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ABSTRACT

Wingtip vortices are proven to be detrimental to both aircraft efficiency and safety due
to their adverse effects such as wake hazard, blade vortex interaction (BVI) noise, and
induced drag. Despite the extensive literature on the subject, the number of experimen-
tal works featuring far field velocity measurements under active control are very limited.
The present thesis presents the experimental investigation of the effectiveness of syn-
thetic jet actuation control on the wingtip vortices and their wake hazard. In order to
preserve the mutual induction of the counter-rotating vortices during their evolution,
an unswept, low aspect ratio, squared-tipped, finite-span wing is employed. The syn-
thetic jet actuation is based on triggering the inherent instabilities of Crow and Widnall
at different momentum coefficient Cµ with the goal to reduce the vortices strength, the
induced circumferential velocity, and to obtain an anticipated vortices break up. Differ-
ent exit geometries of the synthetic jet have been tested to analyze the effects of the jet
velocity and jet position changes on the wingtip vortices. A proper phase-locked stereo-
scopic particle image velocimetry setups have been designed to carry out such a para-
metric study in the near and far wake at a distance from the wing trailing edge up to 2
and 80 chord lengths, respectively. The effects of blowing at high momentum coefficient
Cµ = 1% are demonstrated to be remarkable on the wingtip vortices mitigation but the
implementation of this control configuration on a real-scaled wing could be unfeasible.
On the other hand, both the time and phase-averaged results suggest that, at relatively
low value of Cµ = 0.2%, using a larger synthetic jet exit section area allows to greatly affect
the wingtip vortices features causing a striking alleviation of the vorticity distribution up
to 90% with respect to the baseline reference case. As a matter, due to the actuation at
low frequency, the vortices instability is prematurely risen up and amplified, leading to
an early vortices linking and their consequent dissipation.
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1
INTRODUCTION

W INGTIP vortices are a menacing byproducts of finite-span lifting wings. The long-
lasting nature of the wingtip vortices have been proven to be detrimental to both

aircraft efficiency and safety due to their adverse effects. In fact, the aviation industry
has been concerned for decades because of they drawbacks such as wake hazard, blade
vortex interaction (BVI) noise, and induced drag. 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 destabilizing moment, which can cause an irrecov-
erable loss of control (Spalart, 1998). To overcome this, aviation regulations mandate
strict following distances that is dependent on both the leading and trailing aircraft. In
the case of rotors, the interaction of the blade tip vortices with the following blade rep-
resents the major source of noise and vibration in descending and maneuvering flight
(Yu, 2000). The unacceptable noise level produced by helicopters prevents them from
spreading for commercial use and passenger carrier. Lastly, the induced drag caused by
the downwash of the wingtip vortices account for up to 40% of the aircrafts drag (Kroo,
2001). The adverse effects of the wingtip vortices are discussed later in the present intro-
duction in section 1.1.
The long time research over the trailing vortices, primarily due to the previously men-
tioned hazard they present, is related to one of the oldest topics in fluid mechanics:
the study of flows with concentrated vorticity in free motion (S. E. Widnall, 1975). In
fact, the counter-rotating vortex pair resulting from the wing wake represents one of the
simplest flow configurations for understanding elementary flow which can yield useful
information about the physics of more complex turbulent flows (Leweke et al., 2016).
With respect to the first attempts to analyze and assess this phenomenon and its related
consequences, when scientists at the US National Advisory Committee for Aeronautics
claimed that the rolling up of the trailing vortices associated with high-aspect-ratio wings
is of little practical importance (Spreiter and Sacks, 1951), a complete awareness of the
complexity and riskiness of trailing vortices has been reached.
It is well known that, given a lifting finite wing, the spanwise distribution of lift L

(
y
)

ob-
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1

Figure 1.1: Vortex wake generation and roll-up process. Image taken from Breitsamter, 2011.

tained by a lifting-line analysis is related to the flight speed U∞, fluid density ρ∞, and
bound circulation Γ

(
y
)

as
L

(
y
)= ρ∞U∞Γ

(
y
)

(1.1)

Moreover, according to Helmholtz’ theorem, a trailing vortex sheet of strength γ
(
y
)= dΓ

dy
is created as the circulation changes along the span. From a physical point of view, the
occurrence of wingtip vortices is often misrepresented as it can be explained by three
distinctive and complimentary ways (Green, 1995). The first and commonly adopted
considers the pressure differential between the pressure and the suction side of the wing.
Due to its curvature, the flow is bent generating centripetal forces which result in a nor-
mal and outward acceleration balanced by an inward pressure drop leading to a pressure
reduction on the upper/lower surface relative to the lower/upper surface with a posi-
tive/negative angle of attack. Along the entire span of the wing, the streamlines on the
upper surface turn inboard, while the lower surface streamlines turn outboard. When
reaching the trailing edge of the wing, the spanwise velocity discontinuity produces a
vortex sheet shed from the trailing edge (see Figure 1.1). For finite wings, the boundary
condition at the wingtip physically requires the upper and lower pressures to be equal.
Therefore, the resulting pressure differential at the wingtip produces a net flow which
curls and creates a strong vortical flow referred to as a wingtip vortex.
A second and more schematic explanation involves Helmoltz’s vortex theorems which
impose that a vortex tube can not end in free space. Considering a finite wing at rest, the
net circulation is null. When it impulsively accelerates forward, according to the Kutta-
Joukowski law (Bertin & Cummings, 2021), if the wing generates lift a net circulation
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1
exists referred to as the "bound vortex". Kelvin’s theorem dictates that this circulation
must be matched by an equal and opposite spanwise circulation shed from the trailing
edge (the so-called "starting vortex"). Finally, because of the second Helmoltz’s law, both
the bound and the starting vortex lines can not end in a fluid, thus two wingtip vortices
are generated to connect them.
A third way to explain the presence of wingtip vortices is related to the shear layer that
exists near the tip. It is important to recall that if a gradient is present in a velocity field,
a vorticity fields must exists too. By considering a crosswise plane some spanwise dis-
tance away from the wing (undisturbed flow), the streamlines are horizontal, while they
are following the wing curvature in a parallel slice just inboard the wingtip. The non-
parallelism of the wing surface and free-stream velocity vectors implies a net stream-
wise vorticity oriented between the two directions. It is worth noting that, even for wing
equipped with a symmetric airfoil at zero degree angle of attack, two weak counter-
rotating trailing vortices shed from the upper and lower surface exist as a result of this
phenomenon.
Although some attempts have been made to design vortex sheets in a different way, un-
der most conditions the vortex sheet will roll up, and the wake structure will be estab-
lished within a few wing spans. Therefore, the problem has shifted to the analysis of
the wake: given the distribution of vorticity γ

(
y
)

in the initial flat trailing vortex sheet,
the final structure of the wake must be obtained. Especially for lightly loaded wings at
high Reynolds numbers, roll-up takes place gradually enough to justify the use of a lo-
cal two-dimensional model of the wake flow and yet rapidly enough to use an inviscid
model of the flow. The resulting structure could be used as initial conditions in the wake
analysis, dissipation and instabilities development. Two different approaches are usu-
ally employed to compute the wake structure: the first one concerns the step-by-step
calculation of the roll-up process itself, while the second approach employs direct cal-
culation of the trailing vortices structure neglecting the roll-up process. In the latter case,
a final configuration is assumed and imposed for the flow requiring the conservation of
some quantities such as the initial vorticity distribution over the wing, circulation, im-
pulse, moment of impulse (Betz, 1932; Donaldson, 1971), and kinetic energy (Moore &
Saffman, 1973; Spreiter & Sacks, 1951). Further details about the roll up calculations and
far field structure of trailing vortices can be found in S. E. Widnall, 1975 and Spalart, 1998.
However, what is observed is that the trailing vortex is more complex than the aforemen-
tioned mechanisms and the flow at the wingtip involves development and interactions
of multiple vortical structures, shear layer instabilities, three-dimensional separations
and reattachment; in the wake, rolling-up of the vorticity sheet, vortex instabilities, de-
cay and diffusion, vortices interaction and merging are observed. Furthermore, the for-
mation and development are strongly affected by several factors such as wing geometry,
tip geometry, wing load distribution, vortex circulation, nature of the boundary layer on
the wing, atmosphere stratification, wind, and turbulence (S. E. Widnall, 1975). Con-
sidering the downstream development, a vortex wake can be divided into four regions
(Breitsamter, 2011), reported schematically in Figure 1.2:

1. the near field, z/b ≤ 0.5, which is characterized by the formation of highly concen-
trated vortices shed at all surface discontinuities (i.e. control surface deflected,
flap, wing-fuselage junction among the others);

1. INTRODUCTION 3



1

Figure 1.2: Stages of wake vortex lifespan. Adapted from Breitsamter, 2011.

2. the extended near field, 0.5 < z/b ≤ 10, where the wake roll up process takes place
and the merging of dominant vortices (i.e. shed at flap edge, wing tip, etc.) occurs,
leads gradually to two counter-rotating vortices;

3. the mid and far field, 10 < z/b ≤ 100, where the wake is descending in the atmo-
sphere and linear instabilities emerge;

4. the dispersion region, z/b > 100, where fully developed instabilities cause a strong
interaction between the two vortices until they collapse.

With the origin of trailing vortices explained, the following sections 1.1 and 1.2 describe
their adverse effects and instabilities. The latter is a precursory topic necessary for the
design of the best control strategies which are discussed in section 1.3. Finally, the basic
principles of the synthetic jets, which is the device employed in the present thesis to ac-
tively control the wingtip vortices, are reported in section 1.4 followed by the motivation
of the present work (section 1.5).

1.1. ADVERSE EFFECTS OF TRAILING VORTICES

A S already mentioned, the trailing vortices are produced as a result of lift generation
and they come with many adverse effects spanning various applications. In aero-

nautical applications, the wingtip vortices cause wake hazards during take off and land-
ing and induced drag during cruise. The fluid-structure interaction with the vortices
generated by a rotor blade (blade vortex interaction), is the main responsible of the he-
licopter noise. Moreover, the vortices reduce the efficiency in turbine blades (Green,
1995). In maritime applications, trailing vortices are produced from sails and rudders.
The long-lived and stable vortex shed from a sail increases detectability in maritime ves-
sels that desire a small footprint (Reed & Milgram, 2002; Wren, 1997). Further, trailing
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1
vortices cause cavitation on propellers increasing structural fatigue, maintenance costs,
noise, and potential of propeller failure (Asnaghi et al., 2021; Lee et al., 2017; Sezen & Bal,
2020).
In the following, only the aeronautical adverse effects will be discussed.

1.1.1. WAKE-HAZARD

D UE to the durable nature of the wingtip vortices which travel far downstream of the
wing and dissipate slowly over time (Spalart, 1998), the main adverse effect is rep-

resented by the wake hazard. The relative position of the following aircraft with respect
to the vortex wake can lead the airplane to experience an upwind field, a downwind field
(i.e. a loss of lift) or a rolling moment, together with an increase of turbulence and struc-
tural dynamic loads being the vortex wake cross flow velocities of hundreds of km/h and
extended up to tens of km (Figure 1.3). The possibility of an encounter is greater in the
vicinity of airports since all the aircraft are limited to fly in specific air corridors during
takeoff and landing. The severity of wake hazard depends not only on the size, weight,

Figure 1.3: Wake vortex hazard for an aircraft crossing the vortex wake of the preceding one. Image taken from
Breitsamter, 2011.

distance between the two aircraft, and the probability of wake encounter, but it varies
also for a given local atmospheric condition (i.e. wind flowfield, stratification, turbu-
lence) that influences the position, merging, strength, and decay of vortices. Due to the
non-deterministic combination effects of these factors, the fundamental nature of wake
vortices and their attenuation have been a difficult problem since the early operation of
commercial flights.
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To avoid the wake hazard, the Air Traffic Control (ATC) obeys to the International Civil
Aviation Organization (ICAO) regulations which require aircraft to respect a separation
distance with dependence on the Maximum Take-Off Weight (MTOW). This criterion
is based on the introduction of three weight categories, light (< 7000 kg), medium (>
7000 kg and < 136000 kg), heavy (> 136000 kg), and super (up to 560000 kg) and pre-
scribes a distance between the airplanes that can range from 3 up to 8 nautical miles.
This increases air-traffic congestion, particularly at major airport hubs, forcing aircraft to
circle in fuel-wasting and time-consuming holding patterns while the flow field returns
to ambient conditions. The delays and wasted fuel increase cost to both the industry
and the consumer. If the trailing vortex dissipated at an accelerated rate, air-traffic con-
gestion would reduce, holding patterns would become unnecessary, and fuel would be
saved, making airline travel more affordable, with the possibility to increase the num-
ber of take off and landing operations per unit time managed by a single airport and,
therefore, the number of flights.

1.1.2. INDUCED DRAG

L IFT induced drag is well known to be a natural byproduct of a lifting wing in three-
dimensional flow fields and it can represents up to the 40% of the aircraft total drag

at cruise (Kroo, 2001). Due to the presence of the wingtip vortices, the streamwise kinetic
energy is transferred into rotational one producing downwash in the wake of the wing.
In a more schematic way (see Figure 1.4), by considering an airfoil section of a finite wing
at the spanwise location y0, the downwash w tilts the lift vector aft by reducing the ge-
ometric angle of attack α, by an induced angle of attack αi

(
y0

)
, obtaining an effective

angle of attack αe
(
y0

) = α−αi
(
y0

)
which generally can vary across the wing span. The

result is a reduction of lift and the generation of a component of drag referred to as in-
duced drag. By recalling the lifting-line theory of Prandtl (Anderson, 2007), the induced
angle of attack at the location y0 can be expressed as a function of the circulation span-
wise distribution Γ

(
y
)

via the Biot-Savart law and geometrical inspection of Figure 1.4 as

Figure 1.4: Schematic of the downwash effect on the local flow over the airfoil. Adapted from Anderson, 2007.
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follows:

αi
(
y0

)= tan−1
(

w

U∞

)
≈ w

U∞
= 1

4πU∞

∫b/2

−b/2

dΓ/dy

y0 − y
d y (1.2)

where b is the wing span. The lift coefficient for the airfoil section located at y = y0 is

cl
(
y0

)= 2π
(
αe

(
y0

)−αL=0
(
y0

))
(1.3)

where the local section lift slope has been assumed equal to 2π rad−1 from the thin airfoil
theory. If the wing has no aerodynamic twist, the angle of zero lift αL=0 is constant across
the span. By recalling the definition of lift coefficient and the Kutta-Joukowski theorem,
it is possible to express the local lift coefficient as a function of the circulation Γ

(
y0

)
as

cl
(
y0

)= 2Γ
(
y0

)
U∞c

(
y0

) . (1.4)

Substituting Eq. (1.4) in Eq. (1.3), and solving for αe
(
y0

)
, it derives the following expres-

sion

αe
(
y0

)= Γ
(
y0

)
πU∞c

(
y0

) +αL=0
(
y0

)
. (1.5)

Finally, it is possible to obtain the fundamental equation of Prandtls lifting-line theory
which simply states that the geometric angle of attack is equal to the sum of the effective
angle plus the induced angle of attack as

α
(
y0

)= Γ
(
y0

)
πU∞c

(
y0

) +αL=0
(
y0

)+ 1

4πU∞

∫b/2

−b/2

dΓ/dy

y0 − y
d y . (1.6)

Equation (1.6) is an integro-differential equation in which the only unknown is the cir-
culation distribution Γ. By making some maths, it is possible to express the lift and the
induced drag as a function the solution Γ= Γ

(
y0

)
:

L = ρ∞U∞
∫b/2

−b/2
Γ

(
y
)

d y =⇒ CL = 2

U∞S

∫b/2

−b/2
Γ

(
y
)

d y (1.7)

Di = ρ∞U∞
∫b/2

−b/2
Γ

(
y
)
αi

(
y
)

d y =⇒ CDi =
2

U∞S

∫b/2

−b/2
Γ

(
y
)
αi

(
y
)

d y . (1.8)

The general solution Γ
(
y
)

of Eq. (1.6) can be approximated by a Fourier series, thus
providing the coefficients CL and CDi in terms of Fourier coefficients (Anderson, 2007;
Glauert, 1983). Finally, the induced drag coefficient can be written as follows:

CDi =
C 2

L

πAe
(1.9)

where e ≤ 1 is the span efficiency factor (also named Oswald’s factor) andA= b2/S is the
wing aspect ratio. It is worth noting that the minimum induced drag is obtained for an
elliptical lift distribution (e = 1), which justify the practical interest it had over the years.
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As a result, the ideal configuration is represented by a wing with an elliptical plan form
with no aerodynamic and/or geometric twist. Unfortunately, they are really expensive
to manufacture, thus the aviation industries found a compromise in the tapered wing
whose lift distribution is close to the elliptic case. Looking at the Eq. (1.9), since reduc-
ing lift would be counterproductive, the other option to reduce the induced drag is to in-
crease the wing aspect ratio although it is limited by structural constraints. As such, since
the Seventies many wings mount on their tips the vertical end-plates called winglet. The
installation of this structure is aimed to deceive the flow field, making the wings appear
longer than they are without compromising structural integrity and to physically hinder
the creation of wingtip vortex. Satisfactory results have been achieved since this technol-
ogy introduction, considering that it is possible to reach a decrease of the induced drag
up to the 20% and with a consequent increase in wing efficiency of roughly 9% (Whit-
comb, 1976). On the other hand, the introduction of a new surface leads unavoidably to
a skin friction drag increase.

1.1.3. BLADE VORTEX INTERACTION NOISE

H ELICOPTER main rotor blades represent another area where vortex-structure inter-
action could compromise the structural integrity of the blades. During the rotation,

each rotor blade sheds a tip vortex which can interact with the following blades and the
tail-rotor blades, as shown in Figure 1.5 (Leishman, 2000). This interaction results in

Figure 1.5: Different noise sources in helicopters. Image taken from Chae et al., 2010.

large unsteady forces due to rapid changes in local velocity around the blades, resulting
in a premature rotor-blade fatigue and excessive noise (Schmitz, 1991; Yu, 2000). This
type of noise is large and impulsive in nature and it is therefore significant for both mili-
tary and civilian applications. As a matter, the rotor blade can intersect a trailing vortex
at different angles depending on the blade’s azimuth position and the vortex age. In par-
ticular, the most prominent Blade-Vortex-Interaction (BVI) event is the one where the
trailing vortex is nearly parallel to the blade, usually occurring near azimuth angles of 70
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to 80 deg and during low speed descent. Parallel-BVI is known to be the strongest and
most important event for acoustics because of the brief and dramatic pressure changes
the blade experiences along its entire span as it travels through the vortex flow field (Yu,
2000). In general, three ways are conceivable to reduce the BVI noise: increase the miss
distance between the tip vortex and the blade; reduce the loading on the blade when
the vortex interaction occurs; decrease the tip vortex strength. In this framework, re-
searchers proposed innovative blade tip design (Brocklehurst & Barakos, 2013) 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 (Bhagwat et al., 1999; Hoad, 1980; Tan-
gler, 1975), end-plate tip (Hoad, 1980), vane tip (Brocklehurst & Pike, 1994), tip spoiler
(McAlister et al., 2001), canard tip (Ota et al., 2001), and wingtip blowing (Han & Leish-
man, 2004; Liu et al., 1999, 2000; Vasilescu & Dancila, 2006).

1.2. WINGTIP VORTICES INSTABILITIES

I T is well known that trailing vortices do not decay by simple diffusion, indeed they un-
dergo to a nearly sinusoidal instability until they join together to form a train of vortex

rings and then dissipate (Crow, 1970). The development of a three-dimensional insta-
bility requires the presence of both temporal and spatial disturbances, superimposed on
the mean flowfield of a vortex system (Lessen & Paillet, 1974; Lessen et al., 1974). Kelvin
waves propagating along the vortex are always introduced in the accurate analysis of
this phenomenon (Jacquin et al., 2003)1. The corresponding initial disturbances, that
can consist of velocity and pressure fluctuations, can be expressed as(

V ′
x ,V ′

r ,V ′
θ, p ′)= (

V̂x ,V̂r ,V̂θ , p̂
)

e i (ka x+mθ−ωt ) (1.10)

where V ′
x , V ′

r , V ′
θ

, p ′ represent the velocity fluctuation in the axial, radial and azimuthal
direction in the co-moving reference frame of the vortex and the pressure fluctuation
respectively. The disturbance is characterized by ka = 2π

λ , the axial wave number, m,
the azimuthal wave number and ω = 2π f , the angular frequency. In particular, the fre-
quencies ω related to a discrete spectrum are the eigenvalues while the components(
V̂x ,V̂r ,V̂θ , p̂

)
are the eigenvectors (i.e. disturbance amplitudes). Furthermore, the dis-

turbance mode shape depends on the value of m leading to an axially mode shape for
m = 0, a helical shape for m = ±1 (the so-called bending mode), and a multiple helix
form for |m| > 1.
For a counter-rotating vortex pair, two different inherent mechanisms can lead to three-
dimensional instability (Leweke et al., 2016). The first produces the long-wave Crow
instability (Crow, 1970) involving perturbations which displace the vortices locally as a
whole without changing their core structure. The second mechanism is related to the
development inside the vortex core of short-wave perturbations amplification which
growth is linked to the strain field induced by the neighboring vortex. The latter phe-
nomena modifies the vortex core structure due to the combination of strain and rotation
which causes the elliptic streamlines to be oriented at 45◦ to the principal stretching axis.

1Any perturbation in a rotating flow leads to the propagation of dispersive waves, called inertia waves. These
waves are equivalent to gravity waves in a stably stratified medium. The inertia waves propagating along a
vortex are named Kelvin waves (Jacquin et al., 2003)
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These effects produce the elliptic instability (Kerswell, 2002), also referred to as Widnall
instability (Sipp & Jacquin, 2003).
In the following, the major characteristics of the Crow and Widnall instability are out-
lined.

1.2.1. CROW INSTABILITY

T HE Crow instability produces a periodic long-wave deformation which is the mainly
responsible for wake vortex dissipation. It is frequently observed in the sky through

the contrails (the pressure drop in the vortex core and jet-vortex interaction lead to con-
densation of water vapor and formation of ice crystals, respectively, over suitable nucle-
ation sites, like soot particles and sulfur aerosols, emitted by aircraft engines), indicating
sinusoidal deflections of the vortex trajectory (Figure 1.6).
The long-wave instability was first described by Crow (Crow, 1970) with a filament ap-
proach for the case of a counter-rotating Rankine vortex pair of equal strength −Γ1 =
Γ2 = Γb , with Γb indicating the initial bounded circulation on the wing. Given a sinu-
soidal disturbance of the initial vortices, it is subjected to three different mechanisms
shown in Figure 1.7. First, there is its self-induced rotation, in the direction opposite
the rotation of the core fluid, whose rate is a function of the core radius rc and the axial

(a) Photograph of the jet condensation trails from a Boeing 747 at Re ' 6×107. The field of view is approxi-
mately 150m×520m.

(b) Dye visualization in a water tank at Re = 2750. The field of view is approximately 14cm×42cm.

Figure 1.6: Visualizations of long-wave and short-wave instabilities developing in counter-rotating pairs of
equal strength. Image taken from Leweke et al., 2016.
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Figure 1.7: Schematic of different mechanisms acting to rotate and stretch the plane containing the wavy per-
turbation. Adapted from Leweke et al. (2016).

perturbation wavelength λ. Second, by considering the frame moving with the vortex
pair, the motion induced by the opposite vortex, assumed unperturbed, consists of a
plane stagnation point flow with maximum stretching in the θ = 45◦ direction. Finally,
there is the motion due to the perturbations combination of the two vortices which in-
duces a rotation and radial stretching on the perturbation plane (the plane containing
the waviness), but it also depends on λ. Instability occurs when, for a given combination
(rc ,θ,λ), the three rotation effects cancel each other and the wave is held at a constant
angle θ for which the total radial stretching rate is positive.
The induced downward velocity at the vortex centers is

w1 = w2 = Γ0

2πb0
(1.11)

where b0 is the mean distance between the vortices at a generic station downstream of
the trailing edge, being a certain fraction of the initial span b, while the vertical distance
between the vortex centers is null. Inside the vortex core circular streamlines exist, con-
sidering a reference frame moving with the "sinking" vortex pair, while the streamlines
outside the cores assume elliptical shape. Taking into account one vortex per time, be-
cause of its downward movement with a velocity w1,2, a stagnation point will be present
at the center of the other vortex. These stagnation flows cause a radial deformation of
each vortex core. The axes of maximum deformation will be the locations where the cir-
cumferential velocity vanishes

(
Uθ =

p
u2 + v2 = 0

)
. The expression of the inclination of

these axes with respect to the lateral direction (i.e. spanwise direction), in the case of
counter-rotating vortices, is given by

θ0 = arccos

(
±

√
−Γ2

2Γ1

)
(1.12)

where Γ1 and Γ2 indicate interchangeably circulation of the two vortices. In the particu-
lar case of counter-rotating vortices of equal strength (−Γ1 = Γ2) the inclination angle is
θ0 =±45◦ as shown in Figure 1.8.
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Figure 1.8: Schematic representation of the long wave Crow instability. Image taken from Breitsamter (2011).

Generally, the superposition of two Kelvin waves may cause the sinusoidal initial dis-
turbance that triggers the instability. This is the case if the two Kelvin waves move in

opposite directions (mKW1 = −mKW2), have helical shape (‖mKW1‖ = ‖mKW2‖), station-
ary (ωKW1 =ωK W 2), and with the same axial wave numbers, i.e. ka,KW1 = ka,KW2 (KW1,2
stands for Kelvin Wave 1,2). The stability analysis provides both a symmetric mode and
an anti-symmetric mode. As a matter, only the symmetric one leads to a strong interac-
tion between the two trailing vortices. The projection of the trajectory deflections of the
two trailing vortices on the xz-plane shows the symmetric behavior with respect to the
z-axis (Figure 1.8), while the projection on the y z-plane reports that they are in phase.
With increase in time and distance, the deflection amplitude ∆b0 grows exponentially
with the amplification rate σCrow, reducing the distance between the trailing vortices

∆b0 (t ) =∆b̂0eσCrowt =∆b̂0eσ
∗
Crowτ (1.13)

where τ is the dimensionless time, obtained dividing the time t by the interval t0 at which
the vortex pair moves downward by a distance equal to the vortex spacing b0

τ= t

t0
= t

Γ0

2πb2
0

(1.14)

The amplification rate σCrow has been considered non-dimensional as σ∗
Crow by means

of the shear rate εr = Γ0

2πb2
0

at the vortex centers

σ∗
Crow = σCrow

εr
= 2πb2

0

Γ0
σCrow (1.15)

Typical values of σ∗
Crow and wavelength λ, related to the ratio between the vortex core
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radius rc and b0, are, according to Breitsamter, 2011

σ∗
Crow = 0.825±0.025;

λCrow

b
= 7.0686±0.7854 (1.16)

As already mentioned, the amplitude exponential growth eventually leads to the cores
touch and overlap at oscillation troughs, causing an exchange of vorticity of opposite
sign. It is this periodical re-connection at the nearest points that causes vortex tubes to
break up and turns them in a series of three-dimensional vortex rings (Figure 1.9). These
peculiar structures dissolve faster and finally decay.
S. E. Widnall et al., 1974 extended the stability analysis considering a more general vortex
velocity profiles including both an axial component and the case of two vortices with
no equal and opposite circulations. Finally, in the framework of the filament approach,
Klein et al., 1995 demonstrated that all counter-rotating pairs are unstable according to
the Crow mechanism.

Figure 1.9: Vortex rings formation. Image taken from Leweke et al., 2016.

1.2.2. WIDNALL INSTABILITY

I N addition to the long-wave instability, short-wave instability develops too. The two
instabilities occur together and interact with each other (Thomas & Auerbach, 1994).
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Figure 1.10: Schematic representation of the short wave Widnall instability. Image taken from Breitsamter,
2011.

The description of this kind of instability depends on the detailed vortex core structure
since shortwave perturbations wavelength is of the same order of magnitude of the core
size. The mechanism generating this oscillation was firstly explained by Tsai and Wid-
nall, 1976, that revealed how it is caused by the resonance between perturbation waves
(Kelvin waves) of the axisymmetric structure of the vortices and the modification of the
core caused by the strain from the other vortex (S. E. Widnall et al., 1974). The instability
of the vortex is in fact caused by the exponential amplification of these perturbations. A
resonance with two Kelvin modes is obtained if the following conditions are satisfied

ka,KW1 = ka,KW2 ‖mKW1 −mKW2‖ = 2 ωKW1 =ωKW2 . (1.17)

For a fixed mKW1 and mKW2 pair, the previous conditions can be satisfied in various com-
bination. However, it has been observed that elliptic instability is strongest when the two
modes have a similar radial structure. As for the Crow instability, the Widnall instability
is also developing along the planes associated with maximum radial deformation of the
vortex core inclined by θ0 = ±45◦ against the horizontal one (Figure 1.10). The projec-
tion of the trajectory deflections on the xz-plane shows an in-phase behavior, while the
projection on the y z-plane indicates a phase shift of 180◦.
Typical values ofσ∗

Widnall (Breitsamter, 2011), and wavelengthλWidnall (Dghim et al., 2016;
Ortega et al., 2003; S. E. Widnall et al., 1971), are

σ∗
Widnall = 0.95±0.3;

λWidnall

b
= 0.9±0.023 (1.18)

As it is possible to notice, the amplification rate, in this case, is higher than the one for
the Crow instability, as found out also by S. E. Widnall, 1975.
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11.3. CONTROL STRATEGIES

S IGNIFICANT efforts have been devoted over the years trying to control the adverse
effects of trailing vortices which are described in section 1.1. The most common al-

leviation schemes rely on altering the thickness, turbulence, and longitudinal velocities
in the vortex sheet. It has been proven by Bailey and Tavoularis, 2008 that adding turbu-
lence to the free-stream increases the vortex wandering and the rate of decay of the peak
tangential velocity. Since creating upstream turbulence in the flight-path of an airplane
is not a practical method, different methods have been extensively studied to inject tur-
bulence into a wingtip vortex such as:

• use of structural modification of the wingtip (i.e. winglets) and/or along the trail-
ing edge of the wings and flaps to enhance the three-dimensional features of the
flow and turbulence in the shear layer after their roll-up;

• injection or suction in the vicinity of wingtip in an attempt to disrupt the develop-
ing vortex, and hasten its dissipation;

• excitation of the inherent vortices instabilities to amplify and accelerate their break
up.

The control techniques implementing the aforementioned methods are generally distin-
guished between passive and active control strategies. The main difference lies in the use
of time dependent forcing which is a prerogative of the second group. In the following, a
review of the previous research of both control strategies is presented.

1.3.1. PASSIVE CONTROL

M OST of the early research into passively solving the wake vortex hazard involved
modifying the structure of the wake before roll-up by changing the geometry of

the wing, in turn changing the loading distribution. Rossow, 1975 performed theoretical
studies using 2D inviscid computations to determine the optimized loading distribution
which would result in a wake that would either not roll-up or be more diffused. Linear
loading distributions 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 following aircraft. Also a notched loading distribution has
been demonstrated to result in a more diffused wake by Graham et al., 2003. Corsiglia
and Dunham, 1977 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 center of pressure inboard.
In addition to geometric modification of the wings, a variety of experiments were per-
formed on adding static devices to already existing wing plan forms. Patterson, 1975
investigated splines mounted directly downstream of the wing tip such that their bluff
body shape would interfere with the tip vortex. They were found to be effective in in-
creasing the size of the vortex core but they also created a large drag penalty. Other
splines as well as various wing tip shapes were reviewed in the work of Traub et al., 1998.
Croom, 1977 performed wind tunnel experiments as well as flight tests installing spoil-
ers on the suction side of wings typically used as air brakes on commercial aircraft and

1. INTRODUCTION 15



1
observed a significant increase in the vortex core size.
A large amount of work has gone into the idea of using fins (i.e winglets) mounted on
the suction or pressure side of wings in order to modify the loading distribution and/or
add another discrete vortex to the wake that might interact with the tip vortex in a ben-
eficial way. Rossow, 1978 performed wind tunnel tests and attempted to determine an
optimal placement and orientation for a fin founding that a fin on the wing suction side
creates a counter-rotating vortex with respect to the tip vortex producing a most benign
wake. Later, Schell et al., 2000 and Ozger et al., 2001 investigated the wake-vortex struc-
ture behind a flapped rectangular wing and a swept tapered wing with slats and flaps.
They conducted a parametric study on both flap extensions and fin positions conclud-
ing that the maximum decrease of the induced rolling moment and the largest increase
of the core size is obtained with the fins mounted at the outboard flap edge region. On
the contrary, Schöll et al., 2006 reported that, for an aircraft wing set up in high lift con-
figuration, the fins show no significant impact on the induced rolling moment after the
roll-up phase. However, the fins lead to an increased meandering which decreases the
hazard to following aircraft due to a reduction in the bank angle associated with a vortex
encounter. Lastly, the vortex motion could act as a starting point for instabilities in the
far-field. In this framework of natural instability excitation via turbulence injection, the
use of vortex generators has been proven to be aiding to distribute circulation over an
increased area thus reducing the rolling moment. In particular, cooperative instabilities
in multiple vortex systems could be initiated due to the unsteadiness of the vortex gen-
erators flow in stall configuration which results in enhanced vorticity diffusion. Ortega
et al., 2002 and Ortega et al., 2003 performed towing tank experiments with a rectangular
wing equipped with triangular flaps at the tips to extend the trailing edge creating a pair
of inboard vortices that are counter-rotating with respect to tip vortices. Different flap
sizes were studied with the strength of the inboard vortices ranged from -40% to -70%
of the outboard vortex strength. It was shown that introducing the oppositely signed
inboard vortices near the wing tip vortices causes a rapidly growing instability to occur
between the vortices on either side of the wake. This mechanism was numerically con-
firmed by RANS and LES simulations of Stumpf, 2004.
The main advantage in using passive techniques is that they can be easily implemented
by the aircraft industries because they represents no complex modification to the wing
structures. On the other hand, one should accept the performance penalties such us
drag increase, lift inefficiencies, and additional fatigue on the plan form. In fact, these
devices are optimized around cruise configuration because they primarily address the
induced drag and they can not be retracted when not required. As the design require-
ment across the entire flight envelope varies significantly, combined with the stochastic
nature of atmospheric flight conditions, trailing vortices are a prime candidate for active
flow control technologies.

1.3.2. ACTIVE CONTROL

A CTIVE wake alleviation strategies rely upon some time-dependent forcing to perturb
the aircraft wake and excite inherent instabilities for a faster decay. They can be di-

vided into two groups which adopts the oscillation of the aircraft control surfaces and/or
high-lift systems (i.e. flaps) or injection/suction of a jet in the vicinity of the wingtips.

16 1. INTRODUCTION



1
Chevalier, 1973 was the first on performing flight tests to demonstrate that the dissipa-
tion of high-intensity vortices could be accelerated by elevator oscillations at a critical
frequency. Lift distribution oscillation was experimented later by Crow and Bate, 1976 to
move the vorticity centroid outboard and inboard along the wing while Bilanin and Wid-
nall, 1973 adopted periodic flap oscillations to move a significant fraction of lift inboard
and outboard keeping the lift to within ±2%. They demonstrated that the instability ex-
citation and vortices break up are achievable only with an excessive level of oscillations.
Barber and Tymczyszyn, 1980 and Jordan, 1983 conducted flight tests and towing tank
experiments on a large commercial aircraft with lateral-control oscillations to excite the
Crow instability. Their results show that the wake could vanish within three nautical
miles of the generating aircraft through oscillating spoiler deflections even though they
have proven to be not feasible during take-off or landing because of their large ampli-
tude. Rossow, 1986 considered the use of roll oscillations of the aircraft as a means for
exciting the Crow instability. Although this could be achieved without large oscillations
in lift, the passenger discomfort associated with roll oscillations is the main drawback
of this strategy making it impracticable. Further studies evaluated the use of oscillat-
ing ailerons (Haverkamp et al., 2005) and segmented Gurney flaps (Matalanis & Eaton,
2007) to introduce spatial disturbances to a trailing vortex in both the spanwise and lift
directions trying to minimize fluctuations of the lift coefficients. It is important to out-
line that introducing lift distribution oscillations could lead to bending mode resonance
of the wing, thus structural problems need to be taken into account during the design
process.
More up-to-date methods in the effort of instability excitation rely on expelling mass and
momentum in the vicinity of the wingtip to control the trailing vortex start. The draw-
back is to harvest the mass injected, usually bleeding it from the engine, which could
reduce its efficiency. However, this comes true only during take-off and cruise, as the
engines are generally idling during landing approach. To overcome this shortcoming,
zero-net-mass-flux (ZNMF) devices (e.g. synthetic jets, plasma actuators, etc.) for mo-
mentum injection may be implemented. On the other hand, these devices lack the con-
trol authority of net mass flux devices and therefore involves their own set of challenges
(Cattafesta & Sheplak, 2011).
Recently, Edstrand and Cattafesta, 2015 performed PIV experiments on the effects of uni-
form and segmented steady blowing from the wing suction side. The jet was supposed
to hinder the wingtip vortex via the Coanda effect but it was bent backward causing
an early vortex formation with a lower vorticity and larger core size. In addition, they
state that there is not a configuration outperforming the other one but it is possible to
find an optimum blowing coefficient for all the considered metrics which is encourag-
ing. Garcìa-Ortiz et al., 2020 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 chord Reynolds number Rec = 7 ·103, the active flow control at
higher Rec values was demonstrated to fail. Using steady and pulsed jets from discrete
ports on the wingtip, Heyes and Smith, 2004 studied the effect of blowing on the vor-
tex position. They showed striking effects on the vortex structure resulting in a higher
core size and a reduced induced velocity peak. The wingtip vortex moved upward and
outboard becoming more diffuse due to an increased turbulence production. In addi-
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tion, the vortex displacement and its growth rate were found to be related directly to the
blowing rate with a different trajectory if an angle between the jet and the chord plane is
present. This was the first work with the goal of introducing vortex perturbations tuned
to the inherent instability frequencies, accelerating the vortex break up. Bearman et al.,
2005 performed a far field PIV investigation on a counter-rotating vortex pair generated
by two split wings up to 75 span-lengths downstream. They showed that the pulsed jets
are able to decrease the vortices linking distance of about 37%. In their additional work,
Bearman et al., 2007 pointed out that if the actuation wavelength is outside the range
amplified by the Crow instability, it dies out and it is replaced by a preferred one within
the range, which is a useful information when designing the control devices.
As already mentioned, the use of zero-net-mass-flux devices, such as synthetic jets (SJs),
allows adding turbulence, momentum, and vorticity to the flow with a variable frequency
tuned to the inherent instabilities on the wingtip vortices without bleeding air from the
engine. In order to analyze the effectiveness of SJs actuation and for comparison pur-
poses in the wingtip vortices literature, two dimensionless active control parameters are
taken into account. More specifically, the SJ momentum coefficient is estimated as

Cµ = A j

Aw/2

ρ jU 2
0

ρ∞U 2∞
(1.19)

where A j is the exit section area of the jet, Aw/2 = bc/2 is the half-wing surface, ρ j and
U0 are the density and the characteristic velocity of the jet. The dimensionless actuation
frequency is defined as

F+ = fac

U∞
(1.20)

where fa is the jet actuation frequency and c is the wing chord-length.
Margaris and Gursul, 2006, 2010 conducted a parametric PIV investigation on the ef-
fect of both continuous and synthetic jets blowing from the leading and trailing edge
slots of a NACA 0015 with both a squared and rounded wingtip. Two slots blew upward
and downward vertically from the wingtip, while two other slots blew spanwise on the
upper and lower surfaces of the wingtip. They observed that the jet produced one or
more counter-rotating vortices that typically merged with the primary vortex, reducing
its strength. The jet acted like a jet in crossflow due to the presence of the flow wrapping
around the wingtip. In their best configuration (Cµ = 0.016%, F+ = 0.75), the SJ demon-
strates to be helpful in mitigating vorticity strength (-50%) with a relevant reduction of
the tangential velocity and an increase of wandering levels and core radius, especially
when it is located near the suction side. By comparing the result to the continuous jet,
no clear favorite configuration can be determined. Dghim et al., 2018, 2020; Dghim et al.,
2016 reported an exhaustive investigation of the effectiveness of SJ actuation in the near
and mid-wake development of a wingtip vortex. They demonstrated that blowing with
an actuation frequency in the range individuated by the Crow and Widnall instability
frequencies leads to the best results in terms of decreased pressure coefficient distribu-
tion at the wingtip. With the actuation frequency set up, a meaningful impact on the
wingtip vortex with a vorticity peak reduction up to 60% is obtained by increasing the
values of the control momentum coefficient up to Cµ = 1%. They concluded that a lower
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frequency allows a better entrainment and thus a faster dissipation because of the capa-
bility of a synthetic jet to travel further in the vortex core. Furthermore, they investigated
the effects of the blowing slot shape with a spanwise straight and a curved nozzle. In
both cases, the actuation results in a more diffused vortex with a reduction of the tan-
gential velocity peak and an increased core size. As far as regards the latter metrics, the
directed SJ presents better performance due to the larger turbulence level introduced by
this particular nozzle.
In the following, the main features of the synthetic jets device are briefly reviewed to
introduce the reader to the active control device employed in the present thesis.

1.4. SYNTHETIC JETS

S YNTHETIC jet actuators have become a widespread topic in the worldwide fluid dy-
namic community due to the potential applications in the flow control research field

with relevant and beneficial results. As already mentioned, the major characteristic of
these devices is a non-zero momentum rate production with a zero-net-mass flux. In
addition, the jet does not require any continuous fluid supply to be generated, because
it is synthesized directly from the surrounding fluid in which they are deployed and they
are more efficient devices than fans requiring lower power consumption. Furthermore,
control and design of SJ actuators are rather simple and their actuation frequency can
range from few to several kHz. The main disadvantages are related to a maximum veloc-
ity achievable, mechanical failure due to fatigue mechanism, and noise problems (La-
sance & Aarts, 2008).
The first innovative zero-net-mass flux synthetic jet was proposed by Coe et al., 1994. As
sketched in Figure 1.11, a synthetic jet device consists of a cavity bounded on a side by
an oscillating boundary (commonly a loudspeaker, piezoelectric diaphragm or piston)
and on the opposite side by an opening (orifice, slot, pipe or nozzle) acting as both in-
let and outlet. Due to the oscillation of the moving boundary, a periodic cavity volume
changes (i.e. pressure variations) is generated resulting to alternate ejection and suc-
tion of fluid across the opening. In this way, the device is able to transfer momentum
to the external environment without net mass ejection. During the ejection stroke, the
flow separates at the edges of the outlet and a vortex sheet rolls up. Under certain con-
ditions discussed later in this section, a vortex ring is created and convects away under
its own self-induced velocity. During the suction stroke, the surrounding fluid is en-
trained into the cavity from all directions. The jet formation is possible if the ejected
fluid has enough momentum to overcome the call back forces, otherwise the vortex ring
is ingested back through the orifice and no jet is generated. The time-periodic cycle in-
duces a time-periodic formation, advection, and interactions of discrete vortical struc-
tures which ultimately become turbulent, slow down, and lose their coherence turning
into a steady turbulent jet (Smith & Glezer, 1998). Furthermore, a stagnation point (i.e.
saddle point), located on the jet centerline separates the suction flow directed towards
the cavity from the established jet convecting away.
The flow characteristics of a synthetic jet can be described by two dimensionless param-
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Figure 1.11: Sketch of a synthetic jet device. On the left: fluid ingestion phase; on the right: fluid expulsion
phase and vortex ring formation.

eters, the Reynolds and Strouhal numbers, defined as

Re j =
ρ jU0D

µ j
(1.21)

Sr j = D

L0
= faD

U0
(1.22)

where D is the characteristic length usually the orifice or nozzle diameter, µ j is the jet
dynamic viscosity, L0 is the stroke length (defined as U0/ fa) and fa is the oscillating
frequency of the membrane (i.e. actuation frequency). In the literature, it is possible
to find several definitions of the characteristic velocity of the jet U0 (Cater & Soria, 2002;
Smith & Glezer, 1998). In the present work, accordingly to Smith and Glezer, 1998, U0 is
defined as the mean centerline velocity over the ejection half of the cycle

U0 = 1

T

∫ T
2

0
ue (t ) d t (1.23)

where T is the actuation period and ue is the velocity along the jet centerline at the exit
section.
Shuster and Smith, 2007 investigated the effect of the dimensionless stroke length and
Reynold number. In accordance with the previous works, in the near field, they found
the flow dominated by the vortex ring formed during the ejection phase of the actuator
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cycle, with the flow field scaled only with the actuator stroke length. At a distance from
the orifice larger than the stroke length L0, the flow field first undergoes a transition from
discrete vortex rings to a nominally steady turbulent jet and then resembles a conven-
tional round turbulent jet. On the other hand, in the far field some differences were ob-
served. The SJ had a faster spreading rate with a correspondingly more rapid decrease in
the mean centerline velocity. More recently, McGuinn et al., 2013 have carried out high-
speed PIV and hot-wire anemometry measurements to investigate the effect of varying
stroke length on the flow morphology of SJs. Four free synthetic jet flow morphology
regimes were identified, based on threshold values for the stroke length L0/D , which
are in good agreement with previously published findings for an impulsively started jet
flow. No jet is formed for dimensionless stroke length below the formation threshold
L0/D ≤ 0.16 (Holman et al., 2005). In agreement with Gharib et al., 1998, the strength of a
vortex ring increases as the stroke length increases up to L0/D = 4. For additional ejected
fluid, 4 ≤ L0/D ≤ 8, the vortex ring shows a wider vortex core and a following trailing jet
is created. For 8 ≤ L0/D ≤ 16, a maximum ejected velocity was observed in the trailing
jet, which destabilizes the vortex and results in an increased flow mixing. Higher L0/D
exhibited a flow regime dominated by the trailing jet, which overtakes the vortex, result-
ing in a highly turbulent intermittent jet flow. Figure 1.12 shows a schematic illustration
of the morphology of formation and evolution of the synthetic jet flow at different stroke
lengths.

Figure 1.12: Flow morphology of vortex evolution at various stroke lengths (a) L0/D < 4, (b) 4 ≤ L0/D < 8, (c)
8 ≤ L0/D < 16, and (d) L0/D ≥ 16. Adapted from McGuinn et al., 2013.

1.5. MOTIVATION OF THE WORK

M OST of the researches mentioned in the previous literature review performed a
time-averaged analysis of the wake behavior studying the direct impact of blowing

on the vortex dissipation by employing only a half-wing to generate one single wingtip
vortex. The aim of the present thesis is to experimentally investigate the effectiveness
of synthetic jet actuation on the wingtip vortices and wake hazard generated by a finite-
span wing in order to preserve the mutual induction of the counter-rotating vortices

1. INTRODUCTION 21



1
during their evolution. The active control has been focused on triggering the inherent
instabilities of Crow and Widnall at different momentum coefficient Cµ with the goal
to reduce the vortices strength, the induced circumferential velocity, and to obtain an
early vortices break up and dissipation. In particular, a first feasibility test on the couple
of wingtip vortices alleviation has been conducted by the author on a single measure-
ment plane at three chord lengths downstream of the wing. A parametric study with two
momentum coefficients and four actuation frequencies has been carried out to evaluate
the best configurations to be further investigated in the present thesis work. As such,
two different Stereo-PIV experimental campaigns have been conducted in the near and
far field wake in order to analyze how the SJ perturbations affect the wingtip vortices and
their development. To the author’s knowledge, in the literature of wingtip vortices, the
number of experimental works featuring far field velocity measurements under active
control up to 75 span lengths is limited to Bearman et al., 2005, 2007. However, in none
of these investigations the SJ technology was employed. Furthermore, in the present the-
sis, a phase-locked analysis has been conducted to give clear insight of the development
of the wingtip vortices under the SJ actuation which has not been investigated in the lit-
erature except to the previous work of the author (Zaccara et al., 2022). Lastly, different
exit geometries of the SJ have been tested to analyze the effects of the jet velocity and jet
position changes on the wingtip vortices.
The remaining of this thesis is structured as follows. Stereoscopic Particle Image Ve-
locimetry represents the measurement technique extensively employed in the present
thesis and its working principles are reported in chapter 2. In chapter 3, the feasibility
test on the wingtip vortices alleviation is reported including the experimental rigs em-
ployed and the results which have inspired the following investigation of the thesis. The
experimental rigs involved in both the near and far field measurements are reported in
chapter 4 where the wind tunnel facilities, the wing models, the synthetic jet devices,
the operating conditions, and the image processing are described in details, together
with the data processing and metrics employed to analyze the results. The physical be-
havior and geometrical characteristics of the wingtip vortices under the SJ actuation in
the near and far field wake are reported in chapter 5 and 6 for the time-averaged and
phase-averaged analysis respectively. Finally, in chapter 7, the conclusions are drawn
and future perspective are proposed.
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STEREOSCOPIC PARTICLE IMAGE

VELOCIMETRY

T HIS chapter introduces the principles of the measurement technique employed in
the present experimental investigation which is the Stereoscopic Particle Image Ve-

locimetry (S-PIV). As such, the general features of the Particle Image Velocimetry (PIV)
are firstly outlined and the main aspects related to the stereoscopic configuration are
discussed. More details can be found in Raffel et al., 2007.

2.1. PRINCIPLE OF PARTICLE IMAGE VELOCIMETRY

P ARTICLE Image Velocimetry is a non-intrusive, laser-based anemometric whole-field
technique for measuring the two instantaneous components of the velocity vector

within a plane of complex flows. Figure 2.1 presents a typical setup for PIV recording
in a wind tunnel. A seeding system inserts tracer particles which needs to accurately
follow the flow and to present great light scattering properties. An illumination system,
such as a pulsed-laser, creates a collimated light-sheet which illuminates the tracers at
least twice within a short time interval. The light scattered is then recorded via high
quality camera on a single or multiple frames. It is important to highlight that the PIV
technique measures the local fluid velocity indirectly as a function of the tracers dis-
placement occurring in the time interval between two laser pulses. A proper and sophis-
ticated computer algorithm evaluates the local displacement vector for the PIV record-
ings (Raffel et al., 2007). The acquired images are divided in small subareas called in-
terrogation windows, in which the local displacement vector of the tracer particles is
determined using statistical auto-correlation (in case of double-exposure single-frame)
or cross-correlation (in case of single-exposure double-frame). Most PIV systems ensure
high spatial resolution, but at relative low frame rates. As a matter, the spatial resolution
is related to the size of interrogation windows which have to be large enough to include a
minimum number of particles which ensures reliable statistical values, but small enough
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Figure 2.1: Typical experimental layout for particle image velocimetry.

to avoid that the velocity gradients have significant influence on the results. The spatial
resolution determines also the number of independent velocity vectors. Finally, the ve-
locity vector is evaluated as (

u

v

)
= M f

∆t

{
∆x

∆y

}
(2.1)

where u and v are the instantaneous local velocity components in the object plane, ∆t is
the time separation between the two laser pulses, ∆x and ∆y are the components of the
local displacement vector in the image plane, and M f is the magnification factor from
the object plane to the image plane, which is constant in case of no aberrations and
misalignment. The magnification factor is the ratio of the distance between the image
plane and the lens to the distance between the object plane and the lens.

2.1.1. IMAGING AND OPTICAL SYSTEM

T HE three main components of a PIV imaging and optical system are the seeding par-
ticles, the illumination source, and the recording system (i.e. digital cameras). Ad-

ditional elements, such as lenses, mirrors, and filters, are used to shape the light beam
in an appropriate pattern, and to enhance the particle imaging thus obtaining high con-
trast images (high signal-to-noise ratio).

SEEDING PARTICLES

A S already said, the PIV technique determines the tracer particles velocity instead of
the fluid velocity. Therefore, the particles should faithfully follow the motion of the

fluid elements and such a condition requires small size of the same particles. In this
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regard, the Stokes number has a primary importance: particles with a low Stokes num-
ber (< 0.1) tend to follow fluid elements, on the contrary the motion of particles with
a large Stokes number is dominated by inertial effects and does not match that of the
fluid (the particles move with their own advection velocities). The Stokes number may
be expressed as

St = τsU∞
dp

(2.2)

where U∞ is the free-stream flow velocity, dp is the physical particle diameter, and τs is
the relaxation time defined as

τs = d 2
p

ρp

18µp
(2.3)

where ρp and µ are the particles density and the dynamic viscosity of the fluid respec-
tively. More details on the most appropriate seeding materials for liquid and gases can
be found in Raffel et al., 2007.
In order to increase accuracy in measurements, the particles needs to be in focus through-
out the illuminated region with an appropriate size on the sensor plane. The particle im-
age is associated both to geometric effects (i.e. optical magnification) and to diffraction
effects which are strictly related to the lens aperture area and the light wavelength. Ac-
cording to Adrian and Yao, 1985, the diameter of the particle in the image plane is given
by:

dτ =
√

d 2
geom +d 2

diff =
√(

M f dp
)2 + [

2.44 f#
(
1+M f

)
λ
]2 (2.4)

being dgeom the geometric image diameter of the particle obtained with a magnification
factor M f (equal to the ratio dgeom/dp ), ddiff the diffraction image diameter obtained
considering the intensity distribution as a Gaussian curve, λ the light wavelength, and
f# the f-number (ratio of the lens focal length to the aperture diameter). In most cases,
ddiff À dgeom and dτ ∼ f#. As a general rule, dτ should be not smaller than 2 pixels to
avoid the "peak locking", a bias error in the displacement estimation (Westerweel et al.,
1997). On the other hand, a larger particle size (>5 pixels) leads to higher uncertainty
although it ensures a better light scattering, thus a compromise must be reached.
As far as the best focusing condition regards, it is obtained at the intersection position of
the rays coming from the object, after passing through the lens. If the distance between
the camera sensor and the lens is not accurately adjusted, the geometric image results
blurred. Typically, the extent of the in-focus region is referred to as "depth of field" de-
fined as the distance along the optical axis over which the particle image appears not
significantly blurred. The depth of field is related to the diffraction diameter by means
of the following expression (Raffel et al., 2007)

δz = 2 f#ddiff

(
M f +1

M 2
f

)
= 4.88 f 2

# λ

(
M f +1

M f

)2

. (2.5)

ILLUMINATION AND RECORDING SYSTEM

T HE dual-cavity pulsed lasers represent the main illumination source in most PIV ap-
plication to meet the requirement of high-energy density pulses. The duration of the

illumination light pulse must be short enough to "freeze" the motion of the particles in

2. STEREOSCOPIC PARTICLE IMAGE VELOCIMETRY 25



2

order to avoid blurring of the images ("no streaks"). On the other hand, the time delay
between the stroboscopic illuminations, which is a function of the mean fluid veloc-
ity and magnification, needs to be short enough to avoid particles with an out-of-plane
velocity component leaving the light sheet between subsequent illumination, but long
enough to be able to detect the particles’ displacements between the images with a suf-
ficient resolution.
Generally, neodymium-doped yttrium aluminum garnet lasers (Nd:YAG lasers) guaran-
tee high pulse energy between 100mJ/pulse and 800mJ/pulse only at low frequencies
up to 15 Hz. For high-speed setups up to 10 kHz, Neodymium-doped yttrium lithium
fluoride lasers (Nd:YLF lasers) are employed with a considerably lower pulse energy (15
mJ/pulse to 30 mJ/pulse). The wavelength of the emitted light is 532 nm for the Nd:YAG
lasers and 527 nm for the Nd:YLF ones. Typically, the laser beam diameter is about 10
mm at the laser output, so a combination of spherical and cylindrical lenses is required
to collimate the laser light in a thin sheet.
The images of the tracer particles are recorded by using PIV cameras equipped with CCD
(charge-coupled device) and CMOS (complementary metal-oxide-semiconductor) sen-
sors. The first ones offer higher dynamic range and higher resolution, but they are also
slower, more expensive and more power-consuming. The second ones guarantee higher
repetition rates up to few thousands per second, with a better anti-blooming behav-
ior. The more recent sCMOS (scientific CMOS) technology combines the advantages of
modern CCD and CMOS sensors to provide high performance and they have been used
for the PIV experiments in the present thesis. Typical sensor sizes vary between 1 to 16
millions of pixels.

2.2. STEREOSCOPIC PARTICLE IMAGE VELOCIMETRY

T HE PIV technique described so far presents a planar nature of recording, thus al-
lowing to recover only the projection of the displacement vector into the plane of

the light sheet. The out-of-plane velocity component is lost and, as a consequence, the
signal-to-noise ratio is reduced together with the accuracy in detecting the correlation
peak (Raffel et al., 2007). Moreover, the in-plane components are affected by an un-
recoverable error due to the particle displacement in the laser thickness direction (i.e.
perspective transformation error) which increases at the edge of the field of view (FOV).
As a consequence, PIV can generate significant measurement errors of the local velocity
vector when applied to highly three-dimensional flows. Such an error increases as the
distance to the optical axis increases and so an advantageous choice is to select viewing
distance much larger than the imaged area to keep the projection error to a minimum.
This may be achieved using long focal length lenses. Anyway, it is often required to ex-
tract 3D information due to the complexity of the phenomenon.
In order to overcome these shortcomings, Stereoscopic Particle Image Velocimetry (S-
PIV) has been developed. S-PIV employs two cameras to acquire two simultaneous views
along different directions, thus allowing the out-of-plane velocity component to be mea-
sured as shown in Figure 2.2. The two components of velocity nominally perpendicular
to the camera optical axis are measured from each camera perspective and combined,
through appropriate geometric reconstruction formulas, to obtain the three-component
velocity vector within the observed plane. The most accurate determination of the out-
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Figure 2.2: Stereo viewing geometry in the xz-plane. Adapted from Raffel et al., 2007.

of-plane displacement (i.e. velocity) is accomplished when the opening angle between
the two cameras α1+α2 is 90◦. Among several optical arrangements of the two cameras,
the Scheimpflug configuration was found to be the best layout and anyway necessary
when small values of camera f-number (i.e. small depth of field) are required. According
to the Scheimpflug condition, the object plane, image plane, and lens principle plane
have to intersect at a common line, as shown in Figure 2.3. By tilting the image sen-
sor plane and the lens plane to the Scheimpflug condition, it is possible to achieve a
good focus over the entire plane of the light sheet. The drawback of an oblique view of
the scene is the introduction of a perspective distortion that is further increased by the
Scheimpflug imaging arrangement, resulting in a magnification factor that is no longer
constant across the field of view and requires an addition means of calibration.

Figure 2.3: Scheimpflug stereoscopic camera configuration. Image taken from Liu et al., 2006.
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2.2.1. S-PIV ALGORITHM

T HE S-PIV algorithm employed in the present thesis is made of three main steps: the
correction of the misalignment error between calibration and measurement planes

(Figure 2.4), PIV cross-correlation, and 3C displacement reconstruction. In particular,
the S-PIV steps are:

• Optical calibration: a mapping function, which transforms the object coordinates
into the image coordinates of camera 1 and of camera 2, is computed.

• Image dewarping: the two dewarped images recorded at the same instant by the
two cameras are compared with a PIV process based on the iterative image defor-
mation method (Astarita, 2006).

• Disparity correction: the disparity map can be computed and used to evaluate the
local misalignment by means of triangulation.

• Measurement plane determination: the equation of the measurement plane in the
object space is computed by means of a regression method. The above steps are it-
erated to obtain a better accuracy in the determination of the measurement plane
equation.

• PIV cross-correlation: the images of each camera are dewarped on the correct
measurement plane onto a common grid in the physical space. A PIV cross-correlation
algorithm, detailed in Astarita, 2008, is applied individually for each camera.

• Three component displacement reconstruction: finally, the three component dis-
placement is obtained by using geometrical relations (Giordano & Astarita, 2009;
C. Willert, 1997) or gradient based formulations (Soloff et al., 1997).

2.2.2. OPTICAL CALIBRATION PROCEDURE

T HE optical calibration procedure is based on the determination of the mapping func-
tion F (c) between the object coordinates x and image coordinates X c relative to each

camera c:
X c = F (c) (x

)
. (2.6)

A typical S-PIV calibration setup is based on recording images of planar calibration target
which is placed coincident with the light sheet plane. The calibration target consists of a
precise grid of high-contrasted known markers. In order to evaluate the camera orienta-
tion, a set of image-to-object correspondence points that are not co-planar are needed.
Therefore, different images of the calibration target are recorded when it is slightly dis-
placed at known positions in the direction normal to the light sheet plane.
Calibration comprises essentially three phases:

1. after recording images of the target at different positions, each of the two calibra-
tion grid images is cross-correlated with a proper correlation mask to evaluate the
position of the marks which are fitted with the typical three-points (Gaussian) es-
timator with sub-pixel accuracy;
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2. creation of a discrete correspondence between the physical and image plane co-
ordinates of the detected marks;

3. a regression method based on a chosen mapping function F is applied to each of
the two image-object point pair sets yielding a set of reconstruction coefficients
for each camera view. One of the most adopted model for F is the pinhole camera
model.

Figure 2.4: Scheme of the procedure used to correct the misalignment error between calibration and measure-
ment planes. Adapted from Giordano and Astarita, 2009.

2.2.3. IMAGE DEWARPING

I N order to obtain the three component displacement, the data set must first be con-
verted from the image plane to true displacements in the global coordinates system

taking into account of all magnification issues. The first step is image dewarping, which
consists in the removal of distortion (i.e. variation in the magnification factor) in the
recorded image, in order to associate velocity vectors to the points in a common grid
of the physical space (the effective area of interest) by using the mapping function F,
as shown in Figure 2.5. A high-order interpolation scheme is required to increase the
accuracy of the backprojection. Interpolation schemes based on B-spline functions are
widely employed by the PIV community users. In this case it is possible to use square
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interpolation grids with a linear dimension that is a function of the spline order. In par-
ticular, a spline of order two uses a stencil of 3×3 points, while a spline of order three
uses 4×4 points. Details on implementation of the algorithm and on the relations of the
B-spline interpolation schemes with the cardinal interpolation formula can be found in
Unser et al., 1993a, 1993b and in Unser, 1999.

Figure 2.5: Mapping function between the image and the object plane. Adapted from C. Willert, 1997.

2.2.4. DISPARITY CORRECTION

O NE of the main source of errors in a S-PIV measurement setup is represented by the
unavoidable misalignment that occurs between the calibration plane and the laser

sheet, i.e. the measurement plane, as shown in Figure 2.6. It greatly affects the true posi-
tion of the light sheet in space and the dewarping of images, thus a disparity correction
based on cross-correlation between the images of the two cameras is applied.
The scheme of the whole correction procedure is reported in Figure 2.4. By compar-
ing the two instantaneous dewarped images, the disparity map can be computed with a
PIV cross-correlation process. In the case of a misalignment, as shown in Figure 2.6, a
generic point P of the measurement plane is viewed in two different positions P1 and P2

by the two cameras in the dewarping process.
Using the disparity vector Du and the local viewing angles of each camera αc (angle be-
tween the viewing ray and the plane y z measured in the xz plane), it is possible to com-
pute the local misalignment by means of triangulation:

∆z = Du

tanα1 + tanα2
. (2.7)

Finally, the equation of the measurement plane in the object space is computed by means
of a regression method. The whole procedure is iterated in order to obtain a better accu-
racy in the determination of the measurement plane equation. After the first iteration,
the images are dewarped taking into account the measurement plane equation com-
puted in the previous step. Obviously, in order to avoid extrapolation in the dewarping
process, the mapping volume has to contain the measurement plane. Alternatively, it is
also possible to recompute the mapping function Wieneke, 2005; in this way, the mea-
surement plane has always the equation z = 0.
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Figure 2.6: Sketch of a generic misalignment error between calibration and measurement planes. Image taken
from Giordano and Astarita (2009).

2.2.5. 3C DISPLACEMENT RECONSTRUCTION

A S already mentioned, the application of a stereoscopic reconstruction allows obtain-
ing the 3C of the velocity vector from the two-dimensional views. There are several

methods to perform the stereoscopic reconstruction and Prasad, 2000, in a review arti-
cle, subdivided these methods into geometrical and calibration based. The former ap-
proach is not used anymore because the latter is normally more accurate.
Among the possible calibration-based approaches, the S-PIV community mainly adopts
two alternative methods: geometrical (C. Willert, 1997) and gradient based (Soloff et
al., 1997). In the former, the two images recorded from different angles are first de-
warped and then processed with a standard PIV algorithm in order to obtain the two-
dimensional maps of the displacements along the directions orthogonal to the camera
axes. Finally, a geometrical reconstruction is used to obtain the 2D3C velocity vector in
the laser sheet plane. Soloff et al., 1997 proposed to skip the dewarping step and to apply
the PIV algorithm directly on the recorded images. In this case, the stereoscopic recon-
struction is performed by using a gradient based formulation. The method proposed by
Soloff et al., 1997 can only be applied by computing the two 2D displacement maps di-
rectly on the recorded images. On the other hand, Coudert and Schon, 2001 showed that
the geometrical approach can be applied on both the dewarped and the raw images.
In the present thesis, both approaches have been employed and they are briefly de-
scribed in the following.

GEOMETRICAL METHOD

T HE two couples of recorded images are first dewarped on the object plane by using
the mapping function obtained from the calibration. Mapping the recorded images

prior to processing them has the advantage of obtaining a constant and isotropic spa-
tial resolution. By processing the mapped couples of images with a PIV algorithm, it is
possible to evaluate both 2D displacement fields (uc , vc ) on a common grid in the world
coordinate system. In order to perform the mapping, it is needed to re-sample the im-
ages which can lead to a loss of image quality. It has to be noticed that if an image defor-
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mation method (Astarita, 2007; Scarano, 2001) is used as a PIV algorithm, it is possible
to insert the dewarping procedure directly inside the PIV algorithm without inducing
any additional loss of quality (Scarano et al., 2005; Wieneke, 2005). The scheme of the
adopted 3C displacement reconstruction procedure consists of the following steps:

• an iterative image deformation PIV process is computed on each couple of de-
warped images: dewarping of images is computed by considering the real position
of the measurement plane;

• a geometric reconstruction of the three-dimensional displacement field is obtained
by means of the two 2C-vector fields (related to the two cameras) and of the local
viewing angles α1, α2, β1, and β2 (see Figure 2.7, αc

(
βc

)
is the angle between the

viewing ray and the plane y z (xz) measured in the xz (y z) plane).

Figure 2.7: Geometrical reconstruction on the xz plane and y z plane. Image taken from Giordano and Astarita
(2009).

In the case of small displacements (i.e. when the viewing rays are practically parallel),
C. Willert, 1997 proposed the following formulas for the stereoscopic reconstruction of
the 3C (u, v, w) velocity vector from the 2D components u1, v1 and u2, v2 (for βc ¿ 1):

u = u1 tanα2 −u2 tanα1

tanα2 − tanα1
(2.8a)

w = u1 −u2

tanα2 − tanα1
(2.8b)

v = v1 tanβ2 − v2 tanβ1

tanβ2 − tanβ1
= v1 + v2

2
+ w

2

(
tanβ1 + tanβ2

)
(2.8c)

The angles αc and βc are defined in Figure 2.7 and may be evaluated by measuring the
relative distances:

tanαc =
xc −xp

zc − zp
; tanβc =

yc − yp

zc − zp
(2.9)

where
(
xp , yp , zp

)
and

(
xc , yc , zc

)
are the coordinates in the object space of the mea-

surement point P and of the pinhole of the generic camera c.
Following Giordano and Astarita, 2009 to determine the local viewing angle, one can
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imagine an infinitesimal displacement vector dx along the viewing ray of the camera c
(see Figure 2.8). Obviously, the correspondent displacement dX c in the image plane is
zero. Consequently, if one considers the Taylor series expansion of the mapping func-
tion:

dX c =∇F (c) ·dx (2.10a)[
dXc

dYc

]
=

[
X (c)

x X (c)
y X (c)

z

Y (c)
x Y (c)

y Y (c)
z

]
·
dx

dy
dz

 (2.10b)

where X (c) is the mapping function for the image coordinate Xc relative to the camera c
and the subscript indicates derivation. The projection of Eq. (2.10b) along the viewing
ray becomes: [

X (c)
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]
·
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As a result, the viewing angles αc and βc in a generic point P are found to be:
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The main advantage of the formulas proposed by Giordano and Astarita, 2009 is that

Figure 2.8: Sketch of a generic displacement along the viewing ray of the camera. Image taken from Giordano
and Astarita (2009).

there is no need to measure any additional geometrical parameter of the experimental
setup. Moreover, with these formulas it is possible to compute the viewing angles with-
out any further computation in addition to the unavoidable calibration of the stereo-
scopic configuration. Lastly, Eq. (2.8a) to (2.8c) can also be written, for the generic cam-
era c, in the following compact form:

tanαc = u −uc

w
; tanβc = v − vc

w
(2.13)
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By considering both cameras, Eq. (2.13) is a system of four linear equations in three un-
knowns velocity components (u, v, w) that can be easily solved in a least squares sense
(Raffel et al., 2007). The general scheme of the geometrical approach for the 3C recon-
struction procedure is reported in Figure 2.9.

Calibration Images 
recording

Images dewarping

Data analysis

Correction of 
misalignment 

errors

PIV interrogation 
on dewarped images

Geometric reconstruction
of flow field

Figure 2.9: Scheme of the geometrical approach for the 3C reconstruction procedure.

GRADIENT BASED METHOD

A S already mentioned, in the gradient based approach the 2D displacements fields
are computed directly on the recorded images. In order to perform the stereoscopic

reconstruction, the displacement vectors should be evaluated on a common grid, in the
world coordinate system. Some authors report the possibility of evaluating the 2D dis-
placements in the correct world position but this approach is of difficult application. The
other possibility is to evaluate 2D displacements with a standard PIV on a structured
rectangular grid in the image space and then to interpolate the vectors on a common
grid in the world space. In this case the spatial resolution changes from point to point
and this can have an influence on the Modulation Transfer Function (MTF) of the stereo
PIV (Giordano & Astarita, 2009).
The stereoscopic reconstruction can be taken on in different ways. Calluaud and David,
2004 proposed to fix the tail of the displacement vector on a point in the world grid and
then to map back the head of the vector from the two 2C measurements. From the differ-
ence between the positions of the head and tail, it is possible to reconstruct the velocity
vector. This algorithm can be even improved by using a centered approach. The main
flaw is that the solution of the nonlinear over-determined system can be difficult. The
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most common gradient based approach is the one proposed by Soloff et al., 1997 which
includes in one step the images dewarping and the 3C reconstruction. In particular, the
2D displacement of a particle in the image plane is:

dX c = F (c) (x +dx
)−F (c) (x

)
(2.14)

where dx is the displacement in the object plane. By computing a Taylor series expan-
sion of Eq. (2.14), a first-order relationship between the displacements in the image and
object planes is:

dX c =∇F (c) ·dx (2.15a)
dX1

dY1

dX2

dY2

=


X (1)

x X (1)
y X (1)

z

Y (1)
x Y (1)

y Y (1)
z

X (2)
x X (2)

y X (2)
z

Y (2)
x Y (2)

y Y (2)
z

 (2.15b)

Eq. (2.15a) (or (2.15b)) is a linear system with three unknowns and two equations for
each camera. By combining the equations for the two cameras, it is possible to find a
system with four equations and three unknowns, which can be easily solved in a least
squares sense. Finally, the scheme of the whole procedure is drawn in Figure 2.10.
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images
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errors

Reconstruction by means of 
mapping function gradient 

Figure 2.10: Scheme of the gradient based approach for the 3C reconstruction procedure.
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FEASIBILITY TEST ON WINGTIP

VORTICES ALLEVIATION

A S already mentioned in the introduction section of the present thesis, the past re-
searches performed a time-averaged analysis of the wake behavior studying the di-

rect impact of blowing on the vortex dissipation by employing only a half-wing to gen-
erate one single wingtip vortex. As such, the author performed a feasibility test on the
effectiveness of the synthetic jet actuation on wingtip vortices generated by a finite-span
wing in order to preserve the mutual induction of the counter-rotating vortices during
their evolution. Different blowing configurations have been investigated by varying the
synthetic jet velocity and actuation frequency to analyze the effectiveness of the active
flow control tuned also to the inherent instability frequencies of the vortices. In addition,
a novel phase-locked analysis has been conducted to give clear insight of the develop-
ment of the wingtip vortices under the synthetic jet actuation.
In the following, the experimental apparatus including the wind tunnel and S-PIV setup
and the operating conditions are presented in section 3.1. The results are presented in
section 3.2.1 and 3.2.2 related to the time-averaged and phase-averaged analysis respec-
tively, while the conclusions are drawn in section 3.3.

3.1. EXPERIMENTAL APPARATUS AND OPERATING CONDITIONS

3.1.1. EXPERIMENTAL RIGS

T HE experiments have been conducted in the open jet wind tunnel at the Department
of Industrial Engineering of the Università degli Studi di Napoli “Federico II” shown

in Figure 3.1. The flow is generated by a centrifugal fan and passes across a stagnation
chamber; honeycomb screens are placed to ensure uniformity of the flow velocity over

Parts of this chapter have been published in Experimental Thermal and Fluid Science, 130, 110489 (2022),
Zaccara et al., 2022.
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Figure 3.1: Experimental setup.

the cross section. Then, the flow develops across a convergent duct with a contraction
ratio of 3.25 and a final 0.5 m-long rectangular duct with a constant cross sectional area
of 0.30×0.60 m2. As shown in Figure 3.1, the reference frame Ox y z is anchored to the
wing trailing edge at the mid-span point with x, y , and z-axis aligned with the spanwise,
crosswise, and streamwise directions respectively.
A sketch of the wing model employed for the present experiments is reported in Figure
3.2. It is a rectangular finite-span square-tipped wing equipped with a NACA 0024 airfoil
section. The airfoil chord is c = 0.05 m, the wingspan is b = 0.1 m, resulting in an aspect
ratioA = 2. The wing sting support has a trapezoidal shape with a taper ratio of 1.6, root
chord of 0.08 m, height of 0.208 m, and a NACA 0024 airfoil section. The wing is manu-
factured in PLA plastic by a high-resolution 3D printer at the Department of Industrial
Engineering of the Università degli Studi di Napoli “Federico II”.
The synthetic jet is generated by using a loudspeaker as oscillating driver (Greco et al.,
2013). At the basis of the wing support, a 50 W speaker (Ciare HW100) is attached. It is
supplied with a sinusoidal input signal generated by a Digilent Analog Discovery™USB
Oscilloscope, coupled with a power amplifier (Kenwood KAC-6405). The duct for the
supply of the synthetic jets runs throughout the wing span and the support. This cham-
ber ends at the tips of the wing in two rectangular slots as shown in Figure 3.2. They are
placed in the mid-plane of the wing based on the design from previous works (Dghim
et al., 2018, 2020; Dghim et al., 2016; Heyes & Smith, 2004). The slots are 0.4c wide and
positioned at z/c =−0.20. Following the findings of Margaris and Gursul, 2010, position-
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3Figure 3.2: Front and side views of the finite-span wing model equipped with the internal synthetic actuator.
The dashed lines display the slot running through the sting and the wing.

ing the jet further downstream leads to a higher jet velocity in the near wake and thus
stronger jet vortices which could interact more with the wingtip vortices. The height of
the slots of 0.03c is fixed by the minimum clearance of the 3D printer employed. The
internal shape is similar to the airfoil section and then, in the wing, the duct turns to a
rectangular one convergent to the slot at the wingtip with a contraction ratio equal to
2. For the Baseline Case (BC) with no control, the slots have been covered with tape to
avoid passage of air inside the wing. Both the model and the loudspeaker are connected
to an interface which can be oriented with respect to the streamwise direction with the
aid of an inertial measurement unit.

3.1.2. STEREOSCOPIC PARTICLE IMAGE VELOCIMETRY SETUP

S TEREOSCOPIC particle image velocimetry is used to measure the instantaneous three-
component velocity and a schematic of the experimental setup is shown in Figure

3.1. The flow is seeded with olive oil particles having a mean diameter of 1 µm and gen-
erated by a Laskin nozzle. They are spread through a seeding rake placed in front of
the collector of the centrifugal fan. The seeding rake is made of 10 pipes (2 cm diam-
eter) with 5 mm holes throughout their length and circumference. The centrifugal fan
guarantees the mixing of the particles in the flow. Illumination is provided by the Quan-
tel Evergreen laser, a 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 mm thick light sheet. The
time delay between the two laser pulses has been set to 10 µs. Images are acquired by
two Andor Zyla sCMOS cameras (2160× 2560 pixels, pixel pitch of 6 µm, intensity res-
olution 16 bit) in stereo configuration equipped with Tokina AT-X M100 PRO D lenses
of 100 mm focal length. To compensate the different brightness conditions, the relative
aperture is set at f # = 11 for the camera in forward scattering configuration, whereas,
at f # = 5.6 for that in backward scattering. The angle between the optical axes of the
two cameras is set at about 105◦ and Scheimpflug adapters are used in order to achieve
good focus over the entire field of view. The present imaging produces a field of view of
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2.4c × 3.2c with a spatial resolution of about 21 pixel/mm. In order to perform phase-
locked measurements, an appropriate sampling frequency determined in accordance
with the procedure of Greco et al., 2013 has been set for each investigated control case.
The S-PIV measurements and the synthetic jet actuation were controlled by an external
signal synchronizer. In particular, the S-PIV measurements were locked to the electri-
cal signal driving the loudspeaker. Hence, the periodic phenomenon is sampled with a
phase separation ∆ϕ= 24◦, leading to 15 phases per cycle. A total of 3750 image pairs, i.e.
250 snapshots per phase, are acquired to obtain a statistically reliable data. The quality
of the image pairs is improved by subtracting a background intensity from the raw im-
ages obtained by computing the 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 according to Astarita, 2006, 2007,
2008; Astarita and Cardone, 2005. The final interrogation area size is 64×64 pixels with
an overlap of 87.5%, resulting in a measurement resolution Lm of 0.38 mm. Lastly, the
maximum random error on the instantaneous velocity vectors is estimated to be 0.109
pixels (Bhattacharya et al., 2016), which leads to a vorticity uncertainty of about 1.7% of
the maximum detected phase-averaged vorticity (Sciacchitano & Wieneke, 2016).

3.1.3. OPERATING CONDITIONS

A LL the experiments have been conducted at Rec = 8.16×104. The free-stream veloc-
ity U∞ is 24.5 m/s with a turbulence level of 1.3% measured via hot-wire anemom-

etry. The S-PIV measurement plane is placed at z/c = 3 for each test and the wing is
mounted at an angle of attack of α = 5◦ placed at a distance equal to one chord-length
from the nozzle exit section.
The instantaneous velocity of the synthetic jet at both the tips is 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 5µm (55P11). To uniformly cool
the active sensor, the wire was aligned with the direction of the long side of the slot and
placed at the slot exit. The sampling frequency was fixed at 1000 fa , where fa is the syn-
thetic jet actuation frequency. It is worth noting that the hot-wire sensor acquisitions
were synchronized with the electrical signal sent to the loudspeaker. As a result, the
phase shift between this electrical signal and the synthetic jet exit velocity was charac-
terized in order to accurately identify the start of the cycle of the synthetic jet with respect
to the sampled phases.
In order to analyze the effectiveness of the synthetic jet actuation, five different control
cases (CCs) have been investigated. CC1 and CC2 are characterized by a Cµ = 0.2% and
Cµ = 0.04% respectively, and by an fa equal to the Crow instability frequency estimated
to be 35 Hz according Eq. (1.16). CC3 is related to a Cµ = 0.04% and by fa = 82 Hz
(λ∼ 3b) that is out of the range bounded by the Crow instability frequency as suggested
by Bearman et al., 2005, 2007. CC4 is characterized by a Cµ = 0.04% and by an fa equal
to the Widnall instability frequency estimated to be 272 Hz according Eq. (1.18). Lastly,
CC5 is defined with a Cµ = 0.04% and by an fa = 360 Hz which corresponds to the fifth
wake mode instability found by Edstrand et al., 2018. A summary of the control cases is
reported in Table 3.1.
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Table 3.1: Characteristic dimensionless parameters for the investigated configurations.

Control
Case

α Rec F+ Cµ

BC 5◦ 8.16×104 - -
CC1 5◦ 8.16×104 0.0714 0.2%
CC2 5◦ 8.16×104 0.0714 0.04%
CC3 5◦ 8.16×104 0.167 0.04%
CC4 5◦ 8.16×104 0.555 0.04%
CC5 5◦ 8.16×104 0.735 0.04%

3.2. RESULTS AND DISCUSSIONS

I N the present section, both the average results based on the entire ensemble of the
instantaneous flow fields and the phase-averaged results are reported. The evaluation

methods of each physical and geometrical quantity presented herein are detailed in Za-
ccara et al., 2022. As regards the notation employed, the symbols (·) and 〈·〉 represent a
time-averaged and phase-average value respectively.

3.2.1. TIME-AVERAGED ANALYSIS

T HE contour maps of the non-dimensional time-averaged streamwise vorticity ζz c/U∞
for all the investigated cases are reported in Figure 3.3. Here, the dashed black line

represents the projection of the wing trailing edge onto the measurement plane. From
the baseline case in Figure 3.3a, it is evident that at z/c = 3 the roll-up process is not
completed yet (Ramaprian & Zheng, 1997). In fact, a region with lower vorticity than the
wingtip vortices related to the shear-layer leaving the trailing edge is clearly discernible.
In all the configurations reported in Figure 3.3, the vortices present an ellipsoidal shape
which could be mainly attributed to the strong interaction with the shear-layer during
the roll-up process and to the 3D vortices structure (Ramaprian & Zheng, 1997). Fur-
thermore, the vortices centers do not coincide with the wingtips projections and they
are drawn inboard of about 0.2c. Under the control configuration CC1 tuned to the Crow
instability frequency, the vortices appear to diffuse over a wider area, characterized by a
smaller vorticity gradient too. Moreover, they appear to be stretched assuming an elon-
gated ellipsoidal shape resulting in a strength reduction of 26% in terms of vorticity peak
values with respect to the baseline case. By reducing the momentum coefficient of 80%
at the same actuation frequency (CC2), the vortices characteristics do not substantially
vary in terms of diffusion and vorticity peak which is slightly increased to 27% against
the baseline case. This suggests that the momentum coefficient is not a crucial parame-
ter for the investigated conditions of F+ = 0.0714 and z/c = 3.
By fixing Cµ = 0.04% and increasing the actuation frequency from CC3 to CC5, it is clear
that the synthetic jet actuation results in a diffusion of the vortices which increases with
F+. This is confirmed in Table 3.2 where the geometrical characteristics of the vortices
are reported. In particular, the most pronounced diffusion is related to the CC4 and CC5
where a major axis increase of about 47% with respect to the baseline case is observed. As
reported in Table 3.2, the aspect ratio and the inclination angle have a maximum in the
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Figure 3: Time-averaged normalized streamwise vorticity contours at �/� = 3. a) Baseline,
b) CC1, c) CC2, d) CC3, e) CC4, and f) CC5.

yet. In fact, a low-vorticity vortex sheet is clearly discernible from the wing tip vortices in which
the major vorticity is concentrated. Furthermore, the two vortices are drawn inboard toward the
wing centerline of about 0.2�. Under the control configuration CC1 tuned to the Crow instability
frequency, the vortices appear to be spread over a wider area, characterized by a smaller gradient
too. Moreover, they appear to be stretched assuming an elongated ellipsoidal shape resulting in
a strength reduction of 26% in terms of peak vorticity values in respect to the Baseline case. By
reducing the momentum coefficient of 80% at the same actuation frequency (CC2), the vortices
characteristics do not substantially vary in terms of diffusion and peak vorticity reduction which
is 25% against the baseline case. This suggests that the momentum coefficient is not a crucial
parameter for the investigated conditions of �+ = 0.0298 and �/� = 3.
By fixing the momentum coefficient �� = 0.0004 and increasing the actuation frequency from
CC3 to CC5, it is clear that the synthetic jet actuation turns into an outward diffusion of the
vortices which increases with �+. This is confirmed in figure 4 where the normalized diameter
of the vortices both in � and � directions are displayed. They are obtained from the model fit
of eq. (3.1) as ��,� = 4��,� , since two standard deviations (2�� and 2��) are representative
of 95% of the set. The most pronounced diffusion is related to the CC5 where an increase of
about 33% in respect to the Baseline case is registered. On the other hand, the vortices relative
distance � appears to be not affected by the SJ actuation as shown in figure 6. Lastly, in figure 5,
the streamwise vorticity peak for the configurations investigated is reported. As it can be noted, a
decrease of 37% and 41% is obtained for CC3 and CC4 tuned to the Widnall instability frequency,
while a huge impact is achieved in the CC5 (-44%) which is representative of the fifth wake mode
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Figure 3.3: Time-averaged normalized streamwise vorticity contours at z/c = 3. a) BC, b) CC1, c) CC2, d) CC3,
e) CC4, and f) CC5.

Table 3.2: Normalized streamwise vorticity peak value, circulation, vortex major axis, aspect ratio and inclina-
tion angle of the vortices for all the control cases. The BC value of ζz,max c/U∞ and Γ/(U∞c) are equal to 7.24
and 0.113 respectively.

Control
Case ζz,max /ζ

BC
z,max Γ/Γ

BC Dmax /c Dmax /Dmi n Φ

BC 1.00 1.000 0.213 1.319 13.6◦
CC1 0.745 1.233 0.223 1.353 26.2◦
CC2 0.734 1.219 0.245 1.300 15.2◦
CC3 0.595 1.292 0.280 1.261 26.1◦
CC4 0.564 1.262 0.314 1.290 30.4◦
CC5 0.538 1.240 0.310 1.208 19.5◦

CC1 and CC4 respectively without showing any trend with the momentum coefficient
and/or the actuation frequency. On the other hand, the vortices mean relative distance
b0 appears to be not too affected by the SJ actuation. Lastly, in Table 3.2, the stream-
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wise vorticity peak for the configurations investigated normalized with respect to the BC
value is also reported. As it can be noted, a decrease of 41% and 44% is obtained for CC3
and CC4 (tuned to the Widnall instability frequency), while a major impact is achieved in
the CC5 (-46%) which is representative of the fifth wake mode instability reported by Ed-
strand et al. Edstrand et al., 2018. It is worth noting that a huge reduction of the vorticity
peak is registered for all the cases investigated. This effect could be related to the inter-
action between the SJ and the wingtip vortices which propagate downstream and/or to
a change in the vorticity decay rate.
A crucial parameter to evaluate the synthetic jet actuation effectiveness on the wingtip
vortices control is the time-averaged vortex circulation. It has been evaluated by ana-
lytically integrate the streamwise vorticity field as described by Zaccara et al., 2022.The
results are displayed in Table 3.2.
Under the control case CC1, the effect of the actuation is to increase the average circula-
tion of 23% with respect to the baseline case. The circulation seems to be not affected by
the reduction of the momentum coefficient Cµ at the same actuation frequency (CC2).
On the other hand, the circulation is increased by increasing the actuation frequency
for the configuration CC3 of 29%, while an increase of 26% and 24% is registered for the
configuration CC4 and CC5. It is important to recall that the increase of the circulation
could be beneficial because the instability growth rate of the wingtip vortices is directly
proportional to vortex circulation as reported in Eq. (1.15) (Leweke et al., 2016).
The synthetic jet effect is also observed in terms of the normalized circumferential ve-
locity Uθ/U∞ reported in Figure 3.4. With reference to the baseline case, it is evident that
the negative peaks are 26% higher than the positive ones. This behavior can be ascribed
to the double induction caused by the vortex itself and by the neighboring one, both in-
ducing a downward velocity. In the following, only the positive peaks are analyzed. Un-
der the control case CC1, a striking effect of the SJ actuation is obtained with a smoother
gradient and a peaks reduction of 29% with respect to the baseline case. By reducing the
momentum coefficient (CC2), a weaker influence is registered with a decrease of 14% in
the peaks values. However, the effect of higher Cµ is in agreement with the findings of
Margaris and Gursul Margaris and Gursul, 2006 and Dghim et al. Dghim et al., 2018. As
it can be noted in Figure 3.4, the control case CC1 is the most effective since a reduc-
tion of about 21%, 18%, and 20% has been obtained for the control case CC3, CC4, and
CC5 respectively. In Dghim et al. Dghim et al., 2018, a decrease of the circumferential
velocity peak value of about 7% and 18% is reported by increasing the momentum co-
efficient from Cµ = 0.1% to Cµ = 1% at the same F+ = 0.96 which is a bit higher than
the ones investigated in the present tests. They achieve the best performances with the
lowest actuation frequency F+ = 0.29 and Cµ = 1% resulted in a peak reduction of 32%
with respect to the natural vortex case. It is worth noting that in the present experiment
for a similar F+ = 0.167 and a Cµ = 0.04% two order of magnitude lower (CC3), a reduc-
tion of 21% is achieved, confirming the possibility to obtain an effective control with a
considerably less power.

3.2.2. PHASE-AVERAGED ANALYSIS

I N order to give more insights of the dynamics of the actuation effectiveness on vor-
tices evolution, a phase-locked analysis of the phenomenon has been conducted. It
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Figure 3.4: Normalized induced velocity profile across the vortices center for all the control cases.

has been assumed that the disturbance generated by the SJ propagates downstream at
the free-stream velocity in the convective time τ= 3c/U∞. Hereinafter, the phase ϕ= 0◦
corresponds to the beginning of the blowing phase of the SJ. In Figure 3.5, the phase-
evolution of the normalized streamwise vorticity field for the control case CC1 is re-
ported. For the sake of brevity, the geometrical and physical characteristics of the vor-
tices reported hereinafter are the average between the left and right vortex.
The main effects caused by the SJ actuation for the CC1 are the huge diffusion of the
wingtip vortices which are barely visible in Figure 3.5d - 3.5g, and the displacement of
the wingtip vortices themselves. In Figure 3.6, the phase-evolution of the vorticity peak
is reported for all the control cases investigated normalized with respect to the time-
averaged BC value. As such, the vorticity peak presents a sinusoidal phase-evolution,
suggesting a direct correlation between the SJ phases and its effect on the wingtip vor-
tices behavior. As it can be noted, the maximum vorticity peak reduction is relative to
the Crow instability frequency with the higher Cµ (CC1) for which a decrease of 74% with
respect to the baseline case is registered. On the other hand, this behavior is in contrast
with the suction phase of the SJ where an increase of 54% is encountered at the end of
the actuation period. A more effective control cases are the CC2 and CC3 with a reduced
momentum coefficient and for which a 70% of peak vorticity reduction is obtained with
an increase of only 13% and 6% during the suction phase. A completely different evolu-
tion is achieved for the control cases CC4 (Widnall instability) and CC5 (fifth wake mode
instability (Edstrand et al., 2018)). Firstly, it appears that the phase-locked vorticity peak
evolution is not correlated to the SJ blowing and suction phases. In fact, the maximum
reduction of about 50% is immediately before the end of the suction phase. The ob-
served decorrelation might be ascribed to several factors as the too low stroke length
which causes the SJ to penetrate less in the wingtip vortex, and to the smaller actuation
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Figure 3.5: Phase-averaged normalized streamwise vorticity contours at z/c = 3 for the control case CC1.

period of CC4 and CC5 that is about half of the characteristic time τ needed for the vor-
tex to travel downstream at z/c = 3 where S-PIV images are recorded. Finally, it is worth
noting that the vorticity peak is at least 26% less than the baseline case for each phase
of the SJ actuation only for the control cases CC4 and CC5, which can be considered the
most effective ones according the vortex diffusion metric.
In order to assess the variation of the vortex positions, a plot of the phase-evolution of
the vortex centroids is reported in Figure 3.7 for the control case CC1. The black dashed
line is again the projection of the trailing edge of the wing. As it can be noted, this config-
uration causes a periodic motion of the vortices at the Crow frequency along a directions
inclined of 45◦ represented as plain gray lines, which could promote the Crow instabil-
ity that is known to reveal and grow along these ±45◦ directions (Leweke et al., 2016).
In particular, in both the crosswise and the spanwise direction, the maximum displace-
ment of the vortex centroids with respect to the time-averaged position of the baseline
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Figure 3.6: Normalized streamwise peak vorticity phase-evolution for all the control cases. The time-averaged
BC value of ζz,max c/U∞ is equal to 7.24.

case is about 0.2c. The remaining control cases are not reported herein because they
do not cause a noticeable variation of the vortex centroids position due to their low mo-
mentum coefficients. This is confirmed by the phase-evolution of the vortex distance
shown in Figure 3.8. Only for the control case CC1 an increase of 23% is obtained at the
SJ blowing peak when the vortices are far displaced, while for the other configurations
the maximum distance is below 6% more than the baseline case. With the exception of
the CC4 and CC5 which are confirmed to be not correlated with the SJ ejection phases,
during the suction phase the distance is kept practically constant and equal to the time-
averaged baseline value. On the other hand, it is interesting to note that, for each config-
uration investigated, there is at least one phase in which the vortex distance is reduced of
about 4% in respect to the baseline. This could be a very useful result because, moving
further downstream, the amplitude of this motion is supposed to grow and this could
lead to an early vortex linking with respect to the case with no SJ control.
As in the time-averaged analysis, useful information can be obtained from Figure 3.9,
where the phase-locked evolution of the geometrical characteristics of the vortices has
been shown. Since it is not possible to define a phase-evolution for the baseline case,
only the time-averaged value is reported for comparison. It is evident that a synthetic jet
blowing in the spanwise direction has a strong impact on altering the vortex size, pro-
moting its premature dissipation. For each control case, the vortex major axis is higher
than the baseline value, except for the SJ suction phase of the CC1, CC2, and CC3 where
the value is almost constantly equal to the natural vortex value. CC1 appears to be the
most effective configuration causing more than a doubling of the vortex size (+160%),
with a slight reduction in the last part of the actuation period. As a matter, the CC2 and
CC3 with a lower momentum coefficient, cause a maximum increase of about 116% dur-

46 3. FEASIBILITY TEST ON WINGTIP VORTICES ALLEVIATION



3

(a) φ = 0◦ (b) φ = 24◦ (c) φ = 48◦

(d) φ = 72◦ (e) φ = 96◦ (f) φ = 120◦

(g) φ = 144◦ (h) φ = 168◦ (i) φ = 192◦

(j) φ = 216◦ (k) φ = 240◦ (l) φ = 264◦

(m) φ = 288◦ (n) φ = 312◦ (o) φ = 336◦

Figure 9: Phase-averaged normalized streamwise vorticity contours at z/c = 3 for the control
configuration CC1.

19

(a) φ = 0◦ (b) φ = 24◦ (c) φ = 48◦

(d) φ = 72◦ (e) φ = 96◦ (f) φ = 120◦

(g) φ = 144◦ (h) φ = 168◦ (i) φ = 192◦

(j) φ = 216◦ (k) φ = 240◦ (l) φ = 264◦

(m) φ = 288◦ (n) φ = 312◦ (o) φ = 336◦

Figure 9: Phase-averaged normalized streamwise vorticity contours at z/c = 3 for the control
configuration CC1.

19

Figure 3.7: Phase-evolution of the (a) left vortex and (b) right vortex position for the control case CC1.
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Figure 3.8: Normalized vortex distance phase-evolution for all the control cases. The time-averaged BC value
of b0/b is equal to 0.794.

ing the SJ blowing phase and no variation during the SJ suction phase, suggesting that,
in these conditions of F+ and Cµ, the use of pulsed jet could be a useful alternative to
be investigated. The control cases CC4 and CC5 at high F+, show a maximum and mini-
mum increase of 60% and 30% with respect to the baseline case.
Phase-locked evolution of the normalized vortex circulation with respect to the time-
averaged BC value is reported in Figure 3.10. As already stated for the time-averaged
analysis, the circulation is increased with respect to the baseline case for each control
case except for the last part of the actuation period for the CC1. This could promote a
faster dissipation of the vortex, especially during the SJ blowing phase where a noticeable
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Figure 3.9: Normalized vortex major axis, aspect ratio and inclination angle phase-evolution for all the control
cases.

rise is encountered of about 85%, 60%, and 65% for the CC1, CC2, and CC3 respectively.
The quasi-sinusoidal evolution is confirmed for all the cases, with a slight demodulation
between CC1 and CC2 and a phase delay for the CC4 and CC5 with respect to SJ actua-
tion phases. The latter show a maximum increase of 38% and 53% with a small variation
around the time-averaged value.
Lastly, the phase-locked evolution of the normalized induced velocity positive peak with
respect to the time-averaged BC value is reported in Figure 3.11. It has been obtained in
the analogous way described for the time-averaged analysis and by averaging the posi-
tive peak of the vortices. It is clear that the SJ actuation leads to a remarkable effect on
the induced velocity and thus on the wake hazard metrics. The control configuration
at low F+ (CC1 to CC3) produces a huge decrease of about 36% at the SJ blowing phase
peak with a slight increase in the last SJ phases. By increasing the actuation frequency,
the CC4 and CC5 cause a small sinusoidal variation around the time-averaged value with
a maximum reduction of 26% with respect to the baseline case.

3.3. CONCLUSIONS AND PERSPECTIVES

I N the present chapter, a parametric investigation on the synthetic jet actuation effec-
tiveness on wingtip vortices control has been presented. Stereoscopic particle image

velocimetry measurements have been performed in the near wake (z/c = 3) of a finite
square-tipped rectangular wing with a NACA0024 airfoil section at a chord Reynolds
number of 8.16× 104. The wing has been placed at an angle of attack of 5◦, while the
synthetic jets have been blown through rectangular slots at the wingtips. Five differ-
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Figure 3.10: Normalized circulation phase-evolution for all the control cases. The time-averaged BC value of
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Figure 3.11: Phase-evolution of the normalized induced velocity positive peak for all the control cases. The
time-averaged BC value of Uθmax /U∞ is equal to 0.148.

ent control cases have been tested, tuned to the Crow instability (CC1 and CC2), to a
frequency outside the range amplified by the Crow instability (CC3), to the Widnall in-
stability (CC4), and to the fifth wake mode instability (CC5).
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An evident impact of the actuation on the vortices development has been observed in the
time-averaged analysis. The vortices are clearly stretched into an ellipsoidal shape and
they present a diffusion which increases with the actuation frequency F+. The control
cases CC4 and CC5 at the higher F+ has the most significant effect causing a reduction of
the vorticity peak and increase of the vortex diameter of about 44% and 47% respectively,
leading to an intense vortex diffusion and vortex strength decrease. The vortex circula-
tion appears to slightly increase with the actuation frequency although the maximum
rise of 29% is obtained for F+ = 0.167 (CC3). The most noteworthy time-averaged result
has been achieved for the induced circumferential velocity for which a reduction of 29%
(for both positive and negative peaks) is obtained with Cµ = 0.2% and F+ = 0.0714 (CC1),
which is promising for a noticeable wake vortex hazard decrease.
Phase-locked analysis has allowed a deeper understanding of the phenomenon dynam-
ics during the synthetic jet actuation. A clear relation between the synthetic jet blowing
and suction phases and the periodic variation of the vortices geometrical and physi-
cal characteristics has been registered. The tuned Crow instability configurations report
both a vorticity peak decrease with respect to the baseline case of 74% and 70% dur-
ing the blowing phase, and an increase of 54% and 13% during the suction one. The
CC3 configuration appears to outperform the others by decreasing the peak vorticity of
about 70% with only a slight increase of 6% in the last part of the actuation period. A dif-
ferent behavior is registered for the CC4 and CC5 configurations which cause a vorticity
reduction at each actuation phase with a minimum and maximum decrease of 26% and
50% respectively, being the less variable configurations as already stated for the time-
averaged analysis. On the other hand, the most striking impact on the vortices dynamics
has been obtained with the higher momentum coefficient (CC1). A huge diffusion of the
vortices is encountered in correspondence of the SJ blowing peak together with a large
displacement along the ±45◦ directions meaning that the SJ control could promote the
Crow instability growth, which has not been found for the lower Cµ (CC2). In particu-
lar, the vortices diameter is more than doubled with respect to the baseline case, which
could lead to an early linking and dissipation of the vortices further downstream. Lastly,
the blowing peak causes an increase of 85% of the vortex circulation and a decrease of
36% of the circumferential velocity peak, confirming that this synthetic jet control con-
figuration can represent a useful device to promote the vortex dissipation and reduce
the wake vortex hazard.
Based on these findings, the author decided to focus the near and far-field experimental
investigation of the present thesis only on two actuation frequencies tuned to the Crow
and Widnall instability frequency, since the results of CC3 and CC5 at F+ = 0.167 and
F+ = 0.735 have been demonstrated to be comparable with the CC1 and CC4. Since the
most striking effectiveness has been detected for the CC1, the value of Cµ = 0.2% has
been taken as a reference for all the measurements conducted and discussed later in
this thesis. However, the lower momentum coefficient Cµ = 0.04% has been proven by
the present feasibility tests to be fruitful as well, and thus it has been considered in the
variable momentum coefficient investigation which has been carried out in the far-field
experiments.
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EXPERIMENTAL RIGS

T HIS chapter describes the experimental rigs employed for the present thesis. As al-
ready mentioned, two different experimental campaigns have been conducted sep-

arately to investigate the effectiveness of the synthetic jet actuation both on the near and
far-field wake. For each case, the wind tunnel features and operating conditions are pre-
sented and the wing models equipped with the SJ device are described in detail. Lastly,
the S-PIV setup and the image processing parameters are discussed for the two different
measurement campaigns.

4.1. NEAR-FIELD MEASUREMENTS SETUP

4.1.1. D3M WIND TUNNEL

T HE near-field measurements were conducted in the closed-circuit subsonic wind
tunnel “D3M” located in the “M. Panetti” laboratory of the Mechanical and Aerospace

Engineering Department at Politecnico di Torino (Italy). The sketch of the wind tunnel is
reported in Figure 4.1. The test chamber has a circular section with a diameter of 3 m and
a length of 5 m, slightly divergent to compensate the growth of the boundary layer. The
flow is set in motion by a fan placed immediately after the test chamber, consisting of 2
discs of 8 rotor blades each with variable pitch and 2 discs of stator blades, all with a di-
ameter of 4 m. The installed power is 900 kW supplied by a direct current motor located
outside the wind tunnel. The flow then circulates throughout the tunnel, with diverging
sections and straightening vanes in the corners to guide their rotations, until reaching
the convergent before the test chamber with a contraction ratio of 2.33. A series of grids
and honeycomb screens are placed to ensure uniformity of the flow velocity over the
cross section and to alleviate any residual fluctuation related to the fan. For the present
investigation, the free-stream velocity has been set to U∞ = 12 m/s, corresponding to a
chord Reynolds number of Rec = 1.20×105.
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Figure 4.1: D3M wind tunnel sketch. Dimensions are in mm.

4.1.2. WING MODEL AND SYNTHETIC JET DEVICE

T HE assembly employed for the near-wake measurements is shown in Figure 4.2. Start-
ing from the bottom, the wing assembly is anchored to the wind tunnel through a

0.500 m squared iron base. In order to balance the wing, an angle regulation system
has been designed based on three pillars with a threaded pivot ending with an axial ball
joint. They are positioned at 120◦ around the axis passing through the c/4 point of the
wing sting and they allows a±10◦ pitch, and roll adjustment with an accuracy of≈ 0.015◦.
The loudspeaker for the synthetic jet generation and its cavity of diameter 0.330 m and
height 0.055 m are mounted directly on the basis of the wing sting which is attached
to the pillars through an iron interface plate. In particular, the wing sting basis, made
of carbon fibers with a 0.006 m of thickness, presents a buttonhole in correspondence
to the each pillar to allow a ±5◦ yaw angle adjustment. The wing sting has a constant
airfoil section NACA 0024, a chord of 0.149 m, and a span of 1.064 m. It is manufac-
tured in carbon fibers with a 0.004 m of thickness to create a duct large enough for the
synthetic jet. Finally, an interchangeable wing is mounted on the top by interference
and the different wing models employed are shown in Figure 4.3. They are a rectangular
finite-span square-tipped wings equipped 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 ratioA = 2.
The wings are manufactured in polyamide PA 2200 by a Selective Laser Sintering (SLS)
3D EOS printer. Then, the wings have been painted and their surface finish enhanced.
As it can be seen in Figure 4.3, the angle of attack is fixed from the design to be equal at
α = −5◦. As a result, the wing assembly has been mounted in the wind tunnel by bal-
ancing the wing sting to be at 0◦ of yaw, pitch, and roll with respect to the streamwise
direction with the aid of an inertial measurement unit. It has been chosen to use a nega-
tive angle of attack to avoid the possible influence of the wing sting wake on the wingtip
vortices which will move inboard and upward going downstream.
Four different wing models have been tested in the present investigation: the reference
wing (wing baseline “BCs”), and three models with a rectangular SJ exit section with the
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Figure 4.2: Wing assembly setup in the D3M wind tunnel.

same width of 0.6c and height of 0.01c, 0.02c, and 0.04c respectively. In each config-
uration, the slot is placed 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 length),
and “Ss04” (Squared wing with SJ slot height of 4% of the chord length). Each wing is
equipped with a pin 0.4c (0.060 m) long to be wedged in the wing sting by interference.
The SJ runs throughout the wing sting and the wing pin, 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 fixed by maximizing the flow area with respect
to the minimum 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 rect-
angular SJ chamber inside the wing ends at the tips with two rectangular ducts with the
different heights described before and length equal to Le = 2De = 2·4A j /p j , being De the
equivalent hydraulic diameter and p j the perimeter of the SJ exit section. In this way, the
SJ exit velocity profiles of the different models are self-similar. Furthermore, head losses
and flow separation effects have been reduced with the aid of appropriate fillets shown
in Figure 4.3.
As already mentioned, the synthetic jet is generated by using a 900 W, 12 i n subwoofer
(Alpine X-W12D4) as oscillating driver (Greco et al., 2013). It is supplied with a sinu-
soidal input signal generated by a Digilent Analog Discovery™USB Oscilloscope, cou-
pled with a power amplifier (Behringer NX6000D). The subwoofer has been mounted
on the basis of the wing sting with an insulation sheath to avoid the transmission of the
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Figure 4.3: Sketch of the interchangeable wing with different synthetic jet exit sections.

vibrations to the wing and they are dampened also by the large mass of the wing assem-
bly as shown in Figure 4.2. As a results, the possible effect of the vibration have been
considered negligible especially in the low power range employed in the experimental
tests. The resonance frequency of the system in all the configurations is experimentally
determined by measuring the loudspeaker impedance (Greco et al., 2013), resulting in
two resonance frequencies equal to about 8 Hz and 76 Hz as shown in Figure 4.4. As
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Figure 4.4: Impedance versus the input frequency for the Ss01 near-field configuration.

described in the introduction section, the SJ actuation frequencies have been tuned to
the inherent vortices instabilities. As a result, the SJ device has not been operated at its
proper resonance frequencies. By recalling Eq. (1.16) and Eq. (1.18) reporting the insta-
bility wavelengths of the Crow and Widnall instability respectively, being the free-stream
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velocity set to U∞ = 12 m/s, the following actuation frequencies have been employed:

fCrow = U∞
λCrow

' 6 Hz =⇒ F+ = 0.071 (4.1a)

fWidnall =
U∞

λWidnall
' 44 Hz =⇒ F+ = 0.55 . (4.1b)

At these working frequencies the impedance of the three synthetic configurations differs
of less than 4%.
In order to investigate the effect of SJ exit velocity U0 on the wingtip vortices control,
a constant momentum coefficient Cµ = 0.2% (Eq. (1.19)) has been investigated for both
frequencies. In fact, the tested models reported in Figure 4.3 present an increasing SJ exit
section area from 0.006c2 (Ss01) to 0.024c2 (Ss04) which is four times higher. Since the
Cµ is kept constant, the SJ velocity U0 will result halved. As a matter, the input tension
(i.e. electrical power) has been iteratively varied until the target SJ characteristic velocity
U0 obtained by solving Eq. (1.19) was reached. In Table 4.1, the SJ exit velocity and the
root-mean-square electrical power needed to generate the SJ in each condition tested
are reported. It is important to outline that the input electrical power is not indicative
of the fluid dynamic power transferred to the fluid (Girfoglio et al., 2015). The instan-
taneous velocity of the synthetic jet at both the tips is 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 5µm (55P11). To uniformly cool the active sen-
sor, the wire was aligned with the direction of the long side of the slot and placed at the
slot exit. It is worth noting that the hot-wire sensor acquisitions, at a sampling frequency
fixed to 1000 fa , were synchronized with the electrical signal sent to the loudspeaker. As
a result, the phase shift between this electrical signal and the synthetic jet exit velocity
was characterized in order to accurately identify the start of the cycle of the synthetic jet
with respect to the sampled phases.
Lastly, the near-wake investigation has been conducted at four different S-PIV measure-
ment planes downstream the wing for each SJ configuration: z/c = 0.1, z/c = 0.5, z/c = 1,
and z/c = 2. In the following, the S-PIV setup and the image processing are described in
details.

Table 4.1: Synthetic jet characteristic velocity and electrical power for each configuration investigated.

Cµ = 0.2% Ss01 Ss02 Ss04

F+ = 0.071
U0 [m/s] 6.93 4.90 3.47

F+ = 0.55

F+ = 0.071
P j [W]

5.79 3.97 5.00
F+ = 0.55 16.9 42.78 138
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4.1.3. S-PIV SETUP AND IMAGE PROCESSING

S TEREOSCOPIC particle image velocimetry is used to measure the instantaneous two-
dimensional three-component (2D-3C) velocity. A schematic of the experimental

setup is shown in Figure 4.5. Particle images are acquired in the x y-plane with the ori-
gin on the trailing edge at the mid-span point, with the x, y , and z-axis aligned with
the spanwise (inboard), crosswise (upward), and streamwise directions respectively. The
flow is seeded using the Safex Fog Fluid “Extra Clean”, for PIV applications. It is nebulized
by the smoke machine Martin Magnum 1200 which produces small 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 the Quantel
Evergreen laser, a 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 Nikon AF Micro-Nikkor 200mm
f/4D IF-ED of 200 mm focal length. Both cameras are in side-scattering, with a relative
aperture set at f # = 16. The angle between the optical axes of the two cameras is set at
about 86◦ and Scheimpflug adapters are used in order to achieve good focus over 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 back-
ground with a 10 mm spacing on both the front and back surfaces. Depending on what
camera is going to calibrate, the front or the back surface of the target plate is aligned
with the center plane of the laser sheet, and the images of the target plate are recorded
at this initial location and when it is shifted 1 mm backward and forward along the pos-
itive and negative z direction (translation is performed with a translation micrometric
stage). The mapping functions between the image 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 control case by an external signal synchro-
nizer. In particular, the S-PIV measurements were locked to the electrical signal driving
the loudspeaker. Hence, the acquisition is performed at the frequency facq estimated
following Greco et al., 2013:

facq = fa
1

NDi v
+np

. (4.2)

The phenomenon with frequency fa is sampled every np periods of membrane oscilla-
tion with a phase shift of 360◦/NDi v . For the present work, the phenomenon is sampled
with a phase separation ∆ϕ= 24◦, leading to NDi v = 15 divisions (phases) per cycle. A to-
tal 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 veloc-
ity field using Blackman weighting windows according to Astarita and Cardone, 2005
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Figure 4.5: Experimental setup in the D3M wind tunnel.

and Astarita, 2006, 2007, 2008. The final interrogation area size is 96× 96 pixels corre-
sponding to an equivalent 48×48 top-hat interrogation window (Astarita, 2007), with an
overlap of 66.7%, resulting in a measurement resolution Lm of about 3 mm. Lastly, the
maximum random error on the instantaneous velocity vectors is estimated to be 0.106
pixels (Bhattacharya et al., 2016), which leads to a vorticity uncertainty of about 2.3% of
the maximum detected phase-averaged vorticity (Sciacchitano & Wieneke, 2016).

4.2. FAR-FIELD MEASUREMENTS SETUP

4.2.1. LMFL BOUNDARY LAYER WIND TUNNEL

T HE far-field measurements were conducted in the large boundary layer closed-loop
wind tunnel of “Laboratoire de Mécanique des Fluides de Lille - Kampé de Fériet

(LMFL)” (France). The test section of the wind tunnel is 20.6 m long with a vertical and
transverse lengths of 1 m and 2 m, respectively. As the test section has an optical access
from all sides along its complete length, high quality PIV measurements are possible.
The sketch of the wind tunnel is reported in Figure 4.6. Incoming air to the plenum
chamber passes through an air-water heat exchanger in order to provide an isothermal
flow where efficiency is kept within ±0.2◦C . Subsequently, air through the guide vanes
undergoes a relaminarization process via honeycomb screens and grids. Thereafter, a
contraction of 5.4 is present. For the present investigation, the free-stream velocity has
been set equal to U∞ = 8.6 m/s (Rec = 2.87×104) at the entrance of the test section with
a precision of ±0.5%, while the free-stream turbulence is below 0.2% (Hasanuzzaman
et al., 2020).
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Figure 4.6: LMFL boundary layer wind tunnel sketch.

4.2.2. WING MODEL AND SYNTHETIC JET DEVICE

T HE sketch and the photos of the wing assembly for the far-wake measurements in
the LMFL boundary layer wind tunnel are shown in Figure 4.7 and Figure 4.8. The

wing assembly is mounted on a system of bosch rexroth rails which are anchored on the
top of the wind tunnel test section entrance. The fixed slewing ring of a crossed roller
bearing is anchored through an iron interface plate to the bosch rails systems, while the
rotating slewing ring is connected to a round iron plate which supports all the remaining
wing assembly. With the use of both a micrometer head which tangentially pushes the
plate and a recall spring, a fine regulation of the yaw angle is allowed up to ±3◦ with an
accuracy of 0.005◦. As in the near-wake setup, a pitch/roll regulation system has been
designed based on three pillars with an axial ball joint fixed on the upper plate end-
ing with a threaded pivot in the lower iron interface plate. They are positioned at 120◦
around the axis of the bearing and the upper plate, and when the pillars are rotated the
lower plate moves allowing angles adjustment of ±10◦ with an accuracy of ≈ 0.03◦. The
loudspeaker for the synthetic jet generation is attached to the lower plate and its cavity
of 0.100 m in diameter and 0.006 m in height is machined directly on the plate. The wing
sting is fixed with a squared base of 0.110 m × 0.110 m on the opposite side of the lower
plate. It presents a NACA 0024 airfoil section, which is constant for 0.035 m to allow the
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Figure 4.7: Wing assembly setup for the LMFL boundary layer wind tunnel.

Figure 4.8: Photos of the wing assembly details.

interlocking with the wing. The remaining wing sting has a trapezoidal shape with a root
chord of 0.080 m, taper ratio of 1.6, and height of 0.2025 m. The trapezoidal support has
been conceived in order to strengthen the structure, together with the wall fillet at the
basis. Finally, an interchangeable wing is mounted on the top by interference and the
different wing models employed are shown in Figure 4.9 and Figure 4.10. Both the wing
sting and the wing models are manufactured in Polyamide Multi Jet Fusion (MJF). Then,
they have been painted and their surface finish enhanced.
The tested models are a rectangular finite-span square-tipped wings equipped with a
NACA 0015 airfoil section. In order to investigate the far-field behavior of the wake which
is scaled with the wingspan b as described in chapter 1, the wing dimensions have been
reduced by a factor of 3 with respect to the ones employed for the near-wake measure-
ments. As a result, the airfoil chord c and the wingspan b are 0.05 m and 0.10 m respec-
tively. In this way, far-wake measurements could be carry out in a relatively short length
of the wind tunnel test section to avoid the change in the free-stream velocity due to the
boundary layer growth to be relevant. The wings are manufactured at a fixed angle of at-
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Figure 4.9: Sketch of the interchangeable wing with different synthetic jet exit sections.

tack of α=−5◦ as shown in Figure 4.9 and Figure 4.10. Since the wing assembly has been
mounted upside-down on the wind tunnel ceiling (see Figure 4.7 and Figure 4.13) and
horizontally balanced with respect to the free-stream, the wing angle of attack results to
be positive causing the wingtip vortices movement inboard and downward going down-
stream from the trailing edge.

Figure 4.10: Photo of the interchangeable wings for the far-field measurements.

The far-field investigation has been conducted with the use of seven wing models with
different synthetic jet exit section and/or direction including two reference wings “BCs”
and “BCr” with a squared and rounded tip respectively. In order to study the effects
of a variable synthetic jet exit section are A j (i.e. SJ characteristic velocity U0) at fixed
momentum coefficient in similarity with the near-wake measurements, three models
equipped with a rectangular SJ exit section aligned to the wing chord are employed with
the same width of 0.06c and height of 0.01c, 0.02c, and 0.04c referred hereinafter to
“Ss01”, “Ss02”, and “Ss04” respectively. The geometrical characteristics of the SJ duct
inside the wing and the contraction at the tip are the same already described in sec-
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tion 4.1.2. In order to investigate the effects of the SJ shape and direction, two addi-
tional models have been designed. In the first one, referred to as “Sh4”, the SJ comes
out at the wing tip through four orifices positioned in the chord plane with a diame-
ter equal to 0.0436c (0.00218 m) whose area is equivalent to the rectangular slot “Ss01”
(0.5 × 30 mm2). According to Han and Leishman, 2004, a bundle of 4 turbulent vortlets
co-rotating with the wingtip vortex are formed from the four pipes. As it can be seen
from the schematic of the formation process in Figure 4.11, the vortlets easily roll-up
around each other and penetrate the inner region of the vortex core, causing the inner
laminar region to be dissolved and the turbulence promoted. Unlike all the other wing

Figure 4.11: Schematic of the formation and evolution process of the turbulent vortlets generated at the slot
exits. Adapted from Han and Leishman, 2004.

models, the “Rhc” configuration has a rounded tip with the SJ blowing through a circu-
lar pipe of 0.06c diameter in the chordwise direction inclined of 5◦ with respect to the
free-stream direction, positioned in the chord plane tangential to the airfoil section in
correspondence to the beginning of the trailing edge. As it can be noted in Figure 4.9,
the SJ runs throughout the wing pin, turning into a rectangular chamber and reaching
the exit through a convergent curved duct of radius R = 0.26c = 0.013 m. In particular,
the rounded tip both for the baseline “BCr” and “Rhc” configuration has been realized
with a half-revolution of the airfoil’s profile so that the wingspan measured between the
points in correspondence to the maximum airfoil thickness is exactly equal to b = 2c.
Finally, each wing is equipped with a pin 0.5c (0.025 m) long to be wedged in the wing
sting by interference.
The synthetic jet is generated by using a 50 W woofer (Ciare HW100) as oscillating driver,
supplied with a sinusoidal input signal generated by a Digilent Analog Discovery™, cou-
pled with a power amplifier (Kenwood KAC-6405). As already pointed out for the near-
field experimental setup in section 4.1.2, the vibrations of the loudspeaker are not trans-
mitted to the wing since it is mounted through an insulation sheath on the basis of the
iron lower plate of large mass as shown in Figure 4.7 and 4.8. The resonance frequency
of the system in all the configurations has been experimentally determined to be equal
to about 22 Hz by measuring the loudspeaker impedance (Greco et al., 2013), as shown

4. EXPERIMENTAL RIGS 61



4

101 102

f [Hz]

6

6.5

7

7.5

8

8.5

9

I
m

p
ed

a
n
ce

[+
]

Figure 4.12: Impedance versus the input frequency for the Ss01 far-field configuration.

in Figure 4.12. As already described in section 4.1.2 for the near-wake investigation wing
models, the SJ device is operated at its proper resonance frequency since is has been
tuned to the Crow and Widnall instability frequencies. For the present case, being the
free-stream velocity set to U∞ = 8.6 m/s, the following actuation frequencies have been
employed:

fCrow = U∞
λCrow

' 12 Hz =⇒ F+ = 0.071 (4.3a)

fWidnall =
U∞

λWidnall
' 96 Hz =⇒ F+ = 0.55 . (4.3b)

At these working frequencies the impedance of the three synthetic configurations differs
of less than 2.5%.
In order to make a comparison against the near-field measurements, for each wing con-
figuration and frequency, a constant momentum coefficient Cµ = 0.2% has been investi-
gated while the effects of different momentum coefficients Cµ = 1%, 0.2%, 0,04% at both
actuation frequencies has been analyzed by testing only the models “Ss01” and its equiv-
alent “Sh4”. The corresponding SJ characteristic velocity has been obtained by iteratively
varying the input tension and it has been measured by the same procedure described in
section 4.1.2. Furthermore, for each of the above mentioned tests, an additional control
case has been set by tuning the synthetic jet actuation signal W (t ) with a combination
of the Crow and Widnall instabilities as follows:

W (t ) = ACrow sin
(
2π fCrowt

)+ AWidnall sin
(
2π fWidnallt

)
(4.4)

where ACrow and AWidnall are the signal amplitudes needed to generate the Crow and
Widnall instability control case separately. In Table 4.1, the SJ exit velocity and the root-
mean-square electrical power needed to generate the SJ in each condition tested are
reported.
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Table 4.2: Synthetic jet characteristic velocity and electrical power for each configuration investigated.

Cµ = 1% Ss01 Ss02 Ss04 Sh4 Rhc

F+ = 0.071
U0 [m/s] 11.1 - - 11.1 -

F+ = 0.55

F+ = 0.071
P j [W]

5.44 - - 6.50 -
F+ = 0.55 19.0 - - 27.5 -

Cµ = 0.2%

F+ = 0.071
U0 [m/s] 4.96 3.51 2.48 4.96 7.23

F+ = 0.55

F+ = 0.071
P j [W]

0.459 0.515 1.28 0.541 2.17
F+ = 0.55 2.86 6.33 19.6 3.97 8.35

Cµ = 0.04%

F+ = 0.071
U0 [m/s] 2.22 - - 2.22 -

F+ = 0.55

F+ = 0.071
P j [W]

0.0731 - - 0.0964 -
F+ = 0.55 0.585 - - 0.814 -

Lastly, the far-wake investigation has been conducted at three different S-PIV measure-
ment planes downstream the wing for each SJ configuration: z/c = 26, z/c = 52, and
z/c = 80. In the following, the S-PIV setup and the image processing are described in
details.

4.2.3. S-PIV SETUP AND IMAGE PROCESSING

S TEREOSCOPIC particle image velocimetry is used to measure the 2D-3C velocity. A
schematic of the experimental setup is shown in Figure 4.13. Particle images are ac-

quired in the x y-plane with the origin on the trailing edge at the mid-span point, with the
x, y , and z-axis aligned with the spanwise (inboard), crosswise (upward), and stream-
wise directions respectively. The flow is seeded with Poly-Ethylene Glycol particles neb-
ulized by the Haze Base Classic fog machine in small particles with a mean diameter of
1 µm. Illumination is provided by a double pulsed Nd:YAG Innolas laser (532 nm, 150
mJ per pulse). The laser beam is shaped into a 1.9 mm thick light sheets separated by
0.6 mm. The time delay between the two laser pulses has been set to 120 µs, leading to
about 13 pixels mean displacement. Images are acquired by two LaVision’s Imager sC-
MOS cameras (2160× 2560 pixels, pixel pitch of 6.5 µm, intensity resolution 16 bit) in
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Figure 4.13: Experimental setup in the LMFL boundary layer wind tunnel test section.

forward scattering on one side of the wind tunnel, in stereo and scheimpflug configura-
tion equipped with Nikon 135 mm lenses at f # = 11 in order to obtain a large field and
keep a good spatial resolution. The actual imaging produces a field of view of 3.3c×4.90c
with a magnification of about 14 pixel/mm. The optical camera calibration has been
conducted by using a target made of a regular Cartesian grid of black crosses on a trans-
parent background with a 10 mm ± 0.1% spacing. The target plate is aligned with the
center plane of the laser sheet, and the images are recorded at this initial location and
when it is translated ±10 mm backward and forward with a step of 0.5 mm along the
positive and negative z direction by using an motorized translation micrometric stage.
The reconstruction used is the one proposed by Soloff et al., 1997 and a self-calibration
similar to Wieneke, 2005 was applied. The root mean square calibration error is lower
than 0.3 pixels for both cameras.
In the present experimental campaign, the laser frequency (i.e acquisition frequency) is
fixed to facq = 10 Hz. As for the near-wake measurements, the phenomenon with fre-
quency fa is sampled with a phase separation ∆ϕ = 24◦, leading to NDi v = 15 divisions
(phases) per cycle. As a matter, every np = 5 periods of membrane oscillation for both
control cases, the same phases are acquired again. Since the number of division is fixed
to 15 and only 5 different phases can be acquired temporarily, a time delay ∆τ between
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the acquisition system and the SJ signal is applied to divide the phase-locked measure-
ments of each control case in three acquisition set. It is equal to:

∆τ= ∆t

2
− i

(
1

fa

1

NDi v

)
, i = 0,1,2 (4.5)

being ∆t the time separation between two laser pulses, the shift is centered between the
double exposure of the cameras. A total of 300 snapshots per phase, i.e 1500 image pairs
for each set, are acquired to obtain statistically reliable data. Furthermore, the historical
minimum intensity based on the entire ensemble of the image pairs has been subtracted
to improve the quality of the image pairs.
A multi-grid multi-pass in-house algorithm of LMFL has been employed to compute the
velocity field (Soria, 1996; C. E. Willert & Gharib, 1991). The final interrogation area size
is 16× 24 pixels with an overlap of 55%, resulting in a measurement resolution Lm of
about 1.6 mm. Before the final pass, image deformation was also used to improve the
quality of the data (Lecordier & Trinité, 2004; Scarano, 2001).

4.3. DATA PROCESSING AND METRICS

T HE present section reports the main tools employed for the wingtip vortices descrip-
tion of both physical and geometrical characteristics. The discussion starts with the

definition of the method adopted to identify the presence of the wingtip vortices in the
instantaneous PIV snapshots, following by a novel vortex model to fit the vorticity field
and extrapolate the vortices features. Lastly, a brief mathematical description of the met-
rics employed to analyze the wingtip vortices behavior is reported.

4.3.1. VORTEX IDENTIFICATION METHOD

T HE location of the wingtip vortices should be determined in the PIV snapshot with
a robust method. Different vortex identification methods have been proposed over

the years such as the the swirling strength scheme (Zhou et al., 1999), Q and λ2 criteria
(Jeong & Hussain, 1995), and the geometric center (Mula et al., 2013). Several reviews
of the most common vortex identification techniques have been reported in the litera-
ture (Chakraborty et al., 2005; Cucitore et al., 1999). Although being widely employed,
all the schemes listed above are based on the divergence of the velocity field and be-
cause of their mathematical formulation these methods suffer of sufficient accuracy in
determining the physical location of the vortex center. As such, Graftieaux et al., 2001
proposed a more robust technique of identifying the vortex location in a flow by intro-
ducing a non-Galilean invariant approach. In particular, it is based on the evaluation of
the scalar function Γ1 (P ) as follows:

Γ1 (P ) = 1

N

∑
S

(P M ×uM ) · êz

|P M | |uM | (4.6)

where P M is the vector from the center point P to a subregion point M in the region S,
which may be of any arbitrary shape that encloses the point P for an estimate of Γ1 (P ).
Furthermore, uM is the total velocity vector at point M and êz is the unit vector normal

4. EXPERIMENTAL RIGS 65



4

to the measurement plane. Finally, the vortex center corresponds then to the measure-
ment point where the value of the scalar function Γ1 is maximum. In particular, the Γ1

function was developed such that the velocity fluctuations caused by large-scale vortices
are separated from those related to small-scale turbulence (Graftieaux et al., 2001).

4.3.2. VORTEX MODEL

T HE geometrical and physical characteristics of a single wingtip vortex has been ac-
curately evaluated by fitting the experimental streamwise vorticity field to the two-

dimensional elliptical Gaussian function expressed as

ζz
(
x, y

)= ζz,max exp
[
−

(
a (x −x0)2 +2b (x −x0)

(
y − y0

)+ c
(
y − y0

)2
)]

(4.7)

where the matrix [
a b
b c

]
(4.8)

is a positive-definite. In particular, ζz,max is the maximum streamwise vorticity value
while

(
x0, y0

)
are the coordinates of the vortex center. By setting

a = cos2Φ

2σ2
x

+ sin2Φ

2σ2
y

, (4.9a)

b =−sin2Φ

4σ2
x

+ sin2Φ

4σ2
y

, (4.9b)

c = sin2Φ

2σ2
x

+ cos2Φ

2σ2
y

, (4.9c)

it is possible to obtain the rotation angle Φ and the standard deviations along the two
directions x and y . In order to define the geometrical characteristics of the wingtip vor-
tices, the following vortex model has been define from Eq. (4.7)

ζz
(
x, y

)= ζz,maxL exp

[
−

(
x ′

L
2

D2
maxL

/8
+ y ′

L
2

D2
mi nL

/8

)]
+ζz,maxR exp

[
−

(
x ′

R
2

D2
maxR

/8
+ y ′

R
2

D2
mi nR

/8

)]
(4.10)

where Dmax and Dmi n are the major and minor axes of the elliptical Gaussian function
in the reference frame x ′, y ′ given by the rotation around the vortex center as[

x ′
y ′

]
=

[
cosΦ sinΦ

−sinΦ cosΦ

][
x −x0

y − y0

]
(4.11)

The subscripts L and R indicate the left and right vortex respectively. As such, the ge-
ometrical characteristics of the vortex are completely described by the set of parame-
ters Dmax ,Dmi n , and Φ. This approach has been preferred against the Lamb-Oseen vor-
tex model (single Gaussian vorticity profile, Leweke et al., 2016) and all the other vortex
models presented by Gerz et al., 2002 in order to increase the determination factor since
the vortices can exhibit an ellipsoidal shape. In particular, according to the Eq. (4.10), the
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mutual induction and the possible overlap of the two vortices is also taken into account.
Furthermore, in case of only one vortex in the FOV, only the left vortex of Eq. (4.10) will
be considered.

4.3.3. METRICS

I N the following, the metrics employed for the wingtip vortices description of both
physical and geometrical characteristics in the near and far-field investigation are re-

ported. It is important to outline that the metrics described hereinafter are applied for
both the time-averaged and phase-averaged results reported in the chapters 5 and 6.
The main characteristic of the wingtip vortices is represented by the strength of the
streamwise vorticity, which is estimated using a second order central difference scheme
as:

ζz = ∂u

∂y
− ∂v

∂x
≈ ui+1, j −ui−1, j

2∆y
− vi , j+1 − vi , j−1

2∆x
(4.12)

where i = 1,2,...,m, j = 1,2,...,n, m and n are number of the measurements points along
the y and x direction, and ∆y = ∆x = Lm are the cross-stream spacing of the measure-
ment grid.
Once the vorticity field has been correctly evaluated, the vortex circulation can be easily
computed with the following expression

Γ=
∫

Ac

ζz d Ac (4.13)

where Ac is the area of the vortex core. In particular, the streamwise vorticity fitting
model of Eq. (4.10) has been used to analytically integrate the Eq. (4.13).
Lastly, a key parameter for the evaluation of the SJ effectiveness in reducing the wake-
hazard is represented by the circumferential velocity radial distribution across the wingtip
vortices. Being u and v the measured spanwise and transverse velocities, they first in-
terpolated in a polar mesh with linearly spaced r /c and θ, where r and θ are the radial
and angular positions of the measurement points in a polar coordinate system centered
at the vortex center. The circumferential velocity was then calculated as follows:

Uθ = (v − vc )cosθ− (u −uc )sinθ (4.14)

where uc and vc are the spanwise and transverse velocities of the vortex center, respec-
tively. For each measurement plane, the interpolated values of Uθ are divided into two
regions: one covering angles between [270◦, 90◦] where radial positions were considered
positive, and another region covering angles between [90◦, 270◦] where radial positions
were considered negative. Furthermore, values of Uθ at a given r /c are determined by av-
eraging the values of the circumferential velocities, interpolated every 3.6 degrees, over
each region.
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5
TIME-AVERAGED RESULTS

I N this chapter, the results of the average based on the entire ensemble of the acquired
instantaneous flow fields for each physical quantity will be presented and discussed.

As regards the notation employed for velocity components, the small letters u, v , and w
indicate the instantaneous velocity components while the symbol (·) represents a time-
averaged value.

5.1. NEAR-FIELD ANALYSIS

T HE present section reports the time-averaged results of the near-field investigation in
terms of the main physical characteristics of the wingtip vortex such as the stream-

wise vorticity fields, circumferential velocity, and circulation evaluated as described in
section 4.3.3. As already described in section 4.1.2, the S-PIV measurement planes in the
wing wake are placed at z/c = 0.1, 0.5, 1, and, 2.

5.1.1. STREAMWISE VORTICITY AND GEOMETRICAL FEATURES

T HE normalized time-averaged streamwise vorticity fields ζz c/U∞ for the baseline
configuration BCs at z/c = 0.1, 0.5, 1, 2 are reported in Figure 5.1. 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 an area of a nearly circular shape. Outside the wake and the tip vor-
tex regions, the vorticity is essentially 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 coherent trailing vortex, which is also seen
at the last measurement plane with no qualitative changes. However, the vortex moves
inboard and upward going downstream due to the negative angle of attack, with a de-
creasing peak value up to 50% at z/c = 2. In order to obtain a good understanding of the
effect of the SJ actuation with an increasing jet velocity, the contours of ζz c/U∞ for the
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Figure 5.1: Time-averaged streamwise vorticity fields for the baseline configuration BCs. Measurement planes
at z/c = 0.1, 0.5, 1, 2.

control case at F+ = 0.071 and F+ = 0.55 for the model Ss01 and Ss04 respectively are ex-
amined in Figure 5.2. The horizontal dashed black line represents the projection of the
wing trailing edge. Under the control case at Cµ = 0.2%, F+ = 0.071 for the wing model
Ss01 (Figure 5.2a, 5.2b, 5.2c, and 5.2d), two main vortices are clearly visible, which are
the wingtip vortex and the co-rotating jet vortex. 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 is almost vanished at z/c = 2. The presence
of the co-rotating jet vortex is in agreement with the findings of Margaris and Gursul,
2010. 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 re-
spectively. By decreasing the SJ exit velocity, the jet vortex has been found to be very
weak and it completely disappears by increasing the actuation frequency to F+ = 0.55
as shown in Figure 5.2e, 5.2f, 5.2g, and 5.2h. As a results, the upward displacement of
the vortex is reduced with respect to the previous control 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 control cases the wingtip vortex appears to be more dif-
fuse, hence covering a larger area around the mean vortex center moving downstream.
This behavior is confirmed in Figure 5.3 where the geometrical characteristics of the vor-
tex are reported for all the control cases tuned to 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 base-
line case is observed at z/c = 2. As it can be noted in Figure 5.3a, the vortex aspect ratio
in each control case is maximized at z/c = 0.1 and it is slightly higher than the baseline
case, meaning that the SJ actuation does not give rise to a significant stretching whilst
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Figure 5.2: Contours of the normalized time-averaged streamwise vorticity fields for the control case at F+ =
0.071 and F+ = 0.55 for the model Ss01 and Ss04 at Cµ = 0.2% respectively.

causing a mean rotation of the vortex principal axis since the inclination angle Φ in-
creases with the actuation and downstream distance. Lastly, in Table 5.1, the streamwise
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Figure 5.3: Normalized time-averaged vortex major axis, aspect ratio and inclination angle for all the configu-
rations investigated at Cµ = 0.2%.

vorticity peak is compared against the baseline case for each measurement plane. As it
can be noted, the SJ reveals to be a promising device to control the wingtip vortices since
its strength is reduced at least of 25% in any of the configuration investigated. As a mat-
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ter, blowing at high actuation frequency (F+ = 0.55) turned out to be more effective than
the configuration tuned to the Crow instability frequency (F+ = 0.071) with a maximum
vortex strength reduction up to 70% for the wing model Ss02 at z/c = 2.
The time-averaged analysis can be compared to the results achieved in the literature.
As regards enhanced vorticity diffusion, at all control configurations both Dghim et al.,
2018; Dghim et al., 2016 and Margaris and Gursul, 2006 observe an increase in size of
the region of concentrated vorticity. In the following, the momentum coefficient values
reported in Dghim et al., 2018; Dghim et al., 2016 and Margaris and Gursul, 2006 have
been scaled by a factor of 4 and π2/2 (Greco et al., 2016) respectively, due to the different
definition of the SJ characteristic velocity of Eq. (1.19) employed for the present work.
Particularly interesting is the result obtained by Margaris and Gursul, 2006 at z/c = 1,
whose best control configuration has a very low blowing coefficient, Cµ = 0.016% and
F+ = 0.75. In this configuration, the jet is blown in spanwise direction from the slot
placed near the upper part of the wing producing a clearly diffused vortex with signifi-
cantly lower vorticity level of about 50% than the reference case which is in agreement
with the present results, although the SJ exit section and its location are different. The
streamwise vorticity peak reduction obtained in the present work is comparable to the
one achieved by Dghim et al., 2018 at the downstream distance z/c = 3. With a momen-
tum coefficient halved (Cµ = 0.1%) with respect to the control case of the present 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., 2018 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%, sug-
gesting that a minor amount of power to generate the actuation would be sufficient to
produce an equally effective control which is noticeable.

Table 5.1: Normalized time-averaged streamwise vorticity peak comparison with respect to the BCs for each
configuration investigated at Cµ = 0.2%.

ζ
BC s
z,max c
U∞

ζz,max

ζ
BC s
z,max

BCs
Ss01 Ss02 Ss04

F+ = 0.071 F+ = 0.55 F+ = 0.071 F+ = 0.55 F+ = 0.071 F+ = 0.55

z/c = 0.1 10.5 0.716 0.641 0.674 0.616 0.732 0.694

z/c = 0.5 8.31 0.450 0.536 0.739 0.475 0.589 0.587

z/c = 1 8.26 0.350 0.573 0.614 0.491 0.518 0.511

z/c = 2 5.34 0.468 0.456 0.450 0.302 0.527 0.502
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5.1.2. CIRCUMFERENTIAL VELOCITY

T HE effect of the SJ actuation frequency on the wingtip vortices may be further quan-
tified by evaluating the radial profiles of the mean circumferential velocity which is

a crucial parameter for the induced rolling moment in a wake hazard. The distribution
of the normalized time-averaged circumferential velocity, Uθ/U∞, against r /c for all the
investigated control configurations are shown in Figure 5.4. It is important to note that at
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Figure 5.4: Time-averaged radial distribution of the normalized circumferential velocity at different down-
stream positions for all the configuration investigated at Cµ = 0.2%.

all 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 vortex itself and by the neighboring one,
both inducing an upward velocity. In the following, only the positive peaks are analyzed.
In Figure 5.4, the distribution of Uθ/U∞ reached a peak value before slowly decreasing
to a nearly asymptotic value. The region between the ensemble-averaged vortex loca-
tion (r /c = 0) 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 circum-
ferential velocity peak value of 0.15 is reached at a normalized radial location of about
0.043. Moving downstream up to z/c = 2, the peak is displaced to larger radial location
(r /c = 0.053) reaching a value 26% lower that may be attributed to the increased roll-up
of the shear layer with increased streamwise distance. With the actuation, the gradient of
Uθ/U∞ across the vortex center is decreased of about 30% for each control case, which
is the result of a more diffuse vortex. This is confirmed also by the degree of asymmetry
which becomes more pronounced with the SJ blowing going downstream. This decrease
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in the core velocity gradient is accompanied by a remarkable decrease in the peak value
of at least 10% for each control 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 particular, the
higher actuation frequency F+ = 0.55 (i.e. Widnall instability frequency) generally out-
performs the lower one in any test case with the only exception of the wing model Ss01
at z/c = 0.5, 1 in which the tuned Crow instability has a 7% better performance. Finally,
blowing through a larger exit section (Ss04) leads to a striking reduction of the Uθ/U∞
of 19%, 32%, 27%, and 26% (Ss04, F+ = 0.55) at z/c = 0.1, 0.5, 1, 2 respectively, which
is promising. The effectiveness of the SJ actuation in promoting vortex diffusion is in
agreement with the literature. Margaris and Gursul, 2006 and Dghim et al., 2020 inves-
tigated a similar Cµ (0.016% and 0.025%) with almost the same F+ = 0.075, finding a
normalized circumferential peak reduction of about 10% which increase up to 15% and
40% at higher F+ of 0.75 and 0.3 respectively, being the higher actuation frequency more
impactful. The same behavior has been found by the author in the feasibility tests re-
ported in chapter 3, where the control case tuned to the Widnall instability reduced the
circumferential velocity peak of about 20%.
Although very crucial three-dimensional effects dominate the genesis of vortex roll-up
and formation, Phillips, 1981 reported that the circumferential velocity profiles in the
core of a wingtip vortex adopt a self-similar behavior, when Uθ and r are normalized by
the peak value, Uθ,m , and the corresponding radial location, rc , respectively. The nor-
malized radial positions are denoted with the self-similar variable, η= r /rc . The profiles
of the normalized circumferential velocities fit the following model equation:

Uθ

Uθ,m

=
(
1+ 1

2χ

)
1

η

(
1−e−χη

2
)

(5.1)

where χ is defined by eχ = 1+2χ, yelding χ≈ 1.256. The vortex model of Eq. (5.1) along
with the experimental measurements are shown in Figure 5.5. 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. 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, 1981, indicating a self-similar vortex structure. It may be inferred that the
roll-up process is almost completed at z/c = 2 and the vortex core has evolved asymp-
totically to reach a nearly axisymmetric distribution. However, a not negligible variance
of the radial profiles Uθ/Uθ,m from the theoretical model is present outside the vortex
core

(
η≥ 1.2

)
. As suggested by Saffman, 1993, 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 control case tuned to the Crow
instability frequency (Figure 5.5b, 5.5c, 5.5d), 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 downstream locations, suggesting an asymptotic state. Ac-
tually, 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 alleviates the velocity gradients
and thus increases the outward diffusion of vorticity. On the other hand, under the con-
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Figure 5.5: Time-averaged radial profiles of the normalized circumferential velocity in a self-similar coordi-
nates system at Cµ = 0.2% and different downstream positions.
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trol case tuned to the Widnall instability frequency (Figure 5.5e, 5.5f, 5.5g), it is clear
that the wingtip vortex does not exhibit a self-similar behavior. In fact, the vortex core
structure is deeply modified by the Widnall instability as already described in section
1.2. The slight upward departure from the theoretical model was observed in previous
studies (Dghim et al., 2018, 2020). On the contrary, the actuation at higher F+ appears
to not follow the theoretical vortex model, as it can be noted in Figure 5.5b, 5.5c, 5.5d.
This atypical trend may be ascribed to the smoothing of the velocity gradients and to the
large turbulence levels around the vortex generated 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.

5.1.3. CIRCULATION

T IME averaged vortex circulation represents a key parameter to evaluate the effect of
the synthetic jet actuation on the wingtip vortices features and development. The re-

sults are displayed in Figure 5.6. As expected from the streamwise vorticity results, the SJ
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Figure 5.6: Normalized time-averaged vortex circulation comparison with respect to the BCs for each config-

uration investigated at Cµ = 0.2%. The BCs values of Γ
BC s

/cU∞ are equal to 0.0443, 0.0424, 0.0433, 0.0404 at
z/c = 0.1, 0.5, 1, 2 respectively.

greatly affects the time-averaged vortex circulation causing a relevant reduction in each
condition investigated which is at least of about 25% with respect to the baseline config-
uration 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% which corresponds to the maximum vortex diffusion as shown
in Table 5.1. According to this metrics, higher SJ velocity can be more beneficial in the
wingtip vortices alleviations. On the other hand, by increasing the actuation frequency
(F+ = 0.55), the intermediate wing model Ss02 has been found to be the best configura-
tion which reduces the circulation more than 35% at each measurement plane. However,
these results are in contrast with the findings of the present author reported in chapter 3
(Zaccara et al., 2022) 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 as reported in Eq. (1.15). Margaris and
Gursul, 2006 evaluates 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
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a noticeable effect of the synthetic jet actuation on the total circulation which remains
constant with the actuation frequency and at most 2% higher than the reference value,
while Dghim et al., 2018 evaluated only the radial distribution of the circulation 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
downstream positions as illustrated in Figure 5.7. Hoffmann and Joubert, 1963 suggested
an empirical curve fitting relationship to analyze the circulation behavior within the in-
ner core and the logarithmic regions of the vortex according the following expressions:

Γ
(
η
)

Γc
= Aη2 for η< 0.4 (5.2)

Γ
(
η
)

Γc
= 1+B log

(
η
)

for 0.5 < η< 1.4 (5.3)

where the constants A and B are 1.83 and 0.93, respectively. As it can be noted in Figure
5.7a, the baseline configuration BCs shows a reasonable agreement with the curve fit
equations (5.2) and (5.3). 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 thus a perfectly complete roll-up. A better agreement has been noticed with the
sixth-order polynomial suggested by Ramaprian and Zheng, 1997 and Birch et al., 2004
following the expression

Γ
(
η
)

Γc
= a0η

2 +a1η
4 +a2η

6 (5.4)

where the constants a0, a1, and a2 are 1.756, -1.044, and 0.263, respectively. The ex-
cellent agreement of both the baseline and control cases self-similar circulation profiles
with the curve fit in the inner core region (I) indicates that this region is mainly dom-
inated by the viscous effect where the vortex core has an approximately rigid-body ro-
tation (Devenport et al., 1996; Hoffmann & Joubert, 1963). The lack of collapse in the
outer region (IV) is present also for the controlled cases. In particular, when increasing
the actuation frequency at F+ = 0.55, the departure among the curves at different mea-
surement plane increases, meaning that the vortex core will require larger downstream
distances to reach an asymptotic state due to outward diffusion caused by the SJ mo-
mentum injection.

5.2. FAR-FIELD ANALYSIS

T HE present section reports the time-averaged results of the far-field investigation
in terms of the main physical characteristics and metrics employed to analyze the

wingtip vortices behavior in the near-field discussed in the previous section 5.1. As al-
ready described in section 4.2.2, the S-PIV measurement planes in the wing wake are
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Figure 5.7: Time-averaged self-similar circulation profiles of the inner region at Cµ = 0.2% and different down-
stream positions: I, inner core; II, buffer region; III, logarithmic region; IV, outer region.
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placed at z/c = 26, 52, and, 80. If not different declared, the geometrical and physical
characteristics of the vortices reported hereinafter are the average between the left and
right vortex.

5.2.1. STREAMWISE VORTICITY AND GEOMETRICAL FEATURES

I N the following, the streamwise vorticity evaluated as in section 4.3.3 is analyzed.
The normalized streamwise vorticity fields ζz c/U∞ for the baseline configuration BC

are reported in Figure 5.8. At z/c = 26, the vorticity is clearly concentrated only in the

Figure 5.8: Time-averaged normalized streamwise vorticity fields for the baseline configuration BCs. Measure-
ment planes at z/c = 26, 52, 80.

wingtip vortices, while outside is essentially zero, since the roll-up is completed. The
peak value of the normalized streamwise vorticity at the center of vortices core region is
about 0.45, which is more than 95% less than the initial value at z/c = 0.1. It is evident
that the vortices are going to vanish by looking at the vorticity fields at larger downstream
distances where they are barely visible, with a peak value of ζz c/U∞ of 0.12 and 0.06 at
z/c = 52 and z/c = 80 respectively. Due to the mutual induction and the growing of the
inherent instabilities, the vortices are displaced both inboard up to the 50% of their ini-
tial relative distance b (wing span) and downward up to about 0.70c since the angle of
attack is positive.
In order to understand the effect of the SJ actuation and its exit velocity, direction, and
exit section shape, by comparing the results with near-field analysis, the momentum co-
efficient is fixed to Cµ = 0.2% and all the wing configurations have been tested for each
measurement plane at both the chosen actuation frequencies (i.e. the Crow and Wid-
nall instability frequencies) and their combination. The peak values of the normalized
streamwise vorticity with respect to the BC peak value is reported in Figure 5.9. As for
the near-field investigation, the impact of the SJ actuation on the vortices strength is
confirmed also at large downstream distance from the wing. The maximum vorticity
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Figure 5.9: Normalized time-averaged streamwise vorticity peak at Cµ = 0.2% for all the measurement planes.

The BCs and BCr values of ζ
BC
z,max c/U∞ are equal to 0.531 and 0.467, 0.136 and 0.115, 0.0579 and 0.0402 at

z/c = 26, 52, 80 respectively.

peak reduction is registered for the wing model at high SJ exit section area (Ss04) tuned
to the Widnall instability frequency F+ = 0.55 (see Figure 5.9b). In fact, a 70% of decrease
is measured at z/c = 26 and z/c = 52, with a slight increase at the last station to 45%. As a
matter, blowing at low SJ velocity seems to outperform every configuration also at lower
actuation frequency of F+ = 0.071 where a ζz,max reduction of 45% is reported as shown
in Figure 5.9a. Increasing the SJ velocity, the wing model Ss02 and Ss01 revealed to be
less effective and their influence decreases with the downstream distance at both actu-
ation frequency. Furthermore, the SJ exit section shape does not appear to be a crucial
parameter. In fact, the results between the wing model Sh4 and Ss01 at the same SJ exit
section area are comparable, with a slight better performance of the rectangular slot at
F+ = 0.55. Lastly, it is clear that changing the SJ blowing direction to the chordwise one
(Rhc model) leads to a severe decrease of the SJ effectiveness. In particular, the stream-

wise SJ seems to strengthen the wingtip vortices (ζz,max /ζ
BC
z,max > 1) going downstream.

This behavior has been demonstrated for both SJ actuation frequency, as shown in Figure
5.9. As a whole, blowing with a combination of the Crow and Widnall instability frequen-
cies appears to not outperform the single control cases, confirming all the trend already
presented. Actually, the values of the normalized streamiwise vorticity peaks are almost
the average between the Crow and Widnall instability cases, meaning that a good com-
promise could be reached with this configuration. According to the streamwise vorticity
peak metric, the best control configuration in reducing the vortex strength is represented
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by the Ss04 at F+ = 0.55, which means blowing through large exit section area at low ve-
locity and tuning the actuation to the Widnall instability frequency. This configuration
has been demonstrated to outperform the others also in the near-field investigation (i.e.
Ss04), with the only drawback related to the electrical power needed to generate the syn-
thetic jet which is more than 20 times higher than the one needed at lower F+. However,
it is worth recalling that the SJ device of the present work has not been designed to be
optimized at the actuation frequency selected for the active flow control.
In Figure 5.10, the contours of ζz c/U∞ for the control case at F+ = 0.071 and F+ = 0.55
for the model Ss01 and Ss04 respectively are examined, together with the combo control
case for the model Ss04. The BCs fields have been reported too for comparison purposes.
As expected from the near-field results, the jet vortex is completely disappeared at large
downstream distance, also in case the SJ velocity is maximum for the model Ss01. Look-
ing at the vorticity fields of the measurement plane z/c = 80, there is a vertical cut at the
right and left of the left and right vortex respectively. This means that the vortices start
to overlap each other, canceling the opposite sign vorticity, demonstrating that at this
downstream distance a strong interaction with linking between the vortices occurs and,
as a consequence, vortex rings are formed. For each case, the wingtip vortices undergo
a rapid and increasing outward diffusion, which causes the vorticity weakening and the
diameter increasing as shown in Figure 5.11 where the geometrical characteristics of the
vortices are reported. The vortices relative distance and their locations at different mea-
surement planes seem to not be affected by the SJ actuation. As already found by the
author in the feasibility test described in chapter 3, the vortices present an ellipsoidal
shape which can be attributed to a 3D structure of the core, which further justify the
use of the vortex fitting model of Eq. (4.10). As far as regards the Crow instability tuned
configurations in Figure 5.11a, the maximum diameter doubles its value from z/c = 26
(Dmax /c = 0.42) to z/c = 80 (Dmax /c = 0.83), without any relevant change with respect
to the BC cases. The vortices aspect ratio Dmax /Dmi n results to be reduced being the
shape more circular while the inclination angle Φ does not show any particular trend.
On the other hand, an opposite behavior is registered for the control cases tuned to the
higher F+ = 0.55. As it can be noted in Figure 5.10g, 5.10h, and 5.10i, the core struc-
ture of both vortices is dramatically modified resulting in an elongated shape outward
and a larger diffusion with respect to the lower actuation frequency. In fact, the maxi-
mum diameter results higher than the BCs in each configuration with a maximum value
three times larger for the Ss04. Furthermore, the vortices appear to be more stretched
than the BC being the aspect ratio Dmax /Dmi n risen up although it decreases with the
downstream distance. By combining the actuation frequencies related to the Crow and
Widnall instability, the streamwise vorticity fields appear to be an axact compromise be-
tween the single control cases (Figure 5.10j, 5.10k, and 5.10l). As a matter, the vortices
strength is reduced as well up to 64% with respect to the BCs case, and the geometrical
characteristics are very similar to the configuration at low F+. In fact, the shape is more
circular than the configuration at higher F+, with a diameter increasing with the down-
stream distance (see Figure 5.11c) up to a double value of the baseline case, a vortices
aspect ratio Dmax /Dmi n almost constant as for the Crow tuned configuration, and an
inclination angle decreasing with the downstream with the only exception of the model
Ss01.
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Figure 5.10: Normalized time-averaged streamwise vorticity fields at Cµ = 0.2% for all the measurement planes
for the wing model Ss01 and Ss04.

In order to investigate the effects of different momentum rate ejected from the SJ, the
model Ss01 with the lower exit section area has been taken as a reference, together with
the equivalent model Sh4. For each measurement plane and actuation frequency, three
momentum coefficients of Cµ = 1%, Cµ = 0.2%, and Cµ = 0.04% have been tested. The
results in terms of normalized streamwise vorticity peak are reported in Figure 5.12. With
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Figure 5.11: Normalized time-averaged vortex major axis, aspect ratio and inclination angle at Cµ = 0.2% for
all the wing configurations and measurement planes investigated.

only exception of the outliers point at z/c = 80, the wingtip vortices are weakened in each
configuration. As expected, the higher momentum coefficient Cµ = 1% has a striking im-
pact reducing the vorticity peak up to 50%, 74%, and 70% for the F+ = 0.071, F+ = 0.55,
and their combination respectively at z/c = 26. On the other hand, with a momentum
coefficient 25 times lower (Cµ = 0.04%, meaning the SJ velocity 5 times lower), a rea-

sonable effect of the SJ actuation is encountered with a ζz,max /ζ
BC
z,max reduction of at

least 10% except the control case at F+ = 0.55 for Ss01 in which the BC value is recov-
ered at z/c = 80. These results are promising for the possibility to obtain an effective
control with a considerably less power. In fact, the SJ velocity for Cµ = 1% is equal to
U0 = 1.29U∞, which could be not feasible when scaled to a real aircraft wing. As already
stated above, the change in the exit section shape from a rectangular slot to four circular
nozzles does not play a crucial role, being the results comparable.
Lastly, in Figure 5.13, the geometrical characteristics of the vortices related to the wing
model Ss01 are reported. The findings related to the momentum coefficient Cµ = 0.2%
are confirmed and scaled for the higher and lower value. In fact, the vortex diameter and
the vortex aspect ratio are deeply affected only at the higher F+ = 0.55, with the Cµ = 1%
curve larger than the other ones, confirming that injecting more momentum increases
the vortex diffusion.
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Figure 5.12: Normalized time-averaged streamwise vorticity peak at different momentum coefficient Cµ for all

the measurement planes for the wing model Ss01 and Sh4. The BCs values of ζ
BC
z,max c/U∞ are equal to 0.531,

0.136, and 0.0579 at z/c = 26, 52, 80 respectively.

5.2.2. CIRCUMFERENTIAL VELOCITY

T HE present section reports the time-averaged circumferential velocity profiles which
are crucial for the wake-hazard metric since a possible encounter can occur in the

far-wake of the leading aircraft. They are evaluated as described in section 4.3.3 for each
vortex by considering the influence of the neighborhood one. The distribution of the
normalized mean circumferential velocity, Uθ/U∞, against x/c for the control configu-
rations at Cµ = 0.2% for all the measurement planes and actuation frequencies are shown
in Figure 5.14. In the following, all the comments are referred on the positive peak if
not differently declared. As already stated for near-field analysis, the circumferential
velocity exhibits negative peaks with magnitudes that are at least 38% higher than that
of the positive peaks due to the double induction caused by the vortex itself and by the
neighboring one, both inducing a downwash velocity since the angle of attack is positive.
Starting from the baseline cases, a peak value of Uθ/U∞ = 0.0197 is registered at z/c = 26,
which is only the 13% of the peak value at z/c = 0.1. Going further downstream, the cir-
cumferential velocity peak is located at slightly higher distance from the vortex center
and the peak is equal to 0.00835 and 0.00453 at z/c = 52 and z/c = 80 respectively. Fur-
thermore, the negative peak is increased as well, meaning that the induced downwash
is reducing and thus the velocity gradient across the vortices is reduced too. As a result,
the wingtip vortices are going to vanish and the probability of a dangerous wake-hazard
are dramatically diminished being the induced rolling moment on the following aircraft
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Figure 5.13: Normalized time-averaged vortex major axis, aspect ratio and inclination angle at different mo-
mentum coefficient Cµ for all the measurement planes for the wing model Ss01.

strictly related to the circumferential velocity profiles.
Under the synthetic jet actuation, the peak value of the normalized circumferential ve-
locity is prominently reduced at z/c = 26, where a maximum decrease of about 72%,
66%, and 73% are found for the wing model Ss04 at F+ = 0.071, F+ = 0.55, and their
combination respectively. At this downstream distance, a second peak around at the
mid-span of the wing is present, as expected by the lifting-line theory Anderson, 2007.
This means that the wingtip vortices are far enough from each other to start a strong in-
teraction. Going downstream at z/c = 52, a flat profile is recorded in between the two
vortices and at z/c = 80 the negative peaks of the two vortices are joined together. The
latter characteristics are representative of the vortices linking and overlap, which is pre-
monitory of an immediate start of vortices decay. As it can be noted from Figure 5.15b
and 5.15c, the effectiveness of the SJ actuation is less pronounced, with a maximum nor-
malized circumferential velocity decrease of about 50%, 46%, and 45% at z/c = 52, 28%,
30%, and 50% at z/c = 80, for the actuation F+ = 0.071, F+ = 0.55, and their combination
respectively, which are referred again to the wing model Ss04. By considering the aver-
age between the left and the right vortex, for each measurement plane has been demon-
strated that increasing the SJ exit section area from the wing model Ss01 to Ss04 leads
to a better performance, which is in agreement with the previous results on the stream-
wise vorticity fields. Furthermore, the Ss04 configuration outperforms all the other one
at each actuation frequency, meaning that a SJ device for active control of the circum-
ferential velocity should be designed by maximizing the SJ exit section area. Contrary
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Figure 5.14: Time-averaged radial distribution of the normalized circumferential velocity at Cµ = 0.2% for all
the measurement planes.

to the statements of the previous section 5.2.1 and according to the metric of Uθ/U∞,
it appears that using a rectangular slot instead of four circular nozzle promotes a larger
effectiveness. On the other hand, the use of Rhc, and thus blowing in the chordwise di-
rection inclined of 5◦ with respect to the streamwise one, reveled to be the less effective
configuration although it generates a not negligible Uθ/U∞ reduction up to 20%. Lastly,
from Figure 5.14, it is hard to identify the best SJ actuation frequency, since the effects of
F+ seems to be leveled and comparable, although the F+ = 0.55 tuned to the Widnall in-
stability frequency outperforms the lower F+ = 0.071 and the combo F+ especially at the
furthest measurement planes of z/c = 52 and z/c = 80, which is promising to anticipate
the vortex linking.
The normalized circumferential velocity distribution for different momentum coeffi-
cient Cµ for each measurement plane and SJ actuation frequency is reported in Figure
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Figure 5.15: Time-averaged radial distribution of the normalized circumferential velocity at Cµ = 0.2% with the
F+ Combo configuration for all the measurement planes.

5.16. For the sake of brevity, only the results related to the wing model Ss01 are shown. As
expected from the streamwise vorticity behavior described in section 5.2.1, the effect of
the actuation at Cµ= 1% is impressive. The wingtip vortices are really weak and largely
diffused going downstream, causing a nearly null value of the positive peak at z/c = 52
and z/c = 80 for the configuration tuned to the Crow instability. As shown in Figure
5.16b and 5.16c, only a small amount of downwash in correspondence of the mid-span
region of the wing is present, meaning the possibility to completely avoid any wake-
hazard issues. However, the practical problem of implementing this control configura-
tion on a real-scaled wing remains open. Increasing the SJ frequency at F+ = 0.55 for
Cµ = 1% results in a less effective configuration since a positive distribution of Uθ/U∞
is still present for x/c > |1|. The same behavior has been registered for the combo F+.
By decreasing the momentum coefficient at Cµ = 0.04% which corresponds to a SJ exit
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Figure 5.16: Time-averaged radial distribution of the normalized circumferential velocity at different momen-
tum coefficient Cµ for all the measurement planes for the wing model Ss01.

velocity of U0 = 0.29U∞, a significant effect is registered only at z/c = 26 where a Uθ/U∞
decrease of 19% is present. Going further downstream, this control configuration loses
its effectiveness and the BCs curve is recovered. As it can be noted, the actuation fre-
quency does not show a relevant effects being the plain and the dashed curves perfectly
coincident for both momentum coefficient of Cµ = 0.2% and Cµ = 0.04%.
In conclusion, blowing at relatively low SJ velocity (Cµ = 0.04%) reveled to be not effec-
tive in the very far-wake of the wing, while the highest momentum coefficient Cµ = 1% is
not feasible from a realistic point of view although its effect is astonishing. As a matter,
the intermediate Cµ = 0.2% represents a good compromise for future investigations and
design of more appropriate and optimized SJ devices.
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5.2.3. CIRCULATION

T HE last metric for the far-field investigation is represented by the time-averaged cir-
culation around the wingtip vortices. It has been evaluated by integrating the vor-

ticity fields as explained in section 4.3.3 and the results referred to the intermediate mo-
mentum coefficient Cµ = 0.2% are shown in Figure 5.17. Under the synthetic jet actua-
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Figure 5.17: Normalized time-averaged vortex circulation at Cµ = 0.2% for all the measurement planes. The

BCs and BCr values of Γ
BC

/cU∞ are equal to 0.0282 and 0.0240, 0.0220 and 0.0195, 0.0117 and 0.0104 at z/c =
26, 52, 80 respectively.

tion at F+ = 0.071, a huge reduction of about 52% of the normalized vortices circulation
is obtained for the wing model Ss04 at z/c = 26 in correspondence with the maximum
vorticity field weakening. Increasing the downstream distance, this configuration with
low SJ velocity (i.e. maximum SJ exit section area) outperforms the other ones although

the Γ/Γ
BC

increases to 0.59. This result is in contrast with the findings of the near-wake
investigation where the best performance are registered for the model with the highest
SJ velocity at the same momentum coefficient Cµ = 0.2%. However, decreasing the SJ
exit section area with the models Ss02 and Ss01, the time-averaged circulation remains
deeply affected and below the baseline reference value with the only outlier at z/c = 80

for Ss01 where the Γ/Γ
BC

is equal to 1.2 which was surprising. Actually, this behavior
has been found also for the control configurations at higher F+ = 0.55 and the combo
F+ as reported in Figure 5.17b and 5.18c. As expected from the streamwise vorticity re-
sults of section 5.2.1, the maximum SJ effectiveness is achieved at z/c = 52 and z/c = 26
where the vortices circulation is reduced up to 68% and 45% respectively. Nevertheless, a
clear increasing circulation trend is identified for each configuration going further down-
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stream at z/c = 80 where it turns out to be higher than the BC value up to 40%. By re-

calling the Eq. (1.15) and (1.18), an increase of Γ/Γ
BC > 1 can be beneficial also since the

instability growth rate of the wingtip vortices is directly proportional to the circulation.
Since this behavior is registered at the furthest downstream distance of z/c = 80, this is
promising to accelerate the vortex decay which, as already stated, is already started. It
is also possible to notice from Figure 5.17 that blowing in the chordwise direction with
the wing model Rhc could be an interesting SJ configuration according to this metric,
since the vortices circulation results to be larger than the baseline for each actuation fre-
quency and measurement planes investigated.
The results of the normalized vortices circulation for different momentum coefficient
Cµ are reported in Figure 5.18. With the exception of furthest measurement plane at
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Figure 5.18: Normalized time-averaged vortex circulation at different momentum coefficient Cµ for all the

measurement planes for the wing model Ss01 and Sh4. The BCs values of Γ
BC

/cU∞ are equal to 0.0282, 0.0220,
and 0.0117 at z/c = 26, 52, 80 respectively.

z/c = 80 at F+ = 0.071, there is no significant difference between the two exit section
geometries of a rectangular slot and four circular nozzle since the results are reasonably
comparable. With the SJ actuation tuned to the Crow instability frequency, blowing at
high momentum coefficient Cµ = 1% allows one to achieve the best performance with
a normalized vortices circulation reduction of about 56% at z/c = 26. It is noteworthy
that, at the same measurement plane, the same circulation decrease has been obtained
with the model Ss04 and a value of Cµ = 0.2%, but with a SJ characteristic velocity 78%
lower. The same result has been obtained at the higher F+ = 0.55, where a maximum
reduction of 67% is reported at z/c = 52 for Cµ = 1% which is the same reported in Figure
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5.17b. It has also been found that the momentum coefficient does not change the trend
of increasing the vortices circulation going downstream at z/c = 80 under the actuation
at F+ = 0.55, which means the the crucial parameter is represented by the actuation
frequency. Blowing with a combination of the Crow and Widnall instability frequen-
cies (Figure 5.18c), leads to a maximum reduction of vortices circulation of about 40% at
z/c = 52 for the higher momentum coefficient Cµ = 1%. This combined actuation rep-
resents a good compromise especially at z/c = 26 where the circulation is reduced up to
20% contrary to the Widnall tuned configuration (F+ = 0.55) for which the BCs value is
recovered at this downstream distance. As expected, going downstream at z/c = 80 the
vortices circulation increases as found for the control cases at F+ = 0.071 and F+ = 0.55,
being the combined actuation a sort of intermediate configuration between them. Fur-
thermore, it is evident from Figure 5.18 that blowing with a very low SJ exit velocity and
through a low exit section area as well is not an useful device in altering the vortices cir-
culation. Finally, a conclusion can be drawn. Based on the results obtained herein, it
is expected that increasing both the momentum coefficient and the SJ exit section area
could represent the most effective configuration at the actuation frequency tuned to the
Widnall instability.
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6
PHASE-AVERAGED RESULTS

T HE phase-locked measurement results of the wingtip vortices are discussed in details
in the present chapter in order to analyze the dynamics of the SJ actuation effective-

ness on the vortices evolution from the near to the far field state. It is important to recall
that the disturbance generated by the SJ has been assumed to propagate downstream at
the free-stream velocity in the convective time τ= 3c/U∞. As already pointed out for the
phase-averaged analysis of the previous tests presented in section 3.2.2, the phase ϕ= 0◦
corresponds to the beginning of the blowing phase of the SJ. In the following, the symbol
〈·〉 represents a phase-averaged value.

6.1. NEAR-FIELD ANALYSIS

A S already presented in section 5.1 for the time-averaged discussion,the phase-evolution
of the physical and geometrical characteristics of the vortices such as the streamwise

vorticity, vortex position, circumferential velocity, and vortex circulation are analyzed in
the near-field at z/c = 0.1, 0.5, 1, and 2, and they are presented hereinafter.

6.1.1. STREAMWISE VORTICITY AND GEOMETRICAL FEATURES

A S already pointed out in the time-averaged analysis, the characteristics of the vor-
ticity fields represent a key parameters to evaluate the synthetic jet effectiveness

on wingtip vortex control. The phase-evolution of the normalized streamwise vortic-
ity peak is reported in Figure 6.1 for each control configuration investigated at different
downstream positions. It is important to recall that the synthetic jet is generated from a
sinusoidal signal input to the loudspeaker and the exit velocity exhibits the same wave-
shape. As such, at both actuation frequencies, the vorticity peak presents a sinusoidal
behavior too, suggesting a strict correlation between the SJ phases and its effect on the
wingtip vortices as already found in the feasibility test shown in section 3.2.2. When the
SJ is tuned to the Crow instability frequency at low F+ = 0.071 (Figure 6.1a, 6.1c, 6.1e,
6.1g), it is evident that the SJ is largely impactful during the blowing phase, with the only
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Figure 6.1: Normalized phase-averaged streamwise vorticity peak at different downstream positions for all the

configuration investigated. The time-averaged BCs values of ζ
BC s
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.
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exception represented by the wing model Ss01 at z/c = 0.1. In this case, the jet vortex has
its maximum strength and the wingtip core vorticity is increased, being the two vortices
overlapped and co-rotating. This effect is weakened going downstream, since the vortic-
ity peak results to be less than the baseline value up to 50% at z/c = 2. On the contrary,
the suction phase of the SJ actuation has an opposite behavior with respect to the blow-
ing phase, being the streamwise vorticity higher than the BC value especially at z/c = 0.1
and z/c = 0.5 with a maximum increase of about 20% and 40% for the wing model Ss01
and Ss02 respectively. 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 low pressure side is increased, and the vortices interact more with the
shear-layer leaving the trailing edge which could cause the vorticity enhancement. How-
ever, it is possible to note that at each downstream location of the measurement plane,
increasing the SJ exit section area from the wing model Ss01 to a 4 times higher value of
the wing model Ss04 leads to an even better performance in terms of streamwise vortic-
ity peak reduction with respect to the baseline configuration from 40% to 80% at z/c = 2.
In particular, the wing model Ss04 with the higher 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. As
a result, it is possible to state that blowing through a large area allows the jets to interact
more with the wingtip vortices resulting in a better performance of the synthetic jet ac-
tive control. Actually, this behavior is confirmed in Figure 6.1b, 6.1d, 6.1f, and 6.1h where
the normalized streamwise vorticity peak of the SJ configurations tuned to the Widnall
instability frequency (F+ = 0.55) are reported. Here, the sinusoidal phase-evolution is
more evident, with a more efficiency during the SJ blowing phase with a maximum peak
reduction around 80% for the wing model Ss04 as in the previous configurations. As a
matter, during the SJ suction phase the streamwise vorticity peak recovers the baseline
value or it is slightly higher up to 30% for the wing model Ss01 at z/c = 1, confirming the
time-averaged results for which the maximum SJ effectiveness on wingtip vortices con-
trol is achieved by blowing at high actuation frequency according the vorticity strength
metric.
In order to have a better and visual understanding of the SJ actuation effectiveness, the
phase-averaged contours of the normalized streamwise vorticity 〈ζ〉c/U∞ are reported
in Figure 6.2 and 6.3 for the control configurations at F+ = 0.071 and F+ = 0.55 for the
model Ss01 and Ss04 respectively at z/c = 0.1. The horizontal dashed black line repre-
sents the wing trailing edge projection on the measurement plane. Since in Figure 6.1
it is possible to notice different phases in which the behavior of the streamwise vortic-
ity peak is very similar, for the sake of clarity, only half of the phase-averaged contour
maps are presented. At the lower actuation frequency F+ = 0.071, the vortex appears
reinforced and overlapped to the jet vortex during the first part of the SJ blowing phase,
then it loses its strength during the SJ suction phase being very close to the baseline
configuration. The vortex shape is almost circular and it is diffused over a larger area
in correspondence of the SJ maximum blowing with respect to SJ suction phase where
the SJ seems to be less effective since the baseline characteristics are restored. This is
confirmed in Figure 6.4 where the geometrical characteristics of the vortex are reported
for all the configurations investigated at F+ = 0.071. Since the baseline configuration
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Figure 6.2: Normalized phase-averaged streamwise vorticity fields at z/c = 0.1 for the wing model Ss01 at
F+ = 0.071.

can not be analyzed in a phase-averaged approach, only the time-averaged value is re-
ported for comparison. The synthetic jet impact on altering the vortex size is evident
during the blowing phase, while a flat behavior close to the baseline value is registered
for the suction phase. The vortex diffusion due to the SJ actuation is revealed for each
wing configuration with a maximum increase in vortex diameter more than three times
of the BC value for the Ss04 as expected, since the streamwise vorticity peak has its min-
imum in this configuration, meaning that the vortex is spread over a wide area. On the
other hand, the actuation causes a slight reduction of the vortex aspect ratio in almost
each phase and wing configuration being the vortex far from a clear ellipsoidal shape. A
more sinusoidal evolution is achieved for the vortex inclination angle evolution, where is
still confirmed that the vortex is rotated due to the SJ actuation only during the blowing
phase. However, the effect of an increasing SJ exit section area is visible also from the
geometrical features, being the wingtip vortex more diffused and stretched by decreas-
ing the SJ exit velocity from the wing model Ss01 to Ss04 (blue to yellow curves in Figure
6.4). Finally, from Figure 6.2 is possible to notice that a further effect of the synthetic jet
control is represented by the movement of the vortex from the baseline position which is
located in correspondence of the wing trailing edge projection and about 0.07c inboard.
The phase-evolution of the vortex centroids during the actuation is shown in Figure 6.5.
The black dashed line is again the projection of the trailing edge of the wing. It is possible
to notice in Figure 6.5a that the synthetic jet actuation causes a periodic motion of the
vortex at the Crow instability frequency configuration, moving the vortex about 0.14c
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Figure 6.3: Normalized phase-averaged streamwise vorticity fields at z/c = 0.1 for the wing model Ss04 at
F+ = 0.55.
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Figure 6.4: Normalized phase-averaged vortex major axis, aspect ratio, and inclination angle at z/c = 0.1 posi-
tions for all the configuration investigated.

both outboard and downward. In particular, the motion turns out to be concentrated
along a direction inclined of 45◦ represented as plain gray line, which could promote the
Crow instability as shown in Figure 1.8. The same periodic behavior is obtained also for
the tuned configuration at the Widnall instability frequency for the wing model Ss04 as
reported in Figure 6.5b. At higher F+, the vortex is pushed more 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 streamwise contour maps shown in Figure 6.3. As
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Figure 6.5: Phase-averaged vortex center position at z/c = 0.1 for the wing model Ss01 and Ss04 at F+ = 0.071
and F+ = 0.55. The time-averaged BC position is marked with a red cross, while the gray line represent the 45◦
direction.

already stated, the impact of the control configuration Ss04 at high actuation frequency
is striking on reducing the wingtip vortex strength. In fact, during the SJ blowing phase,
the vortex starts to lose its coherence being largely diffused with a very low value of the
vorticity peak. The vortex diameter is increased up to 4 times the baseline value and it is
highly stretched as reported in Figure 6.4b, which could cause a premature dissipation.
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 distri-
bution, the geometrical characteristics, and the position of the BC reference case.
Going downstream at z/c = 0.5, the vorticity field contours reported in Figure 6.6 for the
wing model Ss01 at F+ = 0.071 confirms the phase-evolution started at the previous sta-
tion. In fact, the vortex assumes a more circular shape with a minimum intensity in cor-
respondence of the maximum SJ blowing velocity and in the last part of suction phase.
As reported in Figure 6.8, the vortex increases his major diameter of 20% with respect to
the z/c = 0.1 measurement plane, while the vortex aspect ratio starts to be higher than
the baseline value, but still very close to unity. However, the synthetic jet effectiveness
is demonstrated only in the SJ blowing phase also in terms of the vortex position evolu-
tion (Figure 6.9) reaching a maximum displacement of about 0.15c both outboard and
downward along a 45◦ direction, confirming the possibility of an early trigger of the Crow
instability.
Blowing at higher actuation frequency, the synthetic jet penetrates more in the wingtip
vortex leading to a very weak vorticity distribution in the first part of the blowing period
as shown in the contour maps in Figure 6.7. The vortex continues loosing his coherence
due to the largely distributed turbulence injected through the high SJ exit section (Ss04)
and it is barely recognizable. Both the vortex diameter and his aspect ratio are more than
doubled with respect to the BC value with a peak value in correspondence of the maxi-
mum blowing velocity of the synthetic jet (Figure 6.8b). Differently to the previous case,
the tuned configuration to the Widnall instability causes a larger displacement of the vor-
tex up to 0.4c outboard and 0.22c downward parallel to a 45◦ direction contrary to the
previous station. On the other hand, the vorticity fields and the vortex features revealed
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Figure 6.6: Normalized phase-averaged streamwise vorticity fields at z/c = 0.5 for the wing model Ss01 at
F+ = 0.071.

to be very similar to the baseline configuration during the suction phase, confirming the
effectiveness reduction of the synthetic jet. Finally, from the geometrical characteristics
reported in Figure 6.8, it is worth underlining that blowing with a low SJ velocity through
a larger exit section area leads to a more effective device, causing a considerable diffu-
sion of the vortex more than two times the value of the model with the lowest SJ area,
corresponding also to a noticeable vorticity strength reduction.
For the sake of brevity, the phase-averaged vorticity results related to the downstream
measurement plane at z/c = 1 are not reported herein, since the vortex features are very
close to the normalized vorticity contour maps at z/c = 2 shown in Figure 6.10 and 6.11
for the wing model Ss01 and Ss04 at F+ = 0.071 and F+ = 0.55 respectively. Under the
first control configuration, the wingtip vortex is noticeably weakened during the syn-
thetic jet blowing phase with respect to the same period at z/c = 0.1, and it is distributed
over a wide area. During the suction phase, the vortex moves back around the baseline
position which is located above the wing trailing edge projection due to the upwash in-
duced by the couple of wingtip vortices generated with 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 is clearly discernible from Figure 6.10d ÷ 6.10g. 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 Figure
6.11. In correspondence to the maximum blowing state of the synthetic jet, the wingtip
vortex appears divided in different weak sub-vortices which then merge together during
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Figure 6.7: Normalized phase-averaged streamwise vorticity fields at z/c = 0.5 for the wing model Ss04 at
F+ = 0.55.
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Figure 6.8: Normalized phase-averaged vortex major axis, aspect ratio, and inclination angle at z/c = 0.5 posi-
tions for all the configuration investigated.

the suction phase where a clearly coherent structure is visible. The geometrical char-
acteristics of each tested control case at z/c = 2 are reported in Figure 6.12. As already
discussed for the previous downstream results, the synthetic jet effectiveness appears
to be concentrated on its blowing phase. The lower actuation frequency at F+ = 0.071
causes a very large diffusion of the vortex which increases by decreasing the synthetic jet
exit velocity from the wing model Ss01 to Ss04. The maximum value of the vortex ma-
jor diameter is registered for the Ss04 configuration in correspondence to the SJ velocity
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Figure 6.9: Phase-averaged vortex center position at z/c = 0.5 for the wing model Ss01 and Ss04 at F+ = 0.071
and F+ = 0.55. The time-averaged BC position is marked with a red cross, while the gray line represent the 45◦
direction.

-1.3 -1.2 -1.1 -1 -0.9 -0.8
x=c

-0.3

-0.2

-0.1

0

0.1

0.2

y
=c

-2 0 2 4
h1zic=U1

(a) ϕ= 13◦

-1.3 -1.2 -1.1 -1 -0.9 -0.8
x=c

-0.3

-0.2

-0.1

0

0.1

0.2

y
=c

-2 0 2 4
h1zic=U1

(b) ϕ= 37◦

-1.3 -1.2 -1.1 -1 -0.9 -0.8
x=c

-0.3

-0.2

-0.1

0

0.1

0.2

y
=c

-2 0 2 4
h1zic=U1

(c) ϕ= 85◦

-1.3 -1.2 -1.1 -1 -0.9 -0.8
x=c

-0.3

-0.2

-0.1

0

0.1

0.2

y
=c

-2 0 2 4
h1zic=U1

(d) ϕ= 133◦

-1.3 -1.2 -1.1 -1 -0.9 -0.8
x=c

-0.3

-0.2

-0.1

0

0.1

0.2

y
=c

-2 0 2 4
h1zic=U1

(e) ϕ= 181◦

-1.3 -1.2 -1.1 -1 -0.9 -0.8
x=c

-0.3

-0.2

-0.1

0

0.1

0.2

y
=c

-2 0 2 4
h1zic=U1

(f) ϕ= 229◦

-1.3 -1.2 -1.1 -1 -0.9 -0.8
x=c

-0.3

-0.2

-0.1

0

0.1

0.2

y
=c

-2 0 2 4
h1zic=U1

(g) ϕ= 277◦

-1.3 -1.2 -1.1 -1 -0.9 -0.8
x=c

-0.3

-0.2

-0.1

0

0.1

0.2

y
=c

-2 0 2 4
h1zic=U1

(h) ϕ= 325◦

Figure 6.10: Normalized phase-averaged streamwise vorticity fields at z/c = 2 for the wing model Ss01 at F+ =
0.071.

peak and it is equal to 5 times the baseline case, together with a double value of the vor-
tex aspect ratio. By increasing the actuation frequency, none of the configurations clearly
outperforms the other and no particular trend could be easily identified. However, the
vortex diameter is increased only of 2.8 times the BC value, leading to a minor diffu-
sion with respect to the tuned Crow instability configuration which is in line with the
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Figure 6.11: Normalized phase-averaged streamwise vorticity fields at z/c = 2 for the wing model Ss04 at F+ =
0.55.
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Figure 6.12: Normalized phase-averaged vortex major axis, aspect ratio, and inclination angle at z/c = 2 for all
the configuration investigated.

findings of Figure 6.1 where the streamwise vorticity slightly increases with the higher
actuation frequency. Lastly, in order to assess the variation of the vortex positions, a plot
of the phase-evolution of the vortex centroids is reported in Figure 6.13. Due to the up-
wash 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 trail-
ing edge projection and they correspond to the synthetic jet suction phases. During the
blowing phase, it is evident that the vortex is pushed downward and outboard of about
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Figure 6.13: Phase-averaged vortex center position at z/c = 2 for the wing model Ss01 and Ss04 at F+ = 0.071
and F+ = 0.55. The time-averaged BC position is marked with a red cross, while the gray line represent the 45◦
direction.

0.2c and 0.55c for the configuration of Ss01 at F+ = 0.071 and Ss04 at F+ = 0.55 respec-
tively. The periodic motion already found at the nearer measurement planes discussed
before is confirmed at z/c = 2. In particular, it can be noticed that going downstream the
vortex displacement increases especially by blowing at the Widnall instability frequency.
This is an encouraging result, since the inherent instability of the wingtip vortices seems
to be amplified by means of the synthetic actuation and this could lead to a premature
vortex linking and their dissipation, reducing the probability and the danger of a wake-
hazard encounter.
Finally, a conclusion can be drawn. According to the streamwise vorticity metric and the
analysis of the geometrical characteristics of the wingtip vortex, the best control con-
figuration is represented by the wing model with the highest 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 configuration
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 mass injected remains open.

6.1.2. CIRCUMFERENTIAL VELOCITY

I N order to have a clearer insights on the parameter which regulates the danger of a
possible wake-hazard, the phase-locked evolution of the normalized circumferential

velocity with respect to the time-averaged baseline value is reported in Figure 6.14 for
each control configuration investigated at different downstream distances. Under the SJ
actuation at low F+ = 0.071, the sinusoidal evolution found in the preliminary test re-
ported in section 3.2.2 is not registered in any measurement plane. As expected from the
phase-averaged results of the vorticity peaks instead, it is possible to notice that the SJ
blowing and suction phases have different effects. Starting from the nearest downstream
distance at z/c = 0.1, the SJ blowing causes a noticeable increase of the circumferential
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velocity peak which is even higher as the SJ exit velocity increase from the wing model
Ss01 to Ss04. On the other hand, during the suction phase of the synthetic jet, the value

of 〈Uθ〉max /U
BC s
θ,max oscillates around the unity, meaning that baseline configuration is

recovered and the SJ is not impactful. By recalling the time-averaged results shown in
Figure 5.4a, the same control configuration (Ss01 - F+ = 0.071 - z/c = 0.1) presents a
reduction of the circumferential velocity peak of about 10%, which is in contrast with
the results of Figure 6.14a. This mismatch is related to the noticeable vortex displace-
ment obtained with the actuation shown in Figure 6.5. In particular, the time-average is
a classical “Eulerian” average process according to which each spatial point is averaged
over the time, while the phase-average process is carried out in a “Lagrangian” way by
tracking the vortex behavior. Although the time-averaged results give to the reader an
immediate and whole interpretation of the phenomenon and they could be at the base
of several numerical simulations, they could be misleading and not enough extensive
to draw a general physical conclusion. As a results, in the very near-wake of the wing
the use of the synthetic jet actuation control tuned to the Crow instability frequency at
high SJ exit velocity is counter-productive in reducing the wake-hazard since the value
of 〈Uθ〉max is larger than the baseline case. However, by halving the SJ velocity at the
same Cµ and F+, a more effective configuration is obtained with a noteworthy reduction
of 45% in correspondence of the maximum SJ blowing whilst an increase of only 20% is
achieved at the beginning. By fixing the actuation frequency and moving downstream,
the wing equipped with the larger SJ exit section area is confirmed to be the best control
configuration with a striking reduction of the normalized circumferential velocity peak
up to 50%, with each phase being less than unity, which is encouraging in the possibility
of reducing the wake vortex hazard by means of the SJ active flow control. The only ex-
ception is represented by the last measurement plane at z/c = 2, where a slight increase
of the 〈Uθ〉max with respect to the BC value is obtained for each wing model which, how-
ever, present a comparable behavior.
When the synthetic jet is operated at higher actuation frequency of F+ = 0.55, a remark-
able difference with the previous case can be noticed from Figure 6.14b, 6.14d, 6.14f, and
6.14h. At z/c = 0.1, the same mismatch with the time-averaged results has been found

for the model Ss01, but with a peak value of 〈Uθ〉max /U
BC s
θ,max 40% less than the case at

lower F+ = 0.071. More generally, the higher actuation frequency results in a phase-
evolution of the circumferential velocity peak which is below the baseline case basically
for the all the configurations investigated, with the only exception for the wing model
Ss01 at z/c = 1. As it has been stated for the streamwise vorticity metric, the most ef-
fective synthetic jet configuration is represented by the wing model equipped with the
higher SJ exit section area blowing at the Widnall instability frequency (F+ = 0.55) by
which the circumferential velocity peak is entirely reduced with respect to the baseline
case up to 50% which is extremely favorable to reduce the wake-hazard.

6.1.3. CIRCULATION

T HE last metric for the analysis of the wingtip vortices evolution is represented by
the vortex circulation which is the main parameter representative of its strength and

it is directly related to the vortex instability growth rate and the main vortex adverse
effect as the induced drag (see Eq. (1.8)). The phase-evolution of the normalized cir-
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Figure 6.14: Normalized phase-averaged circumferential velocity peak at different downstream positions for all

the configuration investigated. The time-averaged BCs values of U
BC s
θ,max /U∞ are equal to 0.150, 0.142, 0.148,

0.111 at z/c = 0.1, 0.5, 1, 2 respectively.
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culation with respect to the baseline case is reported in Figure 6.15 for each actuation
configuration investigated at different downstream planes. As already pointed out for
the circumferential velocity peak results in the previous section 6.1.2, a mismatch with
the time-averaged results presented in Figure 5.6 is present. In fact, according to the lat-
ter, the vortex circulation is reduced with respect to the BC for each configuration and
downstream distance, meaning that the vortex should be highly weakened and thus the
induced drag decreased too, which is beneficial. On the contrary, the phase-averaged
evolution revealed a huge increase of the circulation, with a peak value of 〈Γ〉 between
2 and 4.5 time the baseline. As a result, during the SJ blowing phase the circulation in-
crease causes a larger induced downwash, which can be menacing for a small aircraft
encountering the wake of an heavy one leading to a possible loss of lift, altitude, and
climb rate (Breitsamter, 2011). On the other hand, the higher the vortex circulation, the
more amplified the inherent instability growth rate, which coexists with a noteworthy re-
duction of the streamwise vorticity distribution on a wider area, so an early development
of the Crow and Widnall instabilities is achievable. From Figure 6.15, it is possible to no-
tice that the SJ suction phase presents an opposite evolution with respect to the blowing
part. One should state that the SJ loses his effectiveness since the circulation is almost
constant around the baseline value, but at z/c = 2 it is decreased up to 30% for the wing
model Ss01 and Ss02 as shown in Figure 6.15g and 6.15h. In particular, this behavior is
registered for both the actuation frequencies adopted without any relevant different in
the absolute value and trend, meaning that at these downstream distances the frequency
dependent disturbances are entrained to the flow but they need a further development
to generate different results. Lastly, a compromise needs to be reached. At the lower
actuation frequency tuned to the Crow instability, the wing model Ss02 with an inter-
mediate SJ exit section area could allow to achieve higher instability growth rate in the
far-field and also a less hazardous vortex going downstream with a reduced circulation
in the suction period, while blowing at the Widnall instability with a very low SJ velocity
(Ss04) leads to a lower values of 〈Γ〉 which can be more beneficial on average. However,
the following far-field evidence is needed to draw a more exhaustive conclusion.

6.2. FAR-FIELD ANALYSIS

I N this section, the phase-locked evolution of the wingtip vortices up to 80 chord lengths
downstream of the wing is presented. In addition to the physical and geometrical

characteristics analyzed in the near-field investigation (section 5.2), the evolution of the
vortices position and their relative distance are reported. Differently from the time-
averaged analysis, the results related to the synthetic jet configuration at a combined
frequency of the Crow and Widnall instability one is not presented hereinafter since it
is not possible to define a proper phase evolution for a signal sum of two different sine
waves. Finally, the geometrical and physical characteristics of the vortices reported in
the following are the average between the left and right vortex if not different declared.

6.2.1. STREAMWISE VORTICITY AND GEOMETRICAL FEATURES

I N the present section, the phase-evolution far-wake streamwise vorticity fields and
the geometrical characteristics of the wingtip vortices as vortex size, shape, positions
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Figure 6.15: Normalized phase-averaged vortex circulation at different downstream positions for all the con-

figuration investigated. The time-averaged BCs values of Γ
BC s

/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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and relative distance are analyzed to deeply understand their dynamics under the syn-
thetic jet actuation control. For the sake of brevity, the phase-averaged results related to
the measurement plane at z/c = 52 are not presented hereinafter since the physical and
geometrical features of the wingtip vortices are very close to the ones at z/c = 26.

MEASUREMENT PLANE AT z/c = 26

T HE phase-average development of the normalized streamwise vorticity peak

〈ζz〉max /ζ
BC
z,max for the measurement plane located at z/c = 26 downstream of the

wing is reported in Figure 6.16 for all the synthetic jet configuration employed at Cµ =
0.2%.
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Figure 6.16: Normalized phase-averaged streamwise vorticity peak at z/c = 26 for all the configuration inves-

tigated at Cµ = 0.2%. The time-averaged BCs and BCr values of ζ
BC
z,max c/U∞ are equal to 0.531 and 0.467

respectively.

As already found out for the near-field investigation, the vorticity peak presents a si-
nusoidal development over the synthetic jet period at both actuation frequencies, con-
firming that the sinusoidal disturbances introduced to the flow have been absorbed by
the wingtip vortices and convected far downstream. At the lower actuation frequency
F+ = 0.071 tuned to the Crow instability, the SJ control reaches the maximum effective-
ness during its blowing phase, where a striking reduction from 60% (Ss01) up to about
90% (Ss04) of the streamwise vorticity peak is achieved. On the other hand, the values

of 〈ζz〉max /ζ
BC
z,max rise over unity up to 20% for each wing model during the SJ suction

phase as observed also for the near-field phase-evolution measurements shown in Fig-
ure 6.1. A completely different evolution is registered for the rounded wing model Rhc
in which the synthetic jet is blown in the chordwise direction inclined of 5◦ with respect
to the free-stream direction, which appears to be phase-shifted of about 90◦ with re-
spect to the other configurations, although a huge vorticity reduction of about 60% is
achieved as well, the SJ seems to lose its effectiveness during the suction phases, making
this wing model not the preferred device. Moreover, the exit section geometry does not
play a crucial role when the SJ is operated at low actuation frequency. In fact, the use
of equally spaced circular nozzles (Sh4) or an equivalent rectangular slot (Ss01) is basi-
cally analogous with a slight better performance for the former as shown in Figure 6.16a.
Lastly, the far-field measurements at F+ = 0.071 confirm that injecting turbulence into
the wingtip vortices through a larger SJ exit section area is high-performance, since the
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vorticity peak is reduced more and more by reducing the SJ exit velocity from the wing
model Ss01, Ss02, and Ss04. Actually, the same trend has been obtained by increasing
the SJ frequency to F+ = 0.55 as it can be noted in Figure 6.16b. In fact, the streamwise
vorticity peak is hugely reduced of about 60%, 70%, and 80% for the wing configuration
Ss01, Ss02, and Ss04 respectively. In particular, the sinusoidal evolution has been ob-
tained also at higher F+ although it is less pronounced than the previous case in Figure
6.16a. As it has been already found for the near-field measurements at z/c = 3 of the
preliminary test in Figure 3.6, also in the far-wake the vorticity peak is reduced for each
phase over the entire SJ actuation period with a decrease of at least 20% in the SJ suction
phases, which is noteworthy. This particular characteristic is verified only by blowing
in the spanwise direction. In fact, the rounded wing model Rhc with the SJ directed in
the chordwise direction seems to be in phase opposition with respect to the other curves
with a maximum vorticity peak decrease of 39% in correspondence of the suction phase
of the synthetic jet, while the evolution continues reaching the baseline reference value.
As it can be noted in Figure 6.16b, with the SJ tuned to the Widnall instability frequency,
blowing through a rectangular slot (Ss01) turns into a more effective device than blowing
through a series of four circular equivalent nozzles (Sh4).
In order to better investigate the structure of the wingtip vortices, the phase-averaged
normalized streamwise vorticity field contours are reported in Figure 6.17 and 6.19 for
the fixed momentum coefficient Cµ = 0.2% at F+ = 0.071 and F+ = 0.55 respectively. For
the sake of brevity, only the most interesting phases are displayed in correspondence of
the maximum synthetic jet effectiveness according to the streamwise vorticity metric for
the wing model Ss04 with the maximum SJ exit section area. As for the near-field phase-
averaged results in section 6.1, the SJ actuation at F+ = 0.071 causes a displacement of
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Figure 6.17: Normalized phase-averaged streamwise vorticity fields at Cµ = 0.2%, for the wing model Ss04 at
F+ = 0.071 and z/c = 26.
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the vortices during the blowing phase. Until the SJ blowing velocity peak is reached (Fig-
ure 6.17d), the vorticity of the wingtip vortices appears to be concentrated in two almost
circular regions, while two vorticity distribution of opposite sign each other are located
in between. These structures can be related to the corner vortices formed at the junc-
tion between the wing and the sting support of the model (see Figure 4.7) since they
are present in each vorticity field acquired. When the vortices are hugely weakened and
pushed outboard and upward by the synthetic jet (Figure 6.17b and 6.17c), the corner
vortices become more visible and they appears to be stationary and really weak. In cor-
respondence to the maximum SJ blowing velocity phase, the wingtip vortices are almost
dissipated as they are barely visible and they are positioned on the projection of the tips
of the wing. Then, the wingtip vortices move back and start regaining more strength dur-
ing the SJ suction phases as shown in Figure 6.17e and 6.17f.
The phase-evolution of the geometrical characteristics of the vortices as their major axis,
aspect ratio, and inclination angle are displayed in Figure 6.18 for each SJ configuration
investigated at Cµ = 0.2%. At the lower actuation frequency F+ = 0.071, the vortex ma-
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Figure 6.18: Normalized phase-averaged vortex major axis, aspect ratio, and inclination angle at z/c = 26 for
all the configuration investigated at Cµ = 0.2%.

jor axis Dmax presents a sinusoidal evolution with a minimum at the SJ blowing peak
(ϕ = 158◦) where a reduction of 15% is registered against the BC value for the most in-
teresting wing model Ss04, and a maximum during the suction phases up to 2.5 times
the baseline case. On the other hand, the vortex aspect ratio shows an opposite behav-
ior with any relevant trend, and thus the SJ actuation at this frequency does not affect
the wingtip vortices shape which remain a bit more elliptical. On the contrary, the vor-
tices inclination angle Φ is highly increased with respect to the BC case, demonstrating
a noteworthy interaction with the synthetic jet which rotates major axis of the vortices.
With the only exception of the wing model Rhc which confirms to be phase-shifted, all
the wing models tested present the same trend described for the Ss04 configuration. Al-
though the vorticity strength is higher during the suction period, the corresponding in-
creasing diameter could be beneficial as well with the possibility of an early vortex link-
ing. By increasing the actuation frequency at F+ = 0.55, the geometrical features of the
wingtip vortices appear to be more affected as it can be noted in Figure 6.18b. As already
pointed out for the previous case, the different wing models present the same evolution
of the Ss04 configuration which is considered as a reference, being only the Rhc model
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phase-shifted. As such, the vortex diameter results to be higher than the baseline case
during the entire SJ actuation period, with a continue increasing trend reaching a maxi-
mum equal to about 1c which is double with respect to the BC value. On the other hand,
the tuned configuration to the Widnall instability causes a deep changes also in the vor-
tices aspect ratio, since it is supposed to directly modify the vortices core structure. Un-
der the SJ actuation, the vortices result in a more remarkable ellipsoidal shape which is
more relevant during the SJ suction phases with a maximum two times larger than the
BC value for both the wing model Ss01 and Ss04. This is confirmed by the normalized
streamwise vorticity distribution reported in Figure 6.19. Differently to the previously
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Figure 6.19: Normalized phase-averaged streamwise vorticity fields at Cµ = 0.2%, for the wing model Ss04 at
F+ = 0.55 and z/c = 26.

described configuration at lower F+, the vortices appear more elongated in the crosswise
direction and they are less intense and, in fact, the corner vortices are clearly discernible.
When reaching the maximum SJ blowing velocity, the wingtip vortices do not show a co-
herent structure but result highly stretched with different sub-vortices surrounding them
near the upper corners of the measured field (see Figure 6.19d and 6.19e). Since they
are not detected at the beginning of the blowing and suction phases (Figure 6.19a and
6.19f), these secondary structures could be ascribed as the development of the jet vortex
already found in the near-field measurements. However, they have not been detected in
the vorticity fields reported in Figure 6.17 for the same wing model Ss04 at lower actua-
tion frequency. This mismatch could be explained by analyzing the Figure 6.20 and 6.21
in which the phase-evolution of the wingtip vortices centroids is reported for the wing
models Ss01, Ss02, and Ss04 with a SJ configuration tuned to F+ = 0.071 and F+ = 0.55
respectively, at the same Cµ = 0.2%. The black dotted line represents the wing trailing
edge projection. In fact, when operated at the Crow instability frequency and through a
large exit section area, the SJ causes a noteworthy displacement outboard and upward
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of the vortices upon reaching the wing trailing edge projection at about y/c = 0. In this
way, they interact and cancel the secondary vorticity distribution previously described
for the case at F+ = 0.55. Moreover, by increasing the actuation frequency to the Widnall
instability at F+ = 0.55, the vortices are displaced in the opposite direction downward,
and thus they are farther from the jet vortex structures. This particular behavior was
not found in the near-field investigation, where the vortex motion followed the same di-
rection and orientation. On the contrary, at both actuation frequencies, the vortices
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Figure 6.20: Phase-averaged evolution of the vortices position for the wing model Ss01, Ss02, and Ss04 at F+ =
0.071 and Cµ = 0.2% at z/c = 26. The time-averaged BC position is marked with a red cross, while the gray lines
represent the ±45◦ directions.
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Figure 6.21: Phase-averaged evolution of the vortices position for the wing model Ss01, Ss02, and Ss04 at F+ =
0.55 and Cµ = 0.2% at z/c = 26. The time-averaged BC position is marked with a red cross, while the gray lines
represent the ±45◦ directions.

motion has been confirmed to develop along a ±45◦ directions as described in the insta-
bility theory. At the Crow instability frequency, a key role is played by the synthetic jet
exit velocity which diminishes from the wing model Ss01 to Ss04 since the momentum
coefficient Cµ = 0.2% is constant. As it can be noted in Figure 6.20, the wingtip vortices
motion is magnified from Ss01 to Ss04 which corresponds to the minimum SJ velocity
and the maximum SJ exit section area. In this case, the vortices are pushed upward of
0.5c and outboard of about 0.7c which means that the inherent vortices instability can
be prematurely triggered and more amplified by injecting turbulence through a SJ exit
section as large as possible. When the SJ actuation frequency is increased to F+ = 0.55,
the vortices motion is more regular with a maximum displacement downward and out-
board of about 0.3c and 0.5c respectively for each configuration reported in Figure 6.21.
It is interesting to note that, increasing the SJ exit section area, the external branch of the
vortices trajectories remains almost unvaried while the internal are drawn inboard and
the elliptical trajectory is enlarged. In this way, the vortices relative distance is reduced
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and an early vortices linking could happen. For the sake of brevity, the scatter plot of
the vortices position for the remaining configurations are not reported herein being very
close to the ones discussed above, while the phase-evolution vortex relative distance is
shown in Figure 6.22. For each phase, the value of 〈b0〉 has been normalized by the time-
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Figure 6.22: Normalized phase-averaged vortices distance at z/c = 26 for all the configuration investigated at

Cµ = 0.2%. The time-averaged BCs and BCr values of b
BC
0 /b are equal to 0.684 and 0.621 respectively.

averaged baseline value b0
BC

. At the lower actuation frequency F+ = 0.071, the SJ blow-
ing has been demonstrated to drastically move the vortices and their relative distance

is increased up to 1.9 times the baseline value b
BC
0 for the wing model Ss04. The peak

value of 〈b0〉 is reduced by increasing the SJ exit velocity as already seen in Figure 6.20
and the use of the Sh4 model is perfectly equivalent to the rectangular slot of Ss01. Dur-
ing the suction phases, all the SJ configurations investigated regain the BC value, with
the exception of the Ss04 where the vortices relative distance is reduced of about 10%.
This is an interesting result, since the vortices diameter is increased as well and thus this
SJ device could lead to a premature vortices linking and their dissipation. By increas-
ing the F+, an opposite phase-evolution is registered as expected from the Figure 6.21.
The curves appear more regular characterized by a sinusoidal tendency with a throat in
correspondence to the maximum vorticity reduction at ϕ≈ 150◦ which is slightly shifted
from the maximum SJ blowing velocity. However, the wing model equipped with the
maximum SJ exit section area is demonstrated again to be the most useful device caus-
ing a reduction of the vortices relative distance of about 25% with respect to the baseline
case which is noteworthy. Lastly, the rounded wing model Rhc does not considerably af-
fect the vortices position, demonstrating that blowing in the streamwise direction does
not represent a useful configuration.
At the same downstream distance z/c = 26, the effects of a variable momentum coef-
ficient on the streamwise vorticity peak are reported in Figure 6.23 for the wing mod-
els Ss01 and Sh4 at F+ = 0.071 and F+ = 0.55. At both the Crow and Widnall instabil-
ity frequency, a variable momentum coefficient does not modify the general features
of the vorticity peak phase-averaged evolution. In fact, at F+ = 0.071, the maximum

〈ζz〉max /ζ
BC
z,max reduction of about 80% is achieved in proximity of the SJ blowing ve-

locity peak for the wing model Sh4, while the vorticity is increased with respect to the
baseline case up to 25% during the SJ suction phase. By reducing the SJ exit velocity
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of 5 times at Cµ = 0.04% a noteworthy maximum vorticity peak weakening of 48% and
58% is obtained for Ss01 and Sh4 respectively, while the results during the suction phase
are comparable to the higher momentum coefficient. As a result, if one is interested
only in reducing the vorticity absolute value, the SJ actuation has been demonstrated
to be effective in the far-wake also with a low power consumption. At higher frequency
F+ = 0.55, the sinusoidal evolution is less pronounced but it is clear that also at very
low momentum coefficient Cµ = 0.04% the wingtip vortices are mitigated during the en-
tire synthetic jet actuation period of at least 10% with respect to the BC. However, the

SJ blowing phase remains the most effective period where a 〈ζz〉max /ζ
BC
z,max decrease

of 35% to 75% is achieved increasing the momentum coefficient from Cµ = 0.04% to
Cµ = 1% for the wing model equipped with the rectangular slot Ss01.
Since the high momentum coefficient Cµ = 1% is clearly the most effective SJ configu-
ration, the normalized streamwise vorticity fields at F+ = 0.071 for the model Sh4 are
reported in Figure 6.24 only for the most relevant SJ phases. As already described for
the lower Cµ, the two symmetrical vorticity distributions around the mid-span location
represent the corner vortices generated at the wing junction and they are stationary and
present at each measured phase. Due to the high SJ characteristic velocity U0 = 1.29U∞,
the four circular nozzles generate four turbulent vortlets which are wrapped around the
wingtip vortices. The latter are positioned at the corners of the field of view in Figure
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Figure 6.23: Normalized phase-averaged streamwise vorticity peak at z/c = 26 for the wing models Ss01 and

Sh4 at variable momentum coefficients. The time-averaged BCs value of ζ
BC
z,max c/U∞ is equal to 0.531.

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
x=c

-1.5

-1

-0.5

0

0.5

1

y
=c

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
h1zic=U1

(a) ϕ= 33◦

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
x=c

-1.5

-1

-0.5

0

0.5

1

y
=c

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
h1zic=U1

(b) ϕ= 81◦

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
x=c

-1.5

-1

-0.5

0

0.5

1

y
=c

-0.3 -0.2 -0.1 0 0.1 0.2 0.3
h1zic=U1

(c) ϕ= 153◦

Figure 6.24: Normalized phase-averaged streamwise vorticity fields at Cµ = 1%, for the wing model Sh4 at
F+ = 0.071 and z/c = 26.
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6.24b, while two jet vortices of opposite vorticity sign each other are detected below of
each wingtip vortices. They are hugely weakened due to this interaction as visible in Fig-
ure 6.24c which represents the final phase of the SJ blowing. Furthermore, the effects of
the high momentum coefficient are not so much considerable on the wingtip vortices
geometrical characteristics at F+ = 0.071 as shown in Figure 6.25a. In fact, during the SJ
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Figure 6.25: Normalized phase-averaged vortex major axis, aspect ratio, and inclination angle at z/c = 26 for
the wing models Ss01 and Sh4 at variable momentum coefficients.

blowing phases the vortices diameter does not vary with the change in the Cµ remaining
very close to the baseline value. During the SJ suction phase, a considerably high syn-
thetic jet velocity allows to enlarge the wingtip vortices size up to 2.6 times the baseline
value for the Sh4 wing model, whilst an increase of 1.6 and 1.5 times is registered for the
lower momentum coefficients Cµ = 0.2% and Cµ = 0.04%. Both the vortices aspect ratio
and inclination angle result in a not recognizable trend. On the contrary, when the SJ
is operated at F+ = 0.55, the geometrical features are deeply modified when blowing at
Cµ = 1%. By considering the most interesting configuration for the wing model Ss01, the
vortices diameter is more than doubled with respect to the baseline case both at the SJ
blowing and suction phases, with a vortex aspect ratio 1.6 times higher than the refer-
ence. As it can be noted from the normalized streamwise vorticity fields in Figure 6.26,
the wingtip vortices are clearly stretched and elongated in the downward direction. In
this case, the corner vortices appear more visible since the wingtip vortices are displaced
and not overlapped to them. Furthermore, it is worth noting that also for a rectangular
slot and higher actuation frequency, the high SJ velocity causes the formation of sec-
ondary vorticity structures due to the synthetic jet in cross-flow which are visible at the
corners of the Figure 6.26. As expected, their intensity decreases from Figure 6.26a to
6.26c which corresponds to the end of the SJ blowing period. However, the interaction
with the wingtip vortices is less remarkable than the case at lower actuation frequency
since they are periodically displaced in the opposite direction downward as displayed in
Figure 6.27. With the exception of the configuration at Cµ = 0.04%, the vortices trajec-
tory develops parallel to a ±45◦ represented as gray lines, with an increasing amplitude
with the momentum coefficient. At Cµ = 1%, the vortices periodic motion is established
outboard the BC position and they are drawn inboard and downward of about 0.6c which
is noteworthy. By reducing the momentum coefficient at Cµ = 0.2%, the vortices trajec-
tory develops near the BC value with an amplitude of 0.3c downward and 0.4c inboard,
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which are reduced to 0.1c at Cµ = 0.04% which is highly less effective. The same behavior
is obtained also at F+ = 0.071, as shown in Figure 6.28 for the wing model Sh4. As already
pointed out, the SJ tuned to the Crow instability frequency causes a symmetrical trajec-
tory with respect to the Widnall one, being the wingtip vortices displaced outboard and
upward, but still along a ±45◦ directions. At Cµ = 1%, the SJ actuation remarkably pushes
the vortices up to 0.7c above the wing trailing edge projection and up to 2c outboard,
while the oscillations are deeply reduced at 0.3c and 0.1c at Cµ = 0.2% and Cµ = 0.04%
respectively. It is important to note that, at F+ = 0.071, the vortices are subjected to a
large movement only during the synthetic jet blowing phases as shown in Figure 6.29a
where the normalized vortices relative distance with respect to the baseline value is re-
ported. It is clear that the higher the SJ characteristic velocity, the higher the distance
between the vortices which is counterproductive if the main goal of the actuation is to
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Figure 6.26: Normalized phase-averaged streamwise vorticity fields at Cµ = 1%, for the wing model Ss01 at
F+ = 0.55 and z/c = 26.
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Figure 6.27: Phase-averaged evolution of the vortices position for the wing model Ss01 at F+ = 0.55 at z/c = 26
and variable momentum coefficient. The time-averaged BC position is marked with a red cross.
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Figure 6.28: Phase-averaged evolution of the vortices position for the wing model Sh4 at F+ = 0.071 at z/c = 26
and variable momentum coefficient. The time-averaged BC position is marked with a red cross.
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anticipate the vortices linking. Furthermore, reaching a SJ velocity like U0 = 1.29U∞ is
unfeasible on a realistic application due to the massive power needed. As such, the use
of an intermediate momentum coefficient Cµ = 0.2% seems to be a reasonable compro-
mise, since a lower value of 0.04% is really low fruitful. Although the maximum vortices
relative distance is halved at higher actuation frequency (F+ = 0.55 in Figure 6.29b), the
wing model tested Ss01 and Sh4 are even less effective since the value of 〈b0〉 is increased
over the baseline value also during the suction phase for the Cµ = 1% and Cµ = 0.2%,
while the configuration at Cµ = 0.04% is practically comparable to the BC.
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Figure 6.29: Normalized phase-averaged streamwise vorticity peak at z/c = 26 for the wing models Ss01 and

Sh4 at variable momentum coefficients. The time-averaged BCs value of b
BC
0 /b is equal to 0.684.

MEASUREMENT PLANE AT z/c = 80

I N this section, the streamwise vorticity and geometrical features of the vortices are
presented for the farthest measurement plane positioned at 80 chordlengths down-

stream of the wing. In Figure 6.30, the normalized streamwise vorticity peak with respect
to the baseline case is reported for each SJ configuration investigated at fixed momen-
tum coefficient equal to 0.02%. As for the nearest measurement plane at z/c = 26, at
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Figure 6.30: Normalized phase-averaged streamwise vorticity peak at z/c = 80 for all the configuration inves-

tigated at Cµ = 0.2%. The time-averaged BCs and BCr values of ζ
BC
z,max c/U∞ are equal to 0.0579 and 0.0402

respectively.
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F+ = 0.071 the 〈ζz〉max /ζ
BC
z,max presents a similar sinusoidal phase-evolution with the

throat in proximity of the SJ blowing peak and the maximum over the SJ suction phases.
The most high-performance device is again the wing model equipped with the higher
SJ exit section area Ss04, which causes a vorticity peak reduction of 85%, against the
54% registered for the Ss01, Ss02, and Sh4, while the actuation leads to a vorticity level
higher than the baseline case of about 25% during the SJ suction phases as already found
at z/c = 26. It is also confirmed that analogous results in the far-wake are obtained by
blowing at F+ = 0.071 through a rectangular slot (Ss01, blue curve) or four equivalent cir-
cular nozzle (Sh4, purple curve). On the contrary, at this far distance from the wing, the
rounded wing model Rhc with the SJ blowing in the chordwise direction inclined of 5◦
with respect to the free-stream direction has been demonstrated to be not effective since
the streamwise vorticity peak results higher than the baseline case in each phase of the
SJ actuation period. This is verified also at higher F+ = 0.55 as shown in Figure 6.30b. At
the Widnall instability frequency, the vorticity phase-evolution of the other configura-
tions lose the sinusoidal characteristics being almost constant around their mean value.
However, with the only exception of the last suction phase of the Sh4 and Ss02 models,

the values of 〈ζz〉max /ζ
BC
z,max remain below unity and the wing model Ss04 with the lower

SJ exit velocity at Cµ = 0.2% outperforms the different devices with a maximum vorticity
reduction up to 50% against the BC. Lastly, at high actuation frequencies, employing a
rectangular slot as SJ exit section geometry turns out to be more effective than using 4
circular equivalent jets.
It is worth noting that although the relative reduction is the same at the downstream
distance z/c = 26, the absolute value of the baseline normalized streamwise vorticity
is reduced from 0.531 to 0.0579, meaning that the wingtip vortices are very close to be
completely dissipated. This hypothesis is confirmed in Figure 6.31 where the most inter-
esting SJ blowing phases are reported for the wing model Ss04 at F+ = 0.071. It is imme-
diately evident that at this far downstream distance the wingtip vortices are very close to
each other and starts losing their coherence under the SJ actuation. As already pointed
out for the nearest measurement plane z/c = 26, at the Crow instability frequency they
undergo to a large periodic motion as visible from Figure 6.31a to 6.31c in which the vor-
tices are pushed upward and outboard. The latter represents the maximum SJ blowing
velocity phase and, as a result, they are strikingly weakened and barely visible. However,
the attention of the reader should be captured by the Figure 6.31d. Here, the wingtip
vortices are not recognizable, meaning that they are completely dissipated or they are so
weak to not be detected anymore from the high-resolution S-PIV process. It is worth re-
calling that each vorticity field presented in Figure 6.31 are the average of 300 snapshots,
and thus statistically reliable enough to state that the configuration of the wing model
Ss04 with the largest SJ exit section at F+ = 0.071 and Cµ = 0.2% allows to prematurely
trigger the inherent vortices instabilities causing an early vortices linking and their dis-
sipation already at z/c = 80. In fact, in the following phase in Figure 6.31e near the end
of the SJ blowing, the wingtip vortices are linked together and this strong interaction
leads to their dissipation. These features have been observed only for this configuration,
meaning that it can represent the most high-performance device to be further inves-
tigate to continue increasing its effectiveness. On the other hand, during the suction SJ
phase, the vortices regain the baseline vorticity level and they are again separated. Lastly,
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at this downstream distance the corner vortices generated at the wing junction seems to
be incorporated in the wingtip vorticity distribution or naturally dissipated since they
are very weak.
The development of the geometrical features of the wingtip vortices at the downstream
distance of z/c = 80 are reported in Figure 6.32 for the momentum coefficient Cµ = 0.2%
at F+ = 0.071 and F+ = 0.55 respectively.
When the SJ is operated at the Crow instability frequency (Figure 6.32a), the vortices
size appears to be not affected by the actuation with the normalized Dmax /c value for
the baseline case increasing from 0.423 (z/c = 26) to 0.837 (z/c = 80). The SJ effects at
F+ = 0.071 are recognizable only during the suction phase, where the vortices diameter
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Figure 6.31: Normalized time-averaged streamwise vorticity fields at Cµ = 0.2%, for the wing model Ss04 at
F+ = 0.071 and z/c = 80.
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Figure 6.32: Normalized phase-averaged vortex major axis, aspect ratio, and inclination angle at z/c = 80 for
all the configuration investigated at Cµ = 0.2%.
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results up to 4.47 times higher than the BC value for the model Ss04, while the vortices
aspect ratio is increased for each tested wing model with a maximum of 3.65 times the
BC value for the Ss04 configuration. In this case, the vortices aspect ratio Dmax /Dmi n

for the baseline case does not significantly vary with the downstream distance slightly
increasing from 1.32 (z/c = 26) to 1.37 (z/c = 80). As already described for the nearest
measurement plane at z/c = 26, at higher F+ = 0.55 tuned to the Widnall instability, the
SJ actuation modifies the core structure of the vortices, with a doubled vortex major axis
during the SJ blowing phases (i.e. Ss04) and a generally higher value with respect to the
baseline case during the suction phases where the maximum variation is reached with

the wing model at the higher SJ exit velocity Ss01 (〈D〉max = 3.65D
BC
max ). As expected,

also in the far-wake the SJ actuation causes a remarkably changes in the vortices aspect
ratio at high actuation frequency, remodeling the vortices in a more accentuate ellip-
soidal shape as displayed in Figure 6.33 where the phase-averaged normalized vorticity
fields for the model Ss04 at Cµ = 0.2% and F+ = 0.55 are reported. Again, only the most
interesting phases are taken into account for the sake of brevity.
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Figure 6.33: Normalized time-averaged streamwise vorticity fields at Cµ = 0.2%, for the wing model Ss04 at
F+ = 0.55 and z/c = 80.

The first difference to be highlighted with respect to the vorticity distribution at lower F+
is that the vortices size is much higher over the entire SJ actuation period and their are
closer each other, resulting in a definitely larger interaction. Furthermore, their shape
is more elliptical since they appear elongated and stretched outboard and downward
which is the direction of the periodic motion at which they undergo under the SJ actua-
tion at F+ = 0.55 as already shown in Figure 6.21 at z/c = 26. Although the wing config-
uration with the larger SJ exit section area Ss04 has been demonstrated to be the most
effective one, at the Cµ = 0.2% and F+ = 0.55 the wingtip vortices have proven to be not
completely dissipated as for the case at F+ = 0.071 since they are clearly visible at each
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phase over the SJ actuation period.
As it is possible to notice from both the Figure 6.31 and 6.33, the wingtip vortices un-
dergo to a large diffusion over a wide area, overlapping each other, and presenting a
less coherent core structure with respect the nearest downstream measurement plane
z/c = 26 described herein above. As a result, the uncertainty in the identification of the
vortices centroids is estimated to be ≈ 0.2c and thus it is not possible to track and show a
reliable trajectory as discussed for the previous case at z/c = 26. On the other hand, the
phase-evolution of the vortices relative distance 〈b0〉 continues to keep a physical mean-
ing since its uncertainty is much smaller. It has been reported in Figure 6.34 normalized
against the time-averaged baseline value at the same downstream distance z/c = 80.
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Figure 6.34: Normalized phase-averaged vortices distance at z/c = 80 for all the configuration investigated at

Cµ = 0.2%. The time-averaged BCs and BCr values of b
BC
0 /b are equal to 0.511 and 0.468 respectively.

At the Crow instability frequency F+ = 0.071, the SJ actuation has been proven to dis-
place the wingtip vortices upward and outboard during the blowing phases, with a max-
imum relative distance of about 2.2 times the BC value for the model Ss04. By reducing

the SJ exit section area (i.e. increasing the SJ velocity) the value of 〈b0〉/b
BC
0 is reduced to

1.95 and 1.65 for the model Ss02 and Ss01 while the use of the model Sh4 gives compa-
rable results to the Ss01. As for the nearest downstream plane at z/c = 26, during the SJ
suction phase an opposite behavior is registered where the vortices relative distance is
reduced against the baseline case. Again, the wing model with the larger SJ exit section
Ss04 outperforms the remaining configurations with a maximum drop of 27% (see Figure
6.31f). This feature is coupled with the increase in the vortex diameter during the suc-
tion phase, making this synthetic jet configuration the most high-performance device
which leads to a anticipated vortices linking and their consequent dissipation. Lastly,
the rounded wing model Rhc has been confirmed to be phase-shifted with respect the
others with a favorable peak-to-valley difference as shown in Figure 6.34a. However,
it can not be considered a useful device so far due to the strengthening of the vortices
described in Figure 6.30. A completely different results are obtained at F+ = 0.55 (Fig-
ure 6.34b), where the phase-evolution does not show a sinusoidal trend identified at the
previous downstream measurement plane. Furthermore, the SJ actuation seems to be
counter-productive according this metric, since the vortices are pushed far from each

other more than the baseline case (〈b0〉/b
BC
0 >1) for each phase over almost the entire
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actuation period.
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Figure 6.35: Normalized phase-averaged streamwise vorticity peak at z/c = 80 for the wing models Ss01 and

Sh4 at variable momentum coefficients. The time-averaged BCs value of ζ
BC
z,max c/U∞ is equal to 0.0579.

By fixing the synthetic jet exit section for the two equivalent model Ss01 and Sh4, the
effects of a variable SJ characteristic velocity on the normalized streamwise vorticity
peak are reported in Figure 6.35 for the momentum coefficients equal to 1%, 0.2%, and
0.04% at F+ = 0.071 and F+ = 0.55. At both actuation frequencies, the phase-evolution

of 〈ζz〉max /ζ
BC
z,max appears similar and scaled with respect to the ones presented in Fig-

ure 6.23 for the measurement plane at z/c = 26. At F+ = 0.071, the higher momentum
coefficient Cµ = 1% results in a massive vorticity alleviation up to 75% for both the model
Ss01 and Sh4 in correspondence of the SJ blowing. As already highlighted, by diminish-
ing the SJ Characteristic velocity U0 from 11.1 m/s (Cµ = 1%) to 4.96 m/s (Cµ = 0.2%) and

2.22 m/s (Cµ = 0.04%), the SJ effectiveness is reduced but the 〈ζz〉max /ζ
BC
z,max maximum

drops are equal to 50% and 32% respectively. As such, a noteworthy vorticity alleviation
can be achieved with a considerably low amount of power by designing the control de-
vice optimized in the blowing phase like a pulsed jet. In fact, during the SJ suction phase,
the evolution of each configuration oscillates around the baseline value without any par-
ticular trend to be identified. On the other hand, at the higher F+ = 0.55 the sinusoidal
phase-evolution is less relevant while the effectiveness of the different momentum co-
efficient is clearer. In fact, at the lower value Cµ = 0.04% the streamwise vorticity peak is
oscillating near the BC value over almost the entire SJ actuation period with a maximum
reduction of 23% on the suction phase. By increasing the momentum coefficient, the

curves are shifted below to lower values of 〈ζz〉max /ζ
BC
z,max with a peak of 0.90 between

the blowing and suction phases and a minimum equal to about 0.50 and 0.31 for the
Cµ = 0.2% and Cµ = 1% respectively for both wing models Ss01 and Sh4.
As already pointed out for the analysis conducted at fixed Cµ = 0.2%, at this far down-
stream distance a high value of Cµ = 1% leads to the the same relative alleviation of
the normalized streamwise vorticity of the measurement plane at z/c = 26, but with a
baseline value reduced of more than 85%, resulting in an almost completely dissipated
wingtip vortices as shown in Figure 6.36. Here, the normalized streamwise vorticity fields
of the SJ blowing phases for the most effective device Ss01 at F+ = 0.071 and Cµ = 1% are
reported. At the first phases, the wingtip vortices are strengthened, present a notewor-
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Figure 6.36: Normalized time-averaged streamwise vorticity fields at Cµ = 1%, for the wing model Ss01 at
F+ = 0.071 and z/c = 80.

thy increased size, and they are pushed outboard in the spanwise direction up to ±2c at
ϕ= 69◦ as visible in Figure 6.36c. Then, in correspondence to the maximum SJ blowing,
the vortices are not recognizable anymore, being dissipated and/or divided in several
weaker small vorticity structures which, however, are less hazardous of a single, diffused,
and weak vortex. Furthermore, the effectiveness of the actual SJ configuration can be
noted also in Figure 6.36e and 6.36f, where the vortices remain alleviated in a continue
interaction since they are overlapped, canceling the opposite vorticity sign and leading
to a premature natural vortex linking.
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Figure 6.37: Normalized time-averaged streamwise vorticity fields at Cµ = 1%, for the wing model Ss01 at
F+ = 0.55 and z/c = 80.

Increasing the actuation frequency to F+ = 0.55 for the same wing model Ss01 and mo-
mentum coefficient Cµ = 1%, at z/c = 80 the wingtip vortices presents a larger diameter
up to 1c, but with a lack of coherence and a really low vorticity strength as shown in Fig-
ure 6.37 where only the most interesting three blowing phases are reported. In fact, it
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has been seen that the vorticity fields during the actuation period at high SJ frequency
present similar features as already discussed for the phase-evolution of the vorticity peak
in Figure 6.35b. In particular, the secondary vorticity structures generated by the syn-
thetic jet in cross-flow are already dissipated since only the concentrated wingtip vor-
ticity are discernible. The elongation and stretching of the vortices are amplified at this
downstream distance with respect to the findings at z/c = 26 while their periodic motion
is confirmed to be outboard and downward although the centroids identification is re-
ally difficult to define. The irregularity of the vorticity fields reported in Figure 6.37 leads
also to a not negligible uncertainty in the correct evaluation of the geometrical charac-
teristics which are presented herein.
Finally, the phase-evolution of the relative vortices distance 〈b0〉 normalized with the

time-averaged baseline value b
BC
0 is reported in Figure 6.38. As expected by the inspec-

tion of Figure 6.36, during the synthetic jet blowing phase at F+ = 0.071 and Cµ = 1%
the wingtip vortices are largely displaced far from each other with respect to the baseline

position (〈b0〉/b
BC
0 ≈ 4), which in turn is regained during the suction phase. At lower

momentum coefficients, the periodic motion of the vortices is alleviated and the maxi-
mum normalized relative distance is reduced to 1.6 at Cµ = 0.02%, while the lower value
of Cµ = 0.04% does not affect the vortices position being constantly equal to the refer-
ence value. It is worth recalling that although a high SJ characteristic velocity U0 causes a
large motion of the wingtip vortices along a ±45◦ and thus amplifies the Crow instability,
the power consumption needed for a full scale aircraft wing will be unaffordable. When
the SJ is operated at F+ = 0.55, the increase in the momentum coefficient for both the
wing model Ss01 and Sh4 is confirmed to be counter-productive in reducing the vortices

distance since the value of 〈b0〉/b
BC
0 is over unity for the entire actuation period in each

configuration investigated.
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Figure 6.38: Normalized phase-averaged streamwise vorticity peak at z/c = 80 for the wing models Ss01 and

Sh4 at variable momentum coefficients. The time-averaged BCs value of b0
BC

/b is equal to 0.511.

In conclusion, the phase-averaged results of the vorticity and geometrical features met-
ric revealed that the effects of a variable momentum coefficient is less relevant of the SJ
exit section area variation, being the wing model Ss04 the most effective configuration
investigated at F+ = 0.071 and Cµ = 0.2%.
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6.2.2. CIRCUMFERENTIAL VELOCITY

A S of crucial importance for the wake-hazard metric, the far-wake phase-averaged
evolution of the circumferential velocity peak normalized by the time-averaged value

is reported in Figure 6.39 for the fixed momentum coefficient Cµ = 0.02% and both ac-
tuation frequencies F+ = 0.071 and F+ = 0.55 for each measurement plane investigated.

Contrary to the near-field results, the phase-evolution of 〈Uθ〉max /U
BC
θ,max at F+ = 0.071

presents a sinusoidal trend with opposite characteristics between the synthetic jet blow-
ing and suction phases. Starting from the downstream distance at z/c = 26, the circum-
ferential velocity peak is continuously decreasing with a minimum near the end of the
SJ blowing of -50% and -58% for the wing model Ss01 and its equivalent Sh4 which is
slightly more efficient. By increasing the SJ exit section area, the control effectiveness

increases being the 〈Uθ〉max /U
BC
θ,max values reduced to about 0.44 and 0.22 for the Ss02

and Ss04 configurations respectively. These findings are in agreement with the vorticity
results of the previous section 6.2.1 where the vortices have been demonstrated to be
hugely weakened in correspondence to the same SJ phases which is encouraging for the
wake-hazard alleviation. As already pointed out in Figure 6.16, the rounded wing model
is phase-shifted backward with respect to the other configurations since the minimum
value of the normalized circumferential velocity peak is registered at the beginning of
the SJ blowing and it increases up to +20% around ϕ≈ 90◦. As for the phase-evolution of

〈Uθ〉max /U
BC
θ,max in the near-field, during the suction phase the SJ control effectiveness

is reduced. In fact, for each configuration, the wingtip vortices regain their strength, in-
crease their diameter, and the circumferential velocity peak is raised as well reaching the
baseline value and overcoming it after the SJ suction blowing with a maximum of +27%
for the Ss02 model. However, the SJ configuration with the lowest characteristic velocity
U0 remains the most high-performance one also during the suction phases causing the
minimum oscillation around the BC value.
Going far downstream at the Crow instability frequency, the normalized circumferential
velocity peak preserves the same phase-evolution profile with a slight shift-up and scal-
ing since the maximum drop registered is 40%, 53%, and 73% at z/c = 52, and 37%, 45%,
and 58% at z/c = 80 for the wing model Ss01, Ss02, and Ss04 respectively. It is worth not-
ing that despite the relative variation with respect to the baseline case is slightly reduced
moving in the very far wake, the BC circumferential peak is reduced as well of about 74%
from z/c = 26 to z/c = 80, so a reduction of 58% turns into an almost vanished danger
for a possible following aircraft encounter. Although during the suction phases the SJ is

even less impactful going downstream being the value of 〈Uθ〉max /U
BC
θ,max over unity for

each phase, spreading the SJ jet on a large area represents the most useful device to be
employed in reducing the wake-vortex hazard. As reported in Table 4.2, the main draw-
back of this configuration is the high power consumption needed which is about 2.78
times higher than the Ss01. It is important to recall, however, that the synthetic jet con-
figuration have not been designed with a power optimization goal.
When the synthetic jet is operated at F+ = 0.55, an evident different phase-evolution
of the circumferential velocity peak is detected. As shown in Figure 6.39b, a sinusoidal

behavior is still present at z/c = 26 with a minimum and maximum of 〈Uθ〉max /U
BC
θ,max

located in proximity of the SJ blowing peak and at the beginning of the SJ suction respec-
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Figure 6.39: Normalized phase-averaged circumferential velocity peak at different downstream positions for

all the configuration investigated at Cµ = 0.2%. The time-averaged BCs and BCr values of U
BC
θ,max /U∞ are

equal to 0.0195 and 0.0173, 0.00846 and 0.00749, 0.00466 and 0.00382 at z/c = 26, 52, 80 respectively.

tively. Differently to the case at F+ = 0.071, the SJ actuation leads to a reduction of the
circumferential velocity at each phase with the only exception of the Rhc model which is
phase-shifted and less effective. On the other hand, increasing the SJ exit section area at
fixed Cµ is confirmed the best control strategy during the blowing phases since the max-
imum circumferential velocity peak reduction is reduction of -73% is achieved for the
wing model Ss04, although the Ss01 and Ss02 outperform it in the suction period. At the
higher frequency, the use of a rectangular slot (Ss01) should be preferred to the equiva-

lent four circular nozzles (Sh4) since the values of 〈Uθ〉max /U
BC
θ,max drop up to 0.35 and

0.55 respectively. At the further distance z/c = 52, the wing model Ss04 causes the maxi-

126 6. PHASE-AVERAGED RESULTS



6

mum circumferential velocity peak reduction of 62% during the SJ suction phase which
is in opposition to the previous findings at z/c = 26 at both actuation frequency. The
same phase-shift has been found also at the last measurement plane at z/c = 80, where
the synthetic jet effectiveness appears to be reduced. In particular, the wing model Sh4
and Rhc present an oscillation around the baseline value, while the rectangular slots
show a circumferential velocity alleviation in each phase of the synthetic jet actuation
period with a maximum drop of about 38% for the Ss04 as expected.
The effects of a variable momentum coefficient Cµ on the normalized phase-evolution
of the circumferential velocity peak for the fixed synthetic jet geometries Ss01 and Sh4
at F+ = 0.071 and F+ = 0.55 are displayed in Figure 6.40. It is possible to notice that the
trend of the curves are exactly the same shown in Figure 6.39, meaning that the crucial
parameter is represented only by the synthetic jet actuation frequency. At z/c = 26 and
F+ = 0.071, the higher momentum coefficient Cµ = 1% leads to a reinforcement of the
circumferential velocity peak during the blowing phase up to +55% while a reduction
of 46% and 65% has been reached immediately before the suction phases for the Ss01
and Sh4 respectively. It is interesting to note that with a momentum coefficient 25 times
lower (Cµ = 0.04%), the synthetic jet blowing revealed to be fruitful as well attenuating
the 〈Uθ〉max of 35% which is noteworthy. However, the effects of a very low momen-
tum coefficients tend to vanish going downstream at z/c = 52 and z/c = 80 where the

values of 〈Uθ〉max /U
BC
θ,max are below unity only for a few phases, but not enough to be

the base for a future control strategy. On the contrary, blowing at Cµ = 1% remains im-
pactful also at larger downstream distances with a huge decrease up to 50% and 70 %
at z/c = 52 and 75% and 63% at z/c = 80 for the model Ss01 and Sh4 respectively, so a
best configuration can not be easily identified. However, the intermediate momentum
coefficient Cµ = 0.2% is confirmed to be the feasible compromise for a possible control
based wing design due to the circumferential velocity peak drop of about 50% obtained
at each downstream position investigated with a relatively low power consumption. The

same conclusion can be drawn by analyzing the phase-evolution of 〈Uθ〉max /U
BC
θ,max re-

ported in Figure 6.40b, 6.40d, and 6.40f referred to the test cases at F+ = 0.55. Firstly,
the rectangular slot Ss01 is much more fruitful than the wing model equipped with the
equivalent four circular jets as it can be noted from the purple curves which are higher
than the blue ones at each Cµ. By considering only the Ss01 configuration, the higher
actuation frequency turns out to be most efficacious than the lower one since the nor-
malized circumferential velocity phase-evolution is entirely below unity for each mea-
surement plane and momentum coefficient investigated, with the only exception for the
Cµ = 0.04% at z/c = 80 where the baseline value is almost constantly regained as shown
in Figure 6.40f. In fact, as already found out for the time-averaged results in section
5.2.2, the lowest momentum coefficient is impactful only at z/c = 26 where a minimum
and maximum drop of 6% and 30% are obtained. However, if one would like to design
a SJ actuator working at the Widnall instability frequency, it should be optimized for

the operating condition at Cµ = 1% by which an almost constant 〈Uθ〉max /U
BC
θ,max de-

crease of about 67%, 57%, and 58% has been achieved at least in the SJ blowing phases at
z/c = 26, 52, and 80 respectively. As already mentioned above, the intermediate value of
Cµ = 0.2% should be considered for a future SJ based control strategy tuned to the Wid-
nall instability since the danger of the wake-vortex hazard is deeply alleviated up to 65%,
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49%, and 27% for the wing model Ss01 at the different downstream distance analyzed,
without requiring a massive power.
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Figure 6.40: Normalized phase-averaged circumferential velocity peak at different downstream positions for

the wing models Ss01 and Sh4 at variable momentum coefficients. The time-averaged values of U
BC
θ,max /U∞

are equal to 0.0195, 0.00846, and 0.00466 at z/c = 26, 52, 80 respectively.

6.2.3. CIRCULATION

T O conclude the phase-average analysis of the wingtip vortices in the far-wake, the
evolution of the normalized circulation with respect to the baseline case is reported

in Figure 6.41 for each wing model tested at Cµ = 0.2% and both actuation frequencies
F+ = 0.071 and F+ = 0.55. Firstly, it is worth noting that the mean value of the curves
presented is different from the corresponding time-averaged value reported in Figure

128 6. PHASE-AVERAGED RESULTS



6

5.17 as already explained in section 6.1.2. In fact, according to the time-averaged re-
sults, the normalized wingtip vortices circulation is hugely reduced with the synthetic
jet control except for the downstream plane z/c = 80 in which values higher than unity
can be reached at both actuation frequencies and their combination. On the contrary, at
F+ = 0.071 and z/c = 26, 52, the phase-averaged evolution shows a maximum increase
between 1.2 and 1.45 during the blowing phase which turns into an increase downwash
and a consequent more dangerous wake hazard, although the instability growth rate
would be increased as well. However, in proximity to the end of the SJ blowing phase
and in correspondence of the maximum vorticity peak reduction shown in Figure 6.16,
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Figure 6.41: Normalized phase-averaged vortices circulation at different downstream positions for all the con-

figuration investigated at Cµ = 0.2%. The BCs and BCr values of Γ
BC

/cU∞ are equal to 0.0282 and 0.0240,
0.0220 and 0.0195, 0.0117 and 0.0104 at z/c = 26, 52, 80 respectively.
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at z/c = 26 the vortices circulation is decreased from 22% to 64% increasing the SJ exit
section area from the model Ss01 to a 4 times higher one for the wing Ss04. Going far
downstream at z/c = 52, each SJ configuration appears to be more effective in alleviat-
ing the vortices circulation since the reduction of the curves is steeper during the blow-

ing period and the maximum 〈Γ〉/Γ
BC

is registered to be in between 57% (Sh4) and 73%
(Ss04) for each wing model, except the rounded Rhc which is shifted upward as already
noted for the previous metrics discussed. On the other hand, the exit section geome-
try shape (Ss01 and Sh4) seems to be not a crucial parameter since the blue and pur-
ple curves are comparable. At the furthest measurement plane located at z/c = 80, the
most fruitful configuration is again the wing equipped with the large SJ exit section area
Ss04 which shows a striking drop of the normalized vortices circulation of about 72%
where the vortices are practically vanished due to the premature vortex linking already
discussed and displayed in Figure 6.31. As already found for the phase-averaged results
in the near-field measurements in section 6.1.3, during the SJ suction phase the wingtip
vortices circulation tends to regain the corresponding baseline reference value which is
in agreement with the evolution of both the vorticity distribution and the vortices size.
However, with the aim of reducing the wake-hazard and thus the vortices strength which
is directly related to their circulation, the active control strategy should be based on in-
jecting turbulence through a cross-section as large as possible since the wing model Ss04

is demonstrated to drop the 〈Γ〉/Γ
BC

value up to 19% and 25% also during the SJ suction
phases at z/c = 26 and z/c = 56 respectively. On the other hand, a slight increase is
achieved at z/c = 80 which can be beneficial too to promote the growth of the Crow in-
stability, although the uncertainty related to these curves is larger and this is confirmed
by the oscillating behavior registered also for the remaining wing configuration.
A more regular and sinusoidal trend is obtained when the SJ is operated at the Widnall
instability frequency as shown in Figure 6.41b at z/c = 26 for the same fixed Cµ = 0.2%.
In this condition, the SJ blowing is again more effective with the wing model Ss04 which
leads to a maximum drop of the normalized circulation of about 60% while the curve

increases upon reaching a 〈Γ〉/Γ
BC > 1 at the end of the suction phase. By increasing

the synthetic jet characteristic velocity for the wing model Ss02 and Ss01, the curves are
moved up to a maximum decrease of 46% and increase of 48% during the suction phase,
while the Sh4 presents the same efficacy and the Rhc a completely opposite evolution
being the controlled vortices circulation above the BC value over almost the entire ac-
tuation period, which result has been obtained for the further measurement plane at
z/c = 52 and z/c = 80. At the former (Figure 6.42d), the wing configurations with the SJ
blowing in the spanwise direction reach the maximum effectiveness in terms of wake-
hazard alleviation since the vortices circulation is reduced over the entire period with

a minimum and maximum drop of 〈Γ〉/Γ
BC

of 10% (Sh4) and 78% (Ss04) respectively,
which is promising. Finally, as already mentioned for the lower actuation frequency, at
z/c = 80 it is difficult to identify a specific trend and/or a preferred SJ operating con-
dition since an oscillating behavior is obtained for each wing configuration due to the
strong vortices interaction detected at this downstream distance since the vortices are
really weak, not coherent, and overlapped each other.
As reported for the other physical characteristics discussed herein above, the effects of a
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variable momentum coefficient (Cµ = 1%, 0.2%, 0.04%) on the phase-evolution wingtip
vortices circulation is displayed in Figure 6.42 for both actuation frequency. Firstly, the
use of four circular nozzle is confirmed to be exactly equivalent to the rectangular slot
as already anticipated in the time-averaged analysis. Blowing at Cµ = 1% and F+ = 0.071
causes a striking increase of the circulation up to almost 3 times the baseline reference
value in correspondence to the SJ blowing peak where the vortices reach their maximum
strength. This is verified at both downstream distances of z/c = 26 and z/c = 52. Then,
a drop of about 50% and 70% are obtained in proximity to the beginning of the suction
phases, where the time-averaged BC value is recovered for each momentum coefficient
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Figure 6.42: Normalized phase-averaged vortices circulation at different downstream positions for the wing

models Ss01 and Sh4 at variable momentum coefficients. The BCs and BCr values of Γ
BC

/cU∞ are equal to
0.0282, 0.0220, and 0.0117 at z/c = 26, 52, 80 respectively.
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investigated. The most interesting finding to be highlighted is that the same effective
results are obtained with the SJ configuration at Cµ = 0.2% and the wing model Ss04,
with a SJ characteristic velocity U0 78% lower, although the electrical power consump-
tion is comparable. By reducing the momentum coefficient to 0.2% for the wing model
Ss01, the wingtip vortices are less strengthened during the SJ blowing with a maximum

〈Γ〉/Γ
BC

value of 1.34 and 1.15 against the decrease of 25% and 37% at z/c = 26 and
z/c = 52 respectively, which are comparable to the findings at higher momentum co-
efficient Cµ = 1% especially at F+ = 0.55. On the other hand, the results related to the
lowest Cµ = 0.04% are in agreement with the findings of the streamwise vorticity and

circumferential velocity peaks. Despite the 〈Γ〉/Γ
BC

alleviation is the same of the one re-
lated to Cµ = 0.2% at z/c = 26, the effectiveness is reduced going downstream with only
a -27% detected on the SJ blowing velocity peak. At the furthest distance z/c = 80, the
same oscillating evolution already found in Figure 6.41e and 6.41f is obtained also for
the Cµ = 1% and Cµ = 0.04% at both F+ = 0.071 and F+ = 0.55. Although a clear trend is
not easily recognizable, it is possible to state that in the very far field of the wing wake,
the actuation loses its effectiveness on the vortices circulation since it is increased on
average with respect to the baseline case but, at the same time, it is worth recalling that

the absolute value of Γ
BC

is really low and thus also a small relative reduction can lead
to a complete attenuation of the wingtip vortices and their dangerous hazard. However,
at the nearer measurement planes of z/c = 26 and z/c = 52 in Figure 6.42b and 6.42f, it
can be noted that the variable momentum coefficient is not a crucial parameter. In fact,
the Cµ = 0.2% and 1% presents the same maximum drop of about 44% and 46%, while
the lower value of Cµ = 0.04% is not effective due to the low U0 as already stated for the
time-averaged analysis.
On the base of the metrics discussed in this section, a concluding remark is necessary.
The phase-averaged results confirms that the synthetic jet exit section is a more relevant
parameter than the characteristic velocity U0, being the effect of a high momentum co-
efficient with a low value of SJ area (Ss01) less effective or at least comparable to the same
results obtained for the wing model Ss04 but with a 5 times lower Cµ. Furthermore, the
configuration Ss01 - Cµ = 0.04% and Ss04 - Cµ = 0.2% have the same SJ characteristic
velocity, but the first has been demonstrated to be low effective, while the second rep-
resents the most impactful device. In fact, with the latter configuration at F+ = 0.071,
the far field measurements at z/c = 80 have shown that the vortices interact more, the
opposite vorticity sign is canceled, the vortex linking is amplified, and the vortex rings
are supposed to be generated early with respect to the baseline case, which was the main
goal of this thesis.
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CONCLUSIONS AND OUTLOOKS

T HIS thesis has addressed the experimental investigation of the effectiveness of syn-
thetic jet actuation control on the wingtip vortices and their wake hazard generated

by an unswept, low aspect ratio, rectangular wing in order to preserve the mutual in-
duction of the counter-rotating vortices during their evolution. In particular, the active
control has been designed to trigger the inherent instabilities of Crow and Widnall at
different momentum coefficient Cµ with the goal to reduce the vortices strength, the
induced circumferential velocity, and to obtain an early vortices linking and the conse-
quent dissipation. Steroscopic Particle Image Velocimety has been extensively employed
as measurement technique for the 2D-3C velocity evaluation.
A first experimental campaign has been presented in chapter 3 conducted on a single
measurement plane at z/c = 3 downstream of a finite squared-tipped rectangular wing
to study the feasibility of a synthetic jet actuation control through a rectangular slot on
a couple of counter-rotating wingtip vortices based on different momentum coefficients
and dimensionless frequencies including the Crow and Widnall instability. The time-
averaged analysis suggested that the synthetic jet actuation greatly affects the wingtip
vorticity distribution causing an outward diffusion which increases with the actuation
frequency, with a maximum reduction of 46% on the peak value. On the other hand,
when the synthetic jet is operated at the Crow instability frequency, the wingtip circum-
ferential velocity peak shows its maximum decrease equal to 29% with respect to the
baseline case, which is crucial for the danger related to a possible wake-hazard. A novel
phase-locked analysis revealed a clear relation between the synthetic jet blowing and
suction phases and the periodic variation of the vortices features. In correspondence to
the blowing phase, the wingtip vortices undergo a huge diffusion and they are charac-
terized by a larger diameter, higher circulation, and lower induced velocity.
Based on the preliminary findings, a proper near and far-field experimental rigs de-
scribed in chapter 4 have been designed based only on the actuation frequencies tuned
to the Crow and Widnall instabilities. A fixed reference momentum coefficient of Cµ =
0.2% has been considered for the near-field investigation at the downstream distances
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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 SJ rectangular slot 0.6c long with an increasing height of 0.01c, 0.02c,
and 0.04c (namely Ss01, Ss02, and Ss04) have been tested to analyze the effects of a
variable SJ characteristic velocity U0 at both actuation frequencies of F+ = 0.071 and
F+ = 0.55 at fixed Cµ. For the far-field investigation, the wing dimensions are scaled by
a factor of 3 to carry out the measurements at the downstream distances from the wing
trailing edge of z/c = 26, 52, and 80 in a relatively short length of the wind tunnel test
section. The SJ slot dimensions have been scaled as well so that the effects of the vari-
ation of U0 is studied in a similar way also in the far wake. The effects of a different
synthetic jet exit section shape with four circular nozzles (Sh4), oriented in the span-
wise direction, and of equivalent area of the rectangular slot Ss01 has been investigated.
Furthermore, the effect of the SJ blowing direction has been taken into account in the
Rhc model equipped with a rounded tip with the SJ blowing through a circular pipe ori-
ented in the chordwise direction, and positioned in the chord plane tangential to the
airfoil section in correspondence to the beginning of the trailing edge. For a comparison
purpose with the near-field measurements, for each wing configuration and frequency,
a constant momentum coefficient Cµ = 0.2% has been investigated while the effects of
a variable Cµ = 1%, 0.2%, 0,04% at both actuation frequencies have been analyzed by
testing only the models Ss01 and its equivalent Sh4.
The near-field results reported in chapter 5 confirm the striking effectiveness of the syn-
thetic jet actuation in alleviating the wingtip vortices, since a time-averaged reduction
of the streamwise vorticity of at least 25% 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 impactful wingtip vortices
alleviation as confirmed by the phase-averaged results reported in 6. The higher A j , 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 /ζ
BC
z,max decrease is obtained for the Ss01 and Ss04 wing mod-

els respectively. Furthermore, the phase-evolution of the circumferential velocity peak
confirms that the SJ configuration Ss04 (maximum A j ) is high-performance to reduce
the wake-hazard dangers since the value of 〈Uθ〉max is reduced up to 50% which is note-
worthy. The latter result is obtained at the F+ = 0.55 tuned to the Widnall instability
frequency, which represents the second ingredient for obtaining the most useful SJ de-
vice 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 ref-
erence value, and low values of the vortex circulation. In addition, the periodic motion
along a ±45◦ direction at which the vortex undergo with the synthetic jet blowing is am-
plified 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.
As already mentioned, a wider parametric study has been conducted on the far-field
measurements since they are more representative of the adverse effects of the wingtip
vortices. Firstly, the use of a rectangular slot instead of a series of four circular nozzles
of equivalent cross-section area (i.e. easier to machine) has been demonstrated to be
more effective especially at F+ = 0.55. On the other hand, blowing in the chordwise
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direction (wing model “Rhc”) revealed to be much less fruitful than the other configu-
ration with the synthetic jet oriented in the spanwise direction. Although at z/c = 26 a
relevant reduction of the streamwise vorticity and circumferential velocity peak is de-
tected, it turns out to be substantially not effective going downstream up to z/c = 80 and
increasing the actuation frequency too. According to the time-averaged results of chap-
ter 5, the effects of the synthetic jet exit section area is crucial also in the far wake. The
wing model Ss04 is confirmed to be the most high-performance device with the larger
A j , outperforming the other configuration in each metric considered such as stream-
wise vorticity, circumferential velocity, and circulation reduction. This has been proven
by the phase-averaged analysis reported in chapter 6 where an impressive variation has
been detected in the streamwise vorticity alleviation between the model Ss01 and Ss04
such as -60% and -90% (z/c = 26) and -54% and -85% (z/c = 80) at F+ = 0.071 during
the SJ blowing phases which is confirmed to be more effective than the suction ones.
Increasing the actuation frequency to F+ = 0.55, the overall effectiveness is slightly re-
duced, the blowing and suction effects are comparable especially going far downstream,
but the wing model Ss04 is demonstrated to be again the most impactful device in re-
ducing the vortices strength, their circulation, and their wake-hazard. Interestingly, a
key role is played by the A j variation in the periodic motion along a ±45◦ directions at
which the wingtip vortices undergo which has been already found in the near-field anal-
ysis. At both actuation frequencies, the wingtip vortices displacement is magnified from
Ss01 to Ss04 which corresponds to the minimum U0 and the maximum A j . In particular,
at F+ = 0.071 and z/c = 26, the vortices are pushed upward of 0.5c and outboard of about
0.7c which means that the inherent vortices instability can be prematurely triggered and
more amplified by blowing through a SJ exit section as large as possible. As a matter, this
statement has been verified by the measurements at z/c = 80 where, in correspondence
of the synthetic jet blowing peak, the wingtip vortices are not recognizable anymore and
they completely dissipated. As shown in the subsequent suction phases, an early vor-
tices linking has therefore obtained, the opposite vorticity is canceled, and the vortex
rings are supposed to be generated early with respect to the baseline case, which was the
main goal of this thesis.
By fixing the A j of the wing configuration Ss01, blowing at really high SJ velocity with a
momentum coefficient Cµ = 1% allows to achieve a huge impact in the streamwise vor-
ticity, circumferential velocity, and vortices circulation reduction at z/c = 26 up to 80%,
46%, and 50% respectively. By reducing the Cµ to 0.04% with extremely lower power
needed, the SJ active control is still fruitful in terms of ζz,max and Uθ,max decrease up to
35% in the blowing phases, while its effects vanish during the suction ones and going far
downstream. On the other hand, the same circulation alleviation of the higher Cµ = 0.2%
has been achieved at F+ = 0.071, while at F+ = 0.55 the results of Cµ = 1% are compa-
rable to Cµ = 0.2%, and thus the effects of a variable momentum coefficient are not so
relevant in each vortices metric. Finally, it is worth noting that using a high value of the
momentum coefficient (Cµ = 1%) with a low A j (Ss01) at fixed actuation frequency, does
not allow to outperform the wingtip vortices alleviation obtained with the configuration
Ss04 at Cµ = 0.2%, meaning that the crucial parameter is represented by the synthetic jet
exit section area A j rather than its characteristic velocity velocity U0.
Although an intensive study has been carried out in this thesis, much room for future
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works is left. A possible route in this regard could be the design of the synthetic jet actu-
ator equipped with a rectangular slot as large as possible optimized to work at the char-
acteristic resonant frequencies to minimize the power needed also for an intermediate
momentum coefficient which revealed to be a reasonable compromise. Since the suc-
tion phase has been demonstrated to not be impactful at large downstream distance, a
pulse jet could be used instead, but the problem of harvesting the mass injected remains
open. A possible and innovative solution to avoid bleeding air from the engine could be
represented by the twin synthetic jets, in which a single actuator generates two single
jets in phase opposition with a zero net mass flux. Lastly, a complete reconstruction of
the whole wing wake is needed to deeply analyze the vortices dynamics development
together with their inherent instability growth, which challenging experiment could be
conducted in a towing tank where the possible boundary layer influence on the wingtip
vortices is canceled.
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