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Abstract

The development of flow control techniques aimed at reducing aerodynamic drag is a topic
of significant interest within the fluid dynamics research community. Drag reduction is, in
fact, a key factor in lowering the emissions and operating costs of transport vehicles. The
portion of drag resulting from the viscous forces arising in the proximity of surfaces, referred
to as skin friction, is particularly relevant in aerodynamic bodies such as aircraft wings and
fuselages.
A promising passive flow control method that allows to reduce skin friction consists in ap-
plying microscopic-sized grooves, known as riblets, to the surface.
Experimental observations of riblet manipulated boundary layers are usually carried out on
riblet equipped tiles installed within the surface of a bigger flat plate. The requirements for
successfully conducting this type of experimental studies are thus that the flat plate flow
is canonical, adhering to the zero pressure gradient condition, and that the boundary layer
behaves correctly.
In this work, the last steps of the assembly of the recently renewed boundary layer obser-
vation facility of the Politecnico di Torino are covered. The experimental setup preparation
involved the design of new components and solutions to enhance the facility’s operating
field, including different turbulence tripping devices and a terminal flap for pressure gra-
dient management. The wind tunnel has also undergone a preliminary characterization,
where the flow quality and the effect of the previously mentioned devices have been tested.
Static pressure measurements through the flat plate pressure taps have been employed to
study the effect of the flap on the pressure field, obtaining a map of the realizable operating
conditions for different flow velocity and flap deflection combinations. Hot wire anemome-
try was used to carry out boundary layer observations in multiple positions along the flat
plate at different velocities, applying two different types of turbulence tripping devices. The
natural transition of the boundary layer was thus highlighted, and the development of the
artificially generated turbulent boundary layers was examined. Recently proposed diagnos-
tic approaches have been applied to the study of the behavior of the turbulent boundary
layer.
This study therefore serves to test the reconfigured experimental facility, making sure that
the previously introduced requirements are met while also comparing the experimental re-
sults with data from previous works.
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Chapter 1

Introduction

The development of flow control techniques for drag reduction has been a major focus
for researchers in the field of fluid dynamics. A large part of the energy consumed in
key engineering applications, such as transportation and pipe systems is, in fact, used to
overcome fluid dynamic drag.

1.1 What causes drag

In fluid dynamics, the force experienced by a solid body in opposition to its relative move-
ment with respect to a fluid is referred to as drag or, often, as fluid resistance.
Drag is generally divided into two components:

• Pressure drag: the contribution to drag due to differential pressure, related to the
body shape and, inherently, to its wake configuration

• Skin friction: the drag component due to the viscous forces acting mutually between
the fluid and the body

The importance of one of these two components of the drag force with respect to the other is
associated with ”how aerodynamic” the body affected by the drag force is. In fluid dynamics,
a body is defined as ”aerodynamic” if its shape is streamlined, leading to a smaller wake
and, as a consequence, a smaller pressure drag component. Conversely, bluff bodies are
those for which pressure drag is the main component of fluid resistance, as a consequence of
the development of a more significant wake.
In aeronautical applications, which generally involve aerodynamic bodies, the study of the
mechanisms that drive and regulate skin friction production becomes, therefore, a topic of
great interest.
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CHAPTER 1. INTRODUCTION

The boundary layer

Figure 1.1: Representation of the boundary layer regimes

The boundary layer is the near-wall region where the flow velocity transitions
from the free-stream value to zero, to comply with the no-slip condition. Since
this region is inherently associated with viscous stresses, it is clear that the
phenomena that govern skin friction production occur within it. The boundary
layer characteristics depend on the flow regime and thus on the Reynolds
number:

• Laminar boundary layer:
At lower Reynolds numbers, the boundary layer is characterized by well-
organized flow, which develops in fluid filaments of different velocities
placed on each other, with viscous stresses appearing between them. The
shear stress, which originates skin friction, can then be described by New-
ton’s law for viscosity:

τ = µ
∂U

∂y
−→ τw = µ

∂U

∂y

∣∣∣∣
w

• Turbulent boundary layer:
At higher Reynolds numbers, on the other hand, the flow is character-
ized by chaotic and multiscale flow. With respect to laminar flow, the
turbulent boundary layer is characterized by an additional interaction
consisting in the momentum transfer from different fluid filaments due to
the turbulent velocity fluctuations, which adds up to the viscous stresses
to make up the skin friction. The shear stress for the turbulent boundary
layer can then be defined, according to the Reynolds decomposition, as:

τ = µ
∂U

∂y
− ρu′v′

Where u′ and v′ are the components of the velocity fluctuations in the
streamwise and normal to the flow directions, respectively. The term
−ρu′v′ represents an apparent shear stress for the mean velocity and is

2



1.1. WHAT CAUSES DRAG

referred to as the Reynolds stresses; its value is positive if the amount of
fluid moving towards the wall, characterized by negative v′ component,
carry an excess of momentum [20].

Since most engineering applications are characterized by higher Reynolds num-
bers compared to the values associated with laminar flow, the study of the phe-
nomena which regulate the production of skin friction in turbulent boundary
layers becomes increasingly important for developing effective drag reduction
techniques.

1.1.1 Classical theory of the turbulent boundary layer

Unlike the laminar boundary layer, the turbulence boundary layer does not
show a full similarity of the mean velocity profile [16], but is studied by dividing
it into two regions: the inner layer and the outer layer. In the inner layer, the
turbulent boundary layer mean velocity profiles are usually treated as proposed
by Prandtl [21]. The mean streamwise velocity U and the wall distance y
get scaled using two scaling parameters: the friction velocity, defined as uτ =√

u/τw, which scales the velocity, and the viscous length, defined as lτ = ν/uτ ,
which scales the wall distance. Two non-dimensional quantities, referred to as
wall units, are then defined:

• u+ = U/uτ

• y+ = y/lτ

When described by the non-dimensional wall units, the inner layer is found to
follow an universal law, known as the wall of the law:

U

uτ

= f(y+)

The outer layer, on the other hand, is described by using δ, a measure of
the boundary layer’s thickness, as the length scale. The wall distance is then
normalized as η = y/δ. The outer region then follows an universal function, the
wake function, which, however is not independent from the Reynolds number:

U

uτ

= f (η,Re)

The wall law is mathematically defined by further dividing the inner layer in
three sub-layers:

• Viscous sublayer:
The layer closest to the wall, in which viscosity is dominant, is known as

3



CHAPTER 1. INTRODUCTION

the viscous sub-layer and is defined for y+ ≲ 5. In the viscous sub-layer,
wall units follow a linear relationship:

u+ = y+

• Logharitmic layer:
The outer region of the inner layer, defined for 30 ≲ y+ ≲ 150, the non-
dimensional velocity follows a logarithmic profile:

u+ =
1

k
log(y+) +B

Where k is the Von-Karman constant and B is an intercept constant. This
region is called the logarithmic layer, or, alternatively, the overlap region,
because the description given by the wall law and the wake law should
collapse for y+ → ∞ and η → 0 at large Reynolds numbers [2]. The
upper limit of the logarithmic region dependent on the Reynolds number,
and can range from y+ = 80 to the conventional value of y+ = 150 [18].

• Buffer layer:
The region between the viscous sub-layer and the logarithmic layer, in
which the wall units transition from the linear profile to the logarithmic
profile, is called the buffer layer.

In the viscous sub-layer, viscosity fundamentally accounts for all of the shear
stress, while in the logarithmic layer viscosity is negligible and the Reynolds
stresses become dominant. In the buffer layer, both viscous stresses and
Reynolds stresses are important and turbulence reaches its peak production
and dissipation.

(a) (b)

Figure 1.2: (a) Turbulent boundary layer non-dimensional mean velocity profile, (b) evolu-
tion of the share of skin friction due to viscous stresses and to turbulent stresses with y+

4



1.1. WHAT CAUSES DRAG

1.1.2 Near wall turbulent structures

The structure of the near wall mean streamwise velocity profile, which was
described in the previous paragraph, is actually connected with the existence
of coherent structures of turbulent nature, associated with velocity fluctua-
tions around the mean velocity value. Those structures and their dynamics
have been subject of intensive study, leading to a classification supported by
a general consensus [30].

Figure 1.3: Schematic of the coherent structure populations in different regions of the tur-
bulent boundary layer. Reproduced from [31]

The buffer layer is populated by low speed streamwise streaks and quasi-
streamwise vortices as can be observed in the flow visualization reported in
1.4. Streamwise streaks are elongated and sinuous structures characterized
by an alternatively negative or positive value of the streamwise velocity fluc-
tuation u′ spaced, on average, of z+ ≈ 100. Quasi-streamwise vortices are
swirling structures whose axis, which is nearly aligned to the flow direction,
has a slight upward tilt that increases with the distance from the wall [18].
This two types of structures are generated by a self-sustaining cycle, as the
vortices result from the instability of the streaks and the low speed streaks
are formed by low speed flow lifted from the region near to the wall by the
streamwise vortices[15].
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Figure 1.4: Visualization of the low speed streaks (black) and of the streamwise vortices
(gray) at y+ = 20. Reproduced from [32]

The streamwise streaks contain most of the flow’s kinetic energy and are
main contributors in the momentum transfer and in the generation of tur-
bulence drag, while the upwash and downwash effect induced by individual
quasi-streamwise vortices is also responsible for the production of tangential
Reynolds stresses [20]. Above the buffer layer, the flow structure becomes
more complex, as the multi-scale nature of turbulent motion gets more signif-
icant: the streamwise velocity is organized in much larger streaks and hairpin
vortices, developed from the near wall structures, are found in packets [14].

1.2 Flow control methods for drag reduction

In aeronautic applications, such as commercial aircraft, skin friction drag ac-
counts for approximately 50% of the total drag, hence making the development
of skin friction reduction methods a promising approach to reducing fuel con-
sumption, pollutant emissions and operating costs. The several methods that
have been explored can essentially be subdivided into two classes:

• Passive methods:
Flow control systems that do not require any sort of power supply

• Active methods:
Drag reduction methods that rely on a dedicated power supply, although
allowing for significantly larger values of drag reduction. Some of the
most efficient active solutions are based on the spanwise oscillation of the
wall or on the forcing of the flow actuated by jets.

1.2.1 Riblets

Among the passive flow control methods, one that has shown promising results
consists in the permanent manipulation of the wall using micro-grooves gen-
erally referred to as riblets. This solution is already in use by some passenger
airlines and has also found application in sports, such as sailing competitions
and rowing events. It has been found that Riblets can reduce skin friction up to
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10% in canonical flat plate flows, though lower performance is to be expected
for more complex geometries. Flight tests carried out on an aircraft with 70%
of its surface covered with riblets gave a 2% reduction in fuel consumption
as a result [17]. Although fuel savings are achieved, cost savings may not be
significant when we account for installation and maintenance costs. Therefore,
in order to increase riblets performance, many studies focus on obtaining a
deeper understanding of their flow physics.
The basic geometric configuration of riblet systems is the following:

(a) (b)

Figure 1.5: A surface fitted with riblets (a), characteristic dimensions of riblets (b)

The depth of the riblets, h, and their spacing, s, represent two characteristic
lengths for the riblets geometry definition.
The drag reduction mechanism, as it can be imagined, is related to the Reynolds
number; Walsh & Lindemann [22] showed that this dependence could be high-
lighted by expressing riblet dimensions in wall units:

L+ =
Luτ

ν

Where L is the considered characteristic length.
The groove spacing, s, is a commonly used measure for the riblet characteristic
length L, although Garcia-Mayoral & Jimenez [10] have found a different di-
mension lg, defined as the square root of the groove cross section,

√
Ag, which

takes into account the groove shape.
Different drag reduction regimes can be seen when representing diagrams show-
ing the normalized variation of skin friction with respect to the smooth wall
case (∆τ/τ0), where τ0 is the wall shear stress for the smooth plate case, as a
function of the riblet dimensions expressed in wall units.
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Figure 1.6: Drag-reduction regimes observed over triangular riblets with 60◦ tip angle, as a
function of the spacing s+, reproduced from [10]

The first portion of the drag reduction curve shows a progressive decrease in
drag, until reaching a minima for s+ ≃ 15. This is called the viscous regime.
Subsequently to the viscous regime breakdown, drag increases, adopting the
typical roughness behavior.

The drag reduction mechanism

The drag reduction mechanism in the viscous regime is still under discussion
to this day. Bechert et.al [5] has attributed it to the inhibition of the spanwise
movement of the near wall streamwise vortices, while a different and more
recent interpretation has been given by Choi et.al [11], Suzuki & Kasagi [33]
and Goldstein [4], who found that riblets reduce drag by shifting the streamwise
vortices further away from the wall, thus reducing turbulent mixing near the
wall and, hence, skin friction.

Figure 1.7: Schematic representation of the upward lift of the streamwise vortices

A quantitative idea is that wall surfaces with applied riblets are seen by the
turbulent flow as an equivalent smooth wall placed at a virtual origin, ∆u being
the virtual origin position for the streamwise flow and ∆w that of the spanwise
flow. Near the wall, the flow behaves as a uniform shear, thus following a
linear profile:

u ∝ y −∆u

v ∝ y −∆v

8
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Luchini [27] has noted that the offset between this two heights, the ”protrusion
height”, defined as ∆h = ∆v −∆u, is related to drag reduction: if the virtual
origin of the spanwise flow is displaced further from the wall than the virtual
origin of the streamwise flow (i.e. ∆h > 0), then the lateral motion induced
by the streamwise vortices is impeded with respect to the smooth wall case.
The vortices have been lifted away from the wall and therefore the turbulent
mixing of the streamwise momentum, which is responsible of the near wall
shear forces, is reduced [10].

The role of riblets shape

Riblets can be built in different shapes, which result in different geometries of
the resulting grooves. Garcia-Mayoral & Jimenez [10] have found a character-
istic dimension lg, defined as the square root of the groove cross section,

√
Ag,

which takes into account the groove shape and allows good data collapsing for
the drag reduction diagram.

Figure 1.8: Drag reduction diagram as a function of the riblets spacing (a) and of the square
root of the cross-sectional groove area (b). Open triangles, experimental results, filled circles,
DNS data. Reproduced from [10]

The collapsing of the data in figure 1.8 shows that the location of the viscous
regime and of the maximum performance are independent of the riblets shape,
although the drag reduction obtained itself depends on the groove geometry.
A general result is that sharper riblets provide greater drag reduction in the
viscous regime, while the different shape does not lead to a different behavior
in the drag increasing regime. This trend can also be observed when studying
the effect of wear on riblet performance: tip rounding caused by erosion affects
the system’s drag-reducing capabilities.

1.2.2 Sinusoidal riblets

One of the latest advancements in the study of riblets tackles the implemen-
tation of unconventionally shaped riblets whose crests do not develop in a
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straight line but following a sinusoidal pattern. These riblets are referred to
as sinusoidal riblets, or, often, as wavy riblets.

Figure 1.9: A surface fitted with sinusoidal riblets

Cafiero & Iuso [8] obtained an additional 3% of drag reduction when using
sinusoidal riblets instead of longitudinal riblets at a friction Reynolds number
of nearly 1200. It was found [9] that in the drag reducing regimes sinusoidal
riblets yield narrower and more closely spaced low speed streaks in the near
wall region, with respect to longitudinal riblets. This has been attributed to
the fragmentation of the turbulent structures due to the periodic transversal
flow induced by the curved grooves. The turbulent structures are thus weak-
ened by the fragmentation process, resulting in lower turbulence production
and Reynolds stresses. This mechanism resembles, in some way, that of the
oscillating wall active method, making the sinusoidal riblets effects on drag
reduction a combination of those of conventional longitudinal riblets and that
of the aforementioned active drag reduction method.

Figure 1.10: Schematic representation of the low speed streaks fragmentation due to the
sinusoidal riblets. Reproduced from [9]
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1.3 Aim of this work

Given the growing importance of developing drag reduction systems aimed at
reducing costs and emissions in the aerospace sector, the study of riblets has
become a recurring topic in academic research. For this reason, wind tunnels
for boundary layer observations have become essential instruments for aca-
demic research laboratories. Politecnico di Torino has itself become a point of
reference on riblets research and, more in general, in the study of flow control
methods. To continue research in this field and further expand the knowl-
edge of the physics of drag reduction mechanisms, the fluid-dynamics research
group of the Politecnico has undertaken a renovation of the pre-existing exper-
imental facility. In this work, the last steps of the new wind tunnel assembly
as well as the design and implementation of some new solutions for the im-
provement of the experimental set up will be covered. Then, the fluid-dynamic
characterization of the new facility will be carried out and, finally, some obser-
vations on riblet manipulated flows will be conducted, comparing the results
with previous works.

1.3.1 Previous works conducted at the Politecnico di Torino labo-
ratory

Many studies on flat plate flows and flow control systems have already been
conducted in the Modesto Panetti laboratory of the Politecnico di Torino,
leading to interesting findings. In 2022 Cafiero and Iuso [8] conducted the first
observations on sinusoidal riblets, testing two wavy riblets configurations with
a fixed wavelength and two different values of the amplitude. The investigated
sinusoidal riblets have been compared with conventional longitudinal riblets
and with an equivalent smooth plate.

RLONG RS1 RS2

s [mm] 0.30 0.30 0.30

h [mm] 0.21 0.21 0.21

h/s 0.70 0.70 0.70

a [mm] 0 0.15 0.60

λ [mm] ∞ 19.2 19.2

Nλ n.a. 13 13

Table 1.1: Geometric data of the riblet configurations tested in [8]

By carrying out force measurement on floating testing plates, they found out
that wavy riblets generally yield higher values of drag reduction, obtaining
values as large as 10%.
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Figure 1.11: Drag reduction curve the riblet configurations tested in [8]. Reproduced from
[8]

Hot wire anemometry measurements as well as particle image velocimetry
(PIV) visualizations have been used to statistically prove that the sinusoidal
riblets are responsible for an attenuation of the Reynolds shear stresses and,
thus, of the turbulent drag. They then showed, through the detection of accel-
erated events in the buffer layer, that sinusoidal riblets lead to the weakening
of the intensity of the turbulent structures in the streamwise plane, while en-
hancing the spanwise induced motion.
In 2024, sinusoidal riblets have been further studied by Cafiero, Iuso and Amico
[9]. New PIV experiments were conducted to investigate the effect of sinusoidal
riblets on the near wall organization of the coherent structures responsible of
the skin friction production. The investigation has involved the identification
of the topology of the low speed streaks by using conditional average tech-
niques. The idea that sinusoidal riblets induced the weakening of the streaks
was confirmed, and the high values of the wall normal vorticity found at the
streak edges suggested the idea that the fragmentation is due to the spanwise
motion induced by the curved path imposed by the sinusidal riblets.

1.3.2 The old facility configuration

The facility used to carry out the mentioned works consisted of a low speed,
open-circuit, wind tunnel, belonging to the Modesto Panetti laboratory of the
Politecnico di Torino.
The wind tunnel had a 3999 mm long testing chamber with rectangular sec-
tion, preceded by a settling chamber fitted with a honeycomb and mesh screens
for large-scale turbulence breakdown and a contraction with a 9:1 area ra-
tio. The test section height is fixed at 510 mm, while the width spaces from
699 mm to 768 mm, as the vertical walls are slightly divergent, with an angle
of 0.5◦. This slight expansion of the testing chamber section is intended to
limit the speed increasing effect due to the flow passing section contraction
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Figure 1.12: The old wind tunnel configuration in the Modesto Panetti laboratory

resulting from the boundary layer thickness development on the walls.
The test section ended with an ”L” shaped duct, which used to deflect the
flow upwards to avoid interference with a nearby wind tunnel; the duct was
fitted with aerodynamic fins to guide the flow and prevent separation.
The boundary layer observations were conducted on a flat plate located at the
50% of the test section height, resulting in the halving of the transverse sec-
tion; this area reduction was obtained by a contoured transition achieved with
a smooth connection between the test section floor and the top surface of the
flat plate, which also served to insulate the measuring equipment below the
flat plate from the flow. This solution implied the conception of a boundary
layer suction system to inhibit the growth of the wind tunnel wall’s boundary
layer on the flat plate.

1.3.3 The facility’s reconfiguration project

The described facility has recently been subject to a renovation project, which
has been covered in [29].
The new project has included:

• The lengthening of the wind tunnel straight segment

• Replacement of the terminal ”L” shaped duct with a truncated pyramid-
shaped duct

• A new flat plate design

• The repositioning of the measuring station

Figure 1.13 shows the CAD model of the newly projected wind tunnel. The
three central sections of the testing chamber represent the old configuration
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tunnel. The two 500 mm sections added at the two ends extended the test
section length from 3999 mm to 4999 mm, allowing the installation of a longer
flat plate. The terminal truncated pyramid-shaped divergent has a length of
1500 mm and an area expansion ratio of 2.04.

(a)

(b)

Figure 1.13: CAD of the new wind tunnel design in axonometric view (a) and lateral section
view (b)
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Figure 1.14: The new flat plate design, with detail of the elliptical leading edge

In figure 1.14 the drawing of the new flat plate is shown. The plate is fitted
with an elliptical leading edge, 29 pressure taps lodgings and a hollow slot that
will accommodate the different tested plates. The pressure taps are divided
into 17 longitudinally arranged probes, aligned with the main axis of the flat
plate and equally spaced, and 12 transverse probes, positioned upstream and
downstream to the measuring station.
At the rear end of the flat plate, an adjustable flap will be installed and used
to guarantee the zero pressure gradient conditions on the plate.

1.3.4 Objectives

To realize the aim of this work, the following objectives have been outlined:

• Free-stream flow characterization on the tunnel section

• Acquisition of the pressure field on the flat plate

• Evaluation of the effect of the flap on the pressure distribution

• Study of the behavior of the turbulent boundary layer along the flat plate

• Boundary layer acquisition on riblets

The first four objectives, which relate to the facility characterization, will be
presented in chapter 3, while the riblet manipulated boundary layer observa-
tions will be covered in chapter 4.
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Chapter 2

Experimental setup

The architecture of the experimental facility subjected to the renovations has
been already illustrated in 1.3.3. At the beginning of the activities, the new
top and side panels of the tunnel and the terminal divergent duct had already
been installed and the remaining operations to carry out to complete the setup
were the installation of the flat plate and the arrangement of the measuring
systems.

2.1 Flat plate installation

The new flat plate for the boundary layer observations is fabricated in plex-
iglass and is formed by two sections of equal length that had to be mounted
together. Six wooden slats, two of which spanning across the two different
plate sections, fitted with height-adjustable legs, have then been mounted on
the lower face of the plate. Another feature of the plate is the presence of
29 fitting holes for the realization of static pressure probes; the small holes
have been provided with steel inserts and connected to the pneumatic lines.
The flat plate assembly has then been positioned in the testing chamber of the
wind tunnel. The legs of the plate supports were adjusted to make the plate
perfectly horizontal and the gaps between the diverging lateral walls of the
wind tunnel and the plate edges have been sealed using polystyrene shaped
spacers, to avoid aerodynamic effects due to the differential pressure between
the flow over and under the plate.

2.1.1 Design and installation of the flap

An important requirement for boundary layer observations is that the flat plate
flow characteristics are met: the flow should experience a near zero pressure
gradient along the plate length and the stagnation point should be centered
on the leading edge. This is not straightforward when long flat plates are
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Figure 2.1: The flat plate installed in the wind tunnel

employed and the wind tunnel cross-section is relatively small when compared
to the plate dimensions. The growth of the boundary layer on both the flat
plate and the wind tunnel’s top and lateral walls, in fact, normally results in
a ”virtual” area contraction along the flow direction, which induces a negative
pressure gradient over the test section length. A common solution to com-
pensate for this negative pressure gradient is using diverging walls, but the
compensating effect produced is optimal for a specific operating condition if
the divergence angle is fixed. A typical method to extend the field of the real-
izable zero pressure gradient operating conditions is to use a flapping surface
at the back of the plate to induce a positive pressure gradient and compensate
for the existing negative pressure gradient. To overcome the necessity of opti-
mizing the pressure gradient compensation, a flap with 350 mm chord length,
20 mmmaximum thickness and 700 mm span was designed. The flap has been
manufactured in two 3D printed PLA half-span parts that have been mounted
together with the with the interlocking of three connecting pins. Two screws,
fastened on each of the two flap edges, will serve to fix the rotation axis and
adjust the deflection angle. The flap will be mounted and adjusted through
custom-designed 3D printed connection elements that will be fixed in the two
slots present on each side of the wind tunnel lateral walls. In the first of the
two slots the rotation axis will be fixed by a tight hole, while in the second
slot the deflection angle will be regulated by adding different combinations of
spacers to the support plane of the second screw of the flap.
Two sets of dedicated spacers have been manufactured, allowing the realization
of the deflection angles in table 2.1.
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(a) (b)

(c) (d)

Figure 2.2: (a) Half-span section of the flap, (b) set of spacers for angle adjustment, (c)
rotation axis hinge, (d) spacer-adjustable support surface for angle adjustment

s α

4.4 mm 0◦

4.8 mm 1◦

5.2 mm 2◦

5.6 mm 3◦

6 mm 4◦

6.4 mm 5◦

6.8 mm 6◦

7.2 mm 7◦

7.6 mm 8◦

Table 2.1: Realizable flap incidence angles with relative total height of the necessary spacers

2.1.2 Turbulence tripping devices

Turbulence tripping devices consist of small structures that can be used to per-
turb naturally laminar boundary layers, triggering the transition to a turbulent
boundary layer. Two different types of turbulence tripping structures will be
tested. The first trip type is a sawtooth fence, a paper strip with triangular
shaped obstacles on both sides. The triangular obstacles will be kept bent in
the horizontal position. In this way, the flow will not be strongly perturbed
and the generated turbulent boundary layers will be characterized by moderate
momentum thickness Reynolds numbers Reθ. This trip will be referred to as
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”sawtooth”. The second trip type, which will be referred to as ”2row20”, con-
sists of two rows of cylinders of the same geometrical characteristics of those
used in [7] and will, conversely, serve to generate high Reθ turbulent boundary
layers. However, this type of tripping device strongly disturb the flow, and the
resulting turbulent boundary layers could exhibit an altered structure; The
canonical characteristics of the flow may then be recovered only after a certain
”adaptation region”.
Turbulence tripping devices can generally be divided into two categories [25]:

• Wall driven:
Turbulence tripping mechanisms with shorter adaptation region and little
interaction between the inner and outer boundary layer regions. They
result, however, in a more perturbed outer part of the boundary layer,
with respect to wake driven mechanisms. Typical wall driven trips consist
of small cylinders with vertical axis.

• Wake driven:
Turbulence tripping mechanisms with a typically longer adaptation re-
gion, where the interaction between the inner and outer part of the bound-
ary layer is stronger, resulting in an altered inner structure of the bound-
ary layer.

The 2row20 trip falls into the category of the wake driven trip devices for the
artificial generation of high Reynolds number boundary layers. Following the
work done by Rodŕıguez-López, Bruce and Buxton [7], the two different types
of turbulence tripping structures will be tested, to compare their performance
and influence on the boundary layer structure. Both the tripping devices have
been alternatively fixed on the flat plate with paper tape at x ≃ 0.2 m from
the leading edge.

(a) (b)

Figure 2.3: (a) sawtooth trip, (b) 2row20 trip

2.2 Measuring systems

Many measuring techniques have been historically employed to study the per-
formance of riblets and their effect on the boundary layer structure. The in-
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fluence of the riblets on the boundary layer flow is typically studied by means
of hot wire anemometry when it is sufficient to measure the 1D mean veloc-
ity profiles and the flow statistics connected with the streamwise flow in the
near wall region and compare them with the ones of turbulent boundary lay-
ers developed on a smooth plate. Conversely, PIV techniques are used when
the topology of the near wall turbulent structures needs to be studied. Riblet
performance, on the other hand, is commonly assessed by means of integral
force measurement on riblet equipped tiles, using load cells or LVDT based
displacement measuring systems.
To fulfill the purpose of this work, the technique that will be mainly used is
the hot wire anemometry, but pneumatic measurement systems will also be
involved for the hot wire calibration and the pressure field characterization.

2.2.1 Pressure measurement systems

Pressure measurements will be carried out to obtain the flow velocity in the
wind tunnel through a Pitot-type probe, as well as to study the pressure dis-
tribution along the flat plate through the pressure taps installed on the flat
plate. Two different manometers will be used to perform the acquisitions:

• Furness Controls FCO560 precision manometer:
The FCO560 is a portable differential manometer with 0.01 Pa precision
and 10 Hz acquisition frequency. It has been used to measure the dy-
namic pressures from the Pitot tube positioned in the wind tunnel and,
thanks to its high precision, allowed the hot wire probe calibration. The
FCO560 readings have been collected via serial communication during the
execution of the acquisitions.

Figure 2.4

• Scanivalve ZOC 33/64px:
The Scanivalve ZOC 33/64px is a 64 channels electronic pressure scanner
which employs piezoresistive sensors to measure differential pressure with
environmental pressure as reference value.
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Figure 2.5

2.2.2 Hot wire anemometry

The hot wire anemometry is one of the most used techniques to obtain mea-
surements in turbulent flows. Its main advantages with respect to pneumatic
measurement systems are its high sampling rates, which allow to capture the
high frequency velocity fluctuations connected to the small-scale turbulent
structures, and its low interference with the flow, due to its reduced dimen-
sions.
Typical hot wire systems for fluid dynamic measurements rely on ”constant-
temperature anemometry” (CTA): a thin, electrically heated wire, whose resis-
tance varies with temperature, is placed in the flow and is subjected to forced
convection. As the fluid velocity cools the wire, the electric current supplied
to the circuit is varied by a servo-amplifier to maintain its temperature at a
constant value. The voltage needed to balance the wire cooling is then related
to the flow velocity performing the calibration of the system. One drawback
of this technique is, therefore, the need of calibrating the system, whose cali-
bration curves are also quite sensitive to ambient conditions.
The hot wire anemometry system arranged in the experimental setup involved
in this work includes:

• Dantec P15 hot wire probe:
Hot wire sensor dedicated to boundary layer acquisitions, which features
bent downward supports that facilitate near wall measurements.

Figure 2.6
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• Dantec Streamline Pro anemometer:
The anemometer contains the Wheatstone bridge circuit on which the
CTA anemometry is based. This specific system allows to automatically
balance the Wheatstone bridge in the dedicated Streamware Pro software.

Figure 2.7

• National Instruments NI9215 module:
Analog input module which allows the conversion of the electric signals
emitted by the anemometer

Hot wire calibration

The hot wire probe has been periodically calibrated in situ, using the Pitot
tube’s dynamic pressure measurements to determine the reference velocities
that have been correlated to the hot wire readings. Firstly, the hot wire’s
offset tension, that is the potential difference experimented by the Wheat-
stone’s bridge when the probe is not subjected to forced convection, has been
measured; then, the wind tunnel’s operating regime has been varied and both
the velocity of the flow and the hot wire electric output have been measured,
through, respectively, the Pitot’s tube and the hot wire probe at the different
flow speeds. 4th grade polynomials have been used to obtain the calibration
curves for the hot wire probes.
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Figure 2.8: Example of calibration curve assessment

2.3 Probe positioning systems

A key requirement to carry out the flow characterization and boundary layer
acquisitions is the translation of the probes in the z (spanwise) and, even more
critically, in the y (wall normal) directions. To do so, a bi-directional motion
system was prepared, employing two different types of linear stages:

• Zaber motion x-lsm series linear stage:
Linear stage with a maximum travel of 203.2 mm and an accuracy of
60 µm. It was implemented to manage the vertical movement of the
probes, which need high resolution to carry out boundary layer acquisi-
tions. The pitot tube and the hot wire probe support were fixed to this
linear stage’s kart with an appropriate probe holder.

• Stepper motor driven SKF linear guide:
A longer linear guide, driven by a stepper motor, was employed to operate
the horizontal movement of the measuring systems. The linear guide
features a maximum travel of 470 mm and a pitch of 5 mm.

The vertical linear stage was arranged on the horizontal linear stage kart to
constitute the bi-directional probe positioning system.
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Figure 2.9: Probe positioning system

To vary the x (streamwise) measuring position, the entire assembly was phys-
ically moved and the wind tunnel’s top panels were appropriately swapped to
position the panel with the probe slot in the desired location.

2.4 Riblet testing station setup

The riblet manipulated boundary layer observations will be conducted on 258
x 258 mm riblet equipped tiles accommodated in a 264 x 260 mm hole realized
on the flat plate. The gap between the testing plates and the surrounding flat
plate will serve to allow the plate to float, enabling future force measurements
via LVDT displacement sensors. The flow will then transit from a smooth
region to a riblet manipulated surface, passing over a few millimeters wide
gap. These two issues entail the need of dedicated systems to ensure that the
boundary layer behaves correctly over the testing plate.

2.4.1 Testing plate alignment system

One of the requirements of the riblet testing setup is that the floating plate is
correctly aligned to the surrounding flat plate. To manage the adjustment of
the height and tilt around the x (streamwise) and z (spanwise) axes, a dedi-
cated system was designed. This system has been conceived to be compatible
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with the LVDT sensors-based system for force measurements, which, however,
will not be employed in this work. The vertical displacement of the plate will
be carried out using a Thorlabs manual jack whose two ends will be connected,
respectively, to the overlying tilt control system and to a support base. The
support base could either be a moving plate carried by linear guide’s karts if
the force measurement system is implemented or a fixed wooden plate.

Figure 2.10: Thorlabs jack

The tilt control system, which will be installed over the jack, will instead
consist of a specifically designed articulated support. The main requirements
that have been identified for this device are:

• The ease of actuation of the control and of the installation of the different
plates

• The small entity of the lateral displacement of the plate consequent to its
rotation

• The stiffness of the assembly

The designed device employs three micrometer screws to tilt the plate by
adjusting its three contact points.
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Figure 2.11: Height and tilt adjustment system for the test plates

The three micrometer screws are supported by three mounts connected to the
system’s base and act on the plate through a dedicated frame, connected to
the testing plates by four M3 screws. This solution was chosen to facilitate the
access to the screws, that will lay outside the wind tunnel’s walls. The center
of the plate has been fixed by a ball joint mounted on a vertical support.
The housing of the ball joint has been realized on the plate support frame
and features threaded external walls, while a threaded cap running on the
vertical support allows for the tightening or loosening of the joint. This solution
minimizes the lateral displacement of the plate during its rotation, and ensures
a sufficient stiffness of the assembly. The ball joint locking system is intended
to facilitate the substitution of the tested plate, as the plate can be removed
while connected to the frame once the joint is unlocked.

2.4.2 Labyrinth seal and fairing

The other requirement of the setup is that the gap between the flat plate and
the floating tile does not affect the boundary layer. To avoid this a 3d printed
labyrinth seal, whose design was inspired by the one used in [23] was installed
under the mentioned gap.
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Figure 2.12: Custom designed labyrinth seal, inspired by the one used in [23]

A polyethylene fairing was then installed to insulate the testing plate supports
and the passage hole in the wind tunnel floor from the airflow underneath
the flat plate. The faring has been given a streamlined shape by passing
the polyethylene sheets through custom-shaped supports screwed onto the flat
plate’s lower side.
An overview of the experimental setup for the hot wire boundary layer obser-
vations on the testing plates is reported in figure 2.13

Figure 2.13: Overview of the setup of the testing station for the riblet manipulated boundary
layer observations
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Experimental setup
characterization

The preliminary characterization of the experimental setup, which constituted
a substantial part of this work, will be described in depth in this chapter.
Several activities were performed to evaluate the general flow quality as well as
to ensure that the main requirements for conducting turbulence manipulation
studies were satisfied. These are the satisfaction of the zero pressure gradient
condition over the flat plate and the correct behavior of the boundary layer.
Therefore, the experimental results that will be reported include pressure field
observations through the flat plate’s pressure taps, free stream flow acquisitions
through hot wire anemometry and boundary layer acquisitions.

3.1 Flow characterization on the wind tunnel section

Free stream acquisitions have been taken in 5 different positions along the
wind tunnel’s test section (x = 0.395m, x = 1.065m, x = 1.735m, x =
2.405m, x = 3.075m) at the same inlet conditions. The acquisitions have
been made on a x − z measurement plane with 50 mm ≤ y ≤ 200 mm and
150 mm ≤ z ≤ 150 mm, with y = 0 being on the surface of the flat plate and
z = 0 being on the symmetry plane of the wind tunnel.
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(a)

(b)

Figure 3.1: Evolution of the contour plots of (a) the velocity distribution, (b) the turbulence
intensity level, on the tested transversal planes. The flow direction is from left to right

(a)

(b)

Figure 3.2: Contour plots of (a) the velocity distribution, (b) the turbulence intensity level
above the riblets test station. The black circles represent the hot wire measurement points
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The acquisitions at x = 3.075m, showed in figure 3.2a, that correspond to
the measurement station for the riblet observations, show a slight asymmetry
of the flow. The velocity variation on the acquisition section remains within
±0.4% at the tested flow velocity.
In figure 3.1a, the velocity distributions at the other measurement positions
show a similar asymmetric pattern, suggesting that this asymmetry originates
upstream of the test section inlet, possibly due to the fans of the wind tunnel
engine system or within the settling chamber.
As shown in figure 3.1b, the mean turbulence intensity level remains constant
at I% ≃ 0.56 across the first four measurement positions, but then increases
to the value of I% = 0.71 in the transversal plane measured above the riblet
testing station. This has been attributed to the boundary layer growth, which
could, at a certain distance along the wind tunnel test section, influence the
turbulence of the free-stream flow, making it impossible to get a ”true” free-
stream turbulence measurement. Regardless, the turbulence intensity level
distributions do not show any specific pattern, but are characterized by a
nearly constant value with some localized peaks, as expected.

3.2 Pressure distribution along the flat plate

Pressure field measurements have been conducted through the pressure taps
installed on the flat plate to verify that the zero pressure gradient conditions
were achieved with sufficient accuracy.

3.2.1 Natural pressure distribution

The pressure field was first observed before installing the flap. Figure 3.3
shows the differential pressure, with the ambient pressure as the reference
value, measured by the pressure taps displaced along the flat plate. The flow
velocity was set at 20m/s for this test. The pressure distribution shows an
initial slight increasing trend, possibly due to the effect of the wind tunnel
diverging walls, followed by a strong decrease of the flow’s static pressure, due
to the effect of the boundary layer growth development.
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Figure 3.3: Differential pressure distribution, with ambient pressure p0 as reference value.
The flow velocity is set at 20 m/s and the flat plate’s terminal flap installed.

The local pressure gradient above the riblets testing station, located at x = 3 m
was evaluated by considering the difference between the measurements of the
pressure taps upstream and downstream of it.

3.2.2 Effect of the flap

To study the effectiveness of the designed flap, pressure distribution obser-
vations have been made at different flow velocities and flap deflection angle
values. Two parameters have been used to evaluate the flap effectiveness:

• Local dimensional pressure gradient above the riblet testing station

• Variation of the non-dimensional coefficient defined as c̃p =
p−p
1
2
ρV 2

The local dimensional pressure gradient is related to the stability of the bound-
ary layer over the riblet testing station, but its value can only be roughly
estimated by the difference between the pressures measured by the probes im-
mediately upstream and downstream to the plate. This criterion also only
gives an information on the local characteristics of the boundary layer flow.
The variation of the c̃p non-dimensional parameter, on the other hand, allows
for a comprehensive evaluation of how well the zero pressure gradient condi-
tions are reproduced along the flat plate, ensuring that the boundary layer
develops correctly over it.
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Figure 3.4: Estimated dimensional pressure gradient over the riblet testing station

In figure 3.4 the trend of the pressure gradient over the riblets testing station
at different flow velocities is presented. It can be seen that for higher velocities
the flap is more effective in reducing the pressure gradient, which is reduced
by a factor of three by bringing the flap deflection angle from 0◦ to 8◦

(a) (b)

Figure 3.5: Non-dimensional pressure distributions, (a) for different flap deflection angles α
at U = 20 m/s flow velocity, (b) for different flow velocities at fixed flap deflection angle
α = 8◦.

In figure 3.5a the non-dimensional pressure distributions at different flap de-
flection angles, relative to experiments at U = 20 m/s flow velocity, are shown
together with dashed lines representing a c̃p variation of ±0.012 as reference.
The c̃p values for the higher tested flap angle α = 8◦, except for the first and

33



CHAPTER 3. EXPERIMENTAL SETUP CHARACTERIZATION

last probes, lie within −0.012 and 0.012. Similar values were considered as
acceptable in [1] and [19]. In figure 3.5b the non-dimensional pressure distri-
butions at the fixed value α = 8◦ of the flap deflection angle are shown for
different flow velocities. It can be noted that, since the geometry is fixed, the
c̃p curves appear more closely packed together. The c̃p values tend to vary more
at lower velocities, but the maximum variation range of ±0.012 is respected
for velocities between 15 m/s and 20 m/s.

(a) (b)

Figure 3.6: Standard deviation of the non-dimensional pressure coefficient c̃pstd at different
flow speeds and flap deflection angles in map representation (a) and bar chart representation
(b)

With the goal of summarizing the effect of the flap deflection angle and of
the flow velocity on the presence of pressure gradients along the flat plate,
the standard deviation of the c̃p coefficient was employed. In figure 3.6 the
standard deviation of the non-dimensional pressure coefficient for the tested
velocities and flap deflection angles is shown in map form and in bar chart form.
It can be observed that the c̃p always tends to experiment lower variations for
higher flap deflection angles α and higher flow velocities.

3.3 Boundary layer behavior

To validate the new flat plate setup, an extensive investigation on the correct
behavior of the zero pressure gradient turbulent boundary layer have been
conducted. The boundary layer measurements presented in this section have
been taken by the hot wire anemometry measurement system described in
paragraph 2.2.2, using a sampling frequency of 50 kHz and a sampling time of
30 s. The experimental data of an hot wire measured boundary layer consists
in a set of mean velocity and root mean square of the velocity fluctuations
value, together with their relative wall normal measurement position y. To
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obtain accurate values of the wall position is one of the main challenges of
conducting hot wire measurements in turbulent boundary layers; at the same
time, an accurate evaluation of the wall position is crucial to obtain reliable
information from the study of the velocity profiles. For this reason, the ex-
perimental data has been subjected to post-processing through a MATLAB
written optimization algorithm, in which a wall distance correction will be de-
termined, together with the boundary layer’s characteristic parameters. The
used optimization algorithm is described in the appendix A.

3.3.1 Development of the boundary layer in the leading edge prox-
imity

Numerous boundary layer acquisitions have been conducted close to the flat
plate’s leading edge (x = 0.395m) to examine both the natural boundary layer
transition and the uniformity of the flow generated by the trip devices.

Boundary layer transition:

With no turbulence tripping structures installed, measurements at different
flow velocities have been carried out to estimate the transitional Reynolds
number of the experimental facility.

U∞ [m/s] 8.3 11.9 16.3 20.9

Rex 220000 315000 430000 550000

Reθ 350 400 500 1100

δ [m] 0.0043 0.0041 0.0035 0.0083

δ∗ [m] 0.0013 0.0011 0.0009 0.0011

θ [m] 0.0006 0.0005 0.0005 0.0008

H 2.13 2.11 1.93 1.38

τ [Pa] 0.04 0.08 0.12 0.45

cf 0.0010 0.0009 0.0007 0.0017

Table 3.1: Boundary layer parameters for different velocities at x = 0.395 m.
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Figure 3.7: Boundary layer velocity profiles in the Blasius scaling at different velocities

In figure 3.7 the boundary layer profiles are compared in the Blasius scaling;
it can be seen that the boundary layer profile at U∞ = 20.9m/s retains the
turbulent characteristics. The same can be observed by comparing the val-
ues of the shape factor H, the skin friction coefficient cf and the boundary
layer thickness δ, in table 3.1. It can then be assumed that the transitional
Reynolds number is between 430000, corresponding to U∞ = 16.3m/s and
550000, corresponding to U∞ = 20.9m/s.

Near field development of the artificially generated turbulent bound-
ary layers:

Following the work of Rodr̀ıguez-Lòpez, Bruce and Buxton (2016) [7], bound-
ary layer acquisitions have been conducted in the proximity of the trip devices
to examine the near field development of the turbulent boundary layers gen-
erated by the two selected turbulence tripping structures. Two acquisitions,
one behind an obstacle and one behind a gap, have been performed for both
the trips at a free stream velocity of 10m/s. The observations have been con-
ducted at approximately 0.2 m from the trips, which, in turn, were placed at
x ≃ 0.2 m from the flat plate’s leading edge. The results are presented in
non-dimensional form, as the vertical coordinate will be scaled with the trip’s
height (ŷ = y/h) and the velocities with the freestream speed (û = u/U∞).
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(a)

(b)

Figure 3.8: (a,c) mean û and (b,d) û′ velocity profiles for (a,b) the ”sawtooth” trip, (c,d)
the ”2row20” trip

Figure 3.20a shows that both the mean velocity and velocity fluctuations pro-
files of the turbulent boundary layer generated by the ”sawtooth” type trip,
which introduces smaller disturbance on the flow, appear to retain the canoni-
cal shape. The ”2row20” type trip (figure 3.20a), on the other hand, generates
thicker turbulent boundary layers whose structure is initially highly altered.
This is due to the tripping structure’s bigger dimensions and consequent big-
ger disturbance on the flow, which is strongly affected by the vortices shed
by the trip’s vertical cylinders on which the turbulence tripping mechanism
is based. This is particularly clear when observing the velocity fluctuations
profiles, which show a second peak of turbulence production at y = h (ŷ = 1),
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due to the shear layer introduced by the interaction between the trip induced
shedding and the freestream [7].

Figure 3.9: Contour plots of pre-multiplied spectra of the streamwise velocity, normalized in
wall units (fΦxx/u

2
τ ). The black crosses represent the expected location of the buffer layer

(y+ = 15, λ+ = 1000)

The pre-multiplied spectra contours for the two tripping structures in the two
positions are shown in figure 3.9. This visualizations show the distribution
of the energy content across the frequency field. The pre-multiplied spectra
is defined as (fΦxx), where Φxx is the power spectral density of the velocity
fluctuations, and is normalized by u2

τ . The wavelength λ was evaluated by ap-
plying Taylor’s hypothesis, that is converting the frequencies into wavelengths
by calculating the space traveled by the signal at an advection velocity Ua,
and using the local mean streamwise velocity as advection velocity:

λ(y+) = U(y+) · T =
U(y+)

f

In the contour plots, the expected location of the peak of turbulent energy is
highlighted. The peak should be located at y+ ≈ 15, corresponding to the
buffer layer position, and the normalized wavelength should take the value of
λ+ ≈ 1000 [25], which correspond to the canonical length of the low speed
streaks [8]. The ”sawtooth” trips perfectly reproduces the expected position
of the peak, while the ”2row20” trip’s peak seem to be located at a slightly
lower value of λ+. It can be seen that the spectra of the ”2row20” trips shows a
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second peak at y+ ≈ 500. This is the peak related to the shear layer produced
by the interaction between the the trip induced shedding and the freestream
[7]. The resulting turbulent structures feature a slightly larger wavelength
(λ ≈ 1100) compared to that of the inner peak.

3.3.2 Boundary layer development along the flat plate

Boundary layer acquisitions have been made at two different upstream veloc-
ities (Ux=0.395m ≃ 10 m/s, Ux=0.395m ≃ 20 m/s) in 4 different positions along
the flat plate axis (x = 0.395m, x = 1.065m, x = 1.735m, x = 2.405m) in
the case of natural transition of the boundary layer and for both the tripping
structure types. This study has allowed to observe the boundary layer natural
development and to compare it’s behavior with that of the turbulent boundary
layers produced by the turbulence tripping with the two different devices.
In the figures that will be reported in this section, the marker’s main color will
represent the lower inlet velocity cases(blue) and the higher inlet velocity cases
(red), while the shades of the main color will represent the locations along the
flat plate (lighter shades for more upstream positions, darker shades for more
downstream positions). Finally, the marker type will represent a different type
of boundary layer development (squares for the natural development, triangles
for the ”sawtooth” trip, circles for the ”2row20” trip.

Naturally developed boundary layer

The boundary layer acquisitions taken with no turbulence tripping structure
installed allowed to highlight the discontinuity in the boundary layer thickness
development which appears when the the flow transitions form laminar to
turbulent. The boundary layers observed for 10 m/s inlet velocity showed
laminar characteristics until x = 1735 mm and then became turbulent at
x = 2405 mm. This can be observed in figure 3.10a or by the change in the
value of the H parameter presented in table 3.2, as well as by the shift in
the value of the skin friction coefficient. The inner-scaled mean streamwise
velocity profile and the velocity fluctuations variance for the higher velocity
case are reported in figure 3.20. The theoretical laws of the viscous sublayer
and logarithmic layer are reported for comparison. The generally accepted
values of k = 0.384, B = 4.17 [16] have been used for the logarithmic law.
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(a)

(b)

Figure 3.10: Evolution of the dimensional velocity profile of the boundary layer in the case
of natural transition for (a) the lower tested velocity (Ux=0.395m ≃ 10 m/s), (b) the higher
tested velocity (Ux=0.395m ≃ 20 m/s)
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Ux=0.395m = 10.2 m/s
x = 0.395 m x = 1.065 m x = 1.735 m x = 2.405 m

U∞ [m/s] 10.2 10.1 9.6 10.2
Rex 270000 700000 1100000 1600000
Reθ 430 600 830 1920
δ [m] 0.0043 0.0071 0.0100 0.0290
δ∗ [m] 0.0012 0.0018 0.0028 0.0038
θ [m] 0.0006 0.0009 0.0013 0.0028
H 1.90 2.04 2.17 1.347
τw [Pa] 0.07 0.04 0.03 0.24
cf 0.0010 0.0006 0.0006 0.0038
Reτ – – – 850
Π – – – 0.31
uτ [m/s] – – – 0.44

Ux=0.395m = 20.9 m/s
x = 0.395 m x = 1.065 m x = 1.735 m x = 2405 m

U∞ [m/s] 20.9 20.0 19.8 20.0
Rex 550000 1400000 2260000 3200000
Reθ 1090 2530 3330 5270
δ [m] 0.0075 0.0160 0.0243 0.0350
δ∗ [m] 0.0011 0.0024 0.0034 0.0054
θ [m] 0.0008 0.0019 0.0026 0.0040
H 1.38 1.29 1.33 1.37
τw [Pa] 1.07 0.81 0.76 0.68
cf 0.0041 0.0034 0.0032 0.0028
Reτ 470 880 1280 1760
Π 0.37 0.49 0.59 0.64
uτ [m/s] 0.94 0.82 0.79 0.75

Table 3.2: Boundary layer parameters for different positions along the flat plate at different
velocities in the case of natural transition.
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(a)

(b)

Figure 3.11: Evolution of inner scaled mean streamwise velocity (a), velocity variance (b)
at Ux=0.395m ≃ 20m/s in the case of natural transition
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Sawtooth trip

The turbulent boundary layers obtained by installing the ”sawtooth” trip show
larger thickness compared with the ones obtained with the natural transition.
This is more evident at the lower inlet velocity, as can be observed in figure
3.12a or by the data reported in table 3.3.

(a)

(b)

Figure 3.12: Evolution the dimensional velocity profile of the boundary layer using the
”sawtooth” type trip for (a) the lower tested velocity (Ux=0.395m ≃ 10m/s), and (b) the
higher tested velocity (Ux=0.395m ≃ 20m/s)
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Ux=0.395m = 10.3 m/s
x = 0.395 m x = 1.065 m x = 1.735 m x = 2.405 m

U∞ [m/s] 10.3 9.9 9.8 10.0
Rex 270000 700000 1100000 1600000
Reθ 680 1780 2460 3170
δ [m] 0.0091 0.0239 0.0324 0.0425
δ∗ [m] 0.0013 0.0037 0.0054 0.0064
θ [m] 0.0010 0.0027 0.0038 0.0048
H 1.32 1.38 1.41 1.36
τw [Pa] 0.16 0.21 0.19 0.20
cf 0.0025 0.0037 0.0032 0.0032
Reτ 300 680 850 1140
Π 0.34 0.62 0.70 0.52
uτ [m/s] 0.50 0.42 0.39 0.40

Ux=0.395m = 21 m/s
x = 0.395 m x = 1.065 m x = 1.735 m x = 2.405 m

U∞ [m/s] 21.0 20.2 19.5 20.4
Rex 550000 1400000 2250000 3300000
Reθ 1500 3540 4330 5910
δ [m] 0.0097 0.0211 0.0294 0.0394
δ∗ [m] 0.0015 0.0036 0.0046 0.0058
θ [m] 0.0011 0.0026 0.0034 0.0044
H 1.37 1.36 1.35 1.34
τw [Pa] 0.97 0.72 0.66 0.70
cf 0.0037 0.0029 0.0029 0.0028
Reτ 580 1090 1460 2000
Π 0.52 0.72 0.68 0.63
uτ [m/s] 0.90 0.77 0.74 0.76

Table 3.3: Boundary layer parameters for different positions along the flat plate at different
velocities in the case of the ”sawtooth” trip use
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(a) (b)

(c) (d)

Figure 3.13: Evolution of inner scaled mean streamwise velocity (a,b), and velocity variance
(c,d) at Ux=0.395m ≃ 10m/s (a,c) and Ux=0.395m ≃ 20m/s (b,d), in the case of the ”saw-
tooth” trip use
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2row20 trip

The ”2row20” trip produces much thicker turbulent boundary layers when
compared to the ”sawtooth” trip. However, the turbulent boundary layer
characteristic parameters, especially the form factorH and the wake parameter
Π, reported in table 3.4 present non-canonical values. The variance of the
velocity fluctuations also does not present the typical shape in the first x
measurement positions, as shown in figure 3.15

(a)

(b)

Figure 3.14: Evolution of the dimensional velocity profile of the boundary layer using the
”2row20” type trip for (a) the lower tested velocity (Ux=0.395m ≃ 10 m/s), (b) the higher
tested velocity (Ux=0.395m ≃ 20 m/s)
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Ux=0.395m = 10.1 m/s
x = 0.395 m x = 1.065 m x = 1.735 m x = 2.405 m

U∞ [m/s] 10.1 10.0 9.7 10.3
Rex 270000 710000 1100000 1600000
Reθ 3270 3910 4650 5630
δ [m] 0.0324 0.0474 0.0608 0.0680
δ∗ [m] 0.0072 0.0085 0.0105 0.0114
θ [m] 0.0048 0.0059 0.0073 0.0082
H 1.49 1.45 1.44 1.39
τw [Pa] 0.16 0.16 0.15 0.17
cf 0.0026 0.0026 0.0026 0.0027
Reτ 800 1150 1420 1730
Π 1.15 1.00 1.05 0.74
uτ [m/s] 0.37 0.37 0.35 0.38

Ux=0.395m = 20.8 m/s
x = 0.395 m x = 1.065 m x = 1.735 m x = 2.405 m

U∞ [m/s] 20.8 20.5 20.1 20.7
Rex 550000 1500000 2300000 3300000
Reθ 7030 8400 9300 11600
δ [m] 0.0348 0.0465 0.0565 0.0718
δ∗ [m] 0.0078 0.0087 0.0097 0.0115
θ [m] 0.0051 0.0061 0.0070 0.0084
H 1.53 1.43 1.39 1.36
τw [Pa] 0.54 0.55 0.57 0.61
cf 0.0021 0.0022 0.0023 0.0024
Reτ 1540 2110 2600 3400
Π 1.54 1.19 0.96 0.79
uτ [m/s] 0.67 0.68 0.69 0.71

Table 3.4: Boundary layer parameters for different positions along the flat plate at different
velocities, in the case of the ”2row20” trip use
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(a) (b)

(c) (d)

Figure 3.15: Evolution of inner scaled mean streamwise velocity (a,b), and velocity variance
(c,d) at Ux=0.395m ≃ 10m/s (a,c) and Ux=0.395m ≃ 20m/s (b,d), in the case of the ”2row20”
trip use

3.3.3 Analysis of the observations with diagnostic plot approach

The results given by the boundary layer acquisitions for both the natural tran-
sition and the artificial transition cases have then been validated through the
diagnostic plot approach. This diagnostic criterion has been introduced by
Alfredsson, Segalini and Orlu [26] and has the great advantage of being inde-
pendent from the accuracy of the determination of the absolute wall position
y or of the friction velocity uτ . In the diagnostic plot method, the only needed
experimental quantities are U , the mean streamwise velocity, and u′, the veloc-
ity fluctuations. The root mean square of the velocity fluctuations u′ get scaled
by the corresponding values of U and are plotted against the mean streamwise
velocity U normalized by the freestream velocity U∞. In this scaling, the data
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for canonical zero pressure gradient boundary layers should collapse in the
outer region, especially for 0.7 < U/U∞ < 0.9, following the linear relation:

u

U∞
= α− β

U

U∞
(3.1)

Where the coefficients α and β assume the empirical values of α = 0.280 and
β = 0.245 for Reθ > 2000.
The evolution of the skin friction coefficient cf with Reθ has also been reported,
to relate the respect of the diagnostic plot scaling to the agreement of the skin
friction values with the Coles–Fernholz relation [12]:

2 ·
[
1

k
ln(Reθ) + C)

]−2

(3.2)

(a) (b)

Figure 3.16: (a) Diagnostic plot and (b) skin friction cf evolution with Reθ for all the tested
cases. Squares represent the naturally developed boundary layers, triangles represent the
”sawtooth” trip results and circles the ”2row20” results. Shades of blue represent the lower
velocity cases and shades of red the high velocity cases. In (a), the dashed line represents
the linear relation 3.1, which applies to the 0.7 < U/U∞ < 0.9 range. In (b), the solid line
represents the 3.2 relation and the dashed line represent a ±5% deviation. The cf data from
the laminar boundary layers in the case of natural transition at the lower tested velocity is
added in (b).

The linear fitting of the experimental data provided the values of α and β.
The coefficients obtained have then been compared with the α = 0.280 and
β = 0.245 empirical values and the turbulent boundary layers acquisitions
whose coefficients didn’t fall in the canonical values with a ±5% tolerance
have been excluded.
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Figure 3.17: α and β coefficients of the interpolating first order polynomial of the experi-
mental data at the various Reθ values of the corresponding boundary layers

(a) (b)

Figure 3.18: (a) Diagnostic plot and (b) skin friction cf evolution with Reθ for the tested
cases which respected the diagnostic plot scaling
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In figure 3.18 the boundary layer measurements which follow the diagnostic
plot scaling are shown. It can be observed that the skin friction coefficient ob-
tained with the post processing algorithm from the velocity profiles falls into
the ±5% deviation around the values predicted by the Coles–Fernholz rela-
tion. It should be noted that the measurements that respected the diagnostic
plot scaling correspond to x measurements positions farther from the leading
edge and that none of the high Reynolds number turbulent boundary layers
generated by the ”2row20” trip respected the diagnostic plot scaling, though
seeming to recover the well-behaved characteristics at increasing distances form
the turbulence tripping device.

3.3.4 Boundary layer behavior on the riblet test station

As explained in paragraph 2.4, the use of floating test plates, which is nec-
essary to carry out force measurements through displacement measurements
by LVDT sensors, introduces some issues that could affect the boundary layer
structure. The gap between the flat plate and the smaller tile where the mea-
surements will be conducted could, in fact, be a source of air leakage, while
the misalignment of the testing plate with the surrounding flat plate could in-
troduce surface discontinuities and thus have an impact on the flow’s spanwise
uniformity.
Even though the force measurement floating system was not employed in this
work, the functioning of the plate alignment and sealing systems described in
paragraph 2.4.1 have been tested by recreating a 3 mm gap, compatible with
the floating system operating conditions.
Boundary layer acquisitions for the three different turbulence tripping struc-
tures have been conducted at the three positions showed in figure 3.19 to reveal
the effect of the gap. ”A” corresponds to 46 mm upstream the gap, ”B” to
34 mm downstream the gap, while ”C” is in the center of the testing plate.
The measurements were conducted at 15 m/s flow external speed.

Figure 3.19: Measuring positions across the interface between the flat plate and the testing
plate
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(a) (b)

(c) (d)

(e) (f)

Figure 3.20: Evolution of inner scaled mean streamwise velocity profiles (a,c,e) and velocity
variance (b,d,f ), for (a,b) the case of natural transition (c,d) the ”sawtooth” trip, (e,f ) the
”2row20” trip
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In all the tested cases a slight modification of the boundary layer structure
has been observed in the measuring position immediately after the 3 mm gap
(x = 3075 mm). The most evident feature of the altered boundary layer is
the presence of a bump in the velocity fluctuations variance profiles, located
around 40 < y+ < 150, corresponding to the logarithmic layer existence region.
A lower value of the peak velocity fluctuations variance is also observed. The
post-processing optimization algorithm for the determination of the boundary
layer parameters has also provided a lower value of the intercept of the log-
arithmic layer’s expression, B, suggesting that the boundary layer’s velocity
profile has been in some way slightly shifted down in the near proximity of the
gap. These effects have been attributed to some residual flow leakage through
the gap, which introduces similar features to those of suctioned boundary lay-
ers.
The turbulent boundary layer regains its canonical characteristics at the plate’s
center (x = 3170 mm): the peak of the velocity fluctuations variance shares
its value with that measured upstream the gap, the k and B constants of the
logarithmic region’s expression regains the canonical values of k = 0.384 and
B = 4.17 and the velocity fluctuations bump observed immediately down-
stream the gap disappears. The only notable difference with respect to the
boundary layer upstream the gap appears to be a slight deviation of the veloc-
ity fluctuations variance profiles at y+ > 100. As reported in figure 3.21, all
the measured boundary layers, including those immediately downstream the
gap, appear to adhere to the diagnostic plot scaling.

Figure 3.21: Diagnostic plot for all the boundary layer measurements across the gap. The
different colors represent the different positions A,B and C. The marker type indicates the
applied turbulence tripping.
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Chapter 4

Results: boundary layer
observations on riblets

In this chapter, the observations of the riblet manipulated turbulent bound-
ary layers will be presented. This study has involved only the use of hot wire
anemometry measurements; therefore, the drag reduction will be evaluated
only locally and through the analysis of the mean streamwise velocity pro-
files. Furthermore, the topology of the turbulent structures cannot be resolved;
hence, the study will focus on the effect of riblets on the mean streamwise ve-
locity profiles and on the analysis of the distribution of the turbulent energy
across the length scales. The observations have been made on the conventional
longitudinal riblets and on the smaller amplitude sinusoidal riblets used in [8,
9]. The longitudinal riblets will be called ”Rlong” and the sinusoidal riblets
”Rs1” for brevity. Both the riblet configurations feature parabolic shaped
groves with s = 300 µm spacing and h = 210 µm crest height. The geometric
parameters of the two observed tested plates are reported in table 4.1

Rlong Rs1

s [mm] 0.30 0.30

h [mm] 0.21 0.21

h/s 0.7 0.7

a [mm] 0 0.15

λrib [mm] ∞ 19.2

Nλ 0 13

Table 4.1: Geometric data for the two tested riblet configurations
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(a) (b)

Figure 4.1: Schematic representation of the geometry of the tested riblet configurations.
Both the ”Rlong” type riblets and the ”Rs1” type riblets share the same parabolic shape of
the grooves.

4.1 Drag reduction curve and flow field analysis

Boundary layer acquisitions on the two different tested plates have been per-
formed at different flow velocity to investigate the drag reduction variation
with the flow regime. The two riblet equipped testing tiles have been alterna-
tively placed in the experimental setup and the flow velocity was set at three
different values for the ”Rlong” riblets and five different values for the ”Rs1”
riblets. This is equivalent to varying the riblet spacing in wall units s+, as the
viscous length scale, which normalizes the riblet spacing, varies with the flow’s
Reynolds number. Acquisitions on the smooth plate at the same flow veloci-
ties have been conducted to evaluate the drag reduction. The s+ values have
been calculated by using the viscous length scale obtained in the smooth plate
case. The same post processing algorithm used for the previously presented
acquisitions has been applied to the experimental data to obtain the boundary
layer parameters for the smooth plate cases, while a modified algorithm was
used for the riblet manipulated cases. In the modified algorithm, the k and
Π constants, which should not be varied by the wall manipulation [10], have
been kept fixed at the values obtained for the smooth plate. Conversely, the
optimizer was given the freedom to generate optimized solutions in which the
logarithmic region of the mean velocity profile is shifted away or towards the
wall.
The results obtained from the experimental data analysis are reported in table
4.2 for the smooth plate case, in table 4.3 for the ”Rlong” riblets and in table
4.4 for the ”Rs1” riblets.
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U∞ [m/s] uτ [m/s] lτ [µm] Reθ Reτ H

10.8 0.42 36 4340 1640 1.36

13.6 0.51 29.6 5410 1690 1.37

18.5 0.67 22.5 7350 2310 1.36

20.7 0.73 20.7 8150 2420 1.36

21.9 0.78 19.4 9320 3000 1.34

Table 4.2: Boundary layer parameters for the smooth plate case

U∞ [m/s] uτ [m/s] lτ [µm] Reθ Reτ H

10.9 0.42 36 4330 1720 1.36

13.6 0.48 31.5 5140 1800 1.35

18.5 0.65 23.2 7360 2370 1.37

Table 4.3: Boundary layer parameters for the ”Rlong” riblets

U∞ [m/s] uτ [m/s] lτ [µm] Reθ Reτ H

10.8 0.41 36.8 4040 1640 1.36

13.60 0.49 30.8 4940 1770 1.35

18.5 0.64 23.6 6990 2320 1.37

20.7 0.72 21 8100 2610 1.34

21.9 0.78 19.4 8390 3000 1.34

Table 4.4: Boundary layer parameters for the ”Rs1” riblets
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The wall shear stress was calculated from the uτ resulting from the optimiza-
tion process described in appendix A. The results have been compared in
terms of skin friction coefficient, thus normalizing the wall shear stress with
1/2ρU2.

Figure 4.2: Skin friction coefficient relative variation ∆cf/cf 0 with respect to the skin friction
coefficient of the smooth plate at the same flow regime. The results obtained in [8] have
been added for comparison. Note that the results reported in that article were obtained by
load cells measurements, therefore the results have to be considered as ”integrated” on the
whole testing plate

In figure 4.2 the obtained drag reduction curve is reported. The results ob-
tained by Cafiero and Iuso in [8] are added for comparison, although it should
be kept in mind that the results reported in the article were obtained from
load cell measurements and reported in terms of ∆cD/cd0, thus representing
”integral” force measurements on the entire testing plate. It can be seen that
for low s+ values the results obtained from the analysis of the velocity profiles
agree well with those produced by load cell measurements, especially for the
”Rs1” riblets. The value of drag reduction produced by the ”Rlong” riblets at
s+ ≈ 10 has been considered to be affected by issues in the post-processing of
the data, since it falls outside of the well-established canonical range of values.
The drag reduction at the optimal s+ are slightly lower than the reference val-
ues in both cases, although the position of the maximum of drag reduction is
confirmed. The additional observations on the ”Rs1” riblets show a significant
decrease of the drag reduction, which could be attributed to post-processing
issues but also to the ”local” nature of the measurements.
The non-dimensional mean streamwise profiles and the non-dimensional vari-
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ance of the velocity fluctuations are reported, for s+ ≈ 8.3 and s+ ≈ 13.3 ≈
s+opt, in figure 4.3

(a) (b)

(c) (d)

Figure 4.3: Non dimensional mean streamwise velocity profiles (a,c) and non dimensional
variance of the velocity fluctuations (b,d) for s+ ≈ 8.3 (a,b) and s+ ≈ 13.3 ≈ s+opt (c,d)

The upward shift of the mean velocity profile is evident at s+ ≈ 13.3 ≈ s+opt for
both the different riblets configurations. At s+ ≈ 8.3, which corresponds to a
lower drag reduction, the upward shift is still present, but not as noticeable as
in the maximum drag reduction case. Thus, it is clear that the drag reduction
is related to how much the velocity profile is shifted away from the wall. As
for the velocity variance, on the other hand, the effect of riblets does not ap-
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pear to be noticeable; The dimensional velocity fluctuations are lower than in
the smooth plate case, but the lower value of the friction velocity makes the
normalized velocity variance overlap with the smooth plate results.

The velocity profile upward shift was expressed in terms of variation of the
logarithmic layer’s intercept B by Garc̀ıa-Mayoral and Jimenéz in [10]:

∆cf/cf 0 =
∆B

(2cf 0)
−1/2 + (2k)−1

(4.1)

The obtained velocity profiles have been therefore compared to the logarithmic
curves defined with the updated values of B.

(a) (b)

Figure 4.4: Comparison of the experimental data obtained from the measurements on the
”Rs1” riblets at s+ ≈ 8.3 (a) and s+ ≈ 13.3 (b) with the logarithmic law defined by the
intercepts predicted by eq. 4.1

In figure 4.4 it can be observed that the obtained experimental results agree
well with the logarithmic region’s law defined by the intercept predicted by
equation 4.1.

4.2 Velocity spectra analysis

To further understand the effect of riblets on the organization of the turbulent
energy, the pre-multiplied spectra of the velocity fluctuations were computed.
In line with [8], the pre-multiplied spectra has been calculated as kxΦxx, where
kx is the longitudinal wavenumber, that is kx = 2π/λ. The wavelengths of the
velocity fluctuations were, again, derived from the frequencies by applying the
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Taylor’s hypothesis and using the local mean streamwise velocity as advection
velocity. The pre-multiplied power spectral density was then normalized with
the square of the friction velocity.

Figure 4.5: Contour of the inner scaled pre-multiplied spectra of the velocity fluctuations
kxΦxx/u

2
τ measured on the smooth plate at the flow regime corresponding to the riblets

maximum drag reduction

The pre-multiplied velocity spectra for the smooth plate case is reported in
figure 4.5. The peak of turbulence production can be recognized at y+ ≈ 15,
corresponding to the buffer layer location, and is characterized by wavelengths
with values around λ+ = 1000, which is the typical length of the near wall low
speed streaks [8].
To highlight the reorganization of the turbulent energy, the results for the two
riblet types have been represented as difference with respect to the smooth
plate case:

∆(kxΦxx)
+ = (kxΦxx)

+ − (kxΦxx)
+
smooth

61



CHAPTER 4. RESULTS: BOUNDARY LAYER OBSERVATIONS ON RIBLETS

(a) (b)

Figure 4.6: Contours of the difference, with respect to the smooth plate, of the pre-multiplied
spectra of the velocity fluctuations ∆(kxΦxx)

+ of the riblet manipulated cases. (a) results
for the ”Rlong” riblets, (b) results for the ”Rs1” riblets

Figure 4.6 shows the pre-multiplied spectra differences between the riblet cases
and the smooth plate. Both the riblet measurements display a maximum of
energy reduction in correspondence of the buffer layer location, where the en-
ergy peak was located in the smooth plate case. The new energy maximum
resides at higher y+, confirming the higher location of the region of maximum
turbulent activity. The smaller wavelength values associated to the new max-
ima could also be attributed to the weakening of the turbulent structures by
effect of the riblets [8, 9].
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Chapter 5

Conclusions

The activities covered in this work have enabled the setup of an experimental
facility that will support successful turbulence manipulation studies on riblets
or other flow control techniques.
The design and assembly phases of the elements that completed the setup
have been described. Then, the results of the preliminary characterization,
with a focus on the requirements for the riblets studies in zero pressure gradi-
ent conditions, were reported. Finally, some observations of riblet manipulated
turbulent boundary layers were discussed.

The first phase has included the assembly of the new flat plate, the design
of a flap for the realization of the zero pressure gradient conditions, and the
preparation of an adequate bi-directional probe positioning system. Two types
of turbulence tripping structures have been selected and an alignment system
was designed for the riblet testing plates.

The characterization of the wind tunnel revealed a slight asymmetry in the
free stream flow, with a ±0.4% variation of the velocity on the tested section
at 12 m/s mean velocity. A mean turbulence intensity level of I = 0.7% was
found over the riblets testing station.

The pressure field observations revealed a good efficiency of the designed
flap in reducing the local pressure gradients and in bringing to zero the non-
dimensional pressure coefficient c̃p distribution. A map of the realizable oper-
ating conditions at various U∞ and flap deflection angle α values was reported.

The study of the boundary layer through hot wire observations have provided
indications on the development of the boundary layer in the leading edge prox-
imity, where the critical Reynolds number for the boundary layer transition
was estimated and the flow topology generated by the two different turbu-
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lence tripping devices have been studied. The development of the boundary
layer on the flat plate segment preceding the testing station was then studied
by analyzing the inner scaled velocity profiles, the boundary layer parameters
values and by using the recently proposed diagnostic plot approach. The more
conventional ”sawtooth” trip, characterized by a lower influence on the flow,
provided satisfactory results, while the ”2row20” trip provided artificial high
Reynolds number turbulent boundary layers which did not prove to be ”well
behaved” in the most upstream measuring positions. The effect of the gap
existing between the flat plate and the testing plate was then studied and the
boundary layer flow was validated in the testing station.

The study of the riblet manipulated turbulent boundary layer has included
the analysis of the mean streamwise velocity profiles and of the velocity fluc-
tuations variance. The riblets drag reduction was evaluated by deriving the
wall shear stress τw from the velocity profiles obtained in the post-processing
of the hot wire data with the optimization algorithm described in appendix
A. Some measurements did not yield the results obtained by load cell force
measurements in previous studies. The vertical shift of the velocity profiles in
the drag reducing cases was highlighted and the pre-multiplied spectra of the
velocity fluctuations was then analyzed.

5.1 Future developments

The results obtained in this work provide an encouraging starting point for
further developments of the experimental setup and for future turbulence ma-
nipulation studies.
One important upgrade of the experimental facility will be the addition of a
force measurement system based on LVDT displacement sensors. This will en-
able to obtain reliable drag reduction measurements, which could also support
the improvement of the optimization algorithm used. For this reason, the new
components of the experimental setup described in this work were designed to
be compatible with the LVDT force measurement system.
The experimental setup will also be upgraded with the addition of a pressure
body to enable studies on riblet manipulated turbulent boundary layers in ad-
verse pressure gradient conditions.
In conclusion, the experimental setup was designed to support particle image
velocimetry (PIV) observations, therefore it would be interesting to support
the local hot wire anemometry measurements with high spatial resolution flow
field visualizations obtained by PIV techniques.
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Appendix A

Post-processing of the
experimental data of the
boundary layer acquisitions

One of the main challenges when conducting boundary layer observations by
hot wire anemometry measurements is to elaborate the experimental data
for obtaining the main characteristic quantities of the flow. This include the
boundary layer thickness δ, the momentum thickness θ and the displacement
thickness δ∗ and consequently the form factor H = δ∗/θ, the wall shear stress
τw and others. In addition to that, with the exception of the integral quanti-
ties, the calculation of all of this parameters require an accurate determination
of the wall position. The characteristic lengths involved in the near wall evo-
lution of the mean velocity profiles are in fact significantly small, especially for
turbulent boundary layers, making it really challenging to get the position of
the first hot wire measurement point with respect to the wall. This tasks have
therefore often been accomplished by using various post-processing methods
in which the calculation of the wall shear stress is associated with the deter-
mination of the wall position. The methods employed for the determination
of the correction for the wall normal position ∆y and of the boundary layer
characteristic quantities will be described in this appendix. The presented al-
gorithm has been written in MATLAB.

For both laminar boundary layer and turbulent boundary layer measurements,
the integral quantities and the determination of the free stream velocity and
of an initial guess of the boundary layer thickness were calculated in the same
way:

Ue=max(U); % determination of the free stream velocity

Re=(Ue*l)/nu; % calculation of the flat plate reynolds number
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Re_x=(Ue*x_coord)/nu; % // of the local reynolds number

delta_ast=trapz(y,(1-U/Ue)); % calculation of the displacement

thickness

theta=trapz(y,(U/Ue.*(1-U/Ue))); % // of the momentum thickness

H=delta_ast/theta; % // of the form factor

Re_theta = (Ue*theta)/nu; % // calculation of the momentuum

thickness reynolds number

y_spline=linspace(min(y),max(y) ,1000); % creation of a "

continuous" y array

U_spline=spline(y,U,y_spline); % evaluation of the spline of

the velocity measurements

% Determination of the boundary layer thickness ...

U_cont =1;

U_curr=U_spline(U_cont);

while U_curr < 0.99* Ue

U_curr=U_spline(U_cont);

U_cont=U_cont +1;

end

delta=y_spline(U_cont); %... as the coordinate where U = 0.99

Ue

A.1 Post-processing of the experimental data related to
laminar boundary layers

The determination of the wall shear stress and of the correction for the wall
normal position ∆y is much more simple for laminar boundary layers. Laminar
boundary layers show a monotonic velocity profile, meaning that their shape
follows a well-defined mathematical law throughout the entire boundary layer
thickness, and the velocity distributions are nearly linear at moderate values
of y. Furthermore, the wall shear stress is only due to viscous forces, therefore
it is sufficient to apply the Newton’s law for viscosity to calculate it.
In the used algorithm, the first measurement points got interpolated using
a first order polynomial, then the intercept of the obtained polynomial has
been used to correct the y measurements, thus representing the wall position
correction ∆y. In this way, the corrected experimental results will linearly go
to U = 0 for y = 0. The slope of the obtained first order polynomial was
instead used to determine the wall shear stress.

% linear interpolation of the first 5 experimental points

p = polyfit(U(1:5) ,y(1:5) ,1);
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% evaluation of the y correction

delta_y = polyval(p,0);

% application of the correction

y = y - delta_y;

% evaluation of tau_w by the Newton 's law

tau_ws(i) = rho*nu*p(1);

Figure A.1: Result of the y correction for a laminar boundary layer

A.2 Post-processing of the experimental data related to
turbulent boundary layers

The determination of the wall shear stress and of the correction for the wall
position is mush more challenging for turbulent boundary layers. The wall
shear stress is defined only by viscous forces just in the viscous sublayer, whose
thickness, although depending on the Reynolds number, usually is of the order
of tenths of millimeters. The wall shear stress is therefore usually calculated
by using methods which rely on the ”wall similarity” of the velocity profiles.
Some recently proposed methods are based instead on the optimization of the
boundary layer parameters in order to make the inner scaled experimental data
collapse on empirically determined numerical expressions of the mean velocity
profiles. The post-processing algorithm used for this work employed an initial
iterative optimization through the Clauser chart method [3] and a subsequent
optimization trough a method recently proposed by Rodr̀ıguez-Lòpez, Buxton
and Bruce in [6].
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A.2.1 Initial optimization using the Clauser chart method

The Clauser chart method is based on reporting the experimental measure-
ments in semi-logarithmic form, normalizing the mean velocity values with
the free stream velocity (U/U∞) and the y values as yU∞/ν. The curve of
the experimental data processed in this way gets the compared with the lines
produced by the following expression for different values of the skin friction
coefficient cf :

u

Ue

=

√
cf
2

[
1

k
ln

(
yU∞

ν

√
cf
2

)
+B

]
Where k is the Von Karman constant and B the intercept of the logarithmic
region. It can be demonstrated that the line which better represent the linear
segment of the experimental data (which is relative to the logarithmic region)
is defined by the skin friction coefficient experienced of the measured boundary
layer.
The Clauser chart method was applied iteratively by correcting the y mea-
surements at every iteration to make one of the measured points coincide to
the theoretical logarithmic law. The results obtained with the Clauser chart
method was used to provide an initial guess of the friction velocity uτ , which
was calculated from the cf values, and of the wall position correction, thus
serving as a starting point for the next optimization phase.

Figure A.2: Application of the Clauser chart method to the experimental data

A.2.2 Optimization algorithm

After obtaining a first guess of uτ and cf through the Clauser chart method, a
further optimization algorithm was applied. The employed algorithm is based
on the optimization of 5 parameters uτ , ∆y, k, δ and Π. Those parameters
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get optimized in such a way that the experimental data collapses on a velocity
profile defined by three components. These are the Musker’s profile [24], which
consists in a continuous description of the viscous sublayer, buffer layer and
logarithmic layer, a bump component, which describes the velocity profile’s
bump at the end of the overlap region and a wake component, which describes
the outer part of the velocity profile.

The Musker’s profile is defined as follows:

∂u+

∂y+
=

(y+)2

k
+ 1

s

(y+)3 + (y+)2

k
+ 1

s

;

Where s is a constant which has the effect of changing the intercept of the log-
arithmic law, B [6]. The determination of u+

musker involved the resolution of a
differential equation, which was solved by applying the explicit Euler’s method.

The ending bump of the logarithmic region is described by an overshoot of
the following expression, which was found by Monkewitz [28]:

u+
bump =

1

M2

exp

[
−Log2

(
y+

M1

)]
;

Were M1 = 30 and M2 = 2.85.

And the wake component, which has been described in [19] is defined as:

W (η) =
1− exp

[
−1

4
(5a2 + 6a3 + 7a4)η

4 + a2η
5 + a3η

6 + a4η
7
]

1− exp(−1
4
(a2 + 2a3 + 3a4))

(
1− 1

2Π
ln(η)

)
Where η = y/δ , a2 = 132.8410, a3 = 166.2041, and a4 = 71.9114.

The ”canonical” u+ profile is then defined by the sum of the three different
components for 0 < y+ < δ+:

u+ = u+
musker + u+

bump +
2Π

k
W (η)

And as u+ = U+
∞ for y+ > δ+.

The function to minimize by optimizing the previously listed variables is the
error of the experimental data with respect to the ”canonical” profile and will
be composed of two error components.

• The mean relative error, which will give greater weighting to the experi-
mental data measured closer to the wall [6]:

E1(uτ ,∆y, k, δ,Π) =

〈∣∣u+
canonical − u+

experimental

∣∣
u+
canonical

〉
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• The mean quadratic error which will consider all the points of the velocity
profile equally [6]:

E(uτ ,∆y, k, δ,Π) =
〈√

(u+
canonical − u+

experimental

〉
The two error components have been added together, giving E = E1 + E2.
The problem was solved through sequential quadratic programming (sqp) us-
ing the ”fmincon” MATLAB function.
The intercept of the logarithmic region, B, was finally determined by integrat-
ing with Newton Rhapson’s method the following experimental relation given
by Nagib and Cauhan [13]:

kB = 1.6exp[(0.1663B)− 1]

MATLAB code of the error function:

function E = error(x, y_real , u_real , nu)

u_tau = x(1); % extraction of u_tau from the array of the

variables

delta_y = x(2); % // of delta_y //

k = x(3); % // of k //

Pi = x(4); % // of Pi //

delta = x(5); % // of delta //

y = y_real+delta_y; % correction of y through delta_y

y_plus = (y)*u_tau/nu; % normalization of y with u_tau

u_plus = u_real ./ u_tau; % normalization of u with u_tau

% musker 's profile definition

s = 0.001393; % Definition of the s constant

y_plus_0 = 0; % initialization of the first grid point for

the Euler 's method

y_plus_N = round(y_plus(end) ,3); % // last grid point //

% definition of the musker 's differential equation

f = @(y_plus ,u) (y_plus .^2/k + 1/s) ./ (y_plus .^3 + y_plus

.^2/k + 1/s);

u0 = 0;

step = 0.01; % definition of the Euler 's method step length

y_plus_cont = 0:step:y_plus_N; % definition of the Euler

method 's grid points

N = length(y_plus_cont) -1;

% application of the Euler 's method

full_musker = eulero_espl(f, y_plus_0 , y_plus_N , u0, N) ';

% calculation of u_musker in the experimental measurement 's
positions
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u_plus_musker = spline(y_plus_cont , full_musker , y_plus);

% definition of the bump component

M1 = 30;

M2 = 2.85;

u_plus_bump = 1/M2*exp(-(log10(y_plus/M1)).^2);

% definition of the wake function

a2 = 132.8410;

a3 = -166.2041;

a4 = 71.9114;

eta = y/delta;

numerator = 1 - exp(- (1/4) * (5*a2 + 6*a3 + 7*a4) * eta.^4

+ a2*eta.^5 + a3*eta.^6 + a4*eta .^7);

denominator = 1 - exp(- (1/4) * (a2 + 2*a3 + 3*a4));

log_term = 1 - 1/(2* Pi) * log(eta);

W = (numerator ./ denominator) .* log_term;

% definition of the wake velocity component

u_plus_wake = 2*Pi./k*W;

% definition of u_canonical for y<delta

u_plus_int = u_plus_musker(y <= delta) + u_plus_bump(y <

delta) + u_plus_wake(y < delta);

% definition of u_canonical for y>delta

u_plus_ext = ones(1, length(y(y > delta)))*u_plus_int(end);

% definition of u_canonical

u_plus_can = [u_plus_int , u_plus_ext ];

% error evaluation

E = mean(abs(u_plus_can -u_plus)./ u_plus_can)+mean(sqrt((

u_plus_can -u_plus).^2));

end

Error initialization and setting of the optimization algorithm:

% Define the error function E

E = @(x) error(x, y, U , nu);

% Initial guesses

u_tau_in = u_tau;

% Set initial parameter vector x0

x0 = [u_tau_in , 0, 0.385, 0.5, delta];
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% Lower bounds for optimization

Low = [0.5 * u_tau_in , -y(1) , 0.36, 0 , 0.8 * delta];

% Upper bounds for optimization

Up = [1.5 * u_tau_in , y(1), 0.4, 2, 1.8 * delta];

% Define optimization options

options = optimoptions (" fmincon", "Algorithm", "sqp", ...

"MaxFunctionEvaluations", 1.0e5, ...

"OptimalityTolerance", 1.0e-10, ...

"StepTolerance", 1.0e-16, ...

"ConstraintTolerance", 1.0e-10, ...

"Display", "iter");

% initialization of the error

E_initial = E(x0);

fprintf (" Initial error value: %f\n", E_initial);

% Perform optimization using fmincon

[x, ~, exitflag] = fmincon(E, x0, [], [], [], [], Low , Up, [],

options);

Figure A.3: Result of the optimization of the parameters

A.2.3 Modification of the algorithm for the riblet manipulated bound-
ary layers

Riblets manipulate the turbulent boundary layer by shifting the mean stream-
wise velocity profiles away from the wall. In particular, Garcia Mayoral and
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Garc̀ıa-Mayoral and J. Jimenéz [10] have explained that the intercept of the
logarithmic layer gets incremented by a ∆B when riblets produce drag reduc-
tion. They also stated that, conversely, the other parameters which describe
the velocity profile are not modified by riblets. For this reason, the previously
described optimization algorithm has been modified to allow the optimization
of the parameters in the case of riblet-manipulated turbulent boundary layers.
This was done by fixing the k and Π constants at the values obtained for the
boundary layers measured over the smooth plate at the same flow regime and
by giving the algorithm the freedom to vary the value of the s constant of the
Musker’s profile, which is responsible for the variation of B. This modified
algorithm is therefore absolutely analogous to the previously described one,
but uses uτ , ∆y, δ and s as optimization variables.

Figure A.4: Result of the optimization of the parameters for a riblet manipulated turbulent
boundary layer
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