ actuation when 
varying the slot geometry. The assessment of the influence from the 
SJ control on the streamwise development of the actuated vortex and 
the enhancement of its inherent instabilities is addressed in a follow-up 
article [51] in which S-PIV measurements in the far wake of the wing 
model are presented and comprehensively analyzed.

2. Experimental rig

2.1. Wind tunnel and wing model

The measurements were conducted in the closed-circuit subsonic 
wind tunnel “D3M” located in the “Modesto Panetti” laboratory of the 
Mechanical and Aerospace Engineering Department at Politecnico di 
Torino (Italy). The test chamber has a circular section with a diameter 
of 3 m and a length of 5 m, with a small divergence to compensate the 
growth of the boundary layer on the wind tunnel walls. The flow then 
circulates throughout the tunnel, with diverging sections and straight-
ening vanes in the corners to guide their rotations, until reaching the 
convergent before the test chamber with a contraction ratio of 2.33. 
The maximum speed achievable in this facility is 90 m/s, while the 
turbulence intensity is 0.4% [52]. For the present investigation, the 
free-stream velocity has been set to 𝑈∞ = 12 m∕s, corresponding to 
a Reynolds number based on the wing chord of 𝑅𝑒𝑐 = 1.20 × 105.

The assembly employed for the near-wake measurements is shown 
in Fig. 1. Starting from the bottom, the wing assembly is anchored to 
the wind tunnel through a squared steel base. In order to properly align 
the wing to the mean flow direction, an angle regulation system based 
on three pillars has been designed to allow pitch and yaw regulations 
of ±10◦ and ±5◦, respectively, and setting of a zero roll angle.

The loudspeaker for the SJ generation and its cavity are mounted 
directly on the base of the wing sting, made of carbon fiber, which is 
attached to the pillars through a steel interface plate. The wing sting 
has a constant airfoil section NACA 0024, with a chord of 0.149 m, and 
a span of 1.064 m and it is made of carbon fiber with a wall thickness 
of 0.004 m in order to create a sufficiently large duct. Finally, an inter-

changeable wing is mounted on the top by interference and the different 
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Fig. 1. Wing assembly setup in the D3M wind tunnel.

Fig. 2. Sketch of the interchangeable wings with different synthetic jet exit sections: (a) front view, (b) 3d view, (c) lateral view with detail of the exit slot. The 
dashed lines are representative of the internal geometry of the SJ duct.
wing models employed are shown in Fig. 2. Each model is a rectangular 
finite-span square-tipped wing with a NACA 0015 airfoil section. The 
airfoil chord is 𝑐 = 0.15 m, the wingspan is 𝑏 = 2𝑐 = 0.30 m, resulting 
in an aspect ratio of 2. The model solid blockage, accounting for both 
the wing model and the wing sting, is equal to 0.64%, thus its effects on 
the present results can be neglected. The wings were manufactured in 
polyamide PA 2200 by a selective laser sintering 3D EOS printer. Then, 
they were painted and their surface finish polished; no tripping is ap-
plied to the lower and upper wing surface. The angle of attack is set 
to 𝛼 = −5◦. As a result, the wing assembly was mounted in the wind 
4

tunnel by aligning the wing sting to be at 0◦ of yaw, pitch, and roll 
with respect to the streamwise direction with the aid of an inertial mea-
surement unit. The choice of a negative angle of attack minimizes the 
possible influence of the wing sting wake on the wingtip vortices which 
develops inboard and upward going downstream.

Four different wing models were tested in the present investigation: 
the reference wing and three models with a rectangular SJ exit section 
with the same width of 0.6𝑐 and heights of 0.01𝑐, 0.02𝑐, and 0.04𝑐
respectively. In each configuration, the slot lies in the chord plane. 
Hereinafter, they will be referred to as “BCs” (Squared wing Baseline 
Case), “Ss01” (Squared wing with SJ slot height of 1% of the chord 

length), “Ss02” (Squared wing with SJ slot height of 2% of the chord 
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Fig. 3. Experimental setup in the D3M wind tunnel.
length) and “Ss04” (Squared wing with SJ slot height of 4% of the chord 
length).

2.2. Synthetic jet device

The SJ runs throughout the wing sting, turning into a rectangular 
duct in the wing with a height of 0.054𝑐 (0.0081 m). It is important 
to note that both the width and the height of the SJ duct have been 
chosen in order to maximize the flow area with respect to the mini-
mum wall thickness of the 3D printer employed and by minimizing the 
head loss due to the flow area variation between the wing sting and the 
wing. Finally, the rectangular SJ chamber inside the wing ends at the 
tips with two rectangular ducts with the different heights described be-
fore and length equal to 𝐿𝑒 = 2𝐷𝑒 = 2 ⋅4𝐴𝑗∕𝑝𝑗 , being 𝐷𝑒 the equivalent 
hydraulic diameter and 𝑝𝑗 the perimeter of the SJ exit section. Further-
more, head losses and flow separation effects have been reduced with 
the aid of appropriate fillets shown in Fig. 2.

The synthetic jet is generated using a 900 W, 12 in subwoofer 
(Alpine X-W12D4) as oscillating driver [53]. It is supplied with a si-
nusoidal input signal generated by a Digilent Analog Discovery™ USB 
Oscilloscope, coupled with a power amplifier (Behringer NX6000D). 
The subwoofer has been mounted at the base of the wing sting with an 
insulation sheath to avoid the transmission of the vibrations to the wing 
and they are dampened also by the large mass of the wing assembly. As 
a result, the possible effect of vibration has been considered negligible 
especially in the low power range employed in the experimental tests.

As described in the introduction section, the SJ actuation frequen-
cies have been tuned to the inherent vortices instabilities. By recalling 
the wavelengths of the Crow [54] and Widnall [19,55,47] instabilities, 
the following actuation frequencies have been employed:

𝑓Crow =
𝑈∞
𝜆Crow

≃ 6 Hz ⟹ 𝐹+ = 0.071 (3a)

𝑓Widnall =
𝑈∞

𝜆Widnall
≃ 44 Hz ⟹ 𝐹+ = 0.55 . (3b)

At these working frequencies, the impedance of the three SJ configura-
tions differs of less than 4%.

In order to investigate the effect of the SJ exit velocity 𝑈0 on the 
wingtip vortices control, a constant momentum coefficient 𝐶𝜇 = 0.2%
5

(Eq. (1)) has been considered for both frequencies. Since the tested 
models reported in Fig. 2 present a SJ exit section area increasing by 
four times from 0.006𝑐2 (Ss01) to 0.024𝑐2 (Ss04), keeping 𝐶𝜇 constant 
results in a halved SJ velocity 𝑈0.

A preliminary characterization of the jet issuing through the slots 
was performed in wind-off conditions. The instantaneous velocity of 
the synthetic jet at both the tips was measured by means of a constant 
temperature anemometer system (Dantec-MiniCTA) equipped with a 
single-component hot wire of length 1.25 mm and diameter 5 μm. It 
is worth noting that the hot-wire sensor acquisitions, at a sampling fre-
quency fixed to 1000𝑓𝑎, were synchronized with the electrical signal 
sent to the loudspeaker. As a result, the phase shift between this electri-
cal signal and the synthetic jet exit velocity was characterized in order 
to accurately identify the start of the cycle of the synthetic jet with re-
spect to the sampled phases. Hot-wire measurements were performed 
at the exit of the synthetic jet in three different locations (1∕4, 1∕2 and 
3∕4) along the slot length and at half the height of the slot for both the 
wing tips. For each location, the time-averaged ejection velocity was 
calculated and 𝑈0 was assumed equal to the average of all these val-
ues. The amplitude of the input voltage signal was varied iteratively 
until the measured 𝑈0 differed less than 1% from the target value cor-
responding to the desired 𝐶𝜇 . The relative standard deviation (standard 
deviation normalized by the average) of the six different measurements 
was found to be lower than 0.5%.

Lastly, the velocimetry measurements were carried out for each SJ 
configuration in four different crosswise planes downstream of the wing 
model. The employed reference frame 𝑂𝑥𝑦𝑧 is shown in Fig. 2; the 
origin is located in the middle of the wing trailing edge, whereas the 
𝑥, 𝑦 and 𝑧 axes are aligned with the spanwise, crosswise (upward) and 
streamwise directions, respectively. Particle images are acquired in the 
four planes 𝑧∕𝑐 = 0.1, 𝑧∕𝑐 = 0.5, 𝑧∕𝑐 = 1, and 𝑧∕𝑐 = 2, parallel to the 
𝑥𝑦 coordinate plane. In the following, the S-PIV setup and the image 
processing are described in detail.

2.3. S-PIV setup and image processing

Stereoscopic particle image velocimetry is used to measure the in-
stantaneous two-dimensional three-component (2D-3C) velocity field. 
A schematic of the experimental setup is shown in Fig. 3. The flow is 
seeded using the Safex Fog Fluid “Extra Clean” for PIV applications; it is 

nebulized by a smoke machine Martin Magnum 1200 which produces 
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particles having a mean diameter of 1 μm, thus resulting in a Stokes 
number 𝑆𝑡 ≪ 1. The wind tunnel fan guarantees the mixing of the 
particles in the flow. Illumination is provided by a Quantel Evergreen 
low-speed double pulsed Nd:YAG laser (532 nm, 200 mJ per pulse, <10 
ns pulse duration). The laser beam is shaped into a 2.2 mm thick light 
sheet. The time delay between the two laser pulses has been set to 
20 μs. Particle images are acquired by two Andor Zyla sCMOS cameras 
(2160 × 2560 pixels, pixel pitch of 6.5 μm, intensity resolution 16 bit) 
in stereo configuration equipped with a Nikon Micro-Nikkor lens with a 
focal length of 200 mm. Both cameras are in side-scattering, with a rel-
ative aperture set to 𝑓# = 16. The angle between the optical axes of the 
two cameras is set to about 86◦ and 3D-printed Scheimpflug adapters 
are used in order to achieve uniform focus across the entire field of 
view. The present imaging produces a field of view of 0.84𝑐×0.90𝑐 with 
a spatial resolution of 15.8 pixel∕mm. The optical camera calibration 
has been performed by using a target plate made of a regular Cartesian 
grid of white dots on a black background with a 10 mm spacing on both 
the front and back surfaces. The mapping functions between the im-
age planes and the measurement plane are determined using a pinhole 
camera model. The root mean square calibration error is lower than 1.4 
pixels for both cameras.

In order to perform phase-locked measurements, the acquisition 
system is synchronized with the synthetic jet for each investigated con-
trolled case by an external signal synchronizer. In particular, the S-PIV 
measurements are locked to the electrical signal driving the loudspeaker 
with a proper sampling frequency estimated according the procedure of 
Greco et al. [53]. For the present work, the phenomenon is sampled 
with a phase separation Δ𝜙 = 24◦, leading to 15 phases per cycle. A 
total of 3750 image pairs, i.e. 250 snapshots per phase, are acquired 
to obtain statistically reliable data. The quality of the image pairs is 
improved by subtracting a background intensity from the raw images 
obtained by computing the historical minimum intensity based on the 
entire ensemble of the image pairs.

A multiple-pass algorithm with image deformation is employed to 
compute the velocity field using Blackman weighting windows accord-
ing to Astarita and Cardone [56], and Astarita [57–59]. The final in-
terrogation area size is 96 × 96 pixels corresponding to an equivalent 
48 × 48 top-hat interrogation window [58], with an overlap of 66.7%, 
resulting in a measurement resolution 𝐿𝑚 of about 2 mm. This is enough 
to resolve accurately the inner core of the wing-tip vortex [60,61]. The 
minimum core radius of the wing tip vortex detected in the phase-
averaged velocity field is equal to 6.0 mm, whereas the average core 
radius is 9.6 mm. Therefore, 𝐿𝑚∕𝑟𝑐 ≤ 0.33 and on the average the ratio 
𝐿𝑚∕𝑟𝑐 is equal to 0.21. The latter value is only slightly greater than the 
threshold value (𝐿𝑚∕𝑟𝑐 < 0.2) suggested in [62] and [63] for accurate 
measurements of the core radius. Lastly, the maximum random error on 
the instantaneous velocity vectors is estimated to be 0.106 pixels [64], 
which leads to a vorticity uncertainty of about 2.3% of the maximum 
detected phase-averaged vorticity [65].

3. Data processing and metrics

3.1. Vortex identification method

Different vortex identification methods have been proposed over the 
years such as the swirling strength scheme [66], 𝑄 and 𝜆2 criteria [67], 
and the geometric center approach [60]. Several reviews of the most 
common vortex identification techniques have been reported in the lit-
erature [68,69]. The method used in the present study is that proposed 
by Graftieaux et al. [70] and is based on the computation of a non-
Galilean invariant approach. In particular, it is based on the evaluation 
of the scalar function Γ1 (𝑃 ) as follows:

1 ∑ (
𝑃𝑀 × 𝑢𝑀

)
⋅ 𝑒𝑧
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Γ1 (𝑃 ) =
𝑁

𝑆
|𝑃𝑀| ||𝑢𝑀 || (4)
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where 𝑃𝑀 is the vector from the center point 𝑃 to a point 𝑀 in the 
region 𝑆 , which may be of any arbitrary shape that includes the point 
𝑃 for a determination of Γ1 (𝑃 ). Furthermore, 𝑢𝑀 is the velocity vec-
tor at point 𝑀 while 𝑒𝑧 is the unit vector normal to the measurement 
plane. The vortex center corresponds to the measurement point where 
the value of the scalar function Γ1 is maximum. In particular, the Γ1
function was conceived in order to separate the velocity fluctuations 
caused by large-scale vortices from those related to small-scale turbu-
lence [70–72].

3.2. Vortex model

The geometrical and physical characteristics of a single wingtip vor-
tex are accurately evaluated by fitting the experimental streamwise vor-
ticity field to the following two-dimensional elliptical Gaussian model:

𝜁𝑧 (𝑥, 𝑦) = 𝜁𝑧,𝑚𝑎𝑥exp

[
−

(
𝑥′2

𝐷2
𝑚𝑎𝑥

∕8
+ 𝑦′2

𝐷2
𝑚𝑖𝑛

∕8

)]
(5)

where 𝜁𝑧,𝑚𝑎𝑥 is the streamwise vorticity peak, 𝐷𝑚𝑎𝑥 and 𝐷𝑚𝑖𝑛 are the 
major and minor axes of the elliptical vortex core region and 𝑥′, 𝑦′ are 
the coordinates along the vortex principal axis directions and are re-
lated to the wing-body coordinates via the following transformation:[
𝑥′

𝑦′

]
=
[
cosΦ sinΦ
−sinΦ cosΦ

][
𝑥− 𝑥0
𝑦− 𝑦0

]
, (6)

with 𝑥0 and 𝑦0 being the wing-body coordinates of the vortex center 
and Φ the angle between the 𝑥′ (major axis direction) and the 𝑥 axes.

The geometrical characteristics of the vortex are completely de-
scribed by the set of parameters 𝐷𝑚𝑎𝑥, 𝐷𝑚𝑖𝑛, and Φ. This approach has 
been preferred to the Lamb-Oseen vortex model (single Gaussian vor-
ticity profile, [73]) given the capability to pick up non-circular shapes 
of the vortex.

4. Time-averaged results

In this section, the results of the average based on the entire ensem-
ble of the acquired instantaneous flow fields for each physical quantity 
will be presented and discussed in terms of the main physical charac-
teristics of the wingtip vortex such as the streamwise vorticity fields, 
circumferential velocity, and circulation. As regards the notation em-
ployed for the velocity components, the small letters 𝑢, 𝑣, and 𝑤 in-
dicate the instantaneous velocity components while the operator (⋅)
represents time-averaged values.

4.1. Streamwise vorticity and geometrical features

The normalized time-averaged streamwise vorticity fields 𝜁𝑧𝑐∕𝑈∞
for the baseline configuration at 𝑧∕𝑐 = 0.1, 0.5, 1, 2 are reported in 
Fig. 4. Two different regions can be identified: the wake shear layer 
and the tip vortex. The former exhibits a spiral shape with relatively low 
vorticity levels, whereas the latter contains most of the vorticity within 
a nearly circular area. Outside the wake and the tip vortex regions, the 
vorticity is almost zero. At 𝑧∕𝑐 = 0.1, the peak value of the normalized 
streamwise vorticity at the center of the vortex core region is about 10. 
Half a chordlength downstream, the vorticity has rolled up into a co-
herent trailing vortex, which is also seen at the last measurement plane 
with no qualitative changes. However, the vortex moves inboard and 
upward at downstream locations with a peak value decreasing down to 
50% at 𝑧∕𝑐 = 2.

In order to obtain a good understanding of the effect of the SJ ac-
tuation with an increasing jet velocity, the contours of 𝜁𝑧𝑐∕𝑈∞ for the 
controlled case at 𝐹+ = 0.071 and 𝐹+ = 0.55 for the model Ss01 and 
Ss04 respectively are examined in Fig. 5. The horizontal dashed black 
line represents the projection of the wing trailing edge.

For the controlled case at 𝐶𝜇 = 0.2%, 𝐹+ = 0.071 and the wing 

model Ss01 (Fig. 5a, 5b, 5c, and 5d), two main vortices, which are the 
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Fig. 4. Time-averaged streamwise vorticity fields for the baseline configuration BCs. Measurement planes at 𝑧∕𝑐 = 0.1, 0.5, 1 and 2. The dashed lines represent the 
intersections with the reference 𝑦 = 0 plane, i.e. the projections of the trailing edge on the same planes. (For interpretation of the colors in the figure(s), the reader 
is referred to the web version of this article.)

Fig. 5. Contour maps of the normalized time-averaged streamwise vorticity fields at different streamwise locations for the controlled cases with 𝐶𝜇 = 0.2% and: (a-d) 
𝐹 + = 0.071 for the model Ss01; (e-h) 𝐹+ = 0.55 for the model Ss04.
wingtip vortex and the co-rotating jet vortex, are clearly visible. The 
interaction between these two co-rotating vortices downstream of the 
trailing edge characterizes the near wake depending on their strengths 
and initial location. As it can be noted, the strength of the jet vortex is 
three times lower than the tip one and it almost vanishes at 𝑧∕𝑐 = 2. The 
presence of the co-rotating jet vortex is in agreement with the findings 
of Margaris and Gursul [46]. The effectiveness of the SJ is meaningful, 
leading a vortex strength reduction, with respect to the baseline case, 
of about 38%, 55%, 65%, and 53% at 𝑧∕𝑐 = 0.1, 0.5, 1, 2 respectively. 
7

By decreasing the SJ exit velocity, the jet vortex has been found to be 
very weak and it completely disappears by increasing the actuation fre-
quency to 𝐹+ = 0.55 as shown in Fig. 5e, 5f, 5g, and 5h for the wing 
model Ss04. As a result, the upward displacement of the vortex is re-
duced with respect to the previous controlled case. However, a huge 
impact on the streamwise vorticity peak is registered as well, with a 
maximum reduction of 50% at 𝑧∕𝑐 = 2. Moreover, in both controlled 
cases the wingtip vortex appears to be more diffuse, hence covering a 
larger area around the mean vortex center moving downstream.

This behavior is confirmed in Fig. 6 where the geometrical charac-

teristics of the vortex are reported for all the controlled cases tuned to 
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Fig. 6. Normalized time-averaged vortex major axis, aspect ratio and inclination angle for all the configurations investigated at 𝐶𝜇 = 0.2%.

Fig. 7. Time-averaged radial distribution of the normalized circumferential velocity at different downstream positions for all the configuration investigated at 
𝐶𝜇 = 0.2%.
the Crow (𝐹+ = 0.071) and Widnall (𝐹+ = 0.55) instability frequency. 
In particular, the most pronounced diffusion is related to the Ss02, 
𝐹+ = 0.55, where a major axis increase of about 82% with respect to 
the baseline case is observed at 𝑧∕𝑐 = 2. As it can be noted in Fig. 6a, 
the vortex aspect ratio in each controlled case is maximized at 𝑧∕𝑐 = 0.1
and it is slightly higher than the baseline case, meaning that the SJ ac-
tuation does not give rise to a significant stretching whilst causing a 
mean rotation of the vortex principal axis since the inclination angle Φ
increases with the actuation and downstream distance.

It is noted that the streamwise vorticity peak reduction obtained in 
the present work is comparable to the one achieved by Dghim et al. 
[48] at the downstream distance 𝑧∕𝑐 = 3. With a momentum coefficient 
halved (𝐶𝜇 = 0.1%) with respect to the controlled case of the present 
8

work, but with higher frequency (𝐹+ = 0.96), they obtained a decrease 
of the axial vorticity peak of 22% with respect to the baseline case 
against the reduction of at least 50% obtained for the present work at 
𝑧∕𝑐 = 2. Dghim et al. [48] demonstrated a similar streamwise vorticity 
peak reduction of 60% compared to the natural vortex case only with a 
higher 𝐶𝜇 = 1% against the momentum coefficient of the present work 
equal to 𝐶𝜇 = 0.2%, suggesting that less power to generate the actuation 
would be sufficient to produce an equally effective control.

4.2. Circumferential velocity

The effect of the SJ actuation frequency on the wingtip vortices 
may be further quantified by evaluating the radial profiles of the mean 
circumferential velocity which is a crucial parameter for the induced 

rolling moment in a wake hazard. As a first step, Fig. 7 shows the dis-
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tribution of the normalized time-averaged 𝑦 velocity component 𝑣∕𝑈∞
along the 𝑥-direction at 𝑦 = 𝑦0 (namely the 𝑦-coordinate corresponding 
to the vortex center position) for all the investigated control config-
urations. Such a distribution coincides with the radial profile of the 
circumferential velocity along the vortex diameter aligned to the wing 
span direction. It is important to note that in all the measurement 
planes, the circumferential velocity exhibits positive peaks with mag-
nitudes that are at least 50% higher than that of the negative peaks. 
This behavior can be ascribed to the double induction caused by the tip 
vortex itself and by the neighboring one, both inducing an upward ve-
locity. In the following, only the positive peaks are analyzed. The region 
between the ensemble-averaged vortex location and the radial location 
at which the peak value occurs is often referred to as the inner vortex 
region. For the case BCs at 𝑧∕𝑐 = 0.1, a dimensionless circumferential 
velocity peak value of 0.15 is reached at a normalized radial location 
of about 0.043. Moving to 𝑧∕𝑐 = 2, the peak is displaced to larger ra-
dial location (𝑟∕𝑐 = 0.053) reducing of 26%. This may be attributed to 
the increased roll-up of the shear layer with increased streamwise dis-
tance. With the actuation, the gradient of 𝑣∕𝑈∞ at the vortex center 
is decreased of about 30% for each controlled case, which is the re-
sult of a more diffuse vortex. This is confirmed also by the degree of 
asymmetry which becomes more pronounced with the SJ blowing go-
ing downstream. This decrease in the core shear is accompanied by a 
remarkable decrease in the peak value of at least 10% for each con-
trolled case and downstream distance, with a maximum drop of about 
38% for the configuration of Ss04, 𝐹+ = 0.071 at 𝑧∕𝑐 = 0.5. In partic-
ular, the higher actuation frequency 𝐹+ = 0.55 (i.e. Widnall instability 
frequency) generally outperforms the lower one in any test case with 
the only exception of the wing model Ss01 at 𝑧∕𝑐 = 0.5 and 1 in which 
the tuned Crow instability leads to circumferential velocity 7% less in-
tense.

Finally, blowing through a larger exit section (Ss04) leads to a strik-
ing reduction of 𝑣∕𝑈∞ of 19%, 32%, 27%, and 26% (Ss04, 𝐹+ = 0.55) 
at 𝑧∕𝑐 = 0.1, 0.5, 1 and 2 respectively, which is a promising result. 
The effectiveness of the SJ actuation in promoting vortex diffusion is in 
agreement with both the works of Margaris and Gursul [45] and Dghmi 
et al. [49] and the previous work from the present authors [50].

Although crucial three-dimensional effects dominate the genesis of 
vortex roll-up and formation, Phillips [74] reported that the circum-
ferential velocity profiles adopt a self-similar behavior in the wingtip 
vortex core, when 𝑈𝜃 and 𝑟 are normalized by the peak value, 𝑈𝜃,𝑚, 
and the corresponding radial location, 𝑟𝑐 , respectively. The normalized 
radial positions are identified with the self-similar variable 𝜂 = 𝑟∕𝑟𝑐 . 
The profiles of the normalized circumferential velocities fit the follow-
ing model equation:

𝑈𝜃

𝑈𝜃,𝑚

=
(
1 + 1

2𝜒

)
1
𝜂

(
1 − 𝑒−𝜒𝜂

2
)

(7)

where 𝜒 is defined by 𝑒𝜒 = 1 + 2𝜒 , yielding 𝜒 ≈ 1.256. The vortex 
model of Eq. (7) along with the experimental measurements are shown 
in Fig. 8. The circumferential velocity is here calculated as follows:

𝑈𝜃(𝑟, 𝜃) =
(
𝑣− 𝑣𝑐

)
cos𝜃 −

(
𝑢− 𝑢𝑐

)
sin𝜃 (8)

where 𝑟 and 𝜃 are the radial and azimuthal coordinates in the polar ref-
erence frame with origin in the vortex core center and 𝑢𝑐 and 𝑣𝑐 are the 
spanwise and transverse velocities of the vortex center, respectively. In 
particular, the values of 𝑈𝜃 at a given 𝑟 are determined by averaging the 
values of the circumferential velocities along the whole circumference 
with radius equal to 𝑟 sampled every 3.6 degrees.

Starting from the baseline configuration BCs, a good collapse with 
the theoretical fit inside the vortex core (𝜂 ≤ 1.2) is clearly visible at 
𝑧∕𝑐 = 0.1. Also for larger downstream distances 𝑧∕𝑐 ≥ 0.5, the profiles 
of the normalized circumferential velocity collapse fairly well with the 
curve fit proposed by Phillips [74], indicating a self-similar vortex struc-
9

ture. It may be inferred that the roll-up process is almost completed 
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at 𝑧∕𝑐 = 2 and the vortex core has evolved asymptotically to reach a 
nearly axisymmetric distribution. However, a non-negligible variance 
of the radial profiles 𝑈𝜃∕𝑈𝜃,𝑚 from the theoretical model can be de-
tected outside the vortex core (𝜂 ≥ 1.2). As suggested by Saffman [75], 
the lack of collapse can be caused by the gradual transition between the 
viscous core region and the outer region dominated by the irrotational 
flow of the rolling vortex sheet. Under the controlled cases tuned to the 
Crow instability frequency (Fig. 8b, 8c, 8d), the SJ actuation seems to 
not modify the structure of the vortex core as the 𝑈𝜃∕𝑈𝜃,𝑚 continues 
to exhibit a reasonable collapse with the theoretical fit at all the down-
stream locations, suggesting an asymptotic state. Actually, in the outer 
region, a larger departure from the model with respect to the BCs case 
is registered. This behavior is representative of the SJ actuation effects 
on the region around the vortex core where high-turbulence mixing al-
leviates the velocity gradients and thus increases the outward diffusion 
of vorticity. On the other hand, under the controlled case tuned to the 
Widnall instability frequency (Fig. 8e, 8f, 8g), it is clear that the wingtip 
vortex does not exhibit a self-similar behavior. In fact, the vortex core 
structure is deeply modified when excited with a frequency equal to the 
Widnall instability one [54]. The slight upward departure from the the-
oretical model was observed in previous studies by Dghim et al. [48,49]. 
On the contrary, the actuation at higher 𝐹+ appears to not follow the 
theoretical vortex model, as it can be noted in Fig. 8e, 8f, 8g. This un-
conventional trend may be ascribed to the smoothing of the velocity 
gradients and to the large turbulence levels around the vortex gener-
ated by the SJ blowing which may lead to a higher spreading rate along 
the radial direction, requiring larger downstream distances to achieve a 
self-similar state.

4.3. Circulation

Time-averaged vortex circulation represents a key parameter to 
evaluate the effect of the synthetic jet actuation on the wingtip vor-
tices features and development. The results are displayed in Fig. 9. The 
vortex circulation is computed as the integral of the vorticity distribu-
tion given by the fitted model of Eq. (5) over the vortex region area.

As expected from the streamwise vorticity results, the SJ greatly af-
fects the time-averaged vortex circulation causing a relevant reduction 
in each condition investigated of about 25% with respect to the base-
line configuration BCs. The maximum SJ influence is registered for the 
wing configuration Ss01 at 𝑧∕𝑐 = 1 for the Crow instability frequency 
(𝐹+ = 0.071) which leads to a striking reduction of the circulation of 
52%. According to this metrics, higher SJ velocity can be more benefi-
cial in the wingtip vortices alleviations. On the other hand, by increas-
ing the actuation frequency (𝐹+ = 0.55), the intermediate wing model 
Ss02 has been found to be the best configuration which reduces the cir-
culation more than 35% at each measurement plane. However, these 
results are in contrast with the previous findings [50] at 𝑧∕𝑐 = 3, where 
an increase of the vortex circulation up to 29% has been demonstrated, 
which could be beneficial as well because the instability growth rate of 
the wingtip vortices is proportional to Γ∕2𝜋𝑏 [54]. Margaris and Gur-
sul [45] evaluated the circulation over a rectangle, defined as the area 
including all the vorticity above 5% of the streamwise vorticity peak 
value. They did not demonstrate a noticeable effect of the synthetic jet 
actuation on the total circulation which remains constant with the actu-
ation frequency and at most 2% higher than the reference value, while 
Dghim et al. [48] evaluated only the radial distribution of the circu-
lation at 𝑧∕𝑐 = 3 finding a circulation decrease inside the vortex core 
due to the reduced vorticity, and an increase of around 10% outside the 
core region due to the vorticity diffusion over a larger area.

As already demonstrated for the circumferential velocity, the effect 
of the SJ actuation control on the wingtip vortex core structure can be 
examined from the radial distribution of the normalized circulation, 
Γ∕Γ𝑐 , plotted against the similarity variable, 𝜂, for different down-
stream positions in Fig. 10. Hoffmann and Joubert [76] suggested an 

empirical curve fitting relationship to analyze the circulation behavior 
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Fig. 8. Time-averaged radial profiles of the normalized circumferential velocity in a self-similar coordinates system at 𝐶𝜇 = 0.2% and different downstream positions.

Fig. 9. Normalized time-averaged vortex circulation comparison with respect to the BCs for each configuration investigated at 𝐶𝜇 = 0.2%. The BCs values of 
𝐵𝐶𝑠
10

Γ ∕𝑐𝑈∞ are equal to 0.0443, 0.0424, 0.0433, 0.0404 at 𝑧∕𝑐 = 0.1, 0.5, 1, 2 respectively.
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Fig. 10. Time-averaged self-similar circulation profiles of the inner region at 𝐶𝜇 = 0.2% and different downstream positions: I, inner core; II, buffer region; III, 
logarithmic region; IV, outer region.
within the inner core and the logarithmic regions of the vortex accord-
ing to the following expressions:

Γ (𝜂)
Γ𝑐

=𝐴𝜂2 for 𝜂 < 0.4 (9)

Γ (𝜂)
Γ𝑐

= 1 +𝐵 log (𝜂) for 0.5 < 𝜂 < 1.4 (10)

where the constants 𝐴 and 𝐵 are 1.83 and 0.93, respectively. As it can 
be noted in Fig. 10a, the baseline configuration BCs shows a reason-
able agreement with the curve fit equations (9) and (10). However, a 
departure is evident in the logarithmic and outer regions (III and IV), 
suggesting that the vortex has not reached a self-similar state yet and 
11

thus a perfectly complete roll-up. A better agreement has been noticed 
with the sixth-order polynomial suggested by Ramaprian and Zheng 
[77] and Birch et al. [78] following the expression

Γ (𝜂)
Γ𝑐

= 𝑎0𝜂
2 + 𝑎1𝜂

4 + 𝑎2𝜂
6 (11)

where the constants 𝑎0, 𝑎1, and 𝑎2 are 1.756, -1.044, and 0.263, re-
spectively. The excellent agreement of both the baseline and controlled 
cases self-similar circulation profiles with the curve fit in the inner core 
region (I) indicates that this region is mainly dominated by the viscous 
effect where the vortex core has an approximately rigid-body rotation 
[76,79]. The lack of collapse in the outer region (IV) is present also for 
the controlled cases. In particular, when increasing the actuation fre-
quency at 𝐹+ = 0.55, the departure among the curves at the different 

measurement planes increases, meaning that the vortex core will re-
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Fig. 11. Behavior of normalized phase-averaged vortices distance as a function of the phase of the electrical signal at different downstream positions for all the 
configurations investigated. The time-averaged BC values 𝑏0

𝐵𝐶𝑠
∕𝑐 are equal to 1.86 and 1.78 at 𝑧∕𝑐 = 0.1, 2 respectively.
quire larger downstream distances to reach an asymptotic state due to 
outward diffusion caused by the SJ momentum injection.

5. Phase-averaged results

The phase-locked measurement results of the wingtip vortices are 
discussed in details in the present section. In all the following analy-
ses, the phase 𝜙 = 0◦ is chosen as the phase at which the velocity field 
in the selected streamwise plane starts to feel the effect of the SJ ejec-
tion stroke. It is worth reminding that the velocimetry measurements 
are locked to the voltage input signal sent to the loudspeaker of the SJ 
actuator in the present experiments. The phase difference between the 
phase zero of the electrical signal (𝜙𝑒 = 0◦) and the chosen phase zero 
(𝜙 = 0◦) consists of two contributions: the phase difference between the 
electrical signal and the velocity response of the synthetic jet, which de-
pends on the actuator geometry and the operating frequency, and the 
phase difference related to the convective propagation of the SJ distur-
bance from the jet slot exit to the measurement plane, which depends 
on the convective velocity 𝑈𝑐 and the operating frequency according to 
Δ𝜙𝑐𝑜𝑛𝑣 = 2𝜋𝑓Δ𝑧∕𝑈𝑐 (being Δ𝑧 the streamwise distance traveled by the 
disturbance). The first contribution can be easily determined by charac-
terizing the frequency response of the SJ actuator, whereas the second 
contribution is more difficult to estimate since 𝑈𝑐 is not known a priori. 
While 𝑈𝑐 is expected to be the same order as 𝑈∞, the choice 𝑈𝑐 = 𝑈∞
might be inaccurate due to the momentum deficit in the vortex core. 
For such a reason, in the present study the determination of the phase 
𝜙 = 0◦ is not based on the estimation of the two above-mentioned con-
tributions; conversely, it relies on the velocimetry data related to the 
wingtip vortex phase evolution. In particular, for this purpose the phase 
evolution of the distance 𝑏0 between the wing tip vortices forming at 
the opposite edges of the wing model is considered. Since the field of 
view is focused on only one tip vortex, 𝑏0 is determined from the po-
12

sition of the vorticity peak by assuming that the vorticity distribution 
in the wake of the wing model is symmetric with respect to the wing 
middle plane. In such a way, being 𝑥0 the spanwise location of the vor-
tex center (see Section 3.2), the distance between the wingtip vortices 
is given by 𝑏0 = 2|𝑥0|. The phase evolution of the ratio between the 
phase-averaged value of 𝑏0 and the time-averaged value related to the 
baseline case 𝑏0

𝐵𝐶𝑠
is reported in Fig. 11 for all the three wing models 

equipped with a SJ actuator, for the nearest and the farthest measure-
ment planes and the two operating frequencies under examination. In 
these diagrams, the phase reported on the abscissa is the electrical phase 
𝜙𝑒. It is possible to notice that in each of the presented cases, there ex-

ists a phase in which ⟨𝑏0⟩∕𝑏0𝐵𝐶𝑠
starts to increase above unity before 

reaching a maximum and then decreasing again. This phase can be as-
sumed as the one at which the velocity field starts to feel the effect of 
the SJ ejection stroke; in fact, the momentum flux associated with the 
jet issuing through the slot causes the wing tip vortex to move outward 
(and downward) after the merging with the SJ primary vortex as shown 
in the following. In the current study, such a phase is calculated via a 
discrete Fourirer analysis of the ⟨𝑏0⟩ curves reported in Fig. 11. Fig. 12
shows these same curves in the new phase space where for 𝜙 = 0◦ the 
ejection stroke starts to affect the flow field in the investigated plane. In 
conclusion, it is noticed that the method used here to estimate the ini-
tial phase has been validated for the measurements related to 𝑧∕𝑐 = 0.1. 
In this case, Δ𝜙𝑐𝑜𝑛𝑣 is few degrees since 𝑧 is small and the chosen zero 
phase in fact coincides with the beginning of the blowing phase of the 
SJ cycle, which was determined via the characterization of the SJ actu-
ator frequency response.

5.1. Streamwise vorticity and geometrical features

The phase-evolution of the normalized streamwise vorticity peak is 
reported in Fig. 13 for each control configuration investigated at differ-

ent downstream positions.
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Fig. 12. Behavior of normalized phase-averaged vortices distance as a function of the phase 𝜙 (see the text for explanation) at different downstream positions for all 
the configurations investigated. The time-averaged BC values 𝑏0

𝐵𝐶𝑠
∕𝑐 are equal to 1.86 and 1.78 at 𝑧∕𝑐 = 0.1, 2 respectively.
When the SJ is tuned to the Crow instability frequency at low 
𝐹+ = 0.071 (Fig. 13a, 13c, 13e, 13g), it is evident that the SJ is largely 
impactful during the blowing phase. In such a phase, for all the exam-
ined configurations and in all the investigated planes, the interaction 
of the SJ with the wing tip vortex results initially in a reduction of 
the vortex strength, which covers approximately the first quarter of the 
blowing phase. This is associated with a weakening of the rollup process 
caused by the SJ ejection. Such a behavior is followed by an increase 
up to a maximum value (reached between 90◦ and 135◦), before a new 
drop which is completed at the beginning of the suction phase. The lat-
ter trend is associated with the evolution of the SJ primary vortex in the 
blowing phase, which intensifies with increasing values of the jet veloc-
ity and attenuates with decreasing values. In fact, as it is shown in the 
following, the SJ primary vortex and the wingtip vortex are co-rotating 
and merge in a single vortex downstream. Therefore, the SJ ejection has 
two competing effects on the wing tip vortex strength evolution: on one 
side, it produces a virtual increase of the wing span which favors a de-
crease of the vortex strength, on the other side, it results into a direct 
injection of vorticity into the wing tip vortex core which may cause its 
strengthening in proximity of the wing tip. This second effect is indeed 
dominating for the Ss01 case at 𝑧∕𝑐 = 0.1 where the vortex strength is 
found to be greater than that of the natural vortex in the second half of 
the blowing phase. In all the remaining cases, however, the first above-
mentioned effect is prevalent and a vorticity peak smaller than that of 
the baseline case is observed.

On the other side, during the suction phase the vortex strength
keeps approximately constant and equal to or larger than the BC value 
especially for the two streamwise planes closest to the trailing edge 
(𝑧∕𝑐 = 0.1 and 𝑧∕𝑐 = 0.5). As it will be shown later in this section, the 
wingtip vortices are pushed outward during the SJ blowing phase and 
they move back on the suction phase. As a result, the vortices interact 
more with the shear-layer leaving the trailing edge which could cause 
13

the vorticity enhancement.
However, it is possible to note that at each downstream location, in-
creasing the SJ exit section area from the wing model Ss01 to a 4 times 
greater value of the wing model Ss04 leads to an even better perfor-
mance in terms of streamwise vorticity peak reduction with respect to 
the baseline configuration, with reductions as large as 80% at 𝑧∕𝑐 = 2. 
In particular, the wing model Ss04 with the greatest SJ exit section area 
(i.e. lower SJ exit velocity) outperforms the others with a streamwise
vorticity peak reduction up of at least 60% during the SJ blowing phase 
at each downstream distance, which is promising.

It can be argued that blowing through a larger area allows the 
jets to interact more with the wingtip vortices resulting in a better 
performance of the synthetic jet active control. Actually, this behav-
ior is confirmed in Fig. 13b, 13d, 13f, and 13h where the normalized 
streamwise vorticity peak of the SJ configurations tuned to the Widnall 
instability frequency (𝐹+ = 0.55) are reported. Here, a more sinusoidal 
phase-evolution is displayed, with again a greater efficiency during the 
SJ blowing phase where a maximum peak reduction around 80% is still 
attained for the wing model Ss04.

On the other side, during the SJ suction phase the streamwise vor-
ticity peak nearly recovers the baseline value (slightly greater values up 
to 30% are found for the wing model Ss01 at 𝑧∕𝑐 = 1). This confirms 
the time-averaged results for which the maximum SJ effectiveness on 
wingtip vortices control is achieved by blowing at high actuation fre-
quency.

In order to have a better and visual understanding of the SJ actua-
tion effectiveness, the phase-averaged contour maps of the normalized 
streamwise vorticity ⟨𝜁⟩ 𝑐∕𝑈∞ in the 𝑧∕𝑐 = 0.1 plane are reported in 
Fig. 14 and 15 for the controlled configurations with 𝐹+ = 0.071 and 
𝐹+ = 0.55 for the models Ss01 and Ss04 respectively. The horizontal 
dashed black line represents the wing trailing edge projection on the 
measurement plane. Since from Fig. 13 it is possible to notice different 

phases in which the behavior of the streamwise vorticity peak is very 



Aerospace Science and Technology 148 (2024) 109068M. Zaccara, G. Paolillo, G. Cafiero et al.

Fig. 13. Normalized phase-averaged streamwise vorticity peak at different downstream positions for all the configuration investigated. The time-averaged BCs values 
of 𝜁𝐵𝐶𝑠

𝑧,𝑚𝑎𝑥
𝑐∕𝑈∞ are equal to 10.5, 8.31, 8.26, 5.34 at 𝑧∕𝑐 = 0.1, 0.5, 1, 2 respectively.
similar, for the sake of clarity, only half of the phase-averaged contour 
maps are presented.

At the lowest actuation frequency 𝐹+ = 0.071 (Fig. 14), the tip vor-
tex appears reinforced and overlapped to the jet vortex during the first 
part of the SJ blowing phase (a counter-rotating vortex is indeed visu-
alized in the phases when the synthetic jet is issued) and moves back to 
a position very close to that of the BC configuration during the suction 
phase. The vortex shape is almost circular and in correspondence of the 
14

SJ maximum blowing it is diffused over an area larger than the uncon-
trolled case. During the suction phase, the SJ seems to be less effective 
since the baseline characteristics are restored.

Finally, from Figs. 14-15 it is possible to notice that a further ef-

fect of the synthetic jet control is represented by the movement of 
the vortex from the baseline position which is located in correspon-

dence of the wing trailing edge projection and about 0.07𝑐 inward. The 
phase-evolution of the vortex centroids during the actuation is shown 

in Fig. 16(a, b), where the red cross indicates the time-averaged posi-
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Fig. 14. Contour maps of the normalized phase-averaged streamwise vorticity fields at 𝑧∕𝑐 = 0.1 for the wing model Ss01 at 𝐹+ = 0.071.

Fig. 15. Contour maps of the normalized phase-averaged streamwise vorticity fields at 𝑧∕𝑐 = 0.1 for the wing model Ss04 at 𝐹+ = 0.55.
tion of the wingtip vortex for the BC configuration. The black dashed 
line is again the projection of the trailing edge of the wing.

It is possible to notice in Fig. 16a that the synthetic jet actuation 
causes a periodic motion of the vortex at the Crow instability frequency 
configuration, moving the vortex about 0.14𝑐 both outboard and down-
ward. In particular, the motion turns out to be limited to a direction 
15

inclined of 45◦ with respect to the wing span direction represented as 
a plain gray line, which could promote the Crow instability [54]. The 
same periodic behavior is obtained also for the configuration tuned at 
the Widnall instability frequency for the wing model Ss04 as reported 
in Fig. 16b.

At higher values of 𝐹+, the vortex is pushed further outward, up 
to 0.24𝑐, and 0.1𝑐 downward, being the motion direction less inclined 

with respect to the previous case. This is clearly visible from the stream-
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Fig. 16. Phase-averaged vortex center position at (a, b) 𝑧∕𝑐 = 0.1, (c, d) 𝑧∕𝑐 = 0.5 and (e, f) 𝑧∕𝑐 = 2 for the wing model (a, c, e) Ss01 at 𝐹+ = 0.071 and (b, d, f) 
Ss04 at 𝐹 + = 0.55. The time-averaged BC position is marked with a red cross, while the gray line represents the 45◦ direction.
wise contour maps shown in Fig. 15. As already stated, the impact of 
the control configuration Ss04 at high actuation frequency is striking 
on the wingtip vortex strength reduction. In fact, during the SJ blow-
ing phase, the vortex starts to lose its coherence being largely diffused 
with a very low value of the vorticity peak. The vortex diameter is four 
times larger than the baseline value and it is highly stretched, which 
could trigger large values of the shear rate, thus leading to a prema-
ture loss of coherence. However, the SJ is confirmed to be less effective 
during the suction phase also for the configuration at high actuation 
frequency, since the vortex recovers the vorticity distribution, the geo-
16

metrical characteristics, and the position of the BC reference case.
At 𝑧∕𝑐 = 0.5, the vorticity field contours reported in Fig. 17 for the 
wing model Ss01 at 𝐹+ = 0.071 confirms the phase-evolution started 
at the previous location. From Fig. 17, it is possible to see clearly 
that the SJ ejection initially weakens the rollup process, thus reducing 
the wingtip strength (phase 𝜙 = 34◦). Subsequently, the wingtip vor-
tex merges with the forming SJ primary vortex and at 𝜙 = 82◦ only one 
pair of counter-rotating vortices is indeed detectable. This vortex pair 
is displaced outward and downward with respect to the BC stationary 
wingtip vortex. In the following phases, while the SJ vortex loses its in-
tensity, the wingtip vortex moves back to the BC position. As shown 

in Fig. 16(c, d), the maximum displacement is about 0.15𝑐 both along 
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Fig. 17. Contour maps of the normalized phase-averaged streamwise vorticity fields at 𝑧∕𝑐 = 0.5 for the wing model Ss01 at 𝐹+ = 0.071.

Fig. 18. Contour maps of the normalized phase-averaged streamwise vorticity fields at 𝑧∕𝑐 = 0.5 for the wing model Ss04 at 𝐹+ = 0.55.
the (negative) x and y directions and takes place essentially along the 
45° direction, thus confirming the possibility of an early triggering of 
the Crow instability. However, the synthetic jet effectiveness is demon-
strated only in the SJ blowing phase also in terms of the vortex position 
evolution (Fig. 16(c, d)) reaching a maximum displacement of about 
0.15𝑐 both outboard and downward along a 45◦ direction, confirming 
17

the possibility of an early trigger of the Crow instability.
At a higher value of the actuation frequency, the synthetic jet pen-
etrates more in the wingtip vortex leading to a very weak vorticity 
distribution in the middle part of the blowing period as shown in the 
contour maps reported in Fig. 18. The vortex continues losing its co-
herence due to the largely distributed turbulence injected through the 
high SJ exit section (Ss04) and it becomes barely detectable. Differently 

from the previous case, the configuration tuned to the Widnall instabil-
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Fig. 19. Contour maps of the normalized phase-averaged streamwise vorticity fields at 𝑧∕𝑐 = 2 for the wing model Ss01 at 𝐹+ = 0.071.
ity causes a larger displacement of the vortex (see Fig. 16d) up to 0.4𝑐
outward and 0.22𝑐 downward still in a direction different from 45◦. On 
the other hand, during the suction phase, the vorticity fields and the 
vortex features are very similar to the baseline configuration, confirm-
ing the loss of effectiveness of the synthetic jet.

For the sake of brevity, the phase-averaged vorticity results related 
to the downstream measurement plane at 𝑧∕𝑐 = 1 are not reported, 
since the vortex features are very similar to the normalized vorticity 
contour maps at 𝑧∕𝑐 = 2 shown in Fig. 19 and 20 for the wing model 
Ss01 and Ss04 at 𝐹+ = 0.071 and 𝐹+ = 0.55 respectively. Under the for-
mer control configuration, the wingtip vortex is noticeably weakened 
during the synthetic jet blowing phase and it is distributed over a wider 
area. During the suction phase, the vortex moves back to the baseline 
position which is located above the wing trailing edge projection due 
to the upwash induced by the couple of wingtip vortices generated by 
the negative lift of the wing. In particular, the baseline vorticity field 
is recovered also in this case and the presence of the jet vortex can be 
clearly detected from Figs. 19d-19g.

On the other hand, the synthetic jet configuration of the wing model 
Ss04 at higher 𝐹+ = 0.55 is demonstrated to be strongly effective as 
shown in the normalized vorticity fields reported in Fig. 20. In the mid-
dle of the ejection phase, the wingtip vortex appears divided in different 
weak sub-vortices which then merge together during the suction phase 
where a clearly coherent structure is visible.

Lastly, in order to assess the variation of the vortex positions, a plot 
of the phase-evolution of the vortex centroids is reported in Fig. 16(e, 
f). Due to the upwash caused by the mutual induction of the couple 
of wingtip vortices generated by the finite wing, the majority of the 
phase-average positions are located above the wing trailing edge pro-
jection and they correspond to the synthetic jet suction phases. During 
the blowing phase, it is evident that the vortex is pushed downward 
and outward of about 0.2𝑐 and 0.55𝑐 for the configuration of Ss01 at 
𝐹+ = 0.071 and Ss04 at 𝐹+ = 0.55 respectively. The periodic motion al-
ready found at the measurement planes close to the wing trailing edge 
is confirmed at 𝑧∕𝑐 = 2. In particular, it can be noticed that moving 
downstream the vortex displacement increases especially when forcing 
18

at the Widnall instability frequency. On the other hand, moving the 
wingtip vortex outward can be beneficial for avoiding the blade-vortex-
interaction noise in a rotor.

To summarize, according to the streamwise vorticity metric and the 
analysis of the geometrical characteristics of the wingtip vortex, the best 
control configuration is represented by the wing model with the largest 
synthetic jet exit section area (Ss04) at the higher actuation frequency 
tuned to the Widnall instability frequency (𝐹+ = 0.55). Moreover, the 
synthetic jet actuation has been demonstrated to reach the maximum 
effectiveness only during the blowing phase, while the baseline con-
figuration features are restored during the suction phase. As such, the 
use of a pulsed jet could be a useful alternative to be investigated, but 
losing the advantage of a zero-net-mass-flux device, so the problem of 
harvesting the injected air remains open.

6. Conclusions

This paper focused on the experimental investigation of the effec-
tiveness of synthetic jet actuation on the wingtip vortices and their 
wake hazard generated by an unswept, low aspect ratio, rectangular 
wing. The chosen model is justified by the need to preserve the mu-
tual induction of the counter-rotating vortices during their evolution. 
Stereoscopic Particle Image Velocimetry was employed as measurement 
technique for the 2D-3C velocity measurements.

An experimental rig described in section 2 was designed based only 
on the actuation frequencies tuned to the Crow and Widnall instabili-
ties. A fixed reference momentum coefficient of 𝐶𝜇 = 0.2% was consid-
ered for the near-field investigation at the downstream distances from 
the wing trailing edge of 𝑧∕𝑐 = 0.1, 0.5, 1 and 2. In addition to the 
baseline wing with a plain wing tip and no synthetic jet actuation, three 
squared-tipped wing models equipped with a 0.6𝑐-long SJ rectangular 
slot an increasing height of 0.01𝑐, 0.02𝑐, and 0.04𝑐 (namely Ss01, Ss02, 
and Ss04) were tested to analyze the effects of a variable SJ charac-
teristic velocity 𝑈0 at both actuation frequencies of 𝐹+ = 0.071 and 
𝐹+ = 0.55 at fixed 𝐶𝜇 .

The results reported in section 4 confirm the striking effectiveness 
of the synthetic jet actuation in alleviating the wingtip vortices, since 

a time-averaged reduction of the streamwise vorticity of at least 25% 
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Fig. 20. Contour maps of the normalized phase-averaged streamwise vorticity fields at 𝑧∕𝑐 = 2 for the wing model Ss04 at 𝐹+ = 0.55.
is obtained at each downstream distance for each wing model tested 
at both actuation frequencies. However, a control strategy based on 
blowing through a large SJ exit section area leads to a more impact-
ful wingtip vortices alleviation as confirmed by the phase-averaged 
results reported in section 5. The larger 𝐴𝑗 , the larger the vorticity drop 
as shown i.e. for the 𝑧∕𝑐 = 2 measurements at 𝐹+ = 0.071 where a 
40% and 80% of ⟨𝜁𝑧⟩𝑚𝑎𝑥∕𝜁𝐵𝐶𝑠

𝑧,𝑚𝑎𝑥
decrease is obtained for the Ss01 and 

Ss04 wing models respectively. Furthermore, the phase-evolution of the 
circumferential velocity peak confirms that the SJ configuration Ss04 
(maximum 𝐴𝑗 ) has the best performance in reducing the wake-hazard 
since the value of ⟨𝑈𝜃⟩𝑚𝑎𝑥 is reduced up to 50% which is notewor-
thy. The latter result is obtained at the frequency 𝐹+ = 0.55 tuned to 
the Widnall instability, which represents the second ingredient for ob-
taining the most useful SJ device for the active control of the wingtip 
vortices in the near-field. In fact, increasing the actuation frequency, 
the Ss04 configuration allows to reach the minimum vorticity level, the 
maximum vortex diffusion with an increased diameter up to 3 times the 
baseline reference value, and low values of the vortex circulation. In 
addition, the periodic motion along a ±45◦ direction at which the vor-
tex undergoes with the synthetic jet blowing is amplified at higher 𝐹+, 
which can be beneficial for avoiding the blade-vortex-interaction noise 
in a rotor and for a premature instability development in the aircraft 
wake.
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