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Abstract

Laminar separation bubbles (LSBs) play a crucial role in determining the aerodynamic performance of

airfoils operating at low Reynolds numbers, conditions commonly encountered by unmanned aerial vehicles

(UAVs), wind turbines, and small aircraft. Their inherently unsteady nature significantly influences lift, drag,

and noise generation. This thesis investigates the dynamic behavior of LSBs that forms on the suction

side of a NACA 0015 airfoil through surface pressure measurements obtained using piezoelectric sensors

(”piezofoils”) integrated into a wing model tested in the Boundary Layer Wind Tunnel of the Technische

Universität Berlin. The device are tested at chord-based Reynolds numbers of 144,000, 197,000 and

262,000 and at angles of attack comprised between 1 and 5 degrees, in 1 degree increments. Two different

piezofoil designs are used, ”in-line”, spanning most of the airfoil chord and ”staggered”, shorter but with

an improved spatial resolution. Complementary measurements are performed using surface hot wire

anemometry, oil flow visualization, and surface pressure taps to provide a comprehensive characterization

of both mean and fluctuating flow features.

The primary objective of the study is to relate the surface pressure fluctuations within the LSB to its

dynamic phenomena, specifically, shear-layer flapping and vortex shedding, and to identify the optimal

sensor placement for their detection. The existence and the characteristics of the laminar separation

bubbles at the range of Reynolds number and angles of attack considered is confirmed through surface

pressure measurements using pressure transducers and oil flow visualization. Analysis of the spectra

and of the standard deviation in the separation and reattachment regions demonstrates that the piezofoil

sensor successfully detects and accurately resolves vortex shedding, but is unable to capture the low-

frequency flapping motion. The cross correlation analysis provided further insight into the vortex shedding

process, enabling the estimation of the convective velocity and streamwise wavelength of the vortical

structures. Heating of the piezofoil and appropriate signal filtering are found to be effective in enhancing

the signal-to-noise ratio and mitigating electromagnetic interference effects.
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1
Introduction

At low Reynolds numbers, below Re = 500, 000, airfoil performance is strongly impacted by the presence of
the laminar separation bubble (LSB). This phenomenon is characterized by boundary layer separation, flow

transition in the separated shear layer and shear layer reattachment, creating an area of recirculating flow

that alters the pressure distribution over the airfoil, detrimentally affecting lift and drag. At low Reynolds

numbers the boundary layer can remain laminar past the suction peak and, when encountering the

adverse pressure gradient, is more susceptible to separation than a turbulent one. When the boundary

layer separates, the disturbances that have already started to be amplified in the boundary layer, further

grow and develop through the Kelvin-Helmholtz instability. As these disturbances reach their maximum

amplification they roll up into vortical structures that convect along the airfoil. These vortices, known as

”rollers”, are developed within the laminar separation bubble and play and important role in its characteristics.

The rollers are the mechanism through which the separated shear layer reattaches to the surface, creating

a turbulent boundary layer that extends until the trailing edge. Laminar separation bubbles are, hence,

inherently unsteady and dynamic phenomena with areas of complex flow interaction. Figure 1.1 shows a

snapshot of a laminar separation bubble over an airfoil, employing smoke flow visualization.

Figure 1.1: Smoke flow visualization of a laminar separation bubble over an airfoil. It can be clearly seen

the point of flow separation and the roll up of vortical structures close to the flow reattachment point. [2]

In general, laminar separation bubbles are a topic of interest for all the applications where low Reynolds

numbers are encountered, such as unmanned aerial vehicles (UAV), wind turbines, small manned aircraft

or gliders. Speaking of UAVs, they have seen unprecedented level of growth in both civil and military

applications, reaching in the last years a total market value of more than 16 billion dollars [3]. In civil appli-

cations UAVs are used in numerous scenarios such as firefighting and humanitarian aid, disaster response,

border security, traffic surveillance and regulation, agricultural crop management, aerial photographing,

logistics [3] [4]. Similarly, in the military sector UAVs use has gained momentum, especially since Operation

Desert Storm during the First Gulf War in 1991, until recently where UAVs are used massively not only

for reconnaissance and support but also for combat roles, as the Russo-Ukrainian war is demonstrating

[5]. Speaking of wind turbines, they have become widely used as energy demand is growing and fossil

fuels reduction is becoming central. Wind mills are one of the oldest energy harvesting technologies but it

was only in the 1970s, with the oil crisis of 1973, that a large-scale wind energy penetration outbreak was

encountered [6]. Wind farm installations have increased steadily in the last decades and wind turbines are

now an extremely common view in many regions. Aerodynamically understanding of flow characteristics
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formed over blades of wind turbines can increase the efficiency and the energy extraction from the flow.

Investigations in this field are in priority because flow phenomena such as laminar separation bubbles

directly affect the aerodynamic performance of turbines, their structural design and last but not least, noise.

Hence, a deeper understanding of the flow features on the blade can help push the limits of this technology

and encourage the transition to renewable energies.

Over the years, various flow measurement techniques have been employed to investigate laminar

separation bubbles (LSBs). Some of these methods focus on measuring the velocity field within the

bubble region, while others examine the wall effects induced by the LSB, such as changes in mean or

fluctuating pressure, skin friction, or convective heat transfer. Among the available techniques, Particle

Image Velocimetry (PIV) has become the most widely used for velocity measurements. PIV enables

visualization of the flow velocity vectors over a plane defined by the laser sheet and the camera’s field of

view. However, the method involves several operational and setup complexities, including precise control

of particle seeding, accurate alignment of laser optics and cameras, and the inherent difficulty of obtaining

reliable measurements close to the surface. Microphones are another commonly used measurement

device in studies of laminar separation bubbles, capable of resolving a wide range of pressure fluctuations

with high frequency response. However, their use requires precise drilling of the installation surface

and careful management of signal wiring, considerations that often make their integration impractical in

model regions with limited internal space, such as wing trailing edges. Finally, hot wires and surface

hot wires are also commonly employed measurement devices, capable of capturing flow characteristics

in localized regions both near and away from the wall, with very high frequency response. However,

conventional hot wire setups are unable to measure flow directionality, perform poorly in regions of low

flow velocity, and are highly fragile due to the delicate nature of the sensing wires. A promising device

for the study of the wall pressure fluctuations is the ’piezofoil’, a thin foil with piezoelectric characteristics

that is glued on a surface to investigate the surrounding flow behavior. Although the piezofoil is not a

full-field measurement technique like PIV, it overcomes many of the major limitations associated with

the aforementioned methods while maintaining good sensitivity and frequency response. As it is directly

glued to the surface, the piezofoil can be utilized in regions with limited internal volume and requires

no complex installation procedures. Its minimal thickness ensures negligible interference with the flow,

and its screen-printing capability allows fabrication in virtually any desired shape and size. The present

work focuses on the experimental investigation of laminar separation bubbles using the piezofoil, with

the objective of assessing its advantages and limitations in subsonic flows characterized by complex and

unsteady features.
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1.1. Laminar Separation Bubble
In certain conditions, such as at high airfoils incidences angles and/or low Reynolds numbers, the laminar

boundary layer can fail to remain attached to the surface, due to the influence of an adverse pressure

gradient. The separated boundary layer can then either reattach or not. If the boundary layer fails

to reattach, it becomes a shear layer between a turbulent wake and a laminar outer flow, leading the

airfoil to the phenomenon of stall. The mechanism of stall on an airfoil is always caused by a separated

boundary layer [7]. However, the laminar boundary layer can undergo transition to turbulence just after

the separation point and subsequently reattach to the surface as a turbulent boundary layer, creating

an area of recirculating flow, called ”laminar separation bubble” (LSB) [8]. Laminar separation bubbles

are mainly found on airfoils but are also observed in other instances such as on circular cylinder under

certain conditions and in the interaction between an oblique shock wave and a laminar boundary layer on

a flat plate at supersonic speeds [9]. In the present work LSB will only be considered on airfoils. Laminar

separation bubbles can have different effects on the performance of a lifting surface: first of all, the effect

on lift depends on the size of the bubble: long bubbles (for the difference and the classification of short

and long LSB see Section 1.1.1) will likely destroy the suction peak and thus reduce lift, if they are close

enough to the leading edge. Short bubbles can have a positive effect on the lift generated due to the fact

that the bubble give rise to an increase of the camber of the airfoil [10]. This effect can also be seen on the

CP plots of wings that have developed an LSB, as in Figure 1.2.

Figure 1.2: Pressure coefficient distribution in the inviscid case and considering the presence of a laminar

separation bubble [11]

Speaking of drag, usually the laminar separation bubble brings an increase in drag: this is due to the

increase in pressure drag that the bubble yields. The bigger the bubble, the bigger the negative effect

on drag. Ultimately, if the bubble ”bursts” (for more on bursting see Section 1.1.3), transitioning from a

”shorter” state to a ”longer” state, the lifting surface can stall and a sudden increase of drag and loss of lift

occur. It is worth to notice that the laminar separation bubble yields, as mentioned, an increase in pressure

drag but a local decrease of friction drag or, in other words, the bubble generates a small thrust force due

to the recirculation area inside it. This effect is usually negligible and is offset by the increase in pressure

drag. Laminar separation bubbles are closely connected to the stall phenomena and are responsible for

at least two different stall types: thin-airfoil stall and leading edge stall. Thin-airfoil stall, which not only

pertains to thin airfoils, occurs when a laminar separation bubble start to expand downstream until when

the flow is incapable of reattaching to the surface. At that point a turbulent wake forms and there is an

instant loss of lift and a large increase in drag [7], [12], [13]. In the leading edge stall the mechanism is

similar but more abrupt. Before the stall angle of attack is reached a small laminar separation bubble forms

just after the suction peak. As the angle of attack increases the bubble move forward until the boundary

layer is incapable of reattachment. The result is a very abrupt loss in lift and a the creation of a wake

starting from the leading edge of the airfoil [7], [12], [13]. Another type of stall exist, the trailing edge stall.
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In this case the mechanism is more gradual and it is connected to the progressive loss of momentum in

the boundary layer near the wall. As the boundary layer progresses through the adverse pressure gradient

region, it grows thicker and loses energy. At a certain angle of attack the boundary layer separated from

the surface near the leading edge. Increasing the angle of attack further increases the adverse pressure

gradient and thus moves the separation point upstream. Contextually a laminar separation bubble could

form near the leading edge of the airfoil. With further increases of the angle of attack the two separated

regions can merge creating a complete wake over the airfoil [7], [12], [13].

As can be seen, understanding and determining the behavior of the boundary layer plays an important

role in the formation and classification of LSB and consequently in understanding negative dynamic

behaviors such as the stalling characteristics of airfoils and noise production. In LSB noise is produced

when vortical structures produced by the shear layer roll up, and still retaining sufficient strength and

coherence, scatter at the trailing edge, leading to the radiation of sound waves [14].

LSB occur at relative low Reynolds numbers, approximately between 60, 000 < Re < 500, 000, and thus
are relevant for applications such as unmanned aerial vehicles, gliders, wind turbine blades, turbomachinery

[15]. Regarding the behavior of the LSB in respect to changes in Reynolds number and angle of attack,

roughly speaking, with increases of the Reynolds number the bubble size decreases and with increases of

angle of attack the bubble size decreases and moves towards the leading edge of the airfoil [15].

Figure 1.3: Structure of the time-averaged laminar separation bubble [16]

1.1.1. Long and Short Laminar Separation Bubbles
Two different types of laminar separation bubble can be distinguished: a ”short” bubble and a ”long” bubble.

Initially Owen and Klanfer [17] classified the bubble as ”long” or ”short” depending on the ratio between total

bubble length l (the distance between separation point and reattachment point) and the boundary layer
displacement thickness at separation δ∗s . According to the authors, short bubbles have an l/δ∗s = O(102)
and long bubbles have an l/δ∗s = O(104). However, this kind of classification doesn’t always lead to a
clear distinction between the two types: in fact, in some cases, after bursting (for more on bursting see

Section 1.1.3), a long bubble can be only a few times as long as the previous short bubble [8]. Tani [9]

suggested that the two types of bubble could be distinguished based on the effect they have on the overall

pressure distribution on the airfoil. A short separation bubble, which often has a length of one percent

of the airfoil chord, has only a slight effect on the pressure distribution which is close to the inviscid flow

solution, except for the appearance of a minute bump and for a slight reduction in the magnitude of the

suction peak [8], [9]. On the other hand, a long bubble has a length of several percent of the airfoil chord

and considerably modifies the pressure distribution over the whole airfoil and has the effect of destroying

the pressure peak and creating a pressure plateau after separation [8], [9]. Hence, the long bubble makes
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Figure 1.4: Instantaneous (left) and time-averaged (right) view of a laminar separation bubble [18]

the pressure distribution radically different from the inviscid one [9]. The two types of bubble can also be

distinguished depending on the effect that changes of Reynolds number and incidence causes. Changes

in Reynolds number have the same effect on both types of bubble: a decrease will cause the bubble to

expand and vice versa. Increasing the incidence angle will cause a short bubble to contract (if the bursting

incidence is not exceeded) and will cause a long bubble to rapidly expand. In general, long bubbles expand

much more rapidly than short bubbles and long bubble flows are associated with large scale unsteadiness

[8].

1.1.2. Mean Flow Behavior of Laminar Separation Bubbles
Analyzing more specifically the short bubble type, there are two conditions that are necessary for the

formation of the short laminar bubble: first of all, it is needed a pressure distribution having a sufficiently

large adverse pressure gradient to cause laminar separation; second of all, the conditions of the boundary

layer upstream of the position of the laminar separation must be in such a way that the boundary layer will

be laminar at the separation point. On top of these conditions, the surface must be smooth, the freestream

must have low turbulence levels to keep the boundary layer laminar [8]. If these conditions are met than a

short bubble will form. The structure of a short bubble, or more correctly of the time-averaged LSB, can

be seen in Figure 1.3. The laminar boundary layer separates at the separation point S and reattaches

downstream at the reattachment point R, and between the points S and R the flow is divided in two main

regions: region I or the free shear layer, and region II or the recirculation bubble. The line separating these

two regions is the ”mean dividing streamline” [8]. The free shear layer region is contained between the

outer edge of the boundary layer and the dividing streamline, while the recirculation bubble is contained

between the dividing streamline and the surface. These two main regions can be further divided by locating

the transition line T. Considering the shear layer, upstream of T it is laminar and incapable of withstanding a

significant pressure gradient. However, it should be noted that transition occurs over a region, and not at a

specific location, and that the reattachment point oscillates, looking at the bubble in a time resolved sense

[1]. Moreover, since the reattachment point position depends on transition, which in turn is very sensitive

on the state of the bubble, it results that the presence of small disturbances in the flow will cause changes

in the transition process which will affect the position of the reattachment point. Hence, the transition and

reattachment points seen here are the mean transition and reattachment points obtained by superimposing

many instantaneous captures of the bubble behavior. Between separation and transition the pressure is

basically constant, and this pressure plateau is a feature of laminar separated flows [8]. After the shear

layer has transitioned to turbulent, the pressure rises, thanks to the turbulent entrainment in the bubble

which energizes the shear layer, and it then reattaches to the surface with a pressure value close to the

inviscid one [8]. Both the pressure plateau and the subsequent pressure rise are easily identifiable on CP

plots and are a characteristic feature of laminar separation bubbles. Since the pressure rise take place

in the turbulent region over the bubble, then the recirculation is mainly concentrated in the aft part of the

bubble, downstream of T and it is referred as the ”reverse-flow vortex” [8], [19]. On the other hand, the

region of the bubble upstream of T where the flow is almost stationary is called the ”dead-air region” [8],

[19]. Changes of the Reynolds number have an effect on the dimensions of the laminar and turbulent parts

of the bubble. At higher Reynolds number, the laminar part occupies most of the bubble, roughly 70% of

the total bubble length [8]. Reducing the Reynolds number both the laminar and turbulent part increase,

with the turbulent part increasing more. Just before bursting, the turbulent part represents more or less

half of the bubble length [8].

Since the LSB is a highly dynamic and unstable phenomenon, the ”laminar separation bubble” as unique
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and universal occurrence does not exist [20]. Each bubble heavily depends on the characteristics of the

laminar boundary layer, on the pressure gradient and on the background turbulence level [20]. In particular,

the background turbulence level can strongly affect the characteristics of the bubble, as it plays an important

role in the transition process: if the initial turbulence levels are sufficiently large, the disturbances can grow

to non-linear levels and lead to turbulent flow without resorting to Tollmien-Schlichting waves (the details

of the transition phenomenon will be analyzed in more detail in Section 1.1.4) [21]. Thus, the image of

the LSB as can be seen from Figure 1.3 only exist in a time averaged sense. At any given moment the

LSB constitutes of a separated shear layer and shed vortices, as can be clearly seen in the left side of

Figure 1.4. Thus, the main differences between the time averaged and instantaneous picture of the LSB

are that an unsteady vortex shedding takes place instead of a steady turbulent reattachment, that there is

not a definite and fixed transition point, and that the separation point is not at a fixed location [20].

1.1.3. Bursting of the Laminar Separation Bubble
After having spoken about the difference between the two types of bubbles, short and long, the focus should

now be put on the mechanism behind the transition from short bubble to long bubble, also called ”bubble

bursting”. Since long bubbles significantly alter the pressure distribution on an airfoil, contrary to the short

bubbles, understanding the flow conditions that cause bubble bursting are particularly crucial, especially

because this phenomenon is closely related to stall. During the years a wide variety of explanations of

bursting have been proposed. The first explanation of bursting was proposed by von Doenhoff [22] in

1938 using a simple model which assumed that the laminar boundary layer separated tangentially from the

surface and continued to follow this trajectory until laminar to turbulent transition. After having transitioned,

the shear layer was assumed to follow a trajectory 15° from the previous trajectory. The reattachment

point would then be determined geometrically by intersecting the direction of the shear layer with the

airfoil surface. This method claimed that failure in reattachment occurs when the shear layer becomes

tangential to the surface and fails to intersect the surface [8], [22]. This simple theory is able to predict

qualitatively some of the bubble growth and bursting phenomena but it’s assumptions are, in general,

invalid. For instance, the deflection angle after transition, has been found to vary widely from 6° to 52° [8].

Another bursting theory was proposed by Owen and Klanfer [17] in 1955. They postulated an analogy

between the Reynolds number in the boundary layer at the separation point (Rδ∗)s = Usδ
∗
s/ν and the

length of the bubble, where Us is the freestream velocity outside the boundary layer, δ∗s is the displacement
thickness and are both measured at separation. This defined Reynolds number helped to define a limit

above which the flow is unstable: in other words, is able to predict when the instabilities will set in and

make the flow transition near the separation point (usually, a few hundred displacement thickness from the

separation point). On the other hand, when (Rδ∗)s is below this critical value, the flow is ”less unstable”

and the separated shear layer is able to remain laminar for longer distances from the separation point and,

as instabilities develop, it eventually transitions to turbulent. In this second case the distance between

the separation and transition point can be in the order of several thousands displacement thicknesses

[8], [17]. Owen and Klanfer found out that an approximate critical value of Reynolds number is in the

neighborhood of (Rδ∗)s ≈ 400− 500: considering a specific case, if the Reynolds number exceeds this
value, then the bubble will be short, otherwise it will be long [17]. In 1957 Crabtree [23] confirmed some of

the hypotheses suggested by Owen and Klanfer and found out that if the boundary layer Reynolds number

based on displacement thickness at separation is greater than 450, then the bubble will be short, and if this

same Reynolds number is lower than 400 then a long bubble will form. For values of the aforementioned

Reynolds number in the range of 400 to 450, it is unclear what kind of bubble will occur [23]. Gaster [24]

conducted a comprehensive analysis of the bursting process and proposed a two-parameter criterion to

predict changes in the bubble state. The two parameters he found are the momentum thickness Reynolds

number at separation (Rθ)s = (Usθs)/ν, where Us is the freestream velocity at separation and θs the is
the momentum thickness at separation (and not the Reynolds number depending on the displacement

thickness, as previous authors have used), and the non-dimensional parameter PG = θ2s/ν(∆U/∆X),
where (∆U/∆X) is the velocity gradient across the bubble length, between reattachment and separation
[24], [25]. With these two parameters a line can be traced in a plane having on the x-axis the separation

Reynolds number and on the y-axis the PG coefficient: this line is usually called ”Gaster’s bursting line”.

Usually the line starts at PG = −0.09 and a Reynolds number of around 125, which is the point where
separation start to occur [8], [11], [24]. Gaster also theorized a sort of feedback mechanism between the

bubble and the pressure distribution upstream of the bubble. As the freestream velocity is decreased, the

perturbations on the pressure distribution caused by the bubble increase as the bubble expands, and they
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increase in such a way that the boundary layer Reynolds number at separation is decreased, leading to

a further increase in bubble size. This feedback loop continues until bursting occurs [8], [24]. In more

recent years, Diwan et al. [26] introduced a single parameter criterion using the non-dimensional quantity

PDCR = h2/ν(∆U/∆X) which comprises the maximum bubble height (h) as an influencing parameter.
The authors found that bursting is likely to happen when PDCR < −28 [25], [26]. All the aforementioned
works highlight the complexity of bursting and show that this phenomenon is still not completely understood.

Qualitatively, bursting occurs when a reduction in vortex shedding occur or when strong upstream

perturbations ”interrupt” the vortex shedding on the bubble altogether, thus breaking the mechanism

responsible for the movement of momentum close to the wall and shear-layer reattachment [27]. Hence,

with the disappearance of the reverse flow region the incoming disturbances will see a reduced growth

and the shear layer will now need more space to transition and, possibly reattach, giving form to a longer

bubble [27]. The reduction in the disturbances growth and the stabilization of the boundary layer is

related to mean flow deformation (MFD): the mean flow in the aft part of the bubble is changed due

to disturbance-induced MFD which in turn provokes a global change in the pressure distribution. The

boundary layer reacts accordingly to the change in pressure and in such a way that the separation point

moves downstream. Consequently the distance of the separated shear layer from the wall decreases and

causes the stabilization of the laminar part of the bubble in respect to convectively amplified disturbances

[19]. However, at some point the vortex shedding will start to happen again on this longer bubble, as

the disturbances get amplified, bringing more and more momentum in the shear layer. As the vortex

shedding grows in strength, the bubble grows until it reaches its most downstream location. At this point

the mass accumulation inside the bubble caused by the spanwise vortices is not balanced by the mass

discharge through vortex shedding until the vortices breakdown has moved sufficiently upstream. As

this occurs, the LSB shrinks back to the unperturbed state. Also Marxen et al. [19] have noticed that

the essential mechanism for reattachment is not the increases mixing associated with turbulence but

rather the occurrence of large-scale mostly-two-dimensional vortical structures. The fact that mixing due to

turbulence is not necessarily sufficient to cause shear layer reattachment can also be supposed by looking

at turbulent separation bubbles, where the flow does not undergo a laminar to turbulent transition on the

bubble [19]. The bursting of a short bubble will, hence, result in a longer bubble and, to correctly identify

bursting, the features of short and long LSB needs to be clarified. Marxen et al. [19] identified in the

existing literature five essential features of short laminar separation bubbles: (i) limited effect of the bubble

on the flow around the bubble and on the pressure distribution; (ii) the ratio between laminar and turbulent

portion of the bubble being approximately 1.6-3 (where the end of the laminar region is marked by the

onset of nonlinear effects); (iii) almost stagnant flow only in the laminar portion of the shear layer and the

presence of a plateau on the pressure distribution (for long bubbles the plateau extends beyond the point

of shear layer transition); (iv) good agreement of disturbance amplification with linear stability theory; (v)

sudden breakdown to three-dimensional small-scale turbulence. Not all short bubbles will exhibit all these

features but long bubbles will not exhibit at least the first two. It needs to be precised that it is still not clear

if bubble bursting is an unique phenomenon. Evidence in the literature suggest that at least two different

forms might exist: one where the flow is laminar at reattachment and one where the flow is turbulent at

reattachment [19].

It can be seen how bursting is an highly dynamic phenomenon which depends on the stability character-

istics of the laminar separation bubble. Since the LSB topology depends on the boundary layer laminar to

turbulent transition process, which is responsible for momentum entrainment and shear layer reattachment,

it’s natural to expect this will be connected to bursting. Last but not least, even though laminar to turbulent

transition in LSB has been studies in the past, the flow dynamics associate with bursting are still not

completely clear. Thus, both a criterion to predict bursting and an accepted physical explanation for this

phenomenon are currently lacking. [19]

1.1.4. Fundamentals of Boundary Layers and Free Shear Layers Transition
One of the most important fluid dynamic mechanisms behind the formation and the behavior of laminar

separation bubbles is transition. In general, boundary layer transition is a very important and still somewhat

obscure process concerning the passage from a laminar state to a turbulent state. The transition process

consists of different stages that may occur consecutively or in parallel. The transition process is highly

dependent on the conditions of the flow and differs, for instance, in boundary layers and free shear layers.

Usually, in low disturbances environments this process will involve at least three stages: receptivity, linear
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disturbance evolution and non-linear breakdown to turbulence. Receptivity consists in the conversion of

external disturbances in boundary layer disturbances. In boundary layers and free shear layers this stage

does not differs substantially [18]. The stage of linear disturbance evolution concerns the amplification of

small-amplitude perturbations that can follow a modal or non-modal growth mechanism. Modal instabilities

grow exponentially and are unbounded in time and space, while non-modal instabilities grow algebraically

and occur for a limited time or spatial extent, being damped by viscosity [18]. Once the linearly amplified

disturbances have grown to large amplitudes, the non-linear breakdown to turbulence starts, characterized

by the appearance of coherent structures in the flow. Breakdown to turbulence happens when the primary

flow structure reaches a sufficiently large amplitude to create a new instability, called ”secondary instability”.

The secondary instability leads to the rapid disintegration of the coherent structures into small-scale vorticity.

In the final stage of transition, localized instabilities can also occur. The different types of instabilities

are further discussed in Section 1.1.5. Unlike for attached boundary layers, the transition stages are not

necessarily serial: the coherent structures of the non-linear stage can influence the linear process that

occurs upstream, thus affecting the whole process [18]. In the next paragraphs the transition process for

attached boundary layers and free shear layers will be discussed.

Figure 1.5: Transition process viewed from above and from the side. The Tollmien-Schlichting waves, the

spanwise vorticity breakdown and the turbulent spots can be clearly seen. [28]

For what concerns attached boundary layers, above a certain Reynolds number, called ”critical Reynolds

number”, the laminar boundary layer flow starts to become unstable and the small disturbances present get

amplified until the flow reaches an unsteady and disorderly state called turbulence. The process of transition,

as already mentioned, is complicated and yet not completely understood but, if the initial disturbance

spectrum is nearly infinitesimal and random, the process sees some specific distinct phenomena. The

first instabilities that can be identified are two-dimensional instabilities in the streamwise direction called

”Tollmien-Schlichting waves” (TS waves), which are the first infinitesimal indication of laminar flow instability

[28]. As the flow progresses these first two-dimensional instabilities start to show spanwise variations

and a tendency to become three-dimensional [28]. Tollmien-Schlichting waves can grow and develop

in different ways: (i) ”in-phase Λ vortices”, having the same wavelength of the TS waves and arising at

fluctuation amplitudes of ≈ 1% of U∞, and are called ”K-type vortices”. They have a spanwise wavelength

of around one half of the streamwise value [28]. (ii) At lower fluctuation amplitudes of ≈ 0.3% of U∞ a
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structure of staggered waves with a peak-following-valley configuration start to appear, and are called

”C-type vortices”. They have a streamwise wave number and frequency which are around half of the ones

of the TS waves and a spanwise wavelength which is about 1.5 times the streamwise wavelength [28]. (iii)

Finally, it exist another type of staggered vortex pattern, called ”H-type waves”, that have a streamwise

wavelength of around double the TS waves wavelength and a spanwise wavelength of around 0.7 times

the streamwise [28]. Then, the aforementioned three-dimensional vortices start to break down, cascading

into smaller units until they become fully three-dimensional fluctuations. In this state, where there are

intense local changes happening at random times and locations, ”turbulent spots” start to appear. These

spots, when viewed from above, look like an arrow-head growing and moving in the flow direction: the

leading edge travels at around 0.9U∞ while the trailing edge at around 0.5U∞ and thus they grow in size

but maintaining the same shape [28]. These growing and intensely turbulent spots entrain the surrounding

laminar flow. Spreading downstream they coalesce into a region where these spots continuously exist.

From this point onward the flow is fully turbulent [28].

Looking at free shear layers, the process is different. While in attached boundary layers the instability

amplification mechanism is viscous, in free shear layers the mechanism is mainly inviscid and relies

on the velocity gradient. Free shear layers are basically parallel fluid streams with different velocities,

and transition is connected to an instability happening at the interface between the fluid streams, called

Kelvin-Helmholtz instability. The basic flow configuration that leads to this type of instability is shown

in Figure 1.6. This instability is caused by the destabilizing effect of shear of amplifying small existing

perturbations, which overcomes the stabilizing effect of stratification [29]. The source of energy required to

generate this instability is drawn by the kinetic energy of the two streams [29]. The disturbances evolve to

even out the gradients until they cannot grow any longer. The process forms vortical structures in the flow

that enhance momentum transport and fluid mixing.

Figure 1.6: Basic flow configuration leading to the Kelvin-Helmholtz instability [29]

The two transition processes discussed above take place contextually in laminar separation bubbles.

The initial disturbances present in the laminar boundary layer ahead of the bubble get amplified with viscous

mechanisms typical of attached boundary layers; after the separation point, the disturbances continue to

grow due to viscosity and velocity gradient, getting closer and closer to the transition process typical of

free shear layers as the separated boundary layer gets further from the surface. Hence, the importance of

being able to understand both transition mechanism in order to predict the behavior of laminar separation

bubbles.

1.1.5. Unsteady Flow Behavior of Laminar Separation Bubbles
It can be seen how transition is a complex and poorly predictable process and different factors, for instance

freestream turbulence, can significantly alter the process. In the scenario involving a laminar separation

bubble the transition of the shear layer initiates with the amplification of the minuscule three-dimensional

disturbances present in the freestream and that get entrained in the boundary layer. These disturbances

already start to get amplified within a band of unstable frequencies in the adverse pressure gradient

region well before the separation point and their growth can be approximated as linear [1], [30]. This

initial stage of transition is characterized by the exponential growth of these disturbances and ends when

the amplitude of the disturbances have increased such that non linear behaviors start to occur [1]. In
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two-dimensional boundary layers exposed to adverse pressure gradients (as it is the case for LSB), the

initial disturbances in the flow are three-dimensional but usually only the two-dimensional disturbances get

amplified, forming structures similar to Tollmien-Schlichting waves. Many studies [1], [19], [31]–[33] have

shown that these non-linear interactions lead to the formation of coherent structures that significantly affect

the bubble characteristics. The continuous growth of these initial disturbances at some point ”saturates”

and they evolve into two-dimensional spanwise vortical structures, the coherent structures mentioned

above. This causes the separated shear layer to roll up into vortices that are shed at the same frequency

of the most amplified disturbances [1]. The nature of the instability amplification mechanism on laminar

separation bubbles is twofold: in the boundary layer the primary mechanism is viscous, or in other words

viscosity is the responsible for the formation of shear; on the other hand, in the free shear layer the

instability amplification mechanism is mainly inviscid and the main drive is the velocity gradient. In a

laminar separation bubble these two mechanisms are combined. In fact, upstream of the separation

point the instabilities are viscously driven, while after separation the mechanism start to become inviscid

and connected to a Kelvin-Helmholtz instability: as the shear layer gets further from the surface the

instability mechanism gets closer to a purely Kelvin-Helmholtz driven mechanism. As said before, the

initially two-dimensional instabilities gets amplified up to the point at which they cannot grow more and

they become spanwise vortices. These two-dimensional spanwise vortices, usually called ”rollers”, start to

appear at the location where the Kelvin-Helmholtz instability wave reaches the maximum amplitude [31],

[32]. The evolution of the rollers is characterized by strong unsteadiness and three-dimensionality [1]. The

rollers, in the area of the transition point, start to see spanwise deformation and the formation of slight

streamwise ”bulges” (when seen from above) as can be seen in Figure 1.7.

Figure 1.7: Contours of chordwise velocity over a NACA 0018 airfoil at α = 5 deg and Re = 100, 000. The
thick dashed lines represent the spline fit to the center of two selected spanwise structures, the dashed

line shows the mean transition point, and the dotted line shows the mean reattachment point. Flow

direction is from top to bottom. [1]

These spanwise undulations get amplified as the rollers move downstream and start to significantly

deform them, ultimately leading to vortex breakdown [1], [31]–[33]. At this stage of the vortex development,

some streamwise-oriented vortex filaments connecting subsequent rollers, start to appear: these vortex

filaments are called ”braids” [1], [33]. It has been suggested that secondary instabilities in the braid region

are responsible for the rapid breakdown of the vortices into turbulence [1], [33]. Marxen et al. [33] classified

the instability mechanisms into three main types: a primary global instability, a secondary instability and a

highly localized instability. For what concerns the primary global instability of the whole bubble, a minimum

amount of reverse flow is necessary (in the order of 10− 20% of the freestream velocity [27]) and it has

a very low typical frequency. The spanwise length of this instability is typically in the order of size of the

vortex inside the LSB [33] .The secondary instability regards the vortices shed from the bubble and it is

already active in the region of vortex formation. This instability is in the order of the diameter of the shed

vortices and it does not alter the topology of the whole LSB [33]. For spanwise vortices there are two
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Figure 1.8: Chordwise velocity field. On the right, close up of the footprint of the streamwise vortex pairs

in the x-z plane and their associated flow structure in the y-z plane. Flow direction in the z-x plane is from

top to bottom. [1]

separate secondary instability mechanisms: elliptic and hyperbolic. The elliptic instability has the effect

of yielding a spanwise deformation of the vortex cores while the hyperbolic instability concerns the flow

between two consecutive vortices, and is responsible of the three-dimensionality of the braids [33]. The

highly localized instability happens on the smallest scale and affects localized region of the shear layer [19].

It has been noted that after the formation of the rollers these vortical structures can sometimes coalesce

in one structure, which is then separated from the closest downstream vortex by approximately double

the wavelength that would be found between two non-merged rollers, as can be seen from Figure 1.9.

However, a relatively small fraction of rollers end up coalescing and thus rollers merging is not a strongly

periodic phenomenon [1]. For what concerns the convective velocity of the rollers, it has been seen that

the ratio between the convective velocity and the edge velocity Uc/Ue is comprised between 0.3 and 0.5

and the rollers increase their convective velocity as they approach the mean reattachment point [1].

An interesting aspect concerns the ratio between the spanwise and chordwise wavelength of the

rollers λz/λx which has been noticed to be around 2. Studies have found different values of spanwise to

streamwise wavelength, such as 2.4 [19], 2.0 [1], 2.5 [31], 2.1 [32], 1,94 [34]. More specifically, Michelis

et al. [32] have found that the normalized characteristic wavelengths λx/δ
∗
s and λz/δ

∗
s (where δ∗s is the

boundary layer displacement thickness at separation) are respectively in the order of 14.7 and 30.2.

Observing this sequence of rollers development and breakup it can be noticed an overall flapping motion of

the shear layer at a very low frequency, and, at the same time, low frequency excursions of the reattaching

surface in the streamwise direction. In other words, the laminar separation bubble contracts and expands,

mainly in its aft part [35], [36]. The overall behavior of the shear layer, and thus the flapping motion, is

affected by the random incoming perturbations. However, despite the recorded presence of low frequency

unsteadiness in LSB, the physical mechanism behind it remains not completely clear [36]. Malmir et al.

[36] have suggested that the flapping motion of the bubble could be due to an array of spanwise alternating

streaks. The passage of the streaks in the reattachment regions reduces the overall bubble size while in

the absence of streaks the bubble is permitted to grow. Thus the low frequency fluctuations of flapping

correspond to the time it takes for the streaks to form, amplify and pass over the LSB. Malmir et al. [36]

found that the flapping occurs at a Strouhal number of around St ≈ 0.08.

After the breakup of the rollers starting from the spanwise undulation, it seems that spanwise vorticity

is reoriented in the streamwise direction, leading to the formation of pairs of counter-rotating streamwise-

oriented vortices [1]. These streamwise vortices are another responsible mechanism of entrainment of

high-momentum fluid toward the surface and the ejection of low-momentum fluid away from the surface

[1], [37]. This mechanism can be seen in Figure 1.8 with the formation of alternating regions of high and

low chordwise velocities [1]. Moreover, these streamwise vortices are responsible of the lift up from the

wall of the spanwise shear layer vortices [1]. The onset of the streamwise vortices is closely connected to

the reattachment of the shear layer, due to the momentum exchange that they drive and quickly results
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in rapid distortion and breakup of the structures as the turbulent boundary layer develops. Thus, both

the rollers and these streamwise vortices, since they manifest themselves in the reattachment area, are

responsible for the reattachment process of the shear layer.

After having analyzed the behavior of the instabilities over a LSB it can be seen that the formation and

evolution of the shear layer vortices and their breakdown into turbulence bear similarities with the transition

process in attached boundary layer and in free shear layers. In the former, the transition process concerns

the formation of TS-waves, their spanwise deformation, the formation of Λ structures and subsequently

of turbulent spots that rapidly spread. In free shear layers transition is related to Kelvin-Helmholtz roller

and to their spanwise deformation and breakdown which is responsible for the energy redistribution at

smaller scales. Thus, it can be seen how in the later stages of transition on a laminar separation bubble

these two mechanisms are combined [1]. Another important aspect which is worth to discuss in order to

understand the evolution of the vortical structures is to relate the spanwise deformation of the shear layer

vortices and their streamwise evolution by computing the spanwise coherence length lz. This quantity can
be helpful when assessing the noise emissions related to a LSB that forms close to the leading edge of

an airfoil. In the vicinity of the mean transition point, lz usually reaches the maximum values (lz/c ≈ 0.12
is a good reference value [1]), and soon after it rapidly decreases due to the spanwise deformation and

breakup of the vortical structures. The minimum of spanwise coherence is reached just downstream of the

mean reattachment point (with values of around lz/c ≈ 0.01 [1]). This also confirms the breakup of the
main rollers in small-scale turbulence.

Up to this point it has been considered the case of non-zero freestream turbulence, which is repre-

sentative of real scenarios. In general, in the absence of external disturbances only self-excited flow

instabilities can initiate the transition process [38]. It has been assumed that this self-excited mechanism is

originated by regions of absolute instability, such as a global oscillator, leading to synchronized oscillations

across the LSB that eventually initiate the self-sustained shedding of spanwise vortices [38]. Subsequent

secondary instabilities of the vortices would lead to three-dimensionality of the vortical structures and

transition to turbulence [38]. To predict the onset of absolute instability the peak reversed flow velocity in

the LSB scaled with the freestream velocity (urev) can be used. The threshold for the onset of the instability

have been suggested to be urev ≈ 16 − 20% [38]. Also, an approach considering global eigenmodes

can be applied, leading to the identification of a three-dimensional temporally amplified eigenmode. This

instability is of centrifugal nature and was found to become unstable for two-dimensional bubbles with a

peak reversed flow of urev ≈ 6 − 8% (substantially lower than for the global instability) [38]. This leads

to the conclusion that two-dimensional separation bubbles would become three-dimensional prior to the

onset of vortex shedding and that this instability would produce spanwise-periodic modulation of the bubble

[38]. Numerical simulations have been performed in the case of zero freestream turbulence. One of such

investigations is the one by Hosseinverdi & Fasel [37] which have run direct numerical simulations (DNS) on

a flat plate. They found that after the laminar boundary layer separation and after the creation of a smooth

separated shear layer there are some vortical structures confined in the inner region of the boundary

layer. Downstream these vortices are lifted in the shear layer and three-dimensionality start to appear with

the formation of ”legs”, counter rotating vortices, that protrude towards the wall. Proceeding even more

downstream, the aforementioned legs touch the wall and start to fill out the boundary layer in the spanwise

direction. These spanwise oriented structures result from the two-dimensional disturbances associated

with the Kelvin-Helmholtz instability of the mean flow profile. Shortly after the shear layer undergoes

transition, it is then followed by the shedding of strong coherent clockwise vortices and finally the shear

layer reattaches to the surface. Near the reattachment area the large scale vortices have penetrated the

boundary layer: these vortices maintain coherence in the spanwise direction at first but are then destroyed

further downstream. Thus, in the case of zero freestream turbulence transition is delayed and coherent

structures persist even downstream of reattachment and do not get quickly destroyed as in the case of

non-zero freestream turbulence.

All this being said, it’s important to keep in mind that the investigation of laminar separation bubbles is

strongly dependent on the conditions selected: pressure distribution and the type and level of perturbations

present in the boundary layer upstream of the bubble will significantly affect the results.

1.1.5.1.Spectral Content of Wall Pressure Fluctuations

Since laminar separation bubbles are highly unsteady phenomena, it is worth to analyze the spectra of the

wall pressure fluctuations to properly investigate their dynamic behavior.
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Figure 1.9: Contours of spanwise vorticity. The solid lines visualize the vortices and the dashed lines

connect the same structures [1]

Far upstream, close to the leading edge of the airfoil, the frequency spectrum does not show the presence

of dominant frequencies. Moving downstream towards the separation area the disturbances will start to

amplify within a certain frequency band centered at a specific frequency called ”central frequency” [39].

The disturbances are amplified in the shear layer and further growth of disturbances results in fluctuations

of higher amplitude and lower periodicity [40]. Further downstream the energy content broadens across a

wider range of frequencies denoting laminar to turbulent transition and the breakdown of the spanwise
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Figure 1.10: Power spectral density of wall pressure fluctuations. Mean separation point x̄s = 1.76, mean
reattachment point x̄r = 3.80 [36]

vortical structures created by the shear layer roll up [36], [39], [41]. Beyond this point only a weak signature

of fluctuations appear within the unstable frequency band, thus signaling the presence of turbulence flow

[1], [39]. Considering the lower end of the frequency spectra, it can be seen that disturbances will start to

amplify around the separation location, suggesting that low frequency upstream disturbances exist ahead

of separation and are selectively amplified by the adverse pressure gradient and by the bubble itself [36].

Malmir et al. [36] investigated the dynamic phenomena on a LSB on a flat plate using DNS. Their work

shows the presence of a peak centered at a Strouhal number of St ≈ 0.08 in the separation area and that
continues to grow up to the reattachment area, persisting also far downstream. They linked the persistence

of this low frequency with the advection of coherent structures downstream. Malmir et al. [36] also noticed

the presence of a higher frequency peak centered at St ≈ 1.52 that begins to emerge and amplify between
the separation and reattachment areas and that can be linked to vortex shedding. This peak rapidly decays

in the reattachment area, unlike the low frequency peak, due to the rapid breakdown of the spanwise

vortical structures in that area. Both peaks on the frequency spectrum can be seen in Figure 1.10. On

average the vortex shedding frequency matches the central frequency of the unstable frequency band,

hence, in the case of natural, uncontrolled transition, the central frequency of the band gives the most

probably time scale for shedding: however, the shedding varies from cycle to cycle in a probabilistic way

within the bounds of the unstable frequency band [39]. It has been seen that the shedding frequency

increases linearly with increases in angle of attack due to the shrinking of the bubble [39]. Figure 1.11,

from the work of Kurelek et al. [1], shows a similar image to the one depicted above: the presence of a

low frequency peak that persist far downstream, the presence, already before the mean transition point

(xt/c = 0.40), of a peak centered around the central frequency of the unstable band, and the broadening
of the unstable band after the mean reattachment point (xr/c = 0.48) can all be seen in the image.

The one discussed above is a general case of the spectral content of a LSB with natural, uncontrolled

transition. Each case will show differences depending on the test conditions.

1.1.6. Measuring Techniques of Laminar Separation Bubbles
Looking at the existing literature on experimental studies of laminar separation bubbles (for instance on

the Scopus database) the vast majority of the researches employed particle image velocimetry (PIV) to

characterize mean and instantaneous behavior of LSB. PIV can be a powerful tool because it allows the

visualization of the flow velocity vector, is useful to study the velocity fluctuations and the vortex dynamics,

and, at the same time, it gives the possibility to study the mean flow behavior by superimposing multiple

instantaneous measurements. Despite being a powerful technique, PIV also have some disadvantages,

most notably regarding the setup: the PIV setup is complex, requiring optical access to the test section,
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Figure 1.11: Spectra of wall pressure fluctuations. Each spectrum is stepped by an order of magnitude for

clarity. Non dimensional frequency f∗ = f/U∞, central disturbance frequency f∗
0 . [1]

powerful lasers, optical lenses, cameras, and a way to introduce seeding in the test section, not to mention

the inherent difficulty of obtaining reliable measurements close to the surface. Apart from the challenges

related to the set up of the experiment and the cost of the equipment, it needs to be bore in mind that the

use of high power lasers and seeding can pose hazards and contaminate or damage the test facility.

Another velocity-related measuring technique is hot wire anemometry. Hot wire anemometry (HWA)

can be extremely useful when the velocity magnitude and fluctuations needs to be measured in specific

regions of the flow, with high accuracy and frequency resolution. Moreover, it can prove useful when

performing measurements along the normal direction to the surface inside the LSB. Albeit small, however,

hot wires are more intrusive than other techniques and their use becomes less justified as the number of

measurement locations increases, or when the evolution of a flow structure must be monitored in both time

and space. In such cases, surface hot-wire anemometry can be advantageous, as it allows simultaneous

recording from multiple hot wires distributed over a surface. In general, the main drawback of single-wire

hot-wire anemometry in the study of laminar separation bubbles is its inability to resolve flow direction,

as well as the fact that it can only measure the velocity component perpendicular to the wire. As a result,

identifying flow recirculation within the bubble can be particularly challenging, since the reversing motion

and multidirectional nature of the flow are not adequately captured by hot-wire anemometry. Multi-wire

probes can be used to assess the flow directionality.

The second most common experimental technique when measuring laminar separation bubbles is

related to wall pressure measurements. When only the mean flow behavior of the bubble is investigated,

wall taps to measure the static pressure are sufficient. They provide information about the mean dimension

and location of the bubble by looking at a pressure coefficient plot. However, being the LSB highly unsteady

phenomena, this technique only provides little information and measuring techniques capable of capturing

wall pressure fluctuations need to be used. In this case flush mounted or cavity mounted microphones

are the most common measuring device. Depending on the working principle, on the head size and on

the mounting type, microphones can provide excellent dynamic response and can resolve the pressure

fluctuations associated to small scale vortices. Usually, measuring the wall pressure is a much easier

experimental task than measuring the flow velocity with PIV but it also comes with some disadvantages and
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challenges. Most notably, since the microphones needs to be installed inside the model, the challenges

concern the drilling of the taps on the model surface and the placement of the devices and electrical wiring

inside the model. This can prove complicated, if not impossible, in areas such as the trailing edge of

airfoils.

Among wall pressure measuring techniques, a promising device is represented by piezoelectric foils

or ”piezofoils” which work by relating the electric charge accumulating on its surface to the pressure

applied. Their characteristics and working principles will be explained in detail in Section 1.2.3 Their use in

laminar separation bubbles is still relatively unexplored, especially in subsonic flows but they promise to

solve some of the challenges associated to particle image velocimetry and microphones. Most notably

piezofoils require minimum space inside the model (just the space for some electrical wires and small

circuitry) as the foil itself is glued on the external surface of the model, greatly reducing set up complexity

and enabling measures in areas of the model with low internal volume. Its low thickness and flexibility

allows to closely follow the surface shape and to avoid interferences with the flow. Moreover, if properly

designed and shielded against electromagnetic interference, its spatial resolution and dynamic response

can be comparable to that of microphones. Last but not least, cost is orders of magnitude lower than

PIV or microphones, techniques that require investments in the order of tens of thousand of euros, when

measuring and investigating the same phenomena in a similar experimental setup.

Hence, a measuring technique capable of measuring wall pressure fluctuations over a wide area at

low cost and low set up complexity is currently lacking. This uncovered experimental segment could be

filled in with the use of piezofoils. Since LSB are phenomena taking place over large areas with different

streamwise and spanwise unsteady pressure imprints and whose investigation would benefit of a technique

capable of assessing the pressure imprint over a larger area, the piezofoil seems a promising candidate

for such studies.



1.2. Unsteady Pressure Measuring Devices 17

1.2. Unsteady Pressure Measuring Devices
In order to have a a complete understanding of the fluid flow under consideration, fundamental quantities,

such as pressure, temperature, density, flow velocity vectors, must be measured or computed. In an

experimental setup, a direct measurement of density is very often impossible and the velocity can be easily

determined from measures of total and static pressure (even though flow velocity can be measured in many

other ways, such as hot wire anemometry and particle image velocimetry). Therefore, experimentally, it’s

quite common to only measure temperature and pressure to retrieve all the other quantities [42]. Hence the

reason why many different types of pressure measuring devices exist. Since laminar separation bubbles

are an highly dynamic and unsteady phenomena, to analyze the flow behavior the pressure trend over time

needs to be recorded. Different devices can be used to measure the pressure fluctuations happening over

time: the present chapter will give an overview of such devices, their functioning and their characteristics.

1.2.1. Pressure Transducers
Pressure transducers are devices that provide and electrical response to a pressure or changes in pressure.

Many different types of pressure transducers exist based on the principle they use to measure pressure.

Pressure transducers are often miniaturized, in order to be placed within the model to be tested and

can measure both steady and unsteady pressure and are the most used pressure measuring device in

experimental facilities. Pressure transducers require an initial calibration and frequent calibration checks

to maintain the required accuracy [43]. The devices that only measure the fluctuating part of pressure are

called ”microphones” [42]. Thus, in this chapter, the different types of microphones will be analyzed.

There are several categories of microphones, for instance: piezoelectric, capacitive, resistive. Piezo-

electric transducers take advantage of the piezoelectric properties of certain materials to generate an

electric potential difference between two surfaces when subjected to a force (more on piezoelectricity will be

explained in Section 1.2.3). Piezoelectric transducers don’t have a response to zero frequency, hence they

cannot measure stationary or slowly varying pressures. Roughly they have a pressure range going from 102

Pa to 109 Pa and a maximum frequency response of around 300 kHz [44], [45]. Piezoresistive transducers

utilize semiconductors, such as silicon crystals, that show a change in resistivity when deflected (similarly

to strain gauges). The silicon crystal is at the same time the element that deforms and the transducer

[44]. They can have different dimensions and a frequency range that can arrive to several kHz [44]. The

transducers produced by the brand ”Kulite” mostly use this technology. Their sensors are composed by

three layers of different silicon types: the first layer is the pressure sensitive diaphragm which deforms

under pressure, the second layer provides dielectric isolation and the third layer contains four silicon strain

gauges patterned in a Wheatstone bridge configuration that sense the change in resistivity when the

silicon deforms [46]. A common Kulite transducer of this type is the XCQ-093-10D which has a pressure

range from 0 to 700 kPa and a frequency range that goes from 0 to around 20 kHz [47], [48]. Capacitive

transducers, also called ”condenser microphones”, are the most used measuring device for dynamic

pressure measurements. They work by measuring the change in capacitance in a small air gap between

two electrically charged metallic surfaces. One of the two surfaces is rigid and the other one flexible and is

subjected to the pressure fluctuations [42]. Capacitive transducers cannot measure steady pressure. They

have a wide frequency response ranging from a few hertz to 100 kHz, a large dynamic range capability,

and they are quite rugged [43], [49]. A common condenser microphone is the Brüel & Kjær type 4180: it

has a frequency range from around 2 Hz to 20 kHz and a dynamic range going from around 224 µPa to 2
kPa (corresponding to a range going from 21 to 160 dB) [50].

1.2.2. Pressure Sensitive Paint
Pressure sensitive paint (PSP) is an optical method through which surface pressure can be related to

the local oxygen concentration in the air. Pressure sensitive paint consists of a luminescent dye and an

oxygen permeable binder. When the paint is excited by light radiation three different effects can take place:

a part of the incoming light is re-emitted with a different wavelength (fluorescence or radiation), part of the

incoming light is transformed into internal energy (internal conversion), and part of the incoming energy

excites oxygen molecules (oxygen quenching) [44]. This last mechanism is the one mainly responsible for

the basic functioning of this measuring technique: in fact, when oxygen quenching happens no photons

are emitted. It can be easily seen that in presence of higher amounts of oxygen molecules, and thus at a

higher pressure, luminescence is reduced: in other words, the higher the oxygen partial pressure, the less

the paint glows [51]. Hence, the pressure distribution on the surface can be traced by looking at how the
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intensity of the light emitted changes [44], [51]. Pressure sensitive paints present many advantages: they

allow the continuous measurement of pressure on the whole surface; their intrusiveness is minimal, the

time and cost to prepare the model is lower in respect to other pressure measuring techniques (where

orifices needs to be drilled and transducers inserted into the model) [51]; they provide high resolution data,

only limited by the resolution of the acquisition system [44]. The PSP response time is directly proportional

to the square of the paint thickness on the surface and inversely proportional to the diffusion coefficient of

the binder, and in general, is quite low, in the order of 20 Hz [51]. The usual pressure range of PSP goes

from 0 to around 200 kPa [52]. More recently, the so called ”fast PSP” have been able to achieve frequency

response in the order of the kHz by creating a porous binder to facilitate oxygen diffusion and enable faster

interaction between the oxygen and the excited luminescent molecules [53]. Another characteristic of PSP

is the requirement of a precise calibration procedure. Calibration is done in order to retrieve the necessary

constants to relate the luminescence intensity with the pressure [49]. Two different types of calibration

are usually employed: in a calibration chamber where paint samples are tested at carefully controlled

values of pressure and temperature and in situ calibration using conventional pressure taps, to provide

known pressures, and thermocouples for temperature readings applied directly on the model [49]. Usually,

after the in situ calibration procedure the paint is used right away (often the model is directly sprayed in

the test section to reduce installation time) because PSP is sensitive to aging: this means that the paint

changes its properties with time, because the environment around the individual molecules changes with

time, leaving some luminous molecules that are unable to be quenched [51]. This introduces an offset in

the luminous signal and an error in the results. Moreover, the paint employed in the in situ calibration is

the same paint that is being used: this makes sure that impurities in the paint, different paint compositions

or unevenness in the paint thickness can affect the results [49].

1.2.3. Pressure Sensitive Foils
Pressure sensitive foils are rather new measuring devices that utilize piezoelectric polymers and which

allow the measure of pressure fluctuations by converting the voltage that accumulates over them to a

pressure reading through a calibration curve. The present chapter will touch on the basic principles behind

piezoelectricity, analyzing the working principles behind the piezoelectric polymers and their applications,

before focusing on the specific device that will be used during this work: the piezofoil.

1.2.3.1.Piezoelectric Materials

Piezoelectric materials have been known since 1880, year in which the Curie brothers discovered piezo-

electricity while working on crystals [54]. The word ”piezoelectric” comes from Greek, where ”piezo” means

”pressure”, and thus ”piezoelectricity” means ”pressure electricity”, in other words, ”electricity that results

from pressure”. In piezoelectric materials, applying mechanical stress makes electrical charges appear on

the material, and thus a voltage which is proportional to the applied load. This effect is called ”piezoelectric

effect” or ”direct piezoelectric effect” [54]–[56]. However, in piezoelectric materials, the opposite is also true:

when an electric field is applied to the material, mechanical strain will be generated according to the polarity

of the applied electric field and proportional to its strength. This effect is called ”inverse piezoelectric

effect” and was experimentally confirmed by the Curie brothers in 1881 [55], [56]. The direct and inverse

piezoelectric effects are schematized in Figure 1.12. Piezoelectric research already saw some impulse

with the discovery of ferroelectricity of the Rochelle salt in 1920 [55], [57]. Ferroelectric materials have

a spontaneous polarization, even when there is no applied external electric field, and their polarization

can be reversed by the application of an electric field [57]. Piezoelectricity and ferroelectricity are closely

related properties of a material: piezoelectric materials are ferroelectric materials in which the ferroelectric

behavior does not appear above a certain temperature. Below this temperature a ferroelectric transition

takes place and thus the ferroelectric state is at the same time a piezoelectric state [57].

Research on ferroelectric and piezoelectric materials really gained momentum with the discovery of

barium titanate (BaTiO3) in 1945, material that has a perovskite structure with which confer it outstanding

ferroelectric properties [55], [57]. Thus piezoelectric materials with a perovskite structure represent the

best candidates for a wide range of applications that will be discussed in a subsequent chapter [55].

Piezoelectric materials can be categorized as natural or manmade: materials like quartz, topaz, Rochelle

salt, tourmaline have natural piezoelectric properties and thus are categorized as natural; on the other

hand, ceramics like barium titanate (BaTiO3), lithium niobate (LiNbO3), potassium niobate (KNbO3) or

polymers like polyvinylidene fluoride (PVDF) are categorized as manmade.
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Figure 1.12: Direct and inverse piezoelectric effect [58]

1.2.3.2.Working Principles of Piezoelectric Polymers

As already introduced in Section 1.2.3.1 piezoelectric materials are able to develop an electric charge

proportional to the mechanical stress applied and, vice versa, are able to deform when an external voltage

is applied. This behavior holds for all sort of piezoelectric materials, including the piezoelectric polymers.

Among these, the most common and used is polyvinylidene fluoride (PVDF) which is made from a non-

reactive thermoplastic fluoropolymer, having a semicrystalline structure consisting of long-chain molecules

[54]. The molecules constituting PVDF are carbon, which constitutes the molecule’s backbone, fluorine,

which is electronegative, and hydrogen, electropositive. Fluorine and hydrogen form dipoles in the molecule

and thus, each chain possesses a dipole moment perpendicular to the polymer chain [54], [59]. If the

long molecular chains crystallize in parallel rows, and in the ferroelectric state, then the dipoles present in

the chains will align along a crystalline axis leading to a macroscopic polarization, as can be seen from

Figure 1.13 [54].

Figure 1.13: PVDF molecular structure, showing the alignment of the dipoles [60]

The crystalline phase of PVDF present five crystal polymorphs: phase I or β − phase, phase II or

α−phase, phase III or γ−phase, δ, ε, which depend on the crystallization conditions. β−, α− and γ−phases
are the most frequent crystalline polymorphs of PVDF [61]. α− and β − phases are the most interesting
due to their unique properties. The α − phase has a molecular chain with fluorine and hydrogen atoms
alternating on each side of the chain and is the most thermodynamically stable phase but it’s non-polar

due to the antiparallel packing of the dipoles within the unit cell; the β − phase, on the other hand, shows
the highest dipolar moment per unit cell and thus has the highest piezoelectric coefficient. Hence, when

piezoelectricity is the wanted property, the β − phase should be promoted as much as possible in the

material [54], [61].

Another important consideration related to piezoelectricity concerns the symmetry of the crystal structure.

Fundamentally, piezoelectricity arises due to the displacement of atoms within non-centrosymmetric unit

cells, and in it quite easy to imagine in case of materials with a regular crystal structure like ceramics.

However, polymers consist of longmolecules and have areas where the polymer chain can form small crystal
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structures which are surrounded by the amorphous matrix of the remaining polymer chains and thus, it’s not

immediately clear if the same model of piezoelectricity can be applied [62]. Nonetheless, the requirement

of non-centrosymmetry still holds to piezoelectric polymers and can be explained with Neumann’s principle:

the principle states that the symmetry of a material must be represented by the symmetry of its properties,

and the statement is true for all material properties including the piezoelectric properties [62]. This principle

leads to the conclusion that a centrosymmetric material cannot be piezoelectric or, in other words, that

overall the material cannot contain a center of symmetry if it is piezoelectric [62]. When the polymer

crystallizes, multiple crystalline region will appear, exhibiting a random orientation distribution. Similarly as

the random distribution of polymer chains which is isotropic, the random distribution of crystal structure is

also isotropic and thus it will have a center of symmetry. To remove the center of symmetry, it’s necessary

to generate some anisotropy in the material and different processing methods are available. One common

method concerns the stretching of the polymer to several times its original length and it’s called drawing.

During the stretching the polymer chains align with the drawing direction and this also aligns the crystalline

regions in the amorphous matrix, yielding a polymer which is radially symmetric about the drawing axis

[62]. The drawing of the polymer results in a strain-induced phase transition to the β − phase, which is
known to enhance piezoelectricity [62]. Some copolymers spontaneously crystallize to the β − phase, and
thus, in theory, they would not require drawing: however, in many cases it’s performed anyway in order to

enhance the β − phase content and increase piezoelectricity [62]. Another method to introduce anisotropy
is electrical poling, process in which a large electric field (300 kV/cm [63]) is applied to align the dipoles

in the structure of the material [62]. Poling is only possible in ferroelectric materials, that is materials

which have a residual polarization that can be switched using an electric field. Polycrystalline ferroelectric

materials are usually isotropic, hence without piezoelectric properties, and thus poling is required to align

the dipole moments in the material, removing the center of symmetry and enabling piezoelectricity [62].

Usually, drawing and poling are both used, and their combination, coupled with the inherent symmetry

elements of the polymer will be determining of the final symmetry of the sample [62].

Knowing that the piezoelectric properties come from the type of crystal structure present in the material,

the piezoelectric effects can be analyzed.

Dk = dkijTij (1.1)

Sij = d∗kijEk (1.2)

Equation 1.1 and Equation 1.2 show respectively the direct and inverse piezoelectric effects, where Dk

is the electric displacement, Ek is the electric field component, Sij is the strain component, Tij is the stress

component, dkij or d
∗
kij are respectively the piezoelectric charge constant and the piezoelectric strain

constant; both of them are called piezoelectric constant or coefficient but they have different units. d is a
third rank tensor coupling the first rank tensor (vector) which is an electric displacement or an electric field,

and the second rank tensor which is a stress or a strain [58]. Usually the subscripts of the piezoelectric

coefficients are expressed with the reduced Voigt matrix notation dkm, where k denotes the component of
electric displacement D or field E in the Cartesian reference frame (x1, x2, x3), and the index m = 1, ..., 6
defines to mechanical stress or strain: m = 1, 2, 3 correspond to normal stresses (or normal modes) along
the axes x1, x2, x3 and m = 4, 5, 6 stand for the shear stresses (or shear modes) T23, T13, T12 [58], [62].

Having said all this, it needs to be acknowledged that not all polymers are piezoelectric and an universal

theory describing piezoelectricity in polymers does not exist at the moment. This is likely due to the fact

that the piezoelectric mechanisms in different polymers are somewhat different [62]. As already discussed,

at a fundamental level the effect arises due to electrical charges within the material and thus, a certain

degree of polarity in the molecule must be necessary, probably related to electronegative elements like

fluorine or oxygen. However, numerous polymers exist that contain fluorine or oxygen and that can be

manipulated to generate the correct symmetry but that still do not show piezoelectric properties. Hence,

the phenomena is likely related to determining how the charges are coupled through the polymer chain

and polymer structure to the external mechanical or electric stimulus [62]. Nevertheless this would require

a titanic effort due to the incredibly intricacies and complexity of polymer systems.
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1.2.3.3.Piezoelectric Polymers

As seen in Section 1.2.3.1, piezoceramic materials are some of the best piezoelectric materials, however,

the piezoelectric behavior is a common property of many polymers, such as fluoropolymers, polyureas,

polyamides, polypeptides, polyesters, and others [62]. Also a wide variety of biopolymers, notably collagen,

cellulose, silk, also have piezoelectric properties, and the extensive presence of piezoelectric properties

in biological materials made researchers think that piezoelectricity was a fundamental aspect of many

biological processes [62]. Polymers with piezoelectric properties have notable advantages over the

ceramic ones due to their flexibility and toughness which make them suitable for applications where

bending and twisting is required [54]. Thankfully, as already stated, piezoelectricity is not restricted to

ceramic materials and it is also observed in some polymeric materials, with polyvinylidene fluoride (PVDF)

the first being discovered in 1969 [62], [64]. PVDF can also be modified at molecular level to form to so

called ”copolymers”, adding different molecules like chlorine (for instance to form P(VDF-HFP)) or just

modyfing the molecular structure increasing the number of atoms of fluorine (as in the case of P(VDF-TrFE))

[59]. Specifically, P(VDF-TrFE) or Poly(vinylidene fluoride-Trifluoroethylene) is a well known and interesting

copolymer which, contrary to PVDF, presents a naturally higher ratio of β − phase in its crystal structure,
which contributes to increase the piezoelectricity of the material (the β − phase is always present also in
PVDF but in lower concentrations) [59]. Other interesting piezoelectric polymers are odd-numbered Nylons

and poly-L-lactic acid (PLLA).

Albeit the above mentioned polymers all show piezoelectric behavior, they show different characteristics.

For example P(VDF-TrFE) and odd-numbered Nylon have both normal and shear modes of piezoelectricity,

PLLA only shows shear modes [62]. Moreover, P(VDF-TrFE) and odd-numbered Nylon need poling before

being able to show piezoelectric effects, while PLLA does not require poling. These differences can be

explained by considering the symmetry of each polymer: the PLLA molecule has a helical structure and

thus, simply aligning the polymer chains is enough to remove a possible center of symmetry that might

be present. On the other hand, P(VDF-TrFE) and odd-numbered Nylon possess a planar conformation

of the polymer chain and thus, aligning them is not sufficient to allow piezoelectricity [62]. Instead the

process to remove the center of symmetry is poling. This process is only possible if the material exhibit

ferroelectric behavior, making possible to manipulate the polarization of the material through the application

of a suitable electric field. The symmetry that is then obtained allows P(VDF-TrFE) and odd-numbered

Nylon to have both normal and shear piezoelectric coefficients [62]. Table 1.1 gives an idea of the actual

draw ratios DR, temperatures T , electric field strengths for poling E and piezoelectric coefficient d. The
draw ratio DR is the ratio of the final to the initial length of the polymer.

PolymerName DR[−] T [°C] E[V /µm] d[pC/N ]

P(VDF-TrFE) 7 150 200 30

Odd-numbered Nylon 4 170 300 3

PLLA 4 80 - 10

Table 1.1: Drawing ratio, drawing temperature, poling electric field strength and piezoelectric coefficient

for three commonly used piezoelectric polymers P(VDF-TrFE), Odd-numbered Nylon, PLLA [62]

1.2.3.4.Applications of Piezoelectric Polymers

Piezoelectric polymers (and piezoelectric materials in general) find countless applications especially in

sensing and actuation devices, and more specifically for medical instrumentation, robotics, ultrasonic,

underwater, biomedics, energy harvesting, etc. This wide variety of applications is closely connected to

their advantages, such as low weight, high flexibility, high sensitivity and bio-compatibility [65].

One promising applications of piezoelectric polymers is as energy harvesting devices. This is due to

the fact that under an external force, the piezoelectrical material deforms and generate a voltage, thus

converting mechanical energy into electrical energy [65]. An interesting application concerns the creation

of a cloth made with PVDF nanofibers which can harvest mechanical energy from human motion, such as

finger tapping, arm movement or footsteps, in order to increase the lifetime of batteries [65], [66]. A similar

device was developed by Mokhtari et al. [67] from a piezofiber obtained using barium titanate nanoparticle

and PVDF and that could be used for the production of smart textiles able to harvest energy from the

human motion. Another application concerns a self-charging pacemaker based on PVDF piezoelectric film
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which converts the energy of the heartbeat in electricity to charge the peacemaker battery. This would

create an effective energy source that would eliminate the need of surgery to change the pacemaker

battery [68]. Taylor et al. [69] developed the ”Energy Harvesting Eel” (Eel) which uses the piezoelectric

polymer PVDF to convert the mechanical flow energy in rivers and oceans to electrical power by making

use of the trailing vortices developing behind a bluff body to strain the piezoelectric elements. Internal

batteries are used to store the energy and the Eel has the capacity of generating from milli-Watts to many

Watts depending on system size and flow conditions. A similar application, but using air as working fluid, is

the one developed by Asghari and Dardel [70] which designed an energy harvester consisting of a beam

with piezoelectric layers on both sides which gets excited by the flow vortices detaching from a cylinder

which is positioned in front of the beam.

Another common application, also related to the energy harvesting, are the physical sensors. The

flexible and wearable pressure sensor used in sensing applications are made of piezoelectric polymers like

PVDF. Often, the polymer is turned into a nanofiber membrane or nanostructures [65]. A very common

application concerns touch pads, for instance in mobile devices, field where PVDF is extensively used. Due

to the accuracy of the piezoelectric based transduction mechanism, to faster fabrication processes and low

material waste, they gained traction over optical, capacitive and resistive transduction mechanisms [55].

Lee et al. [71] developed a very thin film fabricated from PVDF and ZnO nanostructures with graphene

electrodes able to simultaneously measure pressure and temperature measuring changes in pressure as

small as 10 Pa.

Last but not least, a promising sector for the application of piezoelectric polymers is biomedics. Already

in the past decades, implantable medical electronics have been used to enhance the quality of human

life and have been used in many human body parts such as cochlear implants, cardioverter defibrillators,

artificial retinas, cardiac pacemakers, etc [55]. The bio-compatibility and environmental friendliness of

some piezoelectric polymers, make them perfect candidates for the next generation of medical implantable

[55]. For instance, the self-curing polymer polymethyl-methacrylate (PMMA) is widely used for biological

bone repair [55].

1.2.3.5.Piezofoil

PVDF can be extruded into very thin foils, reaching thicknesses of 9 micrometers, making possible the

design of systems characterized by low intrusion and by great flexibility, in order to adapt to the required

shape. The PVDF foil can be coated with a metal material acting as the collector for the charges that are

generated on the polymer’s faces due to the applied load [63], [72]. By choosing a specific pattern of the

metal coating it’s possible to create specific sensing areas which will collect the charges generated by the

piezoelectric layer and will transfer the resulting voltage to the circuitry, which comprises an amplifier, and

the acquisition board [63], [72]. The aforementioned device is usually referred to ”piezofoil”. Moreover, the

piezofoil is characterized by great mechanical strength and the possibility of operating it in a wide range

of temperatures: the maximum range lies between -40 and 150 degrees Celsius, as at 150 degrees the

PVDF starts to melt, but already at lower temperatures the piezoelectric effect starts to decrease, thus

setting an operative limit at around 80-100 degrees Celsius. [63], [72]. Having the PVDF in the piezofoil

a capacitive behavior, the charges collected by the two electrodes slowly cancel each other, thus this

sensor can only measure pressure fluctuations and not the mean pressure field [63]. Being the piezofilm

very sensitive and with a small mechanical attenuation, it has an almost inertialess measurement of the

unsteady surface forces [72].

Hence, the main advantages of piezofoils over the other pressure measuring devices such as the

transducers, concern the far lower manufacturing cost, the simpler installation process and the almost

unlimited freedom the user has in the shape and placement of the sensing areas. This is especially true

when working near the trailing edge area of an airfoil: in that case, finding the space for the pressure

transducers or for the tubing inside the model can be very complicated. On the other hand, the piezofoil

doesn’t require space inside the model, apart for some small circuitry, and has a clear advantage in all

these situations. All this while having a very broad pressure range that can be measured, usually broader

than pressure transducers of the same size, and with high frequency ranges.



1.3. Research Objective and Research Questions 23

1.3. Research Objective and Research Questions
Laminar separation bubbles are highly dynamic and unsteady phenomena taking place when a laminar

boundary layer subjected to an adverse pressure gradient separates from the surface and subsequently

reattaches creating an area of recirculating flow. Following the literature study it has been seen that vortical

structures start to appear in the reattachment area, deforming and evolving as they convect downstream and

later disintegrating into small scale vortices and turbulence; moreover, the separated shear layer oscillates

in a random fashion giving rise to the phenomenon of flapping. Different measurement techniques can be

employed to investigate such vortical structures and their dynamic behavior: particle image velocimetry

is a commonly used techniques but present some disadvantages, namely cost and complexity. Another

common technique concerns the use of pressure transducers to record the wall pressure fluctuations. The

advantage of the wall-mounted pressure transducers is their ability to accurately measure fluctuations at

the wall (which cannot be taken for granted with PIV) but have the disadvantage of having a lower spatial

resolution (especially when considering wide areas) and their installation can pose problems when they

need to be fit in tight spaces. In general, being able to infer the relevant dynamic phenomena from the

wall pressure fluctuations is quite appealing since it simplifies the experimental setup. If the pressure

fluctuations are recorded using a piezoelectric foil, the advantages are even greater and new experimental

possibilities can open.

Hence, the present study aims to relate the surface pressure distribution of laminar separation bubbles

to their dynamic phenomena, namely flapping and vortex shedding. The focus will be on measuring the

frequency and amplitude of the pressure fluctuations in the bubble and characterizing the pressure imprint

of flapping and vortex shedding. Moreover, the study also aims of investigating the best measurement

location to capture flapping and vortex shedding in the separation and reattachment area respectively.

The formulation of the research objective is the following:

Investigate the effects on the surface pressure distribution of the relevant dynamic phenomena

in a LSB employing piezoelectric sensors.

Research Objective

To address the research objective stated above, the following research questions and subquestions

will need to be answered:

How do the pressure fluctuations frequency and amplitude vary in a LSB?

1. What is the streamwise pressure fluctuation distribution in the laminar separation bubble?
2. Can piezofoil and surface hot wires capture shear layer flapping and what is the best

location to capture it?
3. Can piezofoil and surface hot wires capture vortex shedding and what is the best location

to capture it?
4. Do the velocity and pressure fluctuations match in the reattachment area and, in general,

along the length of the LSB?

Research Question
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Methodology

2.1. Wind Tunnel Facility
The Boundary Layer Wind Tunnel of the aerodynamic department of the Technische Universität of Berlin

is a closed-loop, low-speed wind tunnel with a top velocity of 27 m/s and a test section of 0.60 m x 0.43

m x 1.20 m (width x height x length). The test section is made out of wood and has acrylic panels to

allow for optical access. Adjacent to the test section, a three-axis traverse system can be used to position

experimental equipment, including probes and laser-optical hardware. The temperature inside the tunnel

is regulated by a heat exchanger with a cold water supply. During the tests the temperature was held at

around 22°C. The freestream turbulence intensity between 10 and 5000 Hz was below TI=0.14% in the

range of freestream velocities between 8 and 20 m/s. The velocity in the wind tunnel is set and adjusted

knowing the static pressure difference between a set of pressure taps located at the beginning and at the

end of the contraption section. Through a calibration curve, the pressure difference is referred to the flow

velocity, measured with a pitot tube. The error on the set velocity is ≈ +0.68% and ≈ +0.78% at 10 and

20 m/s, respectively. The solid blockage was computed and amounted to 1.5%. Due to the small value

no solid blockage corrections were applied. The test section has straight walls and thus does not take

into account the effect of buoyancy: however, the effect of buoyancy was not corrected, as it is usually

insignificant for wings, as opposed to fuselages and nacelles [49]. The structure of the boundary layer

wind tunnel can be seen in Figure 2.1.

Figure 2.1: Boundary layer wind tunnel of the Technische Universität of Berlin (flow is from left to right in

the test section part) [73]

2.2. Wing Model
The model used during the test was a balsa wood wing spanning the whole test section width with a NACA

0015 airfoil section. The wing had a chord length of 0.2 m and the same span as the test section width,

24
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Figure 2.2

that is 0.6 m. The wing was built in-house at TU Berlin. The instrumentation on the wing includes 28

pressure taps distributed on both the suction and pressure side of the wing that can be connected to

pressure transducers. Moreover, the wing features a ”slot” on one of the sides of 60 mm x 158 mm, where

an instrumented 3D printed plug can be inserted. An instrumented plug with surface hot wires has been

used in the test campaign. The wing angle of attack was set manually using the reading from an electronic

level with a maximum error of 0.1 degrees and, for angles of attack between 0 and 9 degrees the angle

was mechanically set using a pin.

2.3. Surface Pressure Taps
Surface pressure taps are one the most common measurement techniques in wind tunnel testing and

they are used extensively to obtain static pressure coefficient distributions. Depending on the tube length

between the pressure taps and the pressure transducer and on the pressure transducer itself, they can

also be used to investigate the pressure fluctuations.

The wing model featured 28 pressure taps, 19 on the top surface and 9 on the bottom surface,

located on a plane at around z/c=0.4. The pressure taps had a diameter of 0.4 mm and the tube length

between the taps and the pressure transducers was around 1.45 m. The pressure transducers used in the

experiments were All Sensors 1 INCH-D2 P4V-MINI which have a pressure range from -1 to +1 inch of

H2O corresponding to ±249.089 Pa and All Sensors 5 INCH-D2 P4V-MINI which have a pressure range
of ±1244.2 Pa. Five 5-inch pressure transducers were connected to the first five pressure taps while the
remaining pressure taps were connected to the 1-inch sensors. The 5-inch transducers where used close

to the leading edge on the suction side, because the local pressure, at certain freestream velocities, could

drop out of the pressure range of the 1-inch transducers, saturating them.

The sampling frequency and sampling time chosen for the measures were 5000 Hz and 30 s, re-

spectively. Due to the long connecting tubes between pressure taps and pressure transducers the high

frequency fluctuations would have been dampened out and thus, the selected sampling frequency is

relatively low. The 30 s of sampling time guaranteed the convergence of the statistical quantities. The

pressure transducers were calibrated using a Halstrup Walcher KAL 84 pressure calibration device to get

the individual calibration curves and thus, the individual calibration constants.
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2.4. Piezofoil
2.4.1. Design
As already discussed in Section 1.2.3, the piezofoil uses a piezoelectric material that develops electric

charges when strain is applied. The mechanic deformation of the material due to pressure is hence

converted in an electric signal.

The piezofoils were fabricated by screen-printing of a 28µm-thick PVDF foil (PolyK®) on which the

sensing elements were printed with silver conductive ink (Bectron® CP 6667). The PVDF layer lies on

top of the Flex-PCB layer, constituted of a Polyethylene (PE) layer that has been printed with silver ink to

create electrical connection between the sensing elements and the acquisition system. The two layers are

then joined with the 3MTM 9703 anisotropic conductive adhesive, a special adhesive containing dispersed

silver nanoparticles, facilitating electrical conductivity between the Flex-PCB and the PVDF layer [63].

The different piezofoil layers can be seen in Figure 2.3. The sensor production process for the PVDF

and Flex-PCB layers is conducted in the laboratory of Hochschule für Technik und Wirtschaft Berlin. The

production process starts by creating a stencil of the desired pattern and then using it to screen print onto

the PVDF and PE layer with silver ink. After printing, the material is heated to allow the metallic ink to cure

and enhance its electrical and mechanical properties. This process guarantees almost unlimited versatility

in the creation of patterns making it suitable for a wide range of applications. More information about the

piezofoil manufacturing process can be found in the reference by Wang et al. [74].

Figure 2.3: Piezofoil schematics. The actual sensing elements lie on the PVDF layer, while the ink traces

on the PE substrate provide the electrical connection to the amplifier. The 3MTM 9703 has the double

function of keeping the two layers together and allowing electrical connection between ink traces on the

PVDF and on the PE substrate.

In the present investigation, two different piezofoil designs have been employed, both featuring 24

circular sensing elements of 3 mm of diameter each: the first design, referred to as the ”in-line design”,

featured sensing elements evenly spaced along a single line, with 6.5 mm between each element. Spanning

from x/c ≈ 0.21 to x/c ≈ 0.96, it covers almost all the wing chord maintaining nonetheless an acceptable
spatial resolution. The spacing of the sensing elements was validated using pressure coefficient distributions

and found to be adequate for the investigated speeds and angles of attack, as at least six elements were

always located within the laminar separation bubble. The second design, referred to as the ”staggered

design”, was divided into two halves: the part closer to the leading edge only featured 4 sensing elements

distanced 12.5 mm; the part closer to the trailing edge featured the remaining 19 sensors, spaced 2.6 mm

in the streamwise direction and staggered by 4 mm in the spanwise direction. The staggered design was

significantly shorter than the previous one, spanning from x/c ≈ 0.16 to x/c ≈ 0.65. This configuration
allowed for a denser spatial resolution in the half of the wing closer to the trailing edge, region where the

reattachment area would lie for low angles of attack, but still maintaining some sensing elements inside

and before the laminar separation bubble. The two piezofoil designs can be seen in Figure 2.4.

The number of sensing elements was primarily determined by the available amplifier setup, which

included 24 channels, thus setting the maximum number of sensors that could be installed. However, both

piezofoils show 26 circular elements: the first and last elements are not active elements but electrical
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(a) (b)

Figure 2.4: Piezofoil designs used in the investigation. Both designs feature 24 circular sensing elements

of 3 mm of diameter each. First and last circular elements in each design are ground connections. (a)

In-line piezofoil design. (b) Staggered piezofoil design. Shown are the silver ink traces screen-printed on

the PE substrate.

grounds, necessary to have a return path for the 24 single ended channels. For what concerns the sensing

element size, it was chosen keeping in mind the minimum requirements for frequency response and

sensitivity. From a frequency response perspective, the sensing element should have the smallest possible

area to resolve small-scale flow structures. However, reducing the sensor area significantly decreases

sensitivity, and not in a linear manner. Therefore, it was necessary to find a compromise that would

resolve smaller scale vortices while maintaining sufficient sensitivity to detect the relevant flow phenomena.

Previous studies conducted at TU Berlin had investigated sensor diameters between 2 and 4 mm: Wang

et al. [74] found out that the 4 mm diameters sensors exhibit the highest sensitivity with values of around

14µV /Pa, the 3 mm diameter sensors show a sensitivity in the range of 7.7µV /Pa, and the 2 mm diameter

sensors present the lowest sensitivity with around 3.2µV /Pa. Therefore, for the present study, a sensor
side of 3 mm was chosen, offering the optimal balance between frequency response and sensitivity.

While the piezofoil is a relatively non-intrusive measurement technique, it does have a certain thickness.

Given the sensitivity of laminar separation bubbles to flow instabilities, the step introduced by the piezofoil

could potentially act as a source of disturbance. For this reason, the PE substrate at the base of the

piezofoil was wrapped around the leading edge of the wing, until an x/c ≈ 0.12 on the pressure side.

On the other end, the PE substrate ended at the trailing edge. This solution eliminated significant steps

in the flow, thereby minimizing potential disturbances that could affect the laminar separation bubble.
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(a) (b) (c)

Figure 2.5: Shielding process of the piezofoil to attenuate the effects of the electromagnetic disturbances.

(a) Shielded wings surface. (b) Piezofoil and metal tape mask. Kapton tape was applied on the piezofoil to

prevent electrical connection between the piezofoil wires and the metal tape. (c) Shielded piezofoil.

Nonetheless, the 3M 9703 adhesive tape and the PVDF layers didn’t wrap around the leading edge or

arrive to the trailing edge, but their combined thickness was around 50µm. This already low thickness, in

conjunction with the fact that the piezofoil was pressed during installation, brought the thickness to even

lower values and was deemed insufficient to produce relevant flow instabilities.

2.4.2. Shielding and Installation
The piezofoil is a high-impedance device and, as such, is very susceptible to electromagnetic interference,

especially when considering that the test section and the wing are completely made out of wood and that

the pressure fluctuations produced by the laminar separation bubble are quite low, in the order of tens of Pa.

However, the extent to which noise could affect the measurements remains unknown. Previous studies

[63] [75] investigated the performance of the piezofoil in the presence of turbulent separation bubbles under

supersonic conditions (shockwave-boundary layer interaction at Mach 2). In those cases, the supersonic

flow ensured large pressure fluctuations, and the wind tunnels, typically constructed from metal, provided

a relatively clean measurement environment. The results demonstrated that the piezofoil is a promising

measuring device for capturing pressure fluctuations in supersonic flows, however, its behavior in noisier

environments and in the presence of low-amplitude signals remained unaddressed.

In the present study, preliminary investigations are carried out to quantify the effects of electromagnetic

noise. It is found that such noise significantly impacted the measurements, complicating the analysis of

the laminar separation bubble. To mitigate this problematic, two solutions are adopted: first, by shielding

the piezofoil on top and below, and second, by heating the piezofoil from inside the wing, more on this

in Section 2.4.4. Speaking of shielding, three main shielding parts are installed using conductive metal

tape: first, a layer of metal tape is applied on the wing in the same area where the piezofoil is installed;

second, an appropriately cut piece of metal tape is applied on top of the piezofoil to cover the wires coming

from the sensing elements; finally, the adapter between the piezofoil and the amplifier is wrapped in metal

tape. All three pieces are electrically connected and attached to a common electrical ground. Some of the

shielding steps can be seen in Figure 2.5. After gluing the shielded piezofoil on the aluminum tape strip

on the wing, the piezofoil connector is slid through a thin slot on the right side of the 3D printed plug and

connected to the amplifier. The piezofoils sensing elements are located on a plane at around z/c=0.59.

The installed piezofoils can be seen in Figure 2.8.

2.4.3. Calibration
In general, each piezofoil is calibrated in a dedicated calibration chamber prior to testing, to ensure

uniformity in the piezoelectric material and consistency in the sensitivity of the individual sensing elements.

The calibration procedure and the equipment used can be found in the article by Wang et al. [74]. In

this study, however, the calibration chamber cannot be used due to the larger-than-usual dimensions

of the piezofoils. In the past, ball-drop calibrations had been performed, where a small steel ball was

dropped inside a tube and onto each sensing element to provide a known input. This approach proved

to be challenging and not repetitive enough for the present study. An alternative idea would have been

to install the piezofoil on a flat plate and then subject it to a fully turbulent flow. This way, assuming the
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turbulent boundary layer to be produce the same signal on all the sensing elements, a calibration could

have been carried out. However, once the piezofoil is glued to a surface it’s almost impossible to remove it

without damaging it. Therefore, the piezofoils are calibrated on the wing after having installed trip strips

near the airfoil leading edge to provide a fully turbulent boundary layer. The wing has non-zero curvature,

thus the turbulent signal will not be exactly the same for all x/c locations but it was deemed adequate for

the investigation. In any case, previous piezofoil samples realized with the same manufacturing technique,

presented good homogeneity in sensibility between the sensing elements, with older designs exhibiting an

error of around ±8% from the mean values [74] and newer designs exhibiting an error of around ±4% from

the mean value [76], attesting the reliability of the manufacturing process.

2.4.4. Heating
As already stated in Section 2.4.2, with the test section and the subsonic conditions considered in this

study, the signal-to-noise ratio of the piezofoil alone is not sufficient to carry out the analysis of the relevant

phenomena. In addition to the shielding of the piezofoil, a heating source is installed inside the wing with

the goal of producing an heat flux through the piezofoil itself. In fact, the PVDF used in the piezofoil does

not only have a piezoelectric effect but also a pyroelectric effect: the latter is caused by a temperature

difference across the material resulting in a creation of electric charges on the surface of the material [77],

[78]. The test are conducted with a 25°C temperature difference between the piezofoil and the freestream

(∆Tpz−∞), leading to increases in sensitivity of around 20 dB, as can be seen from Figure 2.6.

Figure 2.6: Power spectral density for non-heated case (red) and heated case at ∆Tpz−∞ = 25°C (black).

The two spectra correspond to the same x/c location, where vortex shedding is taking place.

It needs to be kept in mind that the heating of the flow will affect the transition process more or less,

depending on the extent of the heating process. Heating a section of the wing could locally alter the

transition process with the result that different measuring device could see different flow behaviors. To

avoid this issue, some test are carried out to quantify the influence of heating on the flow. Figure 2.7 shows

the influence on the power spectral density (PSD) of different heating temperatures in the case of a 11

m/s flow and with the wing at 4 degrees of angle of attack. From the pictures it can clearly be seen how

increasing the temperature difference between the piezofoil and the freestream air (∆Tpz−∞) the sensitivity

of the device increases, producing far more clean spectra. At the same time, the peaks observed between

x/c = 0.438 and x/c = 0.475, and associated to the laminar separation bubble vortex shedding, become
increasingly pronounced with rising temperature. However, their frequency and streamwise position remain

unchanged, indicating that the transition process is not significantly affected at these temperatures.

2.5. Surface Hot Wire Anemometry
Surface hot wires are measuring devices that consist of thin, electrically heated wires placed flush with a

surface and with a tiny slot underneath. They are used to measure wall shear stress and near-wall flow

fluctuations. Their working principle is identical to standard constant-temperature hot wire anemometry.

An electric current flow through the wire, heating it up, while the Wheatstone bridge maintains the wires

temperature constant; as the wire is immersed in an airflow it gets cooled down by convection, requiring

an increase in voltage to maintain its temperature, as the flow velocity increases. By directing a known

airflow over the wire during calibration, a calibration curve can be generated, allowing the flow velocity to

be determined.
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(a) (b)

(c) (d)

Figure 2.7: Effect of heating on power spectral density. Staggered piezofoil, α = 4 deg, Re = 144, 000,
T∞ = 22°C. First two sensors are likely broken. (a) Non-heated. (b) Tpiezofoil = 35°C, ∆Tpz−∞ = 13°C.

(c) Tpiezofoil = 42°C, ∆Tpz−∞ = 20°C. (d) Tpiezofoil = 60°C, ∆Tpz−∞ = 38°C.
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Figure 2.8: In-line (left) and staggered (right) piezofoil installed on the wing. Note the surface hot wire

plug to the left of the piezofoil and the surface pressure taps to the left of the plug.

The thin platinum-coated tungsten wire (∅ = 5µm) is welded over a narrow slot (≈ 0.1mm) and set

under weak tension. [79] The slots are obtained on a photo-etched flexible circuit board that also contains

the electrical connection between the hot wires and the acquisition system. Because of the board flexibility,

it’s possible to integrate the sensor into curved surfaces such as wings. The whole system doesn’t work

differently from a standard hot wire setup: also in this case, the hot wires are connected to Wheatstone

bridges, that have been previously calibrated. Each individual bridge is statically calibrated by assigning

the correct value of resistance to the adjustable resistor, and dynamically calibrated by adjusting the hot

wire response generated by a square wave. The cut off frequency found through the dynamic calibration

was about 40000 Hz.

In the present study, a row of 24 surface hot wires are welded on a circuit board previously embedded

onto a 3D printed plug. The spacing between the wires is 6.5 mm and they are placed directly next to the

piezofoil. The hot wires lie on a plane at around z/c = 0.51. The surface hot wires array can be seen in
Figure 2.8 and set up schematics in Figure 2.9.

(a) Side view (b) Top view

Figure 2.9: Surface hot wire schematics. [79]
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Figure 2.10: Oil flow visualization detail at α = 1 deg, Re = 197, 000. The upstream oil accumulation line

individuates the mean separation location while the downstream oil accumulation line individuates the

mean reattachment location.

2.6. Oil Flow Visualization
Oil flow visualization employs a thin film of non-volatile liquid to visualize the direction of the streamlines at

the surface. The fluid is uniformly applied on the surface and it moves thanks to the shear forces at the

wall. Its motion can be recorded and photographed to provide insight into flow behavior. This technique

is particularly valuable for investigating flow separation and transition. A very common fluid employed is

mineral oil, with or without the addition of pigments or fluorescent additives. The viscosity of the fluid must

be selected depending on the speed and duration of the test. In the present work, a mix of equal parts of

mineral oil and turpentine, with the addition of a pigment, is used. The wing model is then subjected to 30

minutes of continuous wind tunnel run time at a fixed Reynolds number and angle of attack.

In presence of a laminar separation bubble, the oil pattern shows a specific behavior. In the laminar

area upstream of separation, the oil is quickly swept from the surface, leaving smooth oil streaks. At

separation, the friction coefficient quickly goes to zero and the oil, vanishing the shear forces, begins to

accumulate. Just after separation, in the dead-air-region, there is almost no movement at the wall and

the oil largely retains the texture present prior to the wind tunnel run. Transition itself cannot be directly

captured by oil flow visualization, as it occurs within the shear layer above the airfoil surface. Downstream

of this point, at reattachment, as the rollers shed by the shear layer start to collide with the surface, the

shear stress increases and sweeps away the oil both downstream and upstream of the reattachment

point: hence, some oil is entrained in the recirculation area inside the bubble, and some is advected by

the turbulent reattached boundary layer towards the trailing edge, where it accumulates. Based on this

behavior, the mean separation line can be located just before of the first oil accumulation and the mean

reattachment line as just after the second oil accumulation, as illustrated in Figure 2.10.

Figure 2.11: Scheme of the single-input/single-output system for the correction technique [80].
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(a) (b)

Figure 2.12: Example of the uncorrected (a) and corrected (b) in-line piezofoil spectra at α = 5 deg,
Re = 197, 000. The third sensor from the leading edge has been used as the reference sensor in the

corrected plot (x/c=0.281) and has been removed.

2.7. Signal Conditioning and Acquisition System
Pressure transducers and surface hot wires follows a more traditional setup: the former feed their signals

directly into the acquisition system, while the latter pass the signals through Wheatstone bridges, one for

each surface hot wire, before reaching the acquisition system. The piezofoil, on the other hand, outputting

voltages in the order of the millivolts (mV), needs an amplification system in order to obtain readable

signals with good signal-to-noise ratios. In the present work a charge amplifier has been used. The benefit

lies in the fact that the output voltage only depends on the feedback capacitance and not on cable and

sensor capacitance, allowing the use of longer cables in the setup. The cut off frequencies of the amplifier

were defined starting from its design parameters: the low cut off frequency results in 1.59 Hz while the

high cut off frequency lies in the megahertz (MHz) range.

Signal acquisition is carried out with National Instruments PXIe-4497 and PXIe-4303 data acquisition

cards. These 24-bit high-speed cards, having 16 and 32 channels respectively, are synchronized in order

to measure simultaneously surface hot wires and piezofoil.

The surface pressure taps are recorded with a sampling frequency of 5000 Hz and a sampling time

of 30 s, as explained in Section 2.3. Surface hot wires and both piezofoils are recorded at a sampling

frequency of 15000 Hz and a sampling time of 30 s. The relatively high sampling frequency is justified

by the vortex shedding frequencies, reaching values in the order of 1000-3000 Hz. To ensure adequate

resolution, the upper frequency limit is multiplied by a factor of five, resulting in the selected sampling

frequency. In all cases, the sampling time of 30 s is chosen to guarantee the convergence of the statistical

quantities.
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2.8. Data Processing
2.8.1. Signal Filtering
Different methods are present in the existing literature to filter out noise contamination from useful signals.

One of the simplest methods concerns the subtraction of the signal acquired in wind off conditions (at

V∞ = 0) to the noisy signal that needs to be cleaned. This can help clean out electromagnetic interferences
in the spectra but cannot remove noise, from the flow or electromagnetic, that is not present in wind off

conditions. A common method employs a subtraction technique where the signal from a reference sensor

is subtracted from the contaminated signal. The two pressure transducers should measure fluctuations of

equal mean-square values and with uncorrelated turbulent contributions [81]. However, effective use of this

method relies on the assumption that the first sensor captures the contaminated signal of interest, while the

reference sensor captures only the noise to be eliminated. If this assumption does not hold, undesirable

effects may occur, such as zero or negative values in the spectrum. The method used in the present work

comes from Weiss et al. [81] and it involves a correction method based on the signals coming from two

sensors. This method only yields the spectrum of the corrected signal and it does not require that the two

sensors measure the same turbulence statistics [81]. The method is based on single-input/single-output

relationship of linear systems, as can be seen in Figure 2.11. First, it is assumed that the input x(t) is the
time signal of the noise present in the facility. Then, the linear system H models the flow phenomenon in

exam, in this case the laminar separation bubble flow, and its output z(t) represents the fluctuating signal
in the LSB caused by the noise signal x(t). n(t) is the fluctuating signal of the phenomenon under study,
that is the LSB, thus what it’s of experimental interest, and it’s uncorrelated with x(t). The total fluctuation
measured inside the laminar separation bubble is y(t) = z(t) + n(t). Hence, the signal of interest n(t)
cannot be measured directly because the transducers will always measure the total fluctuation y(t). The
power spectral density of n(t) (Gnn(f)) is given by:

Gnn(f) = [1− Cxy(f)]Gyy(f) (2.1)

whereGyy(f) is the power spectral density of the noisy signal y(t) and Cxy(f) is the magnitude-squared
coherence function of x(t) and y(t). Assuming that the laminar separation bubble responds linearly to
noise fluctuations, and measuring simultaneously the noisy signal y(t) and the noise signal x(t), the power
spectral density of the clean signal Gnn(f) is given by the part of the power spectral density signal Gyy(f)
that is uncorrelated with the power spectral density signal Gxx(f). This correction method is applied to
both piezofoils and surface hot wires data, using as reference sensor one of the first sensors close to

the leading edge. The reference sensor spectrum is removed by the corrected power spectral density

plots. In this case, the drawback of the method lies in the use of one sensing element as the reference

sensor, resulting in the loss of one spectrum in the corrected PSD plot. A better approach would involve a

dedicated reference sensor placed upstream of the bubble, only measuring the noise.

Figure 2.12 shows the differences between the power spectral densities of the uncorrected and corrected

spectra for the in-line piezofoil. The noise in the laminar spectra, as well as the noise above 1000 Hz, is

significantly reduced, greatly improving readability, at the cost of loosing one sensor.

2.8.2. Standard Deviation Normalization
The unfiltered standard deviation plots of the surface hot wires and the piezofoil show great oscillations

and peaks in the standard deviation value, especially after reattachment, region where the turbulent

pressure fluctuations are expected to be more or less similar in amplitude. For the fully turbulent case

without a laminar separation bubble, the standard deviation exhibits a random distribution around an

approximately constant mean value, characterized by numerous sharp peaks and oscillations, as can be

seen in Figure 2.13. This behavior seems odd, as a more or less constant value of the standard deviation,

as x/c increases, is expected for a fully turbulent flow on a wing, as Celik et al. [82] and Branch et al.

[83] show. Moreover, the multiple peaks in the standard deviation distribution made more challenging

the identification of the peak connected to the shear layer reattachment, as can be seen in Figure 2.13

looking at the green dashed line. This presence of peaks and big oscillations in the standard deviation

of both the fully turbulent and non-normalized case are to be attributed to differences in the soldering

process of the hot wires on the board. Since they are soldered by hand, different wires can be more

or less in tension, resulting in slightly different heights of the individual wires in the boundary layer. To

address this inconsistencies between the wires, a normalization of each signal is carried out, dividing the
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(a) (b)

Figure 2.13: (a) Normalized (full black) and non-normalized (dashed green) standard deviation for the

surface hot wires at α = 2 deg, Re = 197, 000. (b) Standard deviation of the fully turbulent case (no LSB)
for the surface hot wires at α = 2 deg, Re = 197, 000.

raw standard deviation values for the corresponding values in the fully turbulent case. Figure 2.13 (a) show

the comparison between the normalized and non-normalized standard deviation over the airfoils surface.

The normalized standard deviation results much smoother, shows a distinct peak in the reattachment area

and meets the expectations in the turbulent part, after the reattachment peak. Figure 2.13 (b) shows the

standard deviation of the fully turbulent case, highlighting the differences in STD at different x/c locations.
Differences that should not be as marked in a fully turbulent boundary layer on a wing.



3
Discussion of Results

3.1. Introduction
Three Reynolds numbers and four to five angles of attack, depending on the Reynolds number, were

analyzed, as summarized in Table 3.1. The chord-based Reynolds numbers considered, 144,000, 197,000

and 262,000, are representative of conditions where laminar separation bubbles are typically observed.

The selected angles of attack, from 1 to 5 degrees in 1 degree increments, ensured the presence of the

longest possible LSBs, while still providing sufficiently strong fluctuations to yield a distinct signal. For the

staggered piezofoil, the range of angles of attack is slightly narrower and Reynolds-number dependent,

ensuring that the LSB remains located within the region of denser sensing elements. The surface hot wires

are used to validate the results from the piezofoils. The pressure transducers and the oil flow visualization

are used to characterize the mean flow features of the LSB.

Device Re [−] α [deg] ∆Tpz−∞[°C]

In-line Piezofoil 144,000 1,2,3,4,5 25

197,000 1,2,3,4,5 25

262,000 1,2,3,4,5 25

Staggered Piezofoil 144,000 2,3,4,5 25

197,000 2,3,4,5 25

262,000 1,2,3,4 25

Surface Hot Wires 144,000 1,2,3,4,5 -

197,000 1,2,3,4,5 -

262,000 1,2,3,4,5 -

Pressure Transducers 144,000 1,2,3,4,5 -

197,000 1,2,3,4,5 -

262,000 1,2,3,4,5 -

Oil Flow 144,000 1,2,3,4,5 -

197,000 1,2,3,4,5 -

262,000 1,2,3,4,5 -

Table 3.1: Cases analyzed in the result section

3.2. Tonal Noise Mitigation
It has long being known that airfoils immersed in an uniform stream at moderate Reynolds number emit

acoustic tones. The emission of acoustic tones from airfoils has been subject of research dating back

to the 1970s. Among the first investigations can be found the work by Hersh and Hayden [84] and by

Paterson et al. [85], which proposed an empirical relation for predicting aerodynamic noise, called the

”Paterson formula”. In the case of low-turbulence intensity inflows and airfoils presenting laminar separation

36
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(a) (b)

Figure 3.1: Power spectral density surface hot wire anemometry. Effect of the boundary layer tripping on

the pressure side at x/c=0.12 on the acoustic tones at Re = 144, 000 and α = 4 deg. (a) No boundary
layer tripping. (b) With boundary layer tripping. The empty spaces correspond to removed broken sensors

bubbles, the amplified instability waves roll up into vortical structures (the so called ”rollers”). These vortical

structures can interact with the trailing edge, scattering acoustic waves. The generated acoustic waves

also travel upstream and trigger the development of new instabilities. Hence, a feedback loop between

the acoustic waves at the trailing edge and the laminar boundary layer upstream can form, resulting in a

self-produced acoustic excitation that present a periodic vortex shedding at a narrow range of frequencies.

[86] The instability waves and the vortical structures shed by the laminar separation bubble usually present

high spanwise coherence, resulting in even higher tonal noise, in respect to cases with poorly coherent

vortical structures.

The emission of acoustic tones is prominent in the symmetric NACA four-digits profiles, especially

the ones with low thicknesses. The NACA 0012 profile is extensively used in tonal noise investigations

[87] [88], but also the NACA 0015 and 0018 profiles show this phenomenon. Since tonal noise emission

is often a consequence of laminar separation bubbles and since they can render more challenging the

frequency domain analysis of the dynamic phenomena pertaining to laminar separation bubbles, in the

present investigation it is decided to remove it using boundary layer tripping devices. More specifically, a

zigzag tripping tape with a width of 8 mm and spanning the whole wing is installed on the pressure side at a

non-dimensional chord length of x/c = 0.12. This measure had the objective of inducing the flow transition

and creating a turbulent turbulent boundary layer on the part of wing downstream of the zigzag tape. The

disappearance of the laminar boundary layer breaks, in theory, the feedback loop between the acoustic

waves scattered at the trailing edge and the formation of new instability waves in the laminar boundary

layer upstream of the bubble. The boundary layer tripping device is only present on the pressure side of

the wing, for obvious reasons, but it’s interesting to mention that during tripping tests on the suction side of

the wing, in the case of insufficient boundary layer tripping, the frequency domain analysis shows much

cleaner spectra, almost with no acoustic tone presence. This obviously also affects the laminar separation

bubble, reducing its length and shifting its position in respect to the case without tripping devices on the

suction side. This observation further confirms the fact that the presence of sharp peaks in the spectra is
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(a) α = 1 deg (b) α = 2 deg

(c) α = 3 deg (d) α = 4 deg

Figure 3.2: Pressure coefficient distributions at Re = 197, 000. The red curve corresponds to the fully
turbulent case (without LSB) and the black curve corresponds to the non-tripped case. In both cases the

pressure side is tripped, as discussed in Section 3.2. In the red curve the 4th pressure transducer from the

leading edge on the pressure side has been removed because blocked by the tripping tape.

due to the tonal noise feedback loop mentioned above. The boundary layer tripping tape applied on the

pressure side has a positive effect on the full range of speeds and angles of attack investigated and its

effect can be seen in Figure 3.1.

3.3. Laminar Separation Bubble Baseline Characterization
One of the most straightforward ways to identify the presence of a LSB is by examining the pressure

coefficient distribution. Laminar separation bubbles present an initial plateau in the pressure coefficient

distribution, the start of which corresponds to the mean shear layer separation point. If the flow fails to

reattach, this constant pressure plateau extends to the trailing edge. When a laminar separation bubble

is present, a sudden increase in pressure coefficient, following the constant pressure region, indicates

transition and flow reattachment. This behavior can clearly be seen in Figure 3.2. The plots also clearly

show that, at constant velocity, the laminar separation bubble moves upstream and becomes smaller

as the angle of attack increases. Similarly, at a constant angle of attack, the LSB shifts upstream and

decreases in size as the flow velocity increases, as can be seen from Figure 3.3. However, the location of

the separation point, marking the onset of the pressure distribution plateau, should be interpreted with

caution. The ninth pressure tap from the leading edge on the suction side consistently exhibits a dip in the

pressure distribution, suggesting that the separation point is located at this position for different speeds
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(a) Re = 144, 000 (b) Re = 197, 000

(c) Re = 262, 000 (d) Re = 352, 000

Figure 3.3: Pressure coefficient distributions at α = 3 deg. The red curve corresponds to the fully
turbulent case (without LSB) and the black curve corresponds to the non-tripped case. In both cases the

pressure side is tripped, as discussed in Section 3.2. In the red curve the 4th pressure transducer from the

leading edge on the pressure side has been removed because blocked by the tripping tape

and angles of attack. In addition to the pressure coefficient distribution, the laminar separation bubble

position and dimensions can be determined via an oil flow visualization. In the oil flow the bubble moves

the oil to form two distinct lines, corresponding to the mean separation line and the mean reattachment

line, as can be seen in Figure 3.4. The oil flow visualization indicates a predominantly two-dimensional

laminar separation bubble, with a localized oil accumulation observed near the start of the 3D-printed

plug. The black plastic foil applied to the wing for the oil flow test introduces a small step at the plug’s

leading edge due to a setup imperfection. This discontinuity is sufficient to alter the local flow, shifting

both the separation and reattachment lines upstream in that region. Consequently, the laminar separation

bubble over the plug differs slightly from that observed on the remainder of the wing. In addition, the

oil flow visualization displays streamwise streaks just upstream of the separation point, characteristic of

laminar flow, as well as an accumulation of oil at the trailing edge, indicative of trailing-edge separation.

The visualization also reveals the presence of corner vortices near the wing tips, although their influence

on the laminar separation bubble is only marginal.

To estimate the location of separation point and reattachment point from the pressure coefficient

distributions, denoted by S and R, respectively, the method presented by Gerakopulos et al. [89] is used.

As shown in Figure 3.5 the separation location is estimated as the point of intersection between two linear

fits: the first linear fit is applied to the nearly linear pressure recovery region after the suction peak, and the
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Figure 3.4: Oil flow visualization at α = 5 deg, Re = 262, 000.

second linear fit is applied to the pressure distribution plateau, that denotes the laminar part of the LSB.

Reattachment is estimated through a polynomial fit applied to the regions of constant pressure coefficient

and of rapid pressure coefficient recovery. The reattachment point can be identified as the location of local

minimum of the second derivative of the polynomial fit. In the case depicted in Figure 3.5 the estimated

separation point lies at x/c = 0.3678 and the estimated reattachment point at x/c = 0.6020.

Figure 3.5 summarizes the separation and reattachment locations obtained from the pressure coefficient

distributions and oil-flow visualizations. The oil flow results indicate an upstream shift of the separation point

with increasing angle of attack or Reynolds number, as expected. In contrast, the pressure transducers

consistently suggest a nearly constant separation location, independent of angle of attack and freestream

velocity. This apparent discrepancy can be understood by examining the Cp distributions: as previously

noted, the ninth pressure tap from the leading edge on the suction side consistently records a higher

pressure coefficient than its neighbors, producing the impression of a ‘dip’ at that position. Since the

(a) (b)

Figure 3.5: (a) Estimation of separation and reattachment location at α = 3 deg and Re = 197, 000. The
blue line indicates linear fit of nearly linear region after suction peak, the green line indicates linear fit of

the pressure coefficient plateau. (b) Separation and reattachment locations at different angles of attack for

different Reynolds numbers. Solid lines indicate separation, dashed lines indicate reattachment.
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(a) α = 1 deg (b) α = 5 deg

Figure 3.6: Power spectra density in-line piezofoil at Re = 197, 000, ∆Tpz−∞ = 25°C. First two sensors
are likely broken, third sensor removed because used for filtering.

method used to estimate the separation location from the Cp distribution relies on two linear fits, such an

anomaly can lead to a distorted prediction of the true separation point. This behavior may be attributed to

limitations of the pressure transducers system, as their readings can be influenced by partially clogged

taps or minor tube damage, which contribute to measurement inaccuracies. Regarding the reattachment

location, the results from oil flow visualization and pressure taps show good agreement, particularly at the

highest Reynolds numbers. Small discrepancies are to be expected, as the oil film, although minimally,

does influence the behavior of the laminar separation bubble. Furthermore, both the separation and

reattachment locations inferred from the pressure taps are subject to uncertainty, since they are estimated

from discrete measurement points. In practice, the actual mean separation and reattachment points

most likely lie between two adjacent pressure taps rather than directly on one of them. As expected, the

reattachment point shifts upstream with increasing angle of attack or Reynolds number.

3.4. Flow Transition and Vortex Shedding
The mechanism of transition in laminar separation bubbles involves two separate phenomena: first the

small flow instabilities in the boundary layer are amplified through the Tollmien-Schlichting waves; then,

as the boundary layer separates from the surface, transition shifts to a Kelvin-Helmotz instability driven

process. As the flow instabilities reach their climax, no longer being able of continuing to amplify, the

flow starts to roll over, creating coherent vortical structures. These structures are commonly referred to

as ”rollers” and the process behind them to ”vortex shedding”. It needs to be said that vortex shedding

is just an aspect of transition and not a completely separated phenomenon. The rollers, as they move

downstream, start to deform, loosing their coherence, until they break down into small scale turbulence.

Figure 3.6 illustrates the formation, convection, and decay of coherent vortical structures. The sensors

located near the leading edge record laminar flow, characterized by a weak and highly noisy signal. Further

downstream, a distinct peak emerges, followed by spectra exhibiting both increased fluctuation amplitude

and a clear dominant frequency. In subsequent sensors, this peak persists but progressively diminishes in

prominence until the spectra become fully representative of turbulent flow. As expected, increasing angle
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(a) α = 1 deg (b) α = 5 deg

Figure 3.7: Power spectra density heatmap in-line piezofoil at Re = 197, 000, ∆Tpz−∞ = 25°C. First two
sensors are likely broken, third sensor used for filtering but not removed

of attack or Reynolds number, the emergence of the peak is shifted to more upstream x/c locations and

to higher frequencies. The increase in the fluctuations amplitude coincides with the location where the

rollers are shed from the shear layer, as will be discussed subsequently. As mentioned in Section 2.4.1,

the dimensions of the piezofoil sensing elements result from a trade-off: larger elements provide higher

sensitivity but reduced frequency response, whereas smaller elements exhibit the opposite behavior. In

the present design, a balance was sought. This explains why, although the frequency response of PVDF

is very high, the piezofoil still exhibits a comparatively lower frequency response than other measurement

devices of similar sensing element dimensions. This limitation explains the slight negative slope observed

in the piezofoil spectra in Figure 3.6, which partially masks the prominence of the vortex-shedding peaks

and renders them more difficult to detect. From Figure 3.6 it can also clearly seen how at α = 1 degree
the vortex shedding peak is less distinctly resolved compared to the α = 5 degrees case, as the amplitude
of the pressure fluctuations increases with angle of attack.

Figure 3.7 clearly illustrate the increase in amplitude of the pressure fluctuations near reattachment

and the negative slope of the spectra discussed above, as the amplitude of the spectra at low frequencies

is much higher than at higher frequencies. Though barely, also the vortex shedding peaks can be seen as

a slightly more lightly colored areas, especially in the α = 5 deg, Re = 197, 000 case.

The staggered piezofoil, designed to investigate transition and vortex-shedding phenomena in greater

detail owing to its higher spatial resolution, successfully captures the peaks associated with vortex shedding

and shows good agreement with the in-line piezofoil, as illustrated in Figure 3.8. However, the staggered

piezofoil is still affected by the lower frequency response as the in-line piezofoil. An interesting aspect

concerns the sensitivity of the staggered sensing elements: toward the trailing edge, some elements

exhibit vortex-shedding peaks while adjacent ones do not, resulting in an alternating pattern. For instance,

in the case α = 2 deg, Re = 197, 000, where the laminar separation bubble is located closer to the trailing
edge, the last sensing element at x/c = 0.649 clearly captures vortex shedding, whereas the preceding
element does not display a significant peak at the same frequency. Similar behavior is observed in several

upstream elements, suggesting that neighboring sensor pairs may not exhibit identical sensitivity. A

possible explanation for this behavior can be inferred from the design of the staggered piezofoil. Looking

closely at Figure 2.8 it can be seen that the tiny ink traces that transfer the electric charges from the

”out-of-line” sensing elements to the amplifier intersect with the ground ink trace of the ”in-line” sensing

elements. This overlap could increase the effective area of the ”out-of-line” elements, thereby enhancing
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(a) α = 2 deg (b) α = 4 deg

Figure 3.8: Power spectra density staggered piezofoil at Re = 197, 000, ∆Tpz−∞ = 25°C. First two
sensors are likely broken, third sensor removed because used for filtering

their sensitivity. Furthermore, this configuration could give rise to the formation of a tiny ”secondary sensing

element” capable of detecting finer pressure fluctuations associated with smaller vortices that the ”main

sensing elements”, due to their larger dimensions, cannot resolve. As a result, the total energy captured

may increase.

To get a better idea on the location that records the highest fluctuations, that is the reattachment area, it’s

interesting to look at the non-dimensional standard deviation (STD) distribution along the non-dimensional

chord length. Figure 3.9 shows the pressure coefficient distribution and the standard deviations of the

in-line piezofoil. In the first part the STD is almost zero, due to the very low pressure fluctuations in

the laminar boundary layer. Getting past the separation location, the standard deviation slowly start to

increase, as the flow instabilities amplify, until reaching the point where a distinct peak is formed. After

the peak, the standard deviation decreases and stabilizes around σ/σt = 1 which is the STD value of

the turbulent boundary layer. The peaks in the standard deviation plots are consistent with the pressure

coefficient distributions, although they appear slightly upstream of the estimated reattachment point. This

shift arises because the shear layer breaks down at that location, where vortical rollers are formed, leading

to strong velocity and pressure fluctuations. This behavior is well documented in the existing literature on

laminar separation bubbles [90]–[92]. For instance, analyzing the case at α = 1 deg and Re = 197, 000,
the STD shows a peak at x/c = 0.67, while the estimated reattachment point from the pressure coefficient

distribution lies at x/c = 0.74. Thus, the standard deviation peak aligns well with the point that marks the
end of the pressure plateau and the start of the pressure rise on the pressure coefficient distribution, just

upstream of the reattachment point.

Looking at the standard deviation distribution of the staggered piezofoil, shown in Figure 3.10, there is

good agreement with the standard deviation of the in-line piezofoil, especially for the area of the peak. Slight

discrepancies are observed in the laminar region, upstream of the reattachment peak, between the two

piezofoils. These may be attributed to minor inaccuracies in the installation of the staggered piezofoil, which

could introduce small surface irregularities that disturb the flow, resulting in a higher standard deviation

than the one expected. Slight differences could also arise due to non-identical and non-uniform heating
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(a) α = 1 deg (b) α = 5 deg

Figure 3.9: Pressure coefficient distribution and standard deviation in-line piezofoil at Re = 197, 000,
∆Tpz−∞ = 25°C.

(a) α = 2 deg (b) α = 3 deg

Figure 3.10: Standard deviation in-line piezofoil and staggered piezofoil at Re = 197, 000,
∆Tpz−∞ = 25°C. First two sensors are likely broken.

of the two piezofoils, producing different sensitivities. An interesting feature observed in the standard

deviation of the staggered piezofoil is the presence of minute oscillations measured by adjacent sensors,

beginning only from the sixth sensor onward. This behavior is consistent with the trend described earlier

in the power spectral density of the staggered piezofoil and further supports the explanation provided in

that context, that is the creation of minuscule sensing elements, connected to main ones, forming when a

signal trace overlaps with the ground trace.

The shedding of the rollers can also be studied by looking at their convective velocity and at the x/c

locations that show the highest correlation. Cross correlation between a sensor mid way between the

peak of maximum STD and the trailing edge and all the other sensors is performed to retrieve the time lag

associated to specific coherent structures being advected along the wing. The convection speed is then

computed knowing the distance between the sensors. The convective motion is inferred from the shift
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(a) α = 1 deg (b) α = 4 deg

Figure 3.11: Cross correlation in-line piezofoil at Re = 197, 000, ∆Tpz−∞ = 25°C. The red dashed line is
fit along the location of maximum correlation and its slope coincides with the average convective velocity

on the specified portion of the airfoil.

in the location of the correlation peak at different x positions. Figure 3.11 presents the cross-correlation

for the in-line piezofoil, and several observations can be made. In the laminar region of the wing, the plot

does not exhibit areas of significant correlation, as expected, since the flow lacks coherent structures

and the cross correlation maxima mainly lie on the zero time lag line. Some smaller peaks with elevated

correlation are present and are likely due to acoustic tones. Further downstream, the cross-correlation map

reveals a distinct ridge-shaped feature characterized by high correlation and a positive slope. The points

of maximum correlation are identified by light-yellow areas. The locus of the peaks along the ridge (shown

in the figure using a dashed line) represents the time delay at which the cross correlation is a maximum

for different x/c locations. The correlation peak at a downstream x/c position is obtained by delaying the

local signal relative to that measured at the preceding location. This delay represents the average time for

flow structures to travel between the two locations and generate a similar correlated wall pressure signal.

By calculating the slope of the ridge feature one may estimate the average convection speed (Uc) of the

dominant flow structures. Alongside the area of maximum cross-correlation, additional ridge-like features

can be observed. These would give the time delay to the highest negative correlation (if the correlation

would have been expressed in the range -1,+1), but since the plots are shown only for cross-correlation

values between 0 and +1, they appear as regions of positive correlation with slightly lower amplitude.

The appearance of the ridge-shaped feature is in agreement with the location of maximum standard

deviation, further confirming its connection with vortex shedding. The peaks of high cross correlation

are associated with the advection of coherent structures, namely, the rollers shed from the shear layer,

as they convect toward the trailing edge. The slope of the successive peaks does not remain constant

and in some cases exhibits a slight S-shaped variation, suggesting reduced convective velocities in

the reattachment region and immediately upstream of the trailing edge. In general, the lower velocities

observed near reattachment can be attributed to the continued influence of the laminar separation bubble

recirculation zone, then, further downstream, as the vortical rollers increase in size, their convection

becomes progressively dominated by the freestream velocity, resulting in higher values. Lambert [2]

observed a comparable trend on a NACA 0018 airfoil, with convective velocities in the transition region

being slightly lower than those measured at and downstream of reattachment. Moreover, his results indicate

that the convective velocity is influenced by the merging of successive rollers as well as by the growing

disorder associated with the transition to turbulence. The decrease in convective velocity immediately

upstream of the trailing edge, observable in some cases, is explained by flow separation occurring in this

region, as confirmed by oil-flow visualization. The non-uniformity of convective velocity along the airfoil is

expected, since the near-wall velocity varies with flow and surface features. For an airfoil without laminar

separation bubbles, the flow near the surface typically decelerates from the suction peak toward the trailing

edge, as can also be inferred from typical pressure coefficient distributions.
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(a) α = 1 deg (b) α = 3 deg

Figure 3.12: Power spectra density surface hot wires at Re = 197, 000. Third sensor has been removed
for filtering

The dashed line, obtained by fitting the cross-correlation maxima, extrapolates the average convective

velocity beyond the reattachment point. Progressing downstream along the dashed line, the correlation

gradually decays, though it remains discernible, reflecting the breakdown and distortion of the rollers during

advection. Outside this region of elevated correlation, the plots display values close to zero, as expected.

Increases in angle of attack shift the reattachment location upstream and thus, the location where high

correlation starts to appear. Increases in Reynolds number not only shift the starting location of high

correlation but also produce an increase in the slope of the line, as the convection velocity increases with

increases in freestream velocity. The convection velocity derived from the cross-correlation analysis is

about 0.66U∞, which falls within the range reported in previous studies. Boutilier and Yarusevych [90] [93]

found values ranging from 0.5− 0.7U∞, and values comprised between 0.5− 0.8U∞, depending on the

angle of attack and the Reynolds number. Their experiments were conducted on a NACA0018 airfoil at

a Reynolds number ranging from 50,000 to 250,000 and for an angle of attack range going from 0 to 21

degrees.

3.5. Shear Layer Flapping
Flapping is essentially an up-and-down motion of the separated shear layer at very low frequency that

affects the whole shape and dimension of a laminar separation bubble. This phenomenon happens at

significantly lower frequencies than vortex shedding and it occurs in an irregular and intermittent fashion and

it is probably quantifiable only in a statistical sense [19]. Flapping is driven by altered stability characteristics

of the shear layer and its ability to amplify the disturbances and it is due to variations in the incoming

disturbances themselves. Thus, flapping is closely connected to vortex shedding in the reattachment area

and to the turbulence intensity of the incoming flow [94], [95]. The random incoming disturbances in the flow

get amplified in the shear layer and, based on their original amplitude and on the stability properties of the

shear layer, they affect in different ways the vortex shedding process. Depending on how vortex shedding

is affected, the reattachment process changes, shifting the instantaneous position of the reattachment point,

and in turn affecting the mean flow characteristics of the LSB (the diving streamline moves depending on
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Figure 3.13: Vortex shedding frequencies ans Strouhal numbers at different Reynolds numbers and

angles of attack for surface hot wires, in-line piezofoil and staggered piezofoil. In green Re = 144, 000, in
gray Re = 197, 000, in red Re = 262, 000.

the changes in the pressure distribution). In other words, a feedback loop creates between the disturbances

interacting with reattachment, and affecting the stability characteristics of the shear layer, and the transition

location, which affects the amplification of following disturbances [95]. The low frequency movement in

the streamwise direction of the shear layer close to reattachment consequently implies low-frequency

excursions of the separating shear layer [96]. In literature, slightly different explanations for flapping can

be found, such as the one from Tafti et al. [97] where flapping is connected to the entrainment of fluid in

the LSB thanks to vortex shedding at reattachment. The transport of fluid upstream in the separation zone

causes a gradual rise in pressure in that area with the effect of displacing the shear layer. When the laminar

separation bubble is not able to sustain that pressure anymore it collapses, bringing the shear layer back to

the starting configuration. Such a mechanism could take place in specific conditions (such as short bubbles

and very intense shedding) but seems unlikely to be the main responsible of this phenomenon. Flapping is

intermittent and random, as the incoming disturbances are, while vortex shedding is characterized by a

more distinct frequency, that would also appear when analysing flapping.

Flapping, as it is strongly connected to the disturbances freestream, is commonly found in experimental

studies of laminar separation bubbles, while in numerical simulations it is present only for non-zero values

of turbulence intensity [97]. Different levels of turbulence intensity will also affect flapping in different ways.

In low turbulence intensity environments there are fewer random incoming disturbances and, when arriving,

they will yield evident changes in the pressure distribution and thus on the shear layer position, making

flapping more easily recognizable. On the other hand, in high turbulence intensity environments, the

random incoming disturbances are extremely frequent, distorting the flow to such an extent that the laminar

separation bubble diminishes and stabilizes, with a consequent reduction of flapping [95]. In the frequency

spectra, flapping can be recognized as increases in amplitude of the curves at very low frequency in

the separation area [98]. Moving downstream from the separation point, the low-frequency increase in

amplitude should vanish and the higher-frequency peak connected to vortex shedding should increase

and spread over [94], [99]. Flapping is also evident when analyzing the standard deviation distribution

along the length of an LSB. On the separated shear layer, the wall-normal velocity standard deviation, but

more prominently the streamwise standard deviation present high values [95].
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(a) α = 1 deg (b) α = 4 deg

Figure 3.14: Non-dimensional standard deviation of surface hot wires (red) and in-line piezofoil (green) at

Re = 197, 000, ∆Tpz−∞ = 25°C.

From the measurements analyzed in the present study, no significant signs of flapping can be found and

this can be due to different reasons. First and foremost, turbulence intensity. In this study, the turbulence

intensity was approximately TI = 0.14%, which is relatively low, though slightly higher than ideal for

laminar separation bubble investigations. Studies that have registered flapping show turbulence intensities

around TI = 0.07% [98] and TI = 0.1% [95], [100]. Another important factor to consider is the sensitivity

of the piezofoil: without heating the piezofoil was not able to capture the signals related to vortex shedding,

while with heating, vortex shedding could be noticed but far from the frequency resolution of microphones.

The pressure fluctuations associated to vortex shedding are considerably higher than the ones related

to flapping, hence the difficulty in registering the very low fluctuations of the shear layer moving. It also

needs to kept in mind the noise level of the environment, far from ideal. Thus the signal to noise ratio at

separation, where the flow is laminar, is considerably worst than at reattachment. Last but not least, an

insufficient spatial resolution can also be one of the culprits. If the oscillations of the separation location do

not lie close to one of the sensing elements, detecting the already low pressure fluctuations can prove

even more challenging.

3.6. Verification and Validation
To validate the piezofoils results, an array of surface hot wires, a well-tested measuring device, is used.

Good agreement between the piezofoils and surface hot wires results is found in all the analysis conducted.

The main distinction between the surface hot wires and the piezofoil lies in the type of quantity measured:

the former records velocity fluctuations, whereas the latter captures pressure fluctuations. This difference

has important implications, which will be examined in the present section.

Figure 3.12 shows the power spectral density from the surface hot wires. A very distinct peak can

be seen at all angles of attacks and Reynolds numbers, shifting in x/c location and frequency. Moving

downstream, the peaks start to be absorbed in the turbulent spectra, as the rollers break up and dissolve.

Since the hot wires measure velocity, some differences in the shedding peaks can be observed, namely

the presence of double peaks in some of the spectra. This phenomenon can be explained by considering

that a single hot wire measures only the magnitude of the velocity vector and is insensitive to flow direction.

Within a laminar separation bubble, the flow field is complex and includes regions of recirculation. As a

result, some hot wires are located in areas where the flow alternates between upstream and downstream

directions. These velocity fluctuations of opposite sign are effectively ”rectified” by the hot wire, which
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(a) (b)

Figure 3.15: (a) Locations of peak standard deviation for surface hot wires, in-line piezofoil and staggered

piezofoil. (b) Convection velocities for surface hot wires, in-line piezofoil and staggered piezofoil. In green

Re = 144, 000, in gray Re = 197, 000, in red Re = 262, 000.

interprets them all as positive. In a theoretical case where the velocity fluctuations follow a perfect sinusoidal

oscillation around zero, the hot wire would output a signal with twice the original frequency due to this

rectification. In practice, however, the velocity fluctuations are much less regular, affected by incoming

disturbances and flow irregularities, leading to multiple peaks in the spectrum. The ”true” shedding peak is

identifiable as the peak appearing always at the same frequency throughout the different x/c positions.

Vortex shedding is more pronounced and better resolved by the surface hot wires because these devices

measure velocity at a single point in space, that is, they provide a local measurement. In contrast, the

piezofoil yields a ”global” measurement, as the pressure it detects is influenced by the flow over a broader

area, reflecting the integrated effect of the flow across that region. Moreover, the sensitivity and frequency

response is higher than the ones of the piezofoils, enabling the hot wires to capture better the flow features.

Figure 3.13 shows the vortex shedding frequencies at different angles of attacks and Reynolds numbers

for surface hot wires, in-line piezofoil and staggered piezofoil. The devices show good agreement with

only minor discrepancies, especially at the lower angles of attack. At α = 4, 5 a sudden increase in vortex
shedding frequency is observed in some of the measurement devices. The effect is most pronounced

in the surface hot-wire data at Re = 262, 000, but is also detectable at Re = 197, 000. A comparable

behavior is exhibited by the in-line piezofoil at Re = 144, 000. The exact cause is not clear and the

observed discrepancies may fall within the uncertainty of the measurements. In the case of the surface

hot wires at Re = 262, 000 and α = 4, 5 degrees the spectra reveal multiple peaks, which complicate the
assessment of the rectification effects and the identification of the true shedding frequency. The present

results are consistent with previous findings in the literature. Lambert [2], investigating a NACA 0018

airfoil at Re = 100, 000 and α = 5◦, reported a vortex shedding frequency of 650 Hz. Similarly, Kirk and
Yarusevych [39] observed a shedding frequency of approximately 250 Hz at α = 0◦ and about 600 Hz at
α = 5◦ for the same airfoil and Reynolds number. Since the Reynolds numbers considered in the present
study are higher, correspondingly higher vortex shedding frequencies are expected. In addition, the airfoils

examined here differ slightly from those in the cited studies, which may also contribute to the observed

differences.

Examining the standard deviation of the surface hot wires and the in-line piezofoil, as shown in

Figure 3.14, reveals excellent agreement, with only minor discrepancies in the exact peak location and

magnitude. The difference in location may be attributed to small variations in the laminar separation bubble
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Figure 3.16: Rollers wavelengths computed from convective velocity and vortex shedding frequency for

surface hot wires, in-line piezofoil and staggered piezofoil. In green Re = 144, 000, in gray Re = 197, 000,
in red Re = 262, 000.

between the two sensor arrays, which are spaced approximately 50 mm apart in the spanwise direction,

while the difference in magnitude arises from the different sensitivities of the two devices.

Figure 3.15 (a) presents the locations of maximum standard deviation measured by the three devices

across different angles of attack and Reynolds numbers. The maxima occur just upstream of the mean

reattachment point, where rollers are shed from the separated shear layer. Overall, the devices show

good agreement, particularly at the higher angles of attack. At Re = 144, 000, the surface hot wires tend to
indicate slightly more downstream positions of the maxima at low angles of attack, whereas the in-line

and staggered piezofoils remain in close agreement. At the highest Reynolds number, however, the two

piezofoils exhibit larger differences: the hot wires agree more closely with the staggered piezofoil at low

angles of attack, and with the in-line piezofoil at higher angles of attack.

Figure 3.15 (b) demonstrates that the convection velocity estimated from the three devices are in

close agreement, with all indicating values of approximately 0.7U∞. As expected, the convective velocity

increases with Reynolds number and shows a slight upward trend with increasing angle of attack. The

staggered piezofoil yields lower values at Reynolds numbers of 144,000 and 197,000, while atRe = 262, 000
it reports values slightly higher than those obtained from the other sensors. These deviations lie within the

uncertainty bounds of the measurement techniques and should therefore be interpreted with caution.

Knowing the convective velocity and the vortex shedding frequency, the streamwise wavelength of the

rollers can be computed as λx = Uc/fvs. The results are shown in Figure 3.16. The wavelength values
range between 0.03 < λx/c < 0.09 at different Reynolds number and angles of attack, corresponding to
a value of λx going from around 6 to 18 mm. This finding is in line with the existing literature. Kurelek

et al. [1], Tuna et al. [41] and Michelis et al. [32] found values of λx/c ≈ 0.05 m on a NACA 0018 at

Re = 100, 000, Re = 125, 000 and Re = 126, 000 respectively. Among the different features, it can be

noticed a decrease in wavelength with increases of angle of attack or Reynolds number. This behavior is

also confirmed by Lambert [2]. Even though the spacing between sensing elements and hot wires in the

in-line piezofoil and surface hot wires is 0.0065 m and, thus in the order of the wavelength, the staggered

piezofoil measures similar values, albeit slightly lower. Having the staggered piezofoil a way higher spatial

resolution, it should resolve up to smaller wavelengths and with a reduced risk of spatial aliasing. The

present study could only investigate the streamwise wavelength λx of the rollers and not the spanwise

wavelength λz, due to the lack of sensors along the span. However, according to the existing literature, the

ratio of spanwise to streamwise wavelength should be λz/λx ≈ 2, as already discussed in Section 1.1.5.
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Conclusions and Recommendations

4.1. Closing Remarks
The research conducted aimed to explore the relevant dynamic phenomena of laminar separation bubbles

employing piezoelectric sensors. This section summarizes the main outcomes of the experimental research

project. The laminar separation bubble forming on the suction side of a NACA 0015 airfoil at chord-base

Reynolds numbers of 144,000, 197,000 and 262,000 has been studied in the boundary layer wind tunnel of

the Technische Universität Berlin in a range of angles of attack comprised between 1 and 5 degrees. In total

four different measuring techniques have been conducted: static pressure taps and oil flow visualization

have been used to characterize the mean flow behavior of the LSB, while two different piezofoil designs

have been employed to study the dynamic phenomena of the LSB and surface hot wires have been used

to verify the piezofoils results. The suitability of the piezofoils in the laminar separation bubble research is

directly linked to the research objective of the thesis, as introduced in Section 1.3, and repeated below for

convenience.

Investigate the effects on the surface pressure distribution of the relevant dynamic phenomena

in a LSB employing piezoelectric sensors.

Research Objective

To address the research objective stated above, the following research question and subquestions

have been answered:

How do the pressure fluctuations frequency and amplitude vary in a LSB?

1. What is the streamwise pressure fluctuation distribution in the laminar separation bubble?
2. Can piezofoil and surface hot wires capture shear layer flapping and what is the best

location to capture it?
3. Can piezofoil and surface hot wires capture vortex shedding and what is the best location

to capture it?
4. Do the velocity and pressure fluctuations match in the reattachment area and, in general,

along the length of the LSB?

Research Question

In general, the baseline characterization of the LSB with pressure taps and oil flow yielded matching

results, especially for the reattachment location, while the estimation of the separation location has been

hindered by a faulty reading from a pressure tap. Nonetheless, the oil flow provides convincing results

also for separation. The transition location could not be estimated due to the fact that the oil flow enables

the visualization of the wall streamlines, while transition takes place in the separated shear layer, and due

to the insufficient spatial resolution of the pressure taps and to the long tubing between pressure taps and

transducer, mostly dampening the pressure fluctuations. For what concerns the dynamic phenomena of

the LSB the two piezofoil designs and the surface hot wires are in good agreement. The spectra are similar,

with the staggered piezofoil being able to capture more details, due to its increased spatial resolution, and

51
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similar are also the vortex shedding frequencies identified. There is good agreement also on the STD

along the airfoils chord, and the point of maximum fluctuations before reattachment is correctly captured.

The fact that the shed vortices are adequately resolved is evident also from the cross correlation plots and

from the convective velocities computed, showing good agreement between both piezofoils and surface

hot wires. Shear layer flapping has not been measured nor with the piezofoils, nor with the surface hot

wires.

Specifically addressing the research subquestions, the following remarks can be made.

1. To analyze the streamwise distribution of pressure fluctuations within a laminar separation bubble,

it is useful to examine both the standard deviation and the power spectral densities along the

non-dimensional chordwise position. The STD reveals very low pressure fluctuations upstream of

and immediately after the mean separation point, followed by a slow increase in the fluctuations

amplitude and then by a sharp peak just before the mean reattachment location. Beyond this peak,

the fluctuations rapidly decrease and stabilize at levels typical of turbulent boundary layers. The

sharp rise in STD corresponds to the region where the separated shear layer rolls up, forming

vortical structures commonly referred to as ”rollers”. The PSD analysis similarly captures this peak in

pressure fluctuation amplitude and further identifies the characteristic frequencies associated with

the amplified instabilities and the shedding of vortices. In addition, the spectra confirm the decay of

these coherent structures into turbulence downstream of reattachment.

2. With respect to shear layer flapping, nor the piezofoils nor the surface hot wires have been able to

provide meaningful data. This behavior may primarily result from the non-optimal sensitivity of the

piezofoil, which limits its ability to capture the small amplitude fluctuations characteristic of flapping.

Another possible contributing factor is the turbulence intensity during the experiment, which may

have been slightly higher than ideal, thus interfering with the accurate detection of the low-frequency

flapping motion. For what concerns the surface hot wires, this limitation is linked to the physical

quantity they measure. Pressure is a global and continuous variable, whereas velocity is inherently

discontinuous and, particularly just downstream of separation, close to zero. This results in a signal-

to-noise ratio too low for hot-wire measurements to capture flapping reliably. Consequently, the

present study cannot resolve flapping with either piezofoils or surface hot wires, nor can it identify an

optimal sensor location. Nevertheless, prior studies suggest that the most suitable measurement

region lies near the mean separation location.

3. Concerning vortex shedding, both piezofoils and surface hot wires successfully capture the phe-

nomenon, with close agreement observed among the three devices. The locations of maximum

standard deviation of pressure and velocity fluctuations align for all devices within the tested range

of angles of attack and Reynolds numbers. Agreement is also observed in the spectra and vortex

shedding frequencies, with the exception of α = 4, 5 degrees at the highest Reynolds number.

The cross-correlation analysis further confirms the consistency of the results, yielding comparable

convective velocity values. In terms of measurement location, vortex shedding can be effectively

characterized throughout the reattachment region and downstream of it. Rollers initiate the roll up

just before reattachment and convect downstream while retaining a certain degree of coherence over

a considerable distance, in some cases up to the trailing edge. For studies limited to vortex roll-up

and shedding frequency, measurements confined to the reattachment region are sufficient. How-

ever, investigations into vortex convection and breakdown require a broader measurement domain

extending from the mean reattachment location to the trailing edge, depending on the coherence of

the vortical structures.

4. Finally, the velocity and pressure fluctuations from surface hot wires and piezofoils, respectively,

match well at reattachment and in the LSB. The standard deviation plots clearly show this result.

In general, the surface hot wires are able to capture earlier the amplified disturbances and vortex

shedding, in respect to the piezofoil. This is related to their different working principles and to their

sensitivities.

4.2. Recommendations
Based on the conclusions presented in Section 4.1 the following recommendations are put forward.

1. The wing employed in this study is equipped with 28 pressure taps connected to transducers located

outside the model. The spatial resolution is sufficient to characterize long laminar separation bubbles
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at low Reynolds numbers and moderate angles of attack, but it does not provide the detail required to

resolve shorter bubbles. In addition, the current configuration only enables the analysis of mean flow

characteristics, such as pressure coefficient distributions, and cannot resolve the dynamic behavior

of the laminar separation bubble. This is due to the long tubing between taps and transducers,

which effectively damps pressure fluctuations and preserves only the mean pressure level. This

design constraint was imposed by the limited internal space available within the wing model. In future

investigations of laminar separation bubbles on wings, a model with a denser spatial resolution of

pressure taps is desirable.

2. Since the angle of attack is a critical parameter in the dimensions and behavior of laminar separation

bubbles, particular attention must be paid to ensuring its accurate control. In this study, the angles of

attack were set by manually rotating the wing and inserting a metal rod into previously drilled holes,

whose positions were determined using a digital level. Although this procedure provided satisfactory

precision and repeatability, future investigations should employ a more accurate method for control-

ling the angle of attack, thereby eliminating this parameter as a potential source of uncertainty in

measurements taken at nominally identical conditions.

3. The piezofoils design, at the moment, is limited by a number of constraints for what concerns both

manufacturing and data acquisition. First and foremost, the manufacturing process only allows

screen printing over A4-sized PE sheets, limiting the theoretical maximum dimensions of the foil.

Secondly, the dimensions of the sensing elements are constrained by the manufacturing process,

since the manual alignment of the layers introduces errors when the elements are made too small.

Furthermore, the number of sensing elements is limited by the number of channels in the available

amplifier. Transitioning to automated assembly methods could facilitate the fabrication of smaller

sensing elements, and the use of an amplifier with a larger number of channels would enable a

higher sensor density. However, in the present study, the amplifier was selected primarily for its

compact dimensions, as a result of the available space inside the wing model.

4. The limited sensitivity and frequency response observed in the piezofoils can largely be attributed to

the dimensions of the sensing elements. As previously noted, a trade-off exists between sensitivity and

frequency response: reducing element size enhances frequency response but diminishes sensitivity,

whereas larger elements improve sensitivity at the expense of frequency response. Future work

should explore the use of smaller sensing elements, within manufacturing constraints, to enhance

frequency response, while simultaneously addressing environmental noise reduction. Previous tests

conducted in supersonic flows and low-noise environments have demonstrated that the piezofoil

performs excellently when operating under high signal-to-noise ratio conditions.

5. The low signal to noise ratio recorded with the piezofoils in unshielded and unheated conditions could

also be attributable to the grounding design of the devices. In conjunction with the environmental

noise reduction, a redesign of the grounding system might be necessary to increase the signal to

noise ratio. The current design presents a ”single ended” configuration where two ground connections

are shared among all sensing elements, resulting in separations of several centimeters between

the central sensing element and the ground terminals. Redesigning the grounding configuration to

employ differential pairs of signal and ground, placing the ground element as close as possible to

each sensing element, would theoretically reduce electromagnetic noise contamination in the signal.

However, if the existing amplifier configuration is kept, this modification would effectively halve the

number of available sensing elements, as each element would require its own dedicated ground

connection.

6. In the present configuration, the spanwise distance between the surface hot wires and piezofoil

sensing elements is approximately 50 mm. Combined with the manual installation and adjustment

of the 3D-printed plug, which may have introduced slight surface differences between the hot-wire

and piezofoil locations, this could lead to minor variations in the laminar separation bubble dynamics

at the two positions. As a result, coherence analysis between the surface hot-wire and piezofoil

signals could not be performed. Future studies should aim to minimize the distance between sensor

arrays and, if possible, eliminate the use of insertable plugs, as these can introduce local geometric

irregularities that may affect the flow.

7. For the staggered piezofoil, it was observed that overlaps between the signal and ground ink traces

may contribute to increased sensitivity. Future research should investigate the development of

designs in which each sensing element is divided into two smaller elements with a total area equal
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to that of the present configuration. Such an approach would maintain the same overall sensitivity

while theoretically enhancing frequency response and energy capture, as the reduced element size

would improve the ability to resolve finer-scale flow structures.

8. While modifications to the ground configuration or to the geometry of the sensing elements are

expected to yield the largest gains in signal-to-noise ratio, simpler techniques such as heating and

signal filtering can also be employed to improve signal quality. In particular, the filtering approach

presented in Section 2.8.1 has shown high effectiveness in suppressing common noise by employing

a reference sensor and correlating its signal with those of the remaining elements. This method,

however, involves the loss of one sensing channel and may inadvertently remove flow-related

features, since the reference sensor is located within the flow field. This effect was evident in cases

where vortex shedding occurred near the beginning of the piezofoil or of the hot wires plug, as the

reference sensor detected the shedding and consequently partially removed it from the other signals

during processing. A possible improvement for future studies would be to implement the reference

sensing element in the vicinity of the piezofoil connector, inside the wing model, thereby shielding

it from the flow while ensuring that it captures the same electromagnetic noise as the rest of the

sensors.

9. Although the piezofoil requires only a relatively simple installation procedure, a surface slot is

necessary to connect the piezofoils connector to the amplifier. If not properly manufactured, such

a slot can introduce noticeable disturbances to the flow. Additionally, on curved surfaces, such

as wings, the connector may need to accommodate a double curvature (the external curvature of

the wing and the internal curvature required to route the connection to the amplifier), potentially

causing the connector to protrude into the flow more than intended. Future studies should account

for this constraint during the model design stage or, if not possible, position the slot in flow regions

less critical to flow development, such as the trailing edge or the pressure side of the airfoil. This

observation is closely related to one of the piezofoil limitations, that is, the fact that it cannot conform

to surfaces with double curvature, precluding its application on very complex geometries.

10. In the present work, the two piezofoils could not be rigorously calibrated in their designated calibration

chamber due to the large size of the foils. This limitation motivated the use of the on-wing turbulent

calibration procedure described in Section 2.4.3. Consequently, the absolute values of the pressure

fluctuations could not be obtained. This did not represent a major limitation for the study, as the

relative amplitudes of the fluctuations were sufficient for the analysis; however, knowledge of the

absolute pressure values would have been useful. Future investigations should therefore consider

either developing a larger calibration chamber or adopting an alternative calibration method.
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