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Abstract
This thesis investigates the control of a separating turbulent boundary layer using periodic

excitation via pulsed jets. Experiments were conducted on an airfoil-like model subjected to an
adverse pressure gradient at its curved trailing edge. Two different jet array configurations -
streamwise and skewed slits - were compared to assess their effectiveness in modifying the flow.
Detailed characterization of the actuation system was performed using hot wire anemometry, and
the interaction between the pulsed jets and the boundary layer was studied through static surface
pressure measurements and particle image velocimetry. Results indicate that skewed slits enhance
the coherence of the generated vortical structures, leading to more effective separation control com-
pared to streamwise slits. The study also highlights the critical influence of actuation frequency,
velocity ratio, and jet orientation on the separation dynamics; moreover, it was found that the
flow field - when subjected to actuation - shows a much higher degree of variability in the spanwise
direction than anticipated.
The findings contribute to a deeper understanding of active flow control strategies for drag reduc-
tion and improved aerodynamic performance in practical applications.
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Introduction

The term separation control refers to the notion of artificially delaying or advancing the detach-
ment and/or reattachment process through passive or active systems[8].

Figure 1.1: Stall on the suction side of an airfoil, visible with the aid of flow-visualization tools,
from [35].

Flow separation plays a key role in modifying the flow field around a body; it is a very im-
portant problem in fluid dynamics, as separation is the main source of pressure drag in many
industrial applications, such as road vehicles[13], and drag reduction studies have been conducted
on the topic[20].

The effectiveness of a separation control device is defined differently depending on the specific
case study; for instance, if the aim of separation control is to increase the maximum angle of at-
tack before aerodynamic stall, separation control is more effective if the separation point is moved
downstream along the surface; if separation is locally induced to increase lift, such as in Gurney
flaps[32], the effectiveness can be related to the increase in lift compared to the uncontrolled case.
A peculiar case of separation control is the one operated by Kalyankar et al. [16]: separation con-
trol is used to increase and decrease lift of specific aerodynamic surfaces, with the aim of inducing
moments to control an aircraft without the use of conventional moving control surfaces; instead,
moments around the three axes are induced by strategically stalling and de-stalling dedicated sur-
faces around the aircraft.

1.1 Research aim and document structure

The aim of this thesis is to explore the effects that periodic excitation with pulsed jets has on
the turbulent separation over a three-dimensional wing-like’s adverse-pressure-gradient segment;
in particular, a comparison between two different geometrical configurations of jet arrays was op-
erated: in both cases, the actuation block consists of an array of twenty-six jets, positioned along
the spanwise direction at a fixes streamwise location; as will be shown in the following chapter,
there is very little knowledge about the influence of geometrical parameters on the preservation of

1
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coherence of the structures generated by periodic excitation; in particular, a comparison between
skewed and streamwise jet orifices was operated, with the aim of gaining a better understanding
of the mechanisms that favor one configuration over the other.

Chapter 2 presents a structured summary of state-of-the-art knowledge about separation and
separation control using pulsed jets; chapter 3 presents the experimental methodology and tech-
niques applied to this case study; chapter 4 walks through the characterization of the actuation
system used for the present work; chapter 5 presents the results obtained from pressure measure-
ments and PIV fields; finally, chapter 6 presents conclusions, along with further recommendations
and suggestions for future studies.

2



Background

Most of the theoretical background information about boundary layer theory and separation was
extrapolated from Schlichting and Gersten [28], Arina [2] and Pope [22], and it all refers to incom-
pressible flows (Mach number lower than 0.3).

2.1 The turbulent boundary layer

At high Reynolds number Re, viscous effects are only relevant in a small region close to the wall,
commonly known as the boundary layer or frictional layer ; originally hypothesized by Prandtl in
the early 20th century, it’s been a major subject of studies in fluid mechanics ever since.

The boundary layer is the region of the flow field where velocity smoothly transitions from its
zero-value at the wall (no-slip condition) to its freestream value; fig. 2.1 shows a schematic of the
formation of a boundary layer over a zero-incidence flat plate.

Figure 2.1: Formation of boundary layer over a flat plate; U∞ is the freestream velocity, while
u(x, y) is the local velocity within the boundary layer. The dotted line represents the upper limit
of the BL, while δ(x) its local thickness, a concept explained below. Image from Schlichting and

Gersten [28].

Boundary layer thickness. Fig. 2.1 also shows the boundary layer thickness δ(x), defined
as the point where the local velocity has 99% of its freestream value; for this reason, it is often
referred to as δ99.
It is important to note the boundary layer is an artificially introduced concept, thus no real
boundary layer limit exists; therefore, there are other ways to define the thickness of a boundary
layer:

1. Displacement thickness, defined as

δ∗ =

∫ +∞

y=0

(
1− u

Ue

)
dy

where Ue represents the local velocity outside of the BL; the displacement thickness gives
an idea of how far off the wall the streamlines have been displaced by the presence of the
boundary layer; fig. 2.2 gives a schematic idea of the size of the displacement thickness.
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Chapter 2. Background 2.1. The turbulent boundary layer

Figure 2.2: Schematic of a boundary layer over a flat plate; δ1 refers to the displacement
thickness. Image from Schlichting and Gersten [28].

2. Momentum thickness, defined as

θ =

∫ +∞

y=0

u

Ue

(
1− u

Ue

)
dy

The momentum thickness can be interpreted as the distance from the wall where the mo-
mentum flow rate is the same as it would be in an inviscid flow.

3. Shape factor, the ratio between the two aforementioned thicknesses:

H =
δ∗

θ

The shape factor is widely used to differentiate laminar and turbulent boundary layers:
according to Blasius, H = 2.59 for laminar boundary layers, while H = 1.3−1.4 for turbulent
ones.

Skin friction. A very important quantity associated to boundary layers is the skin friction τw,
as it leads to aerodynamic drag; according to Newton’s law of friction, given the fluid’s dynamic
viscosity µ:

τw(x) = µ

(
∂U

∂y

)
y=yw

where y is the coordinate normal to the wall.
The non-dimensional skin friction coefficient can also be defined:

cf (x) =
2τw(x)

ρU∞

The friction drag, the force exchanged between the wall and the fluid because of the presence of
the boundary layer, can be obtained by integrating the skin friction τw:

Dτ = b

∫ x=l

x=0

τw(x)dx

where b is the wall’s width, l its length and x the streamwise coordinate.

Transition to turbulence. Considering viscous flow over a flat plate, the boundary layer be-
comes turbulent when the local Reynolds number, defined as Rex = U∞x

ν (where x is the streamwise
coordinate starting from the leading edge of the flat plate and ν is the fluid’s kinematic viscosity)
exceeds its critical value; it has been widely observed that, for unpertubed flows:

Rex,crit = 5 · 105

Transition to turbulence is commonly associated to a sudden increase of skin friction and BL thick-
ness.
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Chapter 2. Background 2.1. The turbulent boundary layer

2.1.1 Universal law of the wall

Figure 2.3: Graphic representation of the universal law of the wall; the red line represents the
velocity distribution in the boundary layer, while the blue lines represent the velocity

distributions in the viscous sublayer and in the log law region. Image from Humble et al. [14].

For a turbulent boundary layer it is common to define a few fundamental dimensional and non-
dimensional quantities:

1. uτ =
√
τw/ρ, commonly referred to as friction velocity

2. η = y/δ

3. u+ = u/uτ

4. y+ = yuτ/ν

where ν is the fluid’s kinematic viscosity.

It can be shown that for any turbulent boundary layer one can write what is known as the
universal law of the wall, which correlates the non-dimensional velocity u+ and the non-dimensional
wall coordinate y+, namely u+ = f(y+); the inner layer, the region of the boundary layer closest
to the wall, can be divided into three subregions:

1. pure viscous sublayer (0 ≤ y+ < 5): viscous effects dominate, the relation is linear:

u+ = y+ (2.1)

2. buffer layer (5 ≤ y+ < 70): viscous effects start to subside inertial effects, and the following
law is obeyed:

du+

dy+
=

1

1 + (A+B)(y+)3
+

B(y+)3

1 + κB(y+)4
(2.2)

where 
κ = 0.41

A = 6.1 · 10−4

B = 1.43 · 10−3

3. overlap layer (70 ≤ y+), also known as log-law region, where the relation is logarithmic:

u+ =
1

κ
ln y+ + C+ (2.3)

with C+ = 5.
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Chapter 2. Background 2.2. Boundary layer separation

Fig. 2.3 shows a graphic representation of the universal law of the wall.

Figure 2.4: Graphic representation of the energy content of a turbulent boundary layer, in terms
of Reynolds normal stresses and turbulent kinetic energy. Image from Schlichting and Gersten

[28].

Fig. 2.4 shows the energy distribution in a turbulent boundary layer; it is immediately notice-
able how the majority of the turbulent fluctuations are contained in the buffer layer, the region
with the highest production of turbulent kinetic energy.

2.2 Boundary layer separation

In flows with a high Reynolds number, a fluid particle converts pressure to kinetic energy when
encountering a favorable pressure gradient (FPG), and kinetic energy to pressure when encounter-
ing an adverse pressure gradient (APG); however, the kinetic energy of the particles close to the
wall is dissipated by viscosity, and if the APG is too strong, i.e. −dp/dx ≪ 0, such particles are
too ”weak” to overcome it, and reverse flow can occur close to the wall, leading to streamlines not
following the wall’s curvature anymore: this process is called boundary layer separation .
A useful indicator for the local pressure gradient’s sign and magnitude is the Clauser pressure
gradient parameter :

β =
δ∗

τw

dPe

dx
(2.4)

where Pe denotes the pressure just outside of the TBL.

Figure 2.5: Sketch of a boundary layer as it approaches separation; the velocity profile at various
streamwise coordinates is shown. Image from Schlichting and Gersten [28].

Figure 2.5 shows the process in its different stages: in the first two velocity profiles the BL is
firmly attached to the wall; due to APG, however, the third velocity profile presents an inflection
point and a local minimum at the wall: this is the coordinate after which the flow reverses and
separation begins, as shown in the fourth velocity profile.
In the case of an unsteady separating boundary layer, the forward flow fraction γ is introduced,
defined as the fraction of time when the near-wall flow goes in the main streamwise direction; in
this context, Simpson [30] and Mohammed-Taifour and Weiss [19] describe six characteristic points
of a separated boundary layer:
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Chapter 2. Background 2.2. Boundary layer separation

1. incipient detachment (ID), the first point with γ = 0.99

2. intermittent transitory detachment (ITD), the first point with γ = 0.8

3. transitory detachment (TD), the first point with γ = 0.5

4. detachment, (D), the first point where τw = 0

5. transitory reattachment (TR), the second point where γ = 0.5

6. complete reattachment (CR), the second point where γ = 0.99
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Figure 2.6: Example test case from one of the PIV cases in the context of the present work; ITD
and TD are marked in the figure; the contour represents x−velocity component. The field of

view presents the curved section of the wing-like segment used for the experiment; the white part
below the velocity field represents the masked wall.

Figure 2.7: Categories of separation, as described in Deck [5].

Furthermore, as sketched in fig. 2.7 Deck [5] describes three different categories of separation,
depending on the origin of the phenomenon:

I. geometry-fixed separation, where a sharp edge imposes the detachment point, such as on a
forward facing step

II. APG-induced separation, where the detachment point is free to move along the surface; this
is the type of separation found on the suction side of airfoils at low angles of attack

III. separation strongly influenced by incoming boundary layer dynamics

Categories II and III are of particular interest for this work, as the separation point is free to
move along the surface, allowing for an extra degree of freedom in terms of separation control.
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Chapter 2. Background 2.3. Unsteady separation

2.2.1 The recirculation bubble

Figure 2.8: Visualization of the flow around a tennis ball made with the aid of smoke trails; the
separated region is clearly visible downstream of the ball (right side): the streamlines fuse

together and they are not well defined anymore, a clear sign of recirculation. Image courtesy of
NASA Ames Research Center and Cislunar Aerospace Inc.

As mentioned above, boundary layer separation is caused by a region of reversed flow; this in-
evitably leads to a region affected by strong recirculation: this is what is called a turbulent sepa-
ration bubble, TSB. A visual example of the recirculation region is provided in fig. 2.8.

2.3 Unsteady separation

An extensive study of unsteady recirculation bubble dynamics is found in Wu, Meneveau, and
Mittal [36], which conducted a direct numerical simulation of an APG separation on a flat plate;
they observed three characteristic frequencies: high, medium, and low ; dimensional analysis reveals
the most common non-dimensional number used for frequencies in fluid mechanics: the Strouhal
number, defined as

St =
fL

U
(2.5)

where f is the frequency, L is a reference length and U is a reference velocity.

High and medium frequency. The high- and medium-frequency modes appear to be located
in the upstream region of the separation bubble, and Wu, Meneveau, and Mittal [36] speculate
that they could be related to the Kelvin-Helmholtz instability in the shear layer.
As shown by the topological analysis in figure 2.9 the two modes are characterized by coherent,
periodic spanwise structures, just like for the KH instability.
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(a) high-frequency

(b) medium-frequency

Figure 2.9: Isosurfaces of the real part of the medium- and high-frequency DMD modes, from [36].

Moreover, Wu, Meneveau, and Mittal [36] report that the Strouhal numbers for the high- and
mid-frequency modes are well within the range of literature for the dominant frequency in a tur-
bulent mixing layer, providing even stronger support for the KH hypothesis.
The vortex-rollup mechanism caused by this instability evolves downstream into the classical shed-
ding mode present in fixed-separation phenomena, as pointed out by Weiss, Mohammed-Taifour,
and Schwaab [34].

Low frequency. The low frequency mode, sometimes referred to as ”breathing”[37], or
”flapping”[34][6], is characterized by back and forth motion of the detachment and reattachment
points; its frequency is usually an order of magnitude less than the high- and mid-frequency
values[34][36].
The topology of such low frequency mode is very different from the high- and medium-frequency
ones: as shown in fig. 2.10, the DMD analysis of a separating turbulent boundary layer on a
flat plate performed by Wu, Meneveau, and Mittal [36] shows long structures elongated in the
streamwise direction.

Figure 2.10: Isosurfaces of the real part of the low-frequency DMD mode, from [36].
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The origin of this mode is still very much a question of research, but a relation to the Görtler
instability seems to emerge from the aforementioned topological analysis.
Görtler instability was first studied in Görtler [11], and it is characterized by streamwise rollers; it
manifests itself as the Görtler number exceeds 0.3; it is defined as

GT =
U∞θ

ν

√
θ

R
(2.6)

where θ is the boundary layer’s local momentum thickness ν is the fluid’s dynamic viscosity, and
R is the mean flow’s curvature radius.
Wu, Meneveau, and Mittal [36] also observe that the low frequency is precisely half the medium
frequency (i.e., a subharmonic), which could be an indication of vortex pairing of the medium
frequency mode.

2.4 Separation control

Separation control can be enacted through active or passive systems; these systems trigger mecha-
nisms that fall into the wider category of boundary layer control, which refers to the act of causing
the boundary layer to behave differently than it naturally would[31].
Gad-el-Hak and Bushnell [8] identify four different ways for dealing with separation control:

• methods that affect the shape of the velocity profile in the incoming boundary layer;

• methods for time-dependent separation events;

• methods that make use of turbulators, devices that enhance turbulence in low-Reynolds
applications;

• methods that promote near-wall momentum addition.

2.4.1 Near-wall momentum addition

Within the category of momentum addition devices, the most obvious example are passive vortex
generators, small appendices mounted on aerodynamic surfaces with the aim of delaying separation;
visual examples are presented in fig. 2.11, where vortex generators are used behind the nose cone
of a commercial aircraft and on the sidepod of a racecar.

(a) Nose cone of a Boeing 737 aircraft (b) Close-up of a 2013 Mercedes-AMG
Formula 1 car

Figure 2.11: Examples of vortex generators used in engineering applications.

Passive vortex generators are angled fins, that generate a pressure difference between their
two sides once they’re immersed in moving flow; such pressure difference generates a streamwise
vortex that is then convected downstream, bringing high-momentum fluid closer to the wall, thus
energizing the boundary layer in the APG region.
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Active vortex generators

The same principle forms the base for active vortex generators, which work by injecting high-
momentum fluid in the boundary layer through the formation of fluid structures; generally, active
vortex generators consist of either zero-net mass flow jets (also called synthetic jets), or actual
non-zero-net mass flow jets; in contrast to passive vortex generators, active tools allow for modula-
tion of the control, paving the way for interaction with the pre-existing flow structures described
in section 2.2.1; a review of flow control through preiodic excitation can be found in Greenblatt
and Wygnanski [12].

Synthetic and non-synthetic jets have been extensively studied for a wide variety of applications:
Gilarranz, Traub, and Rediniotis [9] found that placing synthetic jets on the surface of a NACA0015
airfoil at Re ≃ 9 · 105 can lead to a strong increase in CL for α between 10o and 15o; Ramaswamy
and Schreyer [23] studied the effects of jet vortex generators on a shock-induced separation; Abe
et al. [1] compared the differences between the effects of pulsed jets and plasma actuators on a
stalled NACA0015 airfoil through an implicit Large Eddy Simulation; Rice, Taylor, and Amitay
[24] explored the effects of pulsed modulation of synthetic jets in two different chord-positions on
a S817 airfoil undergoing dynamic stall, and observed a reduction in CL hysteresis; Vukasinovic,
Rusak, and Glezer [33] studied the effects of actuation upstream of a backward-facing step; Joseph,
Amandolèse, and Aider [15] observed a Reynolds-dependent drag reduction when actuation pulsed
jets is done on a 25o slant angle Ahmed body; Wu et al. [37] performed a DNS of a pressure
induced TSB, highlighting the importance of physics-base flow control by acting on specific turbu-
lent structures with the use of synthetic jets, and observed a reduction in pressure loss as a result;
Mohammed-Taifour, Floc’H, and Weiss [18] observed a reduction in separation bubble size within
their experimental study of the effects of active forcing on a pressure-induced TSB over a flat plate.

2.4.2 Jets in crossflow

To understand the physics behind active vortex generators, one must first understand the phe-
nomenology of a jet interacting with a perpendicular crossflow; what follows is a presentation of
such phenomenology for incompressible flows, inspired by the work of Mahesh [17].

When discussing jets in crossflows, it is first essential to define two fundamental parameters:
the velocity ratio rj and the momentum ratio µj :

rj = Uj/U∞ (2.7)

µj =
ρjUj

ρ∞U∞
(2.8)

where Uj is the jet’s mean outlet velocity; for pulsed jets, Uj is the maximum jet velocity.
With regard to vortical structures, one can observe three main features:

1. a pair of counter-rotating vortices (CVP), for jets with high rj ;

2. Horseshoe and wake vortices;

3. Hairpin vortices, for jets with low rj .

Counter-rotating vortex pair, CVP. Whenever a jet with a high enough velocity ratio
encounters a crossflow, its cross-section velocity profile evolves from a uniform distribution into a
pair of counter-rotating vortices; a visual representation of this evolution in time is provided in fig.
2.12.
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Figure 2.12: Evolution in time of a circular region of out-of-plane velocity in the presence of
crossflow, from [17].

The two vortices, whose intial vorticity is perpendicular to the crossflow, are subsequently
convected, and their vorticity aligns with the freestream.
The mechanism that leads to their formation has been long debated; a qualitative and intuitive
explanation, initially provided by Breidenthal [3], views the jet as an ’impulse’ introduced to the
crossflow. This impulse generates upwash, resulting in the formation of vortices similar to the tip
vortices observed at the ends of finite-span wings.
However, the general consensus on this topic agrees on a different explanation: the jet’s shear layer
is titlted and folded by the presence of crossflow, and this leads to the circulation necessary for the
generation of a vortex pair; this process is represented schematically in fig. 2.13a.

(a) Schematic representation of the jet’s shear layer
and formation of vortex, from [17].

(b) Real-world visualization of CVP, picture taken
by the author of this thesis on a fortunate

Wednesday morning at the TU Delft campus.

Figure 2.13: Visualizations of a circular jet evolving into CVP when encountering crossflow.

Horseshoe and wake vortices. As the freestream’s boundary layer approaches the jet, it
encounters an adverse pressure gradient; due to the mechanisms explored in section 2.2, the BL sep-
arates and generates a spanwise-oriented vortex, which is then convected downstream and around
the jet, taking a horseshoe-like shape.

Wake vortices are vortices that are found downstream of the jet, whose axis is perpendicular
to the freestream direction, and they extend from the wall to the downwind-side of the jet.
At a first glance, it could seems that the mechanisms that lead to their formation and shedding are
equivalent to those found for solid cylinders immersed in a high-Reynolds number flow; however,
it can be shown that the wake behind a cylinder is very different from the wake behind a jet at
similar Reynolds number.

Evidence shows that wake vortices originate from separation events in the freestream’s boundary
layer downstream of the jet; it is also interesting to note that wake vortices and horseshoe vortices
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interact with each other: horseshoe vortices with the same sign of vorticity as the freestream’s
boundary layer merge in the wake system, while those with opposite sign merge into the CVP
system.

Hairpin vortices. When the jet’s velocity ratio is low (approximately, rj < 1), the structure
of the aforementioned vortices is different.
At low velocity ratios, the vorticity of the incoming freestream boundary layer overwhelms the
vorticity of the jet’s shear layer at the leading edge; this process leads to vortex shedding at the
jet’s trailing edge, with the formation of hairpin vortices; if the Reynolds number increases, these
vortices become unstable as they evolve.

Jet trajectory

In separation control, the trajectory of a jet in crossflow is a critical factor. If the jet penetrates too
far into the boundary layer, the incoming flow may perceive it as a blockage, potentially increasing
drag and inducing separation. Conversely, if the jet remains too close to the wall, it may entrain
low-momentum fluid into the higher regions of the boundary layer, counteracting the intended
control effect. Achieving the right balance in jet penetration is essential to effectively manipulate
the flow and delay separation.

A common way to scale the trajectory of a jet is by using the product between the velocity
ratio rj and the jet’s diameter d; if x is the freestream direction and y is the initial direction of
the jet, the trajectory is described by an exponential law:

y

rjd
= A

(
x

rjd

)B

(2.9)

where A and B are determined experimentally; commonly, 1.2 < A < 2.6 and 0.28 < B < 0.34.

However, as pointed out by Breidenthal [3], eq. 2.9 is valid under the hypothesis that the jet
is point-like source of momentum flux viewed from the far field; in regards of the far field (where
the CVP is assumed to be fully developed), they propose to treat the jet as a point-like source of
normal momemtum, yielding the following law:

y

l
∝

(x
l

)1/3

(2.10)

where, in the case of a jet’s fluid with the same density as the crossflow’s, the length scale l is
equal to

√
π/4 rjd.

Other scalings for the jet trajectory have been proposed, such as using r2jd instead of rjd, but
evidence shows that they fail to fit a wide range of data; this is because there are many factors at
play when it comes to the penetration extent of a jet in a crossflow’s boundary layer: a laminar
jet penetrates more than a turbulent one, and a thicker boundary layer allows more penetration.
The momentum distribution is another aspect that has an effect on how far the jet penetrates:
evidence has shown that pipe-generated jets behave differently compared to nozzle-generated ones.

For all these reasons, Muppidi and Mahesh [21] suggest the law

y

rjd
= A′

(
x

rjd

)B (
h

d

)C

(2.11)

where

h

d
=

{
3

4
πCmr

2
δ2d2j
d4

}1/3

, when h ≤ d

h

d
=

2

3

δ

d
+
π

4
Cmr

2
d2j
d2

, when h > d

where Cm is a constant and
∫
ujdA =

πdj

4 U2
j ; in other words, dj is the diameter of a circular jet

with the same volumetric flow rate, but uniform velocity distribution.
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2.4.3 Jet position

The position of the jets in the streamwise direction is crucial: if the jets are placed too far upstream
from the separation point, the generated structures may completely lose coherence and end up not
having any effect on the flow; if they are placed too close upstream of the separation point, the
structures could have too little time to effectively bring momentum to the weak boundary layer,
or, in a worst-case scenario, be seen as a ”wall” by the incoming boundary layer and move the
separation point upstream.

The first question one should ask is how to appropriately scale distances in a separation phe-
nomenon, in order to effectively compare different use cases; as discussed in section 2.2, separation
is related to the nature of the incoming boundary layer. For this reason, two main parameters are
chosen for scaling: the boundary layer thickness δ and the momentum thickness θ; for separation
phenomena on airfoils, distances are also usually scaled with the chord length c.

Table 2.1 includes a summary of the streamwise distance between the actuation and separation
points found in literature, scaled using the aforementioned parameters.

Source ∆x/θ ∆x/δ ∆x/c

Mohammed-Taifour, Floc’H,
and Weiss [18]

46 4.546 N/A
15.34 1.515 N/A

Wu et al. [37] 56÷ 114 5.45÷ 11.1 N/A
Joseph, Amandolèse, and

Aider [15]
42.9 4.17 N/A
−6.42 −0.625 N/A

Vukasinovic, Rusak, and
Glezer [33]

22.9 1.7 N/A

Rice, Taylor, and Amitay [24] N/A N/A −0.15 & −0.35
Abe et al. [1] ∼ 0 ∼ 0 ∼ 0

Ramaswamy and Schreyer
[23]

40.4 3.93 N/A

Gilarranz, Traub, and
Rediniotis [9]

Variable w/ AoA Variable w/ AoA Actuation at 0.12

Table 2.1: Streamwise position of actuation with respect to separation point; positive values refer
to actuation upstream of separation, negative values refer to actuation downstream of separation.

As table 2.1 shows, a wide range of nondimensionalized actuation positions has been used in the
past; while it is safe to assume that such position plays a role in separation control effectiveness,
it is still unclear whether an optimal streamwise position exists, and if so, what the best scaling
factor for such length is.

2.4.4 Jet orientation

When discussing jets with a rectangular cross section, an important parameter to define is the
skew angle β: it is defined as the angle the jet orifice - often referred to as slit - makes with the
streamwise direction; in order words, it’s the rotation of the jet slit around an axis normal to the
wall. Figure 2.14 provides a visual representation of the skew angle.

Figure 2.14: Schematic representation of a jet slit, top view, from [4].

The orientation of a jet in crossflow is an extremely important parameter: when a jet is an-
gled, in addition to the structures presented in section 2.4.2, another streamwise-oriented vortex
is formed; the phenomenology of a skewed jet in crossflow was explored in depth by Van Buren

14



Chapter 2. Background 2.4. Separation control

et al. [4]; what follows is a brief summary of their work.

Figure 2.15: Schematic representation vortices formed around a skewed jet, from [4].

As anticipated in the previous paragraphs, a non-skewed jet slit (i.e., a slit that presents a sym-
metry along its streamwise-oriented centerline) features a dominant streamwise-oriented counter-
rotating vortex pair; additionally, another vortex pair forms along the spanwise-oriented sides of
the slit itself, with vorticity along the spanwise direction. However, this spanwise vortex pair has
minimal effect farther downstream, and can be disregarded when considering flow separation con-
trol.
When the slit is skewed, such spanwise vortex pair loses its purely spanwise orientation: its wind-
ward side is blocked by the jet, while its leeward side coalesces with the streamwise vortex with
same-sign vorticity; the result far downstream is an asymmetric vortex pair. A visual representa-
tion is reported in fig. 2.15.

Figure 2.16: Isosurfaces of time averaged Q-criterion for skewed jet slits (β = 0o, 45o, 90o), from
[4].

A visualization made with the aid of the time-averaged Q-criterion (for further reading, see
appendix A) is proposed in fig. 2.16: the first and third visualizations refer to spanwise and
streamwise-oriented slits, respectively, and they clearly show a symmetric CVP. However, the im-
age in the middle refers to a 45o skewed slit, and it clearly shows the aforementioned asymmetry
in the streamwise-oriented vortex pair.
Another interesting aspect regarding the β = 45o slits is the difference in wall-distance between
the two vortices: the weak vortex is advected away from the wall to a much greater extent; it will
be shown that this detail may be of great importance in the context of separation control.

However, an important question is yet to be answered: what is the optimal slit orientation for
turbulent separation control? Regarding isolated actuators, β = 45o is found to be the optimal
skew angle for near-wall momentum addition[29].
For what concerns actuator arrays, it is first crucial to observe that the best possible geometrical
configuration is to have alternating slits with +β and −β (see sketch in fig. 2.17 for reference); in
this way, the vortices generated by adjacient slits are counter-rotating, and can thus form regions

15



Chapter 2. Background 2.4. Separation control

of downwash, bringing high-momentum fluid closer to the wall. Due to the discussions mentioned
above about the CVP’s inherent asymmetry, diverging slits should show stronger vortices in be-
tween them, and, thus, stronger downwash.

FLOW

Figure 2.17: Figurative sketch of geometrical configuration of slit array.

Godard, Foucaut, and Stanislas [10] conducted an extensive optimization study, using the
configuration shown in fig. 2.17 with a decelerating boundary layer, and found that β = 15o rep-
resented the optimal skew angle for skin friction increase.

Despite these findings, the mechanisms that correlate slit skew angle and separation control
effectiveness - measured in the preservation of coherence of vortex-generated structures downstream
- remain mostly unknown.

2.4.5 Unsteady actuation

As mentioned in the previous sections, one of the main advantages of active over passive control is
the possibility of modulation, to enhance interaction with turbulent structures in the uncontrolled
flow.

The unsteady nature of excitation carries out several inherent concerns, among which three are
pointed out:

1. if the excitation frequency aligns with frequencies of flow structures, interaction is enhanced;

2. the experimental setup has inherent mechanical and pneumatic inertia: if the excitation
frequency is too high, the jet’s velocity in time will not have the desired waveform;

3. the jet’s stroke ratio, defined below, influences the type of structure generated by the jet in
crossflow.

Point 2 will be addressed in the following chapters with proper jet characterization experiments;
point 3 is explored in the following paragraph.

Firstly, an important parameter needs to be defined: the stroke ratio L/D, where L is the jet’s
stroke length (the height of a column of fluid ejected in a single cycle) and D is the jet’s diameter;
it can be easily shown that - assuming incompressible flow - a generic time-dependent periodic jet
velocity profile Uj(t) with period T yields

L

D
=

1

D

∫ t+T

t

Uj(t)dt (2.12)

Under the assumption of a square waveform with 50% duty cycle and peak velocity Uj , eq.
2.12 is simplified as

L

D
=
UjT

2D

It is trivial to note that, as frequency approaches 0 (steady blowing), L/D → +∞.

Sau and Mahesh [26][27] performed DNS studies to find the optimal stroke ratio for jet pene-
tration into crossflow; assuming a square waveform for the jet velocity in time, they identified three
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different flow regimes on the stroke ratio-velocity ratio (as defined in section 2.4.2) map shown in
fig. 2.18.

Figure 2.18: Stroke ratio-velocity ratio map, from [26]; rring is the velocity ratio as defined in
section 2.4.2. In the plot, the blue, solid curve represents the formation number for jets in
crossflow; the dashed vertical line represents the formation number for jets in quiescent

surroundings.

The bottom region, characterized by low velocity ratios, is the one described in the third para-
graph of section 2.4.2: the structures generated by the jet are a periodic train of hairpin vortices
shed downstream; it is important to note that the agreement on a threshold velocity ratio value
is not unanimous: as visible in fig. 2.18, Sau and Mahesh [26] report a value of 2, while different
authors[17] report a value of 1.

For high velocity ratios (above the solid horizontal line in figure 2.18), the concept of formation
number needs to be introduced; such number represents the value of stroke ratio that marks the
transition between two different flow structures: on the left-hand side of the SR-VR map, the
jet forms an annular vortex, which tilts upstream and penetrates into the crossflow, while on the
right-hand side of the map, the jet forms an annular vortex followed by a trailing column, which
corresponds to the CVP presented in the first paragraph of section 2.4.2.

2.5 Final remarks and research motivation

From what has been shown, it appears clear that little knowledge is available about the behavior
of skewed jet outlets with the purpose of separation control; however, it is clear that the structures
generated by a skewed jet in the presence of crossflow are fundamentally different from those gen-
erated by a streamwise one.

This thesis aims to investigate several topics:

1. can skewed jet outlets for separation control yield better results than streamwise ones? Why?

2. what is the role played by actuation frequency in the control mechanisms?

3. can the instantaneous behavior of the flow field reveal further information about the frequency-
driven mechanisms?
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Experimental methodology

3.1 Experiment design

3.1.1 Airfoil-like model

The airfoil-like model used for the experimental campaign is shown in fig. 3.1: it has a chord of
1366 mm and a total span of 1234 mm; it is divided into three sections:

1. a curved leading edge;

2. an extended flat middle section, to allow for a fully turbulent boundary layer to develop;

3. a curved trailing edge section, characterized, on its suction side, by a steep adverse pressure
gradient to induce separation.

Figure 3.1: 2D section of the airfoil-like model used for the experiment. The green arrow
indicates flow direction, while the red rectangle represents the actuators’ position.

The model is equipped with an array of 83 pressure taps, positioned along a streamwise line
on the suction side, at a spanwise location 555 mm from the left edge; figure 3.2 provides a
representation of the spacing between two adjacent taps: the taps on the curved part, where the
adverse pressure gradient is, are much closer to one another, to ensure a good spatial resolution in
the pressure distribution.
Figure 3.3 shows a rendered image where the spanwise location of the tap array is highlighted; is
worthy of noting that the pressure taps, with the skewed slits mounted (more about slits in the
following sections), are located between two convergent slits.
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Pressure tap ID

0.01
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∆
x
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Figure 3.2: Spacing between two adjacent taps; tap IDs go in increasing order starting from the
model’s leading edge. the red dotted line represents the starting point of the model’s curved part.
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Figure 3.3: Spanwise location of pressure tap array, represented in the rendered image by the red
line; the flow goes from top-right to bottom-left.

3.1.2 LTT wind tunnel

Much of the testing was conducted at TU Delft’s Low turbulence Tunnel (LTT); it is a closed-loop
subsonic wind tunnel, capable of reaching speeds up to 120 m/s, thanks to its six-bladed fan driven
by a 525 kW DC motor.

Due to the large contraction ratio of 17.8, the freestream turbulence level in the test section
varies from only 0.015% at 20 m/s to 0.07% at 75 m/s. The corner vanes that curve the flow in
the corners of the tunnel avoiding separation are equipped with a cooling system to control the
flow’s properties.
The test section is octagonal, and it is 1.80 m wide, 1.25 m high and 2.60 m long.

Figure 3.4: Airfoil-like model firmly placed in the LTT’s test section.
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Chapter 3. Experimental methodology 3.1. Experiment design

3.1.3 Actuation system

Figure 3.5: Sketched block-diagram of the actuation system.

As sketched in fig. 3.5, the actuation system is an open-loop controlled pneumatic open circuit;
high-pressure air is supplied by a portable 10 bar compressor; the velocity of the jets is controlled
by a mass flow controller, easily operated through a PC interface; the mass flow controller is also
able to give real-time feedback of the mass flow passing through it. A 21.1 l tank is added to
introduce some pneumatic inertia to the system.

Figure 3.6: Close-up of the valves connected to the actuation block.

To control the frequency of actuation, 13 solenoidal valves are placed just upstream of the
actuator block; such valves are controlled with a square-waveform voltage signal generated by a
digital function generator. As shown in Fig. 3.6, each valve is connected to two slits through a
split tubing connection.

Compressor

Figure 3.7: Genmac KZ 480-50 piston compressor.

As mentioned above, high-pressure air was supplied by a compressor; more specifically, the Genmac
KZ 480-50 piston compressor.
The datasheet of such product specifies a peak volumetric flow rate of 480 l/min, at aspiration,
and a working pressure of 10 bar; upon delivery, such value was tested, and the results are shown
in fig. 3.8.
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Figure 3.8: Time series of the air flow supplied by the compressor at a flow rate specified by the
mass flow controller.

To assess what continuous air flow the compressor could supply, it was connected to the mass
flow controller (see the paragraph below for more details about the instrument), and it was in-
structed to deliver 260 l/min indefinitely.
The plot in fig. 3.8 clearly shows that, apart from a few oscillations, the compressor was able to
keep up with the request for approximately 4 minutes, after which the volumetric flow rate started
slowly decaying.

Interpreting the plot, it can be safely assumed that initially, since the compressor tank was
pressurized to 10 bar, the requested airflow could be easily supplied, but as the pressure in the
tank decreased, the compressor motor could not keep up, thus showing that the value of 480 l/min
declared by the manufacturer was not reliable.

Mass flow controller

Figure 3.9: Mass flow controller Bronkhorst EL-FLOW and proprietary control software
FlowPlot.

The mass flow controller is a Bronkhorst EL-FLOW; it has a full scale value of 260 l/min; such
instrument can be operated by PC interface, with the aid of Bronkhorst’s proprietary softwares
FlowDDE and FlowPlot.

Other than allowing the user to control the instrument, FlowPlot gives a real-time feedback of
the volume flow passing through the mass flow controller, in the form of a low-fidelity plot, or as
a text file containing volume flow as a time series; thanks to this specific feature, a step-response
test was performed.
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Chapter 3. Experimental methodology 3.1. Experiment design

The mass flow controller was supplied with high-pressure air, and it was instructed to deliver
0 l/min; suddenly, it was instructed to deliver its full scale value of 260 l/min. After allowing
some time to let the flow stabilize, it was once again instructed to deliver 0 l/min.
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Figure 3.10: 0-100-0% step response test of the mass flow controller.

The results of such test are presented in fig. 3.10; the real flow’s behavior was fitted with an
exponential law, namely:

V̇ (t) = V̇t→∞ +
(
V̇t=0 − V̇t→∞

)
e−t/τ (3.1)

where t is time, V̇ represents the volumetric flow rate and τ is the time constant.
As visible in the figure, the time constant is equal to approximately 400 ms; after a time equal
to 5τ = 2 s, it can be safely assumed that the system has reached its asymptotic value with very
good approximation.

Solenoidal valves

Figure 3.11: Solenoidal valve Festo MHJ10-S-2,5-QS-6-HF.

The valves used to control the actuation frequency are Festo MHJ10-S-2,5-QS-6-HF (see fig. 3.11);
they are nominally-close solenoidal valves, which means that Methodology/FG and amplifierey
open when a voltage between 3 V and 30 V is applied to them.
These valves are certified to deliver up to 160 l/min, at pressures between 0.5 bar and 6 bar, and
the technical datasheet specifies a maximum switching frequency of 400 Hz.
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Function generator

Figure 3.12: Function generator (top) and signal amplifier (bottom).

The function generator used to control the valves is a Tektronix AFG 3252; the function generator
is connected to a signal amplifier, to provide the valves with enough current (see fig. 3.12).

Actuator block

The actuator block is a PLA 3D-printed assembly, which allows the flow from the Festo valves to
be converted into an array of jets; as will be shown below, it is made up of three components: a
base block, a slit array, and a closing plate.

The printer used was a Bambulab X1C; its precision was tested by printing the block shown
in fig. 3.13; such manifold features 5 slits with slightly different dimensions; such dimensions, in
millimeters, are engraved on the object’s surface.
The dimensions of the real-life component were then compared with those imposed in the CAD
model; the average deviation was measured, with the aid of a caliper, to be 0.02 mm, while the
maximum deviation was 0.05 mm.

Figure 3.13: Test object used to test the 3D printer’s precision.

The base block, as shown in fig. 3.14, consists of an array of 13 cavities, each corresponding to
a slit and, therefore, a jet.
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Figure 3.14: On the left, half actuator block; on the right, detail of one of the cavities with the
Festo muffler silencer inserted.

Each of the cavities is shaped to allocate the corresponding nozzle system leading to a slit; the
bottom end of the cavity is shaped as a half-circle to ensure fit for the Festo silencer shown on the
right-hand side of fig. 3.14; such silencer is inserted to ensure cross-sectional uniformity in the jet.

Figure 3.15: Assembled base block.

The base block is completed by a closing plate, attached through six M2 screws, designed to
hold the muffler silencers in place; a depiction of the assembled base block, together with mufflers
and closing plate, is shown in fig. 3.15.

(a) Streamwise slits. (b) Skewed slits.

Figure 3.16: Array of slits in the two configurations used for the experiment.

With ease of assembly and disassembly in mind, the slit array, shown in fig. 3.16, was designed
as a separate component, to allow for quick change between different configurations.
It consists of a flat top with, on which the 13 slits are engraved, and 13 extremities, which serve as
nozzles to connect the base block’s cavities with the slits; the cross section of such nozzle is visible
in fig. 3.17.

The slits are 1 mm wide, 6 mm long and are spaced 12 mm between centerlines.

Figure 3.17: Cutaway view of one of the nozzles.
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Chapter 3. Experimental methodology 3.2. Hot wire anemometry (HWA)

For the reasons discussed in paragraph 2.4.4, two configurations were selected: streamwise-
oriented slits and slits skewed with a 15o angle with respect to the streamwise direction.
Since the structures generated by streamwise and skewed slits are fundamentally different (refer
to paragraphs 2.4.2 and 2.4.4 for further reading), as discussed in the previous chapter, a proper
physical comparison between the two configurations is very hard to achieve; thus, it was concluded
that it would be easier to go for a more practical approach: the two arrays have the same number
of slits, with the same centerline spacing, and with the same cross section. In this manner, a more
practical comparison can be achieved with relative ease.

Finally, the entire block assembly is mirrored around its lateral face, to achieve a 26-slit con-
figuration and still stay within the 3D printer’s maximum build volume. A depiction of the final
assembled product is shown below.

Figure 3.18: Assembled actuator block.

3.2 Hot wire anemometry (HWA)

A hot wire anemometer is a type of probe used to measure the module of a fluid’s velocity in a
certain point; it consists of a thin filament, usually made in tungsten, that is part of an electric
circuit.
The probe can work in two ways:

1. constant current : the probe is heated up due to Joule effect, and as the airflow cools it down,
it changes its resistance; an electronic device ensures that constant current flows through the
probe;

2. constant temperature: the probe, maintained at a constant temperature, changes its resis-
tance due to heat loss caused by forced convection from the fluid flow. This results in a
potential variation across the diagonal of a Wheatstone bridge (in which the probe occupies
one of the branches). A servo-amplifier responds by adjusting the current to keep the probe
at a constant temperature.

The probe used for this work is operated at constant temperature; thus, what follows refers to
such operating condition.

In the end, the measured voltage values are a function of the fluid velocity; finding such function
is part of a process called calibration.

To improve accuracy, two additional parameters need to be introduced: the offset E0 and the
gain G; calling E the output voltage and Ehw the voltage measured at the probe:

E = E0 +G · Ehw

E0 represents the voltage measured when the flow is stationary.

A physics-derived form of such function, the derivation of which is of very little relevance to
this thesis, is King’s law :

E2 = A+BUn

where U is velocity, and A, B, and n are constants that need to be determined through calibration.
Different functions can be used, such as polynomials; more specifically, a 3rd-degree polynomial
was used for hot wire calibration in this work:

U = a3E
3 + a2E

2 + a1E + a0
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Chapter 3. Experimental methodology 3.3. Particle image velocimetry

where the coefficients a3, a2, a1 and a0 are determined through calibration.

The hot wire probe used for this work is a Dantec P11.

3.3 Particle image velocimetry

Particle Image Velocimetry (PIV) is a non-invasive optical measurement technique used to visu-
alize and analyze fluid flow. It works by seeding a fluid with tracer particles that follow the flow
dynamics. These particles are illuminated, typically using a laser sheet, and their movement is
captured in successive images using high-speed cameras. By comparing the displacement of parti-
cles between image pairs, PIV calculates velocity vectors across the flow field.

Among the possible types of PIV, two-dimensional-two-component PIV was used for this work;
the laser sheet consists of a plane, and the velocity components measured are the ones that lie on
such plane.

3.3.1 Laser sheet and fields of view

The position and orientation of the laser sheet are of great importance, because they determine
the field of view, which is defined as the plane on which velocity is measured.
In the present work, the laser was set perpendicular to the wall and parallel to freestream velocity,
such that the wall-normal and wall-tangent velocity components could be measured.

(a) Laser, together with lenses and mirrors,
mounted on the traversing system described below.

(b) Visualization of the laser sheet; in the image,
the laser is set at FOV2.

Figure 3.19

As shown in fig. 3.20. three Fields of view were chosen for the skewed slits, and only two
for their streamwise counterparts; the reason behind this difference lies in what was discussed in
paragraph 2.4.4: the behavior on the flow between two convergent skewed slits is expected to be
different from the behavior between two divergent ones. Streamwise slits, on the other hand, are
expected to show symmetry.
Hence, the three laser positions used differed on the basis of the spanwise position of the field of
view:

• FOV1 : a plane passing through the midpoint between two convergent skewed slits;

• FOV2 : a plane passing through a slit’s centerline;

• FOV3 : a plane passing through the midpoint between two divergent skewed slits;
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Chapter 3. Experimental methodology 3.3. Particle image velocimetry

(a) Streamwise slits. (b) Skewed slits.

Figure 3.20: Position of the three FOVs; FOV 1, 2 and 3 are depicted as green, blue and red
respectively; in the figures, the flow goes from top-left to bottom-right.

Since the spacing between two adjacent slits is 12 mm, the spacing between two adjacent planes
is 6 mm; a traversing system with a resolution of ∼ 25µm was used to move the laser.

3.3.2 Cameras and image processing

Figure 3.21

The cameras used were LaVision sCMOS 2560x2160 pixel resolution cameras equipped with Nikon
60mm lenses for all planes; To ensure a large enough field of view; three cameras were placed next
to one another; the images were pre- and post-processed using LaVision’s software Davis.

Calibration

Calibration for each field of view was performed with the aid of a custom-made calibration plate,
filled with black dots spaced 9.75 mm apart, each with a diameter of 1.95 mm.

Figure 3.22
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With this information, LaVision’s Davis was able to perform image calibration, gathering the
pixel/mm ratio, and constructing a stitched field, shown in fig. 3.22.

Image processing

The images were preprocessed to compute background subtraction and get more intense contrast
between illuminated particles and black background; subsequently, PIV was performed, with a
final interrogation window of 12× 12 px.

3.3.3 Post-processing

Along with the PIV frames, the q-switch (laser signal) and valve opening signals were acquired (a
snippet of of one of the test cases is reported in fig. 3.23 as an example); this allowed to know
precisely where each pair of frames (and thus, each PIV instant) was in the valve phase.

The sampling frequency was set to be ∼ 10
√
2 Hz; since all of the valve frequencies were mul-

tiples of 5 Hz, the ratio between the PIV sampling frequency and the actuation frequency always
yielded an irrational number; in short, this meant that all the PIV samples were evenly distributed
among the valve phase.

Thanks to this information, all the PIV test cases could easily be discretely phase-averaged.
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Figure 3.23: Snippet of the voltage time series, showing both the q-switch and the valve opening
signals.

Discrete phase-averaging

The process of phase-averaging consists of constructing the average period of a periodic time series.
When the sampling frequency fs is smaller than the phenomenon frequency f , the easiest way to
proceed is to divide the phase into a finite number of sections called bins; in this way, each acquired
sample will inevitably fall into one of the bins: all of the samples belonging to the same bins can
then be averaged, and the average period can be constructed.
Mathematically, this can be written as:

Ū(n) =
1

K

K∑
i

Ui(MT + ϕi), n/N <
ϕi
2π

< (n+ 1)/N (3.2)

where Ū is the phase-averaged field, n is the n−th bin, K is the total number of samples belonging
to the n− th bin, Ui is the i− th acquired sample, M is an integer, T is the phenomenon’s period,
ϕi is Ui’s phase and N is the total number of bins.
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Actuation system characterization

To assess the performance of the actuation system, several tests were performed in quiescent sur-
roundings, that is, in the absence of crossflow.

4.1 Assessment of non-uniformity

One of the potential problems was inter-jet non-uniformity: slight geometric imperfections in the
system can possibly lead to having jets with different peak velocities across the array; hence, a
first test was conducted on both slit configurations, the details of which are discussed below.

Figure 4.1: On the left: Zaber traversing system; on the right: P11 hot wire probe placed just
above the slit array.

The setup is portrayed in fig. 4.1: a Dantec P11 hot wire probe was mounted on a Zaber
traversing system, controlled through a PC interface; the probe was then placed just above the slit
array and moved across at a rate of 3 mm/s, as steady jets were blowing out of the slits at a flow
rate specified by the mass flow controller.
The assess the uniformity across the array, a perfomance paramter is introduced:

max
i
U(i)−min

i
U(i)

1
N

N∑
1
U(i)

(4.1)

where N is the total number of slits examined, i is the i− th slits and U(i) is the peak velocity
corresponding to the i− th jet; formula 4.1 represents the maximum deviation between velocities
scaled with respect to the average jet velocity.

Tests were performed at five different volume flow rates, each corresponding to a full scale value
of the mass flow controller; a summary is presented in table 4.1.

V̇ / l/min %FS Uj, expected / m/s VR, U∞ = 12.5 m/s

23.4 9 2.5 0.2
70.2 27 7.5 0.6
140.4 54 15 1.2
187.2 72 20 1.6
260 100 27.5 2.2

Table 4.1
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Chapter 4. Actuation system characterization 4.1. Assessment of non-uniformity

Results are presented below; for shortness, only results from two of the five velocity ratios are
reported. For complete results, see appendix B.
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(a) Streamwise slits.
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(b) Skewed slits.

Figure 4.2: Mass flow controller set at 54% of full scale value.
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(a) Streamwise slits.
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(b) Skewed slits.

Figure 4.3: Mass flow controller set at 100% of full scale value.

Figures 4.2 and 4.3 show a relative deviation between 28% and 38% for both slit configurations;
to estabilish where in the system the source of this deviation lied, another test was performed:
observing figure 4.3, one can notice a big difference between peaks 1-2 and peaks 5-6, which
correspond to the first and third valves, respectively; hence, to rule out any influence on the
tubing system upstream of the block as a source of non-uniformity, the two valves were switched.
Results of such test are presented below.
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(a) Benchmark test,
V̇ = 260 l/min.
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(b) Switch between first and third valve,
V̇ = 260 l/min.

Figure 4.4: Comparison between benchmark case and switch between first and third valve; mass
flow controller set to 100% of full scale value.

Figure 4.4 shows no clear switch between peaks 1-2 and 5-6; thus, it was concluded that the
source of the non-uniformity lies somewhere in the block, rather than the tubing system upstream.

The easiest part of the block to test was the slit array itself; in fact, with two configurations
tested, the easiest way to assess whether imperfections in the slit array could be a source of peak-
to-peak heterogeneity, was to simply compare data from the two configurations; for this purpose,
another parameter is introduced:

RD(N) =
|Uj,streamwise(N)− Uj,skewed(N)|

0.5 · [Uj,streamwise(N) + Uj,skewed(N)]
(4.2)

where N represents the N − th slit/jet.
Results are presented below; once again, only two of the five plots are included - for complete
results, refer to appendix B.
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(a) Mass flow controller set to 54% of full scale
value.
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(b) Mass flow controller set to 100% of full scale
value.

Figure 4.5: Comparison between streamwise and skewed slits, evaluated using eq. 4.2.

Figure 4.5 points out how the relative difference between the two configurations is, for most
slits, within 5%, and in any case, always below 10%. Thus, it can be concluded with good reason
that the slit array is not one of the causes leading to inter-jet non-uniformity.
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Chapter 4. Actuation system characterization 4.2. Velocity time series

Figure 4.6: Festo muffler silencer.

Among the components in the block, the one with the least repeatable features were without a
doubt the Festo Muffler silencers; as shown in fig. 4.6, they are made of a white, porous material,
and they are associated with a substantial pressure drop in a relatively confined space.

Since the mufflers were a component over which the author of this thesis had no control what-
soever, and at the time of characterization there was no time to re-think the whole block assembly,
it was decided to accept the inter-jet non-uniformity as it was.

4.2 Velocity time series

In order to evaluate integral quantities, such as the total momentum flux over a period, or the stroke
ratio of a pulsed jet, another set of tests was performed: the hot wire probe was held stationary
over one of the cavities for a total acquisition time of 30 s, as pulsed blowing was operated. A
summary of all the tests performed is reported in table 4.2.

%FS, mass flow controller Frequencies tested / Hz

11.3 1, 30, 50, 100, 200
22.5 30, 40, 50
27 30, 40, 50
31.5 30, 40, 50
49.5 1, 40, 100, 200

Table 4.2

For the reasons discussed in the previous section, it was deemed unnecessary to test both slit
configurations, since they would most likely have given similar results; thus, only the streamwise
slits were tested.

4.3 Raw velocity time series and phase averaging

Results for one of the test cases are presented below; for complete results, see appendix C.
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Figure 4.7: Mass flow controller set to 49.5% of full scale, valves operated at f = 1 Hz; the black
dotted line represents the expected mean velocity, i.e. the velocity calculated based on the mass

flow controller’s setpoint; the red dotted line represents the actual mean velocity.

The plot on the left in fig. 4.7, which shows a portion of the acquired raw velocity time series,
exposes two main problems:

1. velocity seems to clip at values below 1 m/s;

2. the signal is very noisy.

The first problem is most likely related to the incorrect setting of the offset and gain parameters
prior to hot wire calibration; it isn’t a highly relevant issue, but it means that the measurements
are not reliable for low velocities.
The second problem can be easily solved by performing phase-averaging on the raw signal to obtain
an average period ; the result of such operation is shown in the plot on the right of fig. 4.7: the
signal looks much smoother, and it can clearly be recognized when the valve was closed (from
t/T ∼ 0.18 to t/T ∼ 0.68) and when it was opened.
Another observable behavior is the downward trend in the velocity signal when the valve is opened:
this is most likely due to pressure building up in the 21.2 l tank when the valve is closed; as the
valve opens, the jet velocity overshoots, and the mass flow controller progressively limits the mass
flow to comply with the correct mass flow requested.

The velocity distribution shown in fig. 4.7 has a general good look, meaning that the veloc-
ity signal behaves as expected; however, not all velocity distributions recorded show such good
behavior.
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Figure 4.8: Mass flow controller set to 11.3% of full scale, valves operated at f = 30 Hz.

Figure 4.8 illustrates one of the problematic test cases: the velocity time series exhibits seem-
ingly random fluctuations, suggesting that the valve may not have been fully opening or closing
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as intended. This irregular behavior was hypothesized to stem from limitations in the control
method—specifically, the function generator used in the system may not have been capable of
supplying adequate current. At certain combinations of actuation frequency and jet velocity, this
insufficiency could have led to improper valve operation.
To address this issue, the decision was made to discontinue the use of the function generator.
Instead, a Simulink-based interface — developed in the context of a separate research project —
was adopted to control the valves with greater reliability.
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Separation control in wind tunnel condi-
tions

Following characterization, tests were conducted in wind tunnel conditions; to assess the perfor-
mance of the control methods, both pressure tap and PIV data was acquired.
This chapter aims to explore and analyze such data.

5.1 Pressure results

As discussed in paragraph 3.1.1, pressure data was acquired through a streamwise array of 83
static pressure taps; of those, 59 were positioned downstream of the actuator block, i.e. at x/c >
0.63, given the model’s chord length c. Data from these pressure taps was used to evaluate the
effectiveness of separation control: a metric to measure pressure recovery over the curved part of
the model was introduced; since separation leads to an abrupt increase in pressure, a non-separated
surface has a generally lower cp: thus, a negative value of the metric represents a greater pressure
recovery, and thus, greater control effectiveness:∫ 1

0.63

[cp,forced(x/c)− cp,unforced(x/c)] d(x/c) (5.1)

where cp,forced and cp,unforced refer to actuated and non-actuated pressure coefficients on the
suction side of the model, calculated using a time-averaged value of static pressure over a time of
10 s.

Due to the nature of the experiment, one test case can be fully defined by 4 parameters:

1. Slit geometrical configuration: either streamwise or skewed ;

2. Actuation frequency, f

3. Jet velocity ratio, V R

4. Tunnel freestream velocity, U∞

Two different types of plots are presented below: velocity ratio sweeps at constant f , where
the dependency on jet velocity ratio is explored, and actuation frequency sweeps at constant V R,
where the dependency on actuation frequency is explored.
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5.1.1 V R sweep, U∞ = 20 m/s, f = 40 Hz, streamwise slits
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Figure 5.1: Integral parameter from eq. 5.1 as a function of velocity ratio; the red dotted line
represents the upper limit for a ”working” test case.

The frequency of 40 Hz was chosen because, according to past experiments (as shown in fig. 5.2),
it was shown to be the optimal frequency for separation control at 20 m/s; in any case, this value
is not of high relevance, as frequency sweeps will be presented as well.
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Figure 5.2: Results from a past experimental campaign conducted on the same wing-like model;
the plot depicts the separation point traslation for several tank pressures (in this context, tank
pressure is relatex to jet velocity ratio). A positive value indicates a downstream movement of

the separation point.

The curve shown in fig. 5.1 appears to exhibit two key aspects: after an initial peak for
V R ∼ 1.4, the integral metric shows a monotonic descent with V R, and the highest velocity ratio
tested, ∼ 2.25 is not sufficient to reach a negative value of the integral metric, meaning that the
control was not effective for any of the cases tested.

It seems clear that the only way to make the control method effective at the desired frequency
is to increase the jet velocity ratio; however, as discussed in section 3.1.3, the mass flow control is
able to provide a maximum volumetric flow of 260 l/min. Given a total slit cross-sectional area of
156 mm2, the maximum jet outlet velocity achievable is ∼ 27.8 m/s; for a freestream velocity of
20 m/s and valves operating at 50% duty cycle, this yields a maximum velocity ratio of ∼ 2.78.
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Thus, it was determined that the only way to proceed was to keep the same mass flow controller
settings, and instead decrease freestream velocity.

5.1.2 V R sweep, U∞ = 10 m/s, f = 20 Hz, streamwise slits
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Figure 5.3: Integral parameter from eq. 5.1 as a function of velocity ratio; the red dotted line
represents the upper limit for an effectively controlled test case.

Fig. 5.3 depicts the V R sweep conducted at U∞ = 10m/s; in order to achieve a proper comparison
with the test cases presented in fig. 5.1, the actuation frequency was set to 20 Hz, due to the fact
that the Strouhal number is proportional to the ratio between frequency and velocity.

The monotonic descent with V R appears to show itself once again; as predicted, increasing
the velocity ratio reveals that certain combinations of the experiment’s parameters enable greater
pressure recovery. This confirms that the desired separation control effect is indeed achievable.

Having acquired this knowledge, it is now possible to explore the effect of frequency on sepa-
ration control; for the following frequency sweeps, a velocity ratio of 3.33 was chosen, as fig. 5.3
shows it is a possible working point for f = 20 Hz.
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5.1.3 Actuation frequency sweep, U∞ = 10 m/s, V R = 3.33
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Figure 5.4: Integral parameter from eq. 5.1 as a function of actuation frequency; the red dotted
line represents the upper limit for a ”working” test case.

Preliminary investigations conducted in the previous paragraphs show a possible working point for
streamwise slits; bearing this knowledge, a first comparison between different geometrical configu-
rations was now possible.

Figure 5.4 shows the frequency sweep operated at V R = 3.33 for both slit geometrical configu-
rations; it immediately appear evident that they show a similar trend, with on offset on the y-axis.
In simpler words, the optimal frequency is ∼ 20 Hz for both configurations, but the skewed slits
offer a wider range of working frequencies, and the pressure metric’s value, given a combination of
f and V R is generally lower.
Unfortunately, due to the lack of boundary layer data, proper non-dimensionalization is not possi-
ble; a comparison between such frequency and the values found in literature cannot be operated.

5.1.4 Final considerations

In conclusion, pressure data were able to reveal a few key aspects:

• in many instances, separation control seems to have an undesired effect: the integral metric
shows a worse pressure recovery when compared to the uncontrolled case;

• increasing V R seems to favor pressure recovery; in particular, it was observed that the
maximum freestream velocity for which a desirable effect can be appreciated is 10 m/s: for
this reason, all the PIV runs were made at this velocity;

• skewed slits seem to be able to favor a stronger pressure recovery, and for a wider range of
actuation frequency, compared to their streamwise counterparts.

There are two main questions that remain unanswered:

1. is the pressure recovery shown by the pressure metric correlated to separation delay?

2. are the results shown by pressure data two-dimensional? In other words, did the flow change
its behavior at one specific spanwise location, or did a global change occur?

To answer these questions, PIV results are presented below.

5.2 Time-averaged PIV results

5.2.1 Streamfunction and separation line

Given a two-dimensional, incompressible velocity field in the (x, y) plane, the streamfunction ψ is
defined as a function which yields:
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u =
∂ψ

∂y
v = −∂ψ

∂x
(5.2)

ψ is an integral function; as such, its absolute value is arbitrary, and infinite equivalent stream-
functions can be built, which all differ by a constant.

The iso-value lines of ψ represent lines across which there is zero-net volume flux; in other
words, the iso-value lines of ψ represent streamlines, the paths fluid particles follow as they move
across the domain; for this reason, if the streamfunction is defined as zero at the wall, all points
in the internal domain with ψ = 0 represent the path a fluid particle follows once it detaches from
the wall. In other words, The line with ψ = 0 is the separation line, and it represents the upper
limit of the recirculation bubble. An example of a streamfunction field is depicted below.
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Figure 5.5: Contour representing the streamfunction ψ for FOV2 in the uncontrolled case at
U∞ = 10 m/s; the contour is clipped above zero.

5.2.2 Unforced field

For what concerns the unforced vector field, results from the three fields of view are similar; for
this reason, only results from FOV3 are reported. For results from FOV1 and FOV2, see appendix
D.
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Figure 5.6: Contour representing the x velocity component for FOV3.
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Figure 5.6 depicts the x component of the velocity in the unforced field for U∞ = 10 m/s; ITD
and TD are defined as in section 2.2, while the red dotted line represents the separation line as
described in section 5.2.1.

The unforced field, which shows a clear and evident pressure-induced separation, will serve as
the baseline for the following discussion; specifically, the control method will generally be consid-
ered effective if ITD and TD are shifted downstream (in the positive x direction), and/or if the
separation line moves closer to the wall (towards the negative y direction).

5.2.3 Forced field

As previously discussed, the three fields of view represent radically different flow conditions in the
forced field; for this reason, they will all be presented individually for each of the cases tested.

Skewed slits, U∞ = 10 m/s, V R = 3.33, f = 20 Hz
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Figure 5.7: Contour representing the difference between y velocity of the forced case
(U∞ = 10 m/s, V R = 3.33, f = 20 Hz, skewed slits) and y velocity of the unforced case; all three

FOVs are reported.

Figure 5.7 depicts the difference in vertical (along the y axis) velocity between the forced and
unforced case; near x = 40 mm, where the actuators are positioned, FOV2 shows upwash, as
expected, since the jets induce a positive vertical velocity, while FOV2 and FOV3 show downwash,
again, as expected, since the vortices generated induce a negative vertical velocity.

With figure 5.4 as a reference, it seems like f = 20 Hz, V R = 3.33 is one of the test cases
where separation should be delayed; however, this fact does not appear evident in the PIV fields.
FOV1 shows how the separation point is moved slightly upstream, but also how the ψ = 0 line is
shifted closer to the wall; FOV2 and FOV3, on the other hand, display that separation is clearly
favored.
This difference could be related to the fact that the blue cloud , associated to downwash, located
near the actuators is far bigger in FOV1, but also a bit farther from the wall; this can potentially
bring high-momentum fluid from the freestream and energize the boundary layer, while in FOV3,
the downwash region may not be extended far enough to reach outside of the low energy fluid
which resides close to the wall.
This result may come as a surprise, following the discussion in section 2.4.4; however, it is worth
noting that section 2.4.4 does not specifically expand on the extent of vortex penetration into the
boundary layer, but it does mention how the weak vortex (the one in FOV1) is advected farther
from the wall compared to the strong one (FOV3). It may just be that the streamwise vortex
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generated in FOV3 is more intense, but it simply does not penetrate far enough into the upper
layers of the BL.

All of this suggests that the flow field is much more three-dimensional than anticipated, even far
downstream of the actuators; this point is even more evident in fig. 5.8, which shows the horizontal
velocity difference contour: in the shear layer, around the ψ = 0 line, the flow is accelerated with
respect to the baseline in FOV1, but it’s decelerated in FOV2 and FOV3; this could suggest that
the structures generated by the pulsed jets persist and stay coherent far downstream of their
starting points.
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Figure 5.8: Contour representing the difference between x velocity of the forced case
(U∞ = 10 m/s, V R = 3.33, f = 20 Hz, skewed slits) and x velocity of the unforced case; all

three FOVs are reported.

Streamwise slits, U∞ = 10 m/s, V R = 3.33, f = 20 Hz

0 100 200 300 400 500 600 700

x / mm

0

50

100

150

200

250

300

y
/
m
m

FOV2

ITD

TD

ITDbase

TDbase

ψ = 0

ψbase = 0

−2.000 −1.333 −0.667 0.000 0.667 1.333 2.000

v − vbase / m/s

0 100 200 300 400 500 600 700

x / mm

0

50

100

150

200

250

300

y
/
m
m

FOV3

ITD

TD

ITDbase

TDbase

ψ = 0

ψbase = 0

−2.000 −1.333 −0.667 0.000 0.667 1.333 2.000

v − vbase / m/s

Figure 5.9: Contour representing the difference between y velocity of the forced case
(U∞ = 10 m/s, V R = 3.33, f = 20 Hz, streamwise slits) and y velocity of the unforced case;

both FOVs are reported.

The features described in the previous section manifest themselves once again in figure 5.9: FOV2,
the field of view passing through a slit, exhibits upwash near the actuators, while FOV3 shows the
downwash associated to streamwise vortices.

ITD overlaps with ITDbase in both fields of view, while TD moves downstream with respect
to the baseline in FOV2, while TD and TDbase overlap in FOV3; the separation line, on the other
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hand, barely moves in FOV2, while it has a certain concavity in FOV3, meaning that the separation
bubble, with respect to the baseline, shrinks towards the trailing edge, almost as if reattachment
is somewhat favored once again.

Skewed and streamwise slits, U∞ = 10 m/s, V R = 3.33, f = 5 Hz
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Figure 5.10: Contour representing the difference between y velocity of the forced case
(U∞ = 10 m/s, V R = 3.33, f = 5 Hz, skewed slits) and y velocity of the unforced case; all three

FOVs are reported.

Figure 5.10 represents the PIV counterpart of one of the test cases performing poorly according to
figure 5.4; the PIV fields seem to confirm poor performance: the separation line is moved farther
from the wall in all three FOVs, and figure 5.11 shows a clear x velocity decrease.
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Figure 5.11: Contour representing the difference between x velocity of the forced case
(U∞ = 10 m/s, V R = 3.33, f = 5 Hz, skewed slits) and x velocity of the unforced case; all three

FOVs are reported.
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The trend is also confirmed - and is perhaps even more evident - for streamwise slits: figure 5.12
shows that both ITD and TD are shifted upstream by the actuation in both fields of view, and
the presence of a blue cloud confirms that the flow is generally slower, leading to lesser pressure
recovery.
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Figure 5.12: Contour representing the difference between x velocity of the forced case
(U∞ = 10 m/s, V R = 3.33, f = 5 Hz, streamwise slits) and x velocity of the unforced case; both

FOVs are reported.

Streamwise slits, U∞ = 10 m/s, V R = 3.33, f = 80 Hz
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Figure 5.13: Contour representing the difference between y velocity of the forced case
(U∞ = 10 m/s, V R = 3.33, f = 80 Hz, streamwise slits) and y velocity of the unforced case;

both FOVs are reported.

Figure 5.13 shows a very peculiar test case: it is immediately noticeable how in FOV3 the separation
line is moved considerably closer to the wall, and both ITD and TD are shifted downstream; by all
means, it appear like separation is delayed, well outside of the estabilished optimal frequency range.

This does not come entirely as a surprise: fig. 5.4 illustrates a clear local minimum at f = 80Hz
for the streamwise slits configuration; further investigations will be carried out in the following
section through phase-averaging.

5.2.4 Final considerations

Time-averaged PIV data show - to some extent - correlation with pressure results.
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Figure 5.14: Distance between separation points in the forced (V R = 3.33, skewed slits) and
unforced fields; a negative value indicates an upstream movement of ITD and TD.

Figure 5.14 summarizes all the data collected from skewed slits; the trend for FOV1 seems to
agree with the pressure metric, while FOV2 and FOV3 appear to show very little correlation with
fig. 5.4 - keeping in mind that the sample size in fig. 5.14 is much smaller.
This does not come as a surprise, since the spanwise location of the pressure tap array is equivalent
to FOV1, i.e. it lies on a plane passing through two convergent skewed slits; what could be
surprising is the intense three-dimensionality of the flow field: in a span of only 12mm (the spacing
between FOV1 and FOV3), the flow radically changes its behavior even towards the trailing edge,
far downstream of the actuators.
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Figure 5.15: Distance between separation points in the forced (V R = 3.33, streamwise slits) and
unforced fields; a negative value indicates an upstream movement of ITD and TD.

Data concerning streamwise slits is summarized in fig. 5.15. FOV2 and FOV3 show similar
trends, although FOV3 exhibits higher maximum values for separation point traslation. This is
expected, as FOV3 is located in the plane directly influenced by the structures generated by the jets.

Skewed slits appear to perform very well at the ideal spanwise location, whereas streamwise slits
demonstrate greater flexibility, albeit at the cost of lower maximum effectiveness. Unfortunately,
the lack of pressure data for FOV2 and FOV3 prevents a complete pressure characterization of the
entire field.

To gain further insights about the mechanisms underlying the control method, phase-averaged
data will now be presented.
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5.3 Phase-averaged PIV results

Unless otherwise specified, all the phase-averaged results presented below refer to 4-bin discrete
phase-averaging; the reference phase is the valve-signal period, and t/T = 0 is defined as the point
in time when the valves open.

5.3.1 f = 20 Hz
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Figure 5.16: Discrete phase-averaging, 4 bins; the contour shows the difference in y velocity
between the forced and unforced cases.
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Figure 5.17: Discrete phase-averaging, 4 bins; the contour shows the difference in y velocity
between the forced and unforced cases.

Figures 5.16 and 5.17 illustrate the two best-working test cases for streamwise and skewed slits
respectively; the first important aspect to note is that the separation line is moved closer to the
wall in the third and fourth quarters of the phase; for both configurations, it can be observed that
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the downwash region created by the jets - represented by the blue cloud near the top left of the
image for t/T = 0.125 and t/T = 0.375 - is convected downstream, and it reaches the separation
point at around t/T = 0.625. A closer look at this phenomenon can be taken by looking at the
same fields with 12-bin phase-averaging in appendix E.
It should also be noted how the downwash region for the skewed slits is much more persistent than
the one for their streamwise counterparts; possibly, structures maintain more coherence, or the
vortices generated by streamwise slits are too close to the wall and are subsequently dissipated
more easily.
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Figure 5.18: Discrete phase-averaging, 4 bins; the contour shows the difference in y velocity
between the forced and unforced cases.
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Figure 5.19: Discrete phase-averaging, 4 bins; the contour shows the difference in y velocity
between the forced and unforced cases.

A different situation manifests itself in FOV2, as shown in figures 5.18 and 5.19: the upwash
cloud generated by the jet is dissipated before reaching the separation point; phase-averaging
reveals how at all points in the phase the separation point is shifted upstream, almost as if the
virtual wall effect created by the jet persists even when the valves are closed.
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Figure 5.20: Discrete phase-averaging, 4 bins; the contour shows the difference in y velocity
between the forced and unforced cases.

An interesting effect is exposed in FOV3 by the skewed slits (fig. 5.20): control has little effect
on separation, possibly because the blue downwash cloud generated by the jets is too close to
the wall, and is dissipated by viscosity before it can reach the separation point; another possible
explanation is that, due to the non-penetration condition at the wall, the downwash is simply
arrested, and it cannot persist far downstream.
In any case, it seems like the key to effective separation control is inducing a downwash region not
too close to the wall.

5.3.2 f = 80 Hz
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Figure 5.21: Discrete phase-averaging, 4 bins; the contour shows the difference in y velocity
between the forced and unforced cases.
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Figure 5.22: Discrete phase-averaging, 4 bins; the contour shows the difference in y velocity
between the forced and unforced cases.

The focus is now shifted to a different frequency; particularly, for f = 80 Hz, FOV2 (fig. 5.21)
PIV shows how the downwash region on the top left corner at t/T = 0.125 is slowly dissipated as
it gets convected downstream, and it completely disappears before reaching the separation point.
The reasons behind this dissipation possibly relate to interactions between the actuation frequency
and natural frequencies of the flow; unfortunately, due to the large time resolution of the PIV
acquisition, such information is impossible to discern with the data at hand.

Another important feature to observe is how the valves mechanical and pneumatical inertia
make it too slow to keep up with the the requested frequency: the valves do not open exactly when
they should (first and second quarter of the phase), but instead they open with a finite delay ; this
appears even more evident in fig. 5.22, which shows the field of view passing through one of the
slits.
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Figure 5.23: Discrete phase-averaging, 4 bins; the contour shows the difference in y velocity
between the forced and unforced cases.

Perhaps, the most intriguing test case emerging from phase-average analysis is the one shown
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in fig. 5.23: it is crystal clear that the structures generated by the jets show marvelous coherence;
perhaps, this is the reason why fig. 5.4 shows a local minimum at f = 80 Hz, and fig. 5.13 shows
separation delay.
This phenomenon is probably related to subharmonics, since 80 Hz is an integer multiple of the
optimal 20 Hz; however, further investigations can only be carried out with higher time resolution
measurements, such as hot wire anemometry or time-resolved PIV - which go beyond the scope of
this thesis.
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Conclusions and recommendations

It was found that skewed slits perform better than their streamwise counterparts, particularly
when placed at the optimal spanwise location, due to a more persistent and coherent downwash
region; this effect is likely present because skewed slits generate vortices that remain more stable
and less susceptible to dissipation than those produced by streamwise slits, which tend to be too
close to the wall.
In non-optimal fields of view, skewed slit-induced vortices appeared to dissipate more quickly,
likely due to proximity to the wall. Regarding frequency performance, certain frequencies were
more effective because they sustained the downwash structures better, while others allowed these
structures to dissipate too quickly. Unfortunately, the PIV data lacked sufficient time resolution
to fully explore the underlying causes behind this phenomenon.

Pressure measurements were appropriately conducted in the streamwise direction, but not in
the spanwise direction, where the flow’s unexpected strong spanwise variability would have re-
quired additional pressure tap arrays at various spanwise locations: ideally, three pressure tap
arrays corresponding to the spanwise locations of FOV1, FOV2 and FOV3.
The PIV data, while generally correlating well with the pressure data - at least in the compara-
ble spanwise locations -, had its own limitations; although the fields of view offered a reasonable
overview, improvements such as adding a perpendicular view or using stereo-PIV would enhance
the ability to assess streamwise vorticity.

In conclusion, the limitation given by the mass flow controller’s full scale didn’t allow for chord-
based Reynolds numbers higher than ∼ 8·105: to keep the velocity ratio high enough for the control
method to have any positive effect, the tunnel’s freestream velocity had to be limited to 10 m/s.
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Appendix - vortex identification

To identify a vortex, one must first understand what a vortex is; surprisingly, a definition doesn’t
come as easy as one could expect: a vortex can be defined as a finite region of vorticity immersed in
irrotational fluid[25]. This thesis is mainly interested in studying vortex filaments, not accounting
for vortex sheets (such as the sheet region of vorticity generated in a shear layer).

When it comes to identifying vortex filaments, numerous mathematical tools are available[7];
the most intuitive of these methods would be to establish a vorticity threshold : a vortex is a region
where vorticity is higher than a certain threshold value, i.e.

|ω| > ωthresh

where the vorticity ω⃗ is defined as the velocity field’s curl, ω⃗ = ∇× u⃗.
This method, while easily implementable, presents a series of criticalities:

• the value of ωthresh is arbitrary;

• there is no distinction between vortex sheets and vortex filaments;

• identifying the vortex’s centerline is not possible, since the maximum of |ω| is not always
located in the middle of a vortex;

• the criterion isn’t objective: considering two reference frames that move with a finite angular
velocity with respect to each other, the vorticity value will be different in such systems.

A.0.1 The Q criterion

Assuming incompressible flow, the quantity Q can be defined:

Q =
1

2

(
||Ω||2 − ||S||2

)
(A.1)

where || · || is the Frobenius norm, and Ω is the angular rotation rate tensor and S is the strain
rate tensor, i.e.

Ωi,j =
1

2

(
∂ui
∂xj

− ∂uj
∂xi

)
Si,j =

1

2

(
∂ui
∂xj

+
∂uj
∂xi

)
This method identifies a vortex as a region where

1. Q > Qthresh

2. there exists a point where pressure tends to a minimum

The second condition is typically automatically satisfied in regions where the first one is; the value
of Qthresh is, again, arbitrary: setting it too low may result in identifying vortices with lack of
physical meaning, while setting it too high can lead to the risk of ignoring relevant ones.
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Appendix - jet characterization: non-uniformity
results
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Figure B.1: 9% of mass flow controller full scale.
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Figure B.2: 27% of mass flow controller full scale.
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Figure B.3: 72% of mass flow controller full scale.
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Figure B.4: Comparison between streamwise and skewed slits.

53



Appendix - jet characterization: time se-
ries

15 16 17 18 19 20 21

Time / s

1.00

1.25

1.50

1.75

2.00

2.25

2.50

2.75

3.00

V
el

o
ci

ty
/
m
/
s

Raw time series

Nominal velocity

Real mean velocity

0.0 0.2 0.4 0.6 0.8 1.0

t/T

Phase-averaged distribution

Nominal velocity

Real mean velocity

Figure C.1: Mass flow controller set to 11.3% of full scale, valves operated at f = 1 Hz.
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Figure C.2: Mass flow controller set to 11.3% of full scale, valves operated at f = 30 Hz.
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Figure C.3: Mass flow controller set to 11.3% of full scale, valves operated at f = 50 Hz.
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Figure C.4: Mass flow controller set to 11.3% of full scale, valves operated at f = 100 Hz.

15.000 15.005 15.010 15.015 15.020 15.025 15.030

Time / s

1.00

1.25

1.50

1.75

2.00

2.25

2.50

2.75

3.00

V
el

o
ci

ty
/
m
/
s

Raw time series

Nominal velocity

Real mean velocity

0.0 0.2 0.4 0.6 0.8 1.0

t/T

Phase-averaged distribution

Nominal velocity

Real mean velocity

Figure C.5: Mass flow controller set to 11.3% of full scale, valves operated at f = 200 Hz.
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Figure C.6: Mass flow controller set to 22.5% of full scale, valves operated at f = 30 Hz.
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Figure C.7: Mass flow controller set to 22.5% of full scale, valves operated at f = 40 Hz.
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Figure C.8: Mass flow controller set to 22.5% of full scale, valves operated at f = 50 Hz.
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Figure C.9: Mass flow controller set to 27% of full scale, valves operated at f = 30 Hz.
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Figure C.10: Mass flow controller set to 27% of full scale, valves operated at f = 40 Hz.
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Figure C.11: Mass flow controller set to 27% of full scale, valves operated at f = 50 Hz.
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Figure C.12: Mass flow controller set to 31.5% of full scale, valves operated at f = 30 Hz.
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Figure C.13: Mass flow controller set to 31.5% of full scale, valves operated at f = 40 Hz.
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Figure C.14: Mass flow controller set to 31.5% of full scale, valves operated at f = 50 Hz.
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Figure C.15: Mass flow controller set to 49.5% of full scale, valves operated at f = 1 Hz.
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Figure C.16: Mass flow controller set to 49.5% of full scale, valves operated at f = 40 Hz.
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Figure C.17: Mass flow controller set to 49.5% of full scale, valves operated at f = 100 Hz.
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Figure C.18: Mass flow controller set to 49.5% of full scale, valves operated at f = 200 Hz.
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Appendix - PIV results, unforced field
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Figure D.1: x velocity component.
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Figure D.2: y velocity component.
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Appendix D. Appendix - PIV results, unforced field
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Figure D.3: Velocity magnitude.
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Figure D.4: z vorticity.
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Appendix E. Appendix - 12-bin phase-averagingE.1. Streamwise slits, FOV3, 20 Hz, V R = 3.33

Appendix - 12-bin phase-averaging
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Appendix E. Appendix - 12-bin phase-averaging E.2. Skewed slits, FOV1, 20 Hz, V R = 3.33
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Figure E.2: Discrete phase-averaging, 12 bins; the contour shows the difference in y velocity
between the forced (streamwise slits, 20 Hz, V R = 3.33) and unforced cases for FOV3.

E.2 Skewed slits, FOV1, 20 Hz, V R = 3.33
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Appendix E. Appendix - 12-bin phase-averaging E.2. Skewed slits, FOV1, 20 Hz, V R = 3.33
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Figure E.4: Discrete phase-averaging, 12 bins; the contour shows the difference in y velocity
between the forced (skewed slits, 20 Hz, V R = 3.33) and unforced cases for FOV1.
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