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Aerodynamic and Aeroacoustics Characterisation of Tip Leakage Flow

by Ivan Saraceno

Among the various noise sources related to ducted fans, the noise generated by the
interaction of tip leakage flow with the blade’s geometric singularities is one of the
least understood. This thesis deals with identifying the mechanisms involved in the
generation and reduction of tip leakage noise for a single stationary aerofoil, which
enables a detailed analysis of this specific noise source. Through a combination of ex-
perimental, parametric, and numerical investigations, this research explores the fluid
dynamic instabilities responsible for the noise sources, the key parameters influenc-
ing these sources, and the effectiveness of noise-reducing treatments. Two dipole-type
noise sources were identified and attributed to fluid-dynamic instabilities occurring in
the tip-gap region: roll-up and shedding of vortical structures generated during the
separation of the flow at the pressure side tip edge. The key non-dimensional param-
eters influencing these noise sources include the geometric angle of attack, the ratio of
maximum aerofoil thickness to gap size, and the ratio of gap size to boundary layer
thickness of the bottom wall. This investigation also examines the impact of treatments
such as porous material and rounded pressure side tip edge, with both treatments lead-
ing to significant noise reductions. Finally, numerical simulations provide a definitive
understanding of the tip leakage flow, confirming the presence of instabilities also for
the configuration with a rounded pressure side tip.
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Chapter 1

Introduction

1.1 Context

As air traffic continues to grow, aircraft noise has become a significant concern for pop-
ulations living near airports due to its annoyance and potential health impacts. In
response, the Advisory Council for Aviation Research and Innovation in Europe set a
new target for the year 2050: reducing the perceived noise emissions of aircraft by 65%
compared to those of a typical new aircraft in 2000 (Collin et al., 2016).

The main contributors to aircraft noise are the airframe and the engine. Airframe noise
is generated by the interaction of airflow with structural components such as the wings,
trailing edge, slats, flaps and landing gears. The most commonly used engine in com-
mercial aviation is the turbofan, with primary noise sources generated by the jet, ducted
fan, combustor, compressor, and turbine. The contribution of each engine component
has changed over the years. Increasing the bypass ratio has reduced jet speed and,
consequently, jet noise (Lockard and Lilley, 2004). Compressor and turbine noise are
significant at low power settings, particularly in the stages nearest the inlet and out-
let core (Hubbard, 1991). In modern high-bypass-ratio turbofans, fan noise dominates
during approach and take-off, along with jet noise (Moreau and Roger, 2018).

1.1.1 Fan noise sources: Summary

Turbofan noise can be decomposed into tonal and broadband components. Tonal noise
is associated with the periodic rotation of the rotor blades, while broadband noise arises
from random fluctuating phenomena, such as turbulent boundary layers and wakes in
all rotating stages. Figure 1.1 illustrates the fan noise sources, with tonal and broad-
band mechanisms represented in green and blue, respectively. The primary tonal and
broadband fan noise sources are detailed in the following section, as reported by Peake
and Parry (2012).
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Tip gap vortices
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Figure 1.1: Fan noise sources: tonal mechanisms are highlighted in , broadband
sources in blue, from Moreau (2019).
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Figure 1.2: Typical turbomachinery sound power spectra for tip with subsonic (a) and
supersonic (b) speed, from Hubbard (1991).

Tonal

¢ Fan self-noise: Fan self-noise is generated by periodic lift forces exerted by the
rotating blades on the fluid. Each time a blade completes a revolution, it gen-
erates a disturbance. A fan with B blades generates noise at multiples of the
Blade Passing Frequency (BPF), defined as B2, where (2 is the shaft rotation rate.
However, this noise is not radiated at subsonic fan tip Mach numbers (e.g., 0.8
during approach). Noise generation occurs when supersonic tip Mach numbers
are present (e.g., 1.5 during take-off). In this case, noise is not limited to multi-
ples of the BPF, but also occurs at all multiples of the shaft rotation frequency,
as the shocks are particularly sensitive to the non-uniformities of the fan blades.
This phenomenon, known as buzz-saw noise, is illustrated in figure 1.2 (b), which
displays a typical sound power spectrum of turbomachinery operating under su-

personic conditions.



1.1. Context 3

¢ Fan-OGVs interaction: the wakes produced by a fan consist of both steady mean
components and unsteady fluctuating components. As these wakes are convected
downstream and interact with the Outlet Guide Vanes (OGVs), the steady compo-
nents contribute to tonal noise at multiples of the Blade Passing Frequency (BPF),
while the unsteady components produce broadband noise. Both tonal and broad-
band components are illustrated in Figure 1.2 (a), which shows a typical sound

power spectrum of turbomachinery operating with subsonic tip speed.

¢ Steady flow distortion: The upstream flow impinging on the fan is not circum-
ferentially uniform, resulting in load variations on the fan blades that generate
tonal noise. This phenomenon arises from the non-zero angle of incidence to
the nacelle axis and the asymmetric nacelle geometry, which is often drooped or
scarfed (Astley et al., 2014).

Broadband

¢ Fan self-noise: The aerofoil trailing edges are well-known sources of high-frequency
broadband noise, which is generated when the boundary layer eddies on the fan
blades interact with the trailing edge. This phenomenon has been extensively
studied over the years, from Amiet (1975) to Lee et al. (2021).

Fan self-noise is sensitive to rotor tip clearance (Ganz et al., 1998), suggesting the
presence of an additional noise mechanism caused by the interaction between the
tip leakage flow and blade tip geometric singularities. An overview of the noise
generated by the tip leakage flow, which is the focus of this thesis, is provided in
Section 1.1.2.

¢ Fan-boundary layer interaction: The fan blade tips are immersed in the bound-
ary layer of the casing wall due to the typical small clearance between the fan
and casing wall. Therefore, broadband noise is generated from the interaction
between turbulent eddies and the blade surfaces. This noise component can be
mitigated by applying wall suction upstream of the fan.

e Fan-OGVs interaction: As mentioned earlier, the fan wakes contain turbulent
fluctuating components that, when interacting with the OGVs, produce broad-
band noise. This noise is a significant source, comparable to fan self-noise, and
becomes the dominant one for frequencies above 5 kHz, according to the mea-

surements conducted by Ganz et al. (1998) on a low-speed scale fan rig.

* Turbulence ingestion: The interaction between the turbulent structures of the
free stream with the leading edge of the fan blades induces broadband noise.
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1.1.2 Tip leakage noise: an Overview

The tip leakage noise arises from the interaction between the blade tip singularities, the
casing wall boundary layer, and the tip leakage flow. This flow is three-dimensional
and unsteady, occurring within the gap between the blade tip and the duct wall. It is
generated by the relative motion between the blade tip and the casing wall, as well as
by the pressure difference between the suction side and pressure side of a blade. The
tip flow further interacts with the incoming flow, leading to the formation of a vortex

structure known as Tip Leakage Vortex (TLV).

The clearance between the fan rotor and the casing wall is typically small, on the order
of millimetres. In a test conducted on a Boeing 18-inch fan rig (Ganz et al., 1998), three
clearance sizes were analysed: a small configuration with a mid-chord static gap of 0.50
mm, a medium configuration with 0.89 mm, and a large case with 1.27 mm. The ratio
of clearance to mid-chord blade height was 0.5% for the small, 0.8% for the medium,
and 1.1% for the large. This range of ratios is consistent with typical high-bypass en-
gine fan operation. Four tip clearances were considered in an experimental campaign
conducted on a 22-inch fan model by NASA and General Electric Aircraft Engines, as
reported by Hughes et al. (2005). These tip gaps were: 0.00 mm (representing newly
manufactured engines, as defined by GEAE), 0.50 mm (0.54% of chord, typical of an
engine near a maintenance cycle), 0.76 mm (0.83% of chord, characteristic of an engine
after hard manoeuvring), and 1.06 mm (1.15% of chord, typical of an engine after a
severe landing). The fan tip clearance was investigated at the fan design point of 370

m/s.

The tip leakage area is where three potential broadband noise sources are present: tip
leakage noise, fan-boundary layer interaction noise, and trailing edge noise. While fan-
boundary layer and trailing edge noise are well-studied, very few studies have focused
on tip leakage noise, as it is challenging to isolate and measure in a representative fan
rig. Indeed, as reported by Ganz et al. (1998), test data with little or no tip clearance
and no boundary layer are needed to separate tip noise from fan noise and to remove
the masking of the interaction noise. A similar approach has been followed in the
current investigation. However, the operating conditions in this study, such as Mach
number or tip gap sizes, detailed in Section 2, do not match those of a real engine fan.
To enable flow measurements within the gap, a larger clearance-to-gap ratio of 5%, or
a clearance-to-blade height ratio of 7.1%, is considered for the baseline configuration.
According to Jacob et al. (2010), who developed the experimental set-up used in the
current investigation, the underlying physical mechanisms of tip leakage flow and its

sound radiation are similar to those observed in real fans.
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1.2 Scope of the thesis

The main goal of this research project is to characterise and reduce tip leakage noise for

a stationary aerofoil. Specifically, the objectives are as follows:

¢ Toidentify the mechanisms responsible for generating tip leakage noise in a single-
stationary aerofoil and to characterise the tip noise sources across a wide range of
tip gaps, blade loadings, flow speeds, maximum aerofoil thicknesses and inflow
boundary layers in order to identify the parameters influencing them. The exper-
imental investigation, which includes simultaneous near- and far-field pressure
measurements along with flow measurement, forms the core of the study and will

be complemented by numerical simulations conducted on the same setup.

¢ To understand the mechanisms behind the reduction of tip leakage noise source
achieved by modifying the aerofoil tip using porous treatments or rounding the

aerofoil edges.

1.3 Thesis Structure with original contributions

The main contributions of this thesis are outlined below, corresponding to each chapter.

¢ Chapter 3 deals with understanding the physical mechanisms involved in the
generation of the tip leakage noise. Experiments using simultaneous flow and
pressure measurements identify two dipole-type noise sources within two non-
dimensional frequency ranges, St. = fc/Uy = 2 — 5.5 and 5.5 — 13, where f is
the frequency, c is the aerofoil chord length and Uy is the inflow velocity. These
noise sources are attributed to fluid-dynamic instabilities within the gap: vortex-
shedding and shear layer roll-up, connected to the behaviour of the tip flow. Af-
ter it separates at the pressure side tip, the shear layer rolls up, forming vortical
structures of size equivalent to the shear layer thickness b at the frequency of the
second noise source, which allows to define the corresponding non-dimensional
frequency St, = fb/Ugr, where Ugy, is the shear layer velocity. Successively,
the separated flow can either reattach to the aerofoil or remain separated un-
til the gap exit. In case of extended separation, the vortical structures are shed
at the frequency of the first noise source, which can be non-dimensionalised as
St, = fv/Uy, where v is the width of the separated flow measured at gap exit,

while roll-up continues to occur.

¢ Chapter 4 identifies three non-dimensional parameters that influence the tip leak-
age noise sources: the geometric angle of attack «, the ratio between the maxi-

mum aerofoil thickness and the gap size 7,,q4./€, and the ratio between the gap
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size and the boundary layer thickness of the bottom wall e/. A wide range of
configurations, varying «, Tpne, and e, for two distinct §, has been experimen-
tally investigated. The first noise source develops when 7,,4,/e < 4 and with
the tip leakage vortex away from the aerofoil surface for « > 10°. The location
of the vortex detachment from the aerofoil surface can be identified by the min-
imum pressure peak in the pressure distribution C), along the aerofoil suction
side tip. The magnitude of this peak, directly linked to the noise source strength,
depends on the three non-dimensional parameters. The second tip noise source
occurs whenever the tip flow separates at the pressure side. Its strength is mainly
proportional to the lift coefficient C;, depending on «, and it decreases as e/

decreases and 7,4, /€ increases.

¢ Chapter 5 focuses on treatments to reduce tip leakage noise, including aerofoil
tips treated with porous materials or by rounding the pressure side edge, along
with an assessment of the associated aerodynamic losses. The porous treatment
affects the tip noise sources differently: the first noise source is reduced solely
through changes in the flow field, while the second source benefits from both flow
field modifications and the inherent properties of porosity. Rounding the pres-
sure side edge alters the flow field, leading to reductions in both noise sources.
However, the detailed mechanisms behind these reductions are fully explored in
Chapter 6. Both treatments result in worse aerodynamic performances compared
to the baseline case, with drag loss influenced by 7,4, /€ and c.

¢ Chapter 6 numerically investigates the mechanisms behind the tip leakage noise
sources, and their changes when the aerofoil pressure side tip is rounded. Large
Eddy Simulations provide a novel and definitive overview of the tip flow topol-
ogy, clearly highlighting the shear layer roll-up and vortex shedding in the con-
figuration with square pressure side tip. With round tip, both instabilities persist

but with lower intensity.

The experimental set-up and the measurement techniques employed in this project are
described in Chapter 2, with additional details in Appendix A. Appendix B includes ad-
ditional plots resulting from the numerical simulations. Notably, the literature review
is integrated throughout the chapters, with each background section emphasizing past
works relevant to the chapter.
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Chapter 2

Experimental set-up and flow
characterisation

This chapter introduces the experimental setup, detailing the test rig and the aerofoil
configurations analysed throughout the thesis. It also describes the measurement tech-
niques employed, including steady and unsteady pressure measurements, Particle Im-
age Velocimetry (PIV), and Hot-Wire Anemometry (HWA) to assess the flow.

2.1 Set-up

8

Figure 2.1: CAD model of the experimental set-up.

The set-up, which schematic is shown in figure 2.1, follows a design similar to that
developed by Grilliat et al. (2007). A NACA 5510 airfoil (5% camber, 10% thickness)
with a chord length of ¢ = 200 mm is located in the potential core of an open-jet wind
tunnel between two plexiglass plates, which are fixed at the top and the bottom of
the nozzle exit. Two parameters can be modified: the gap size e between the bottom
wall and the aerofoil tip, and the geometric angle of attack «, defined as the angle
between the aerofoil chord line and the inflow direction. The coordinate system used
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@ 12° 15° 20°
e
5 mm P-PIV;, HWA, .
10 mm | HWA,,; | S-PIV;, P-PIVou: HWA,.. HWA,: | S-PIV;, HWA,.:
15 mm HWA .,

Table 2.1: List of the configurations analysed in Chapter 3, along with the flow mea-

surements conducted. The subscripts refer to the tip flow region assessed: “in” indi-

cates within the tip gap region, “out” indicates outside the region above the aerofoil

tip, “hor” stands for measurements in the horizontal mid-gap plane and “ver” for

measurements in the vertical direction; while the capital letters P and S refer to Planar
and Stereo PIV.

hereafter is based on the inflow direction: the x-axis is aligned with it, pointing from
the aerofoil leading edge to the trailing edge; the y-axis is in the cross-stream direction,
oriented from the pressure to the suction side; and the z-axis is oriented upwards from
the bottom wall.

Chapter 3 deals with identifying the tip leakage noise source mechanisms for the NACA
5510 aerofoil. A wide range of angles of attack (o = 5° to 30°) and gap size (e = 0 to
20 mm) were investigated. However, detailed flow measurements using HWA and PIV
were performed only on six configurations, each differing from the baseline, charac-
terised by a = 15° and e = 10 mm by changing either the gap size or the angle of
attack. The details of these cases are provided in table 2.1, together with the type of
flow measurements performed, which are discussed in section 2.2.2. Different inflow
velocities were analysed (Uy = 20 to 70 m/s). However, unless indicated, the results
are presented by considering Uy = 40 m/s, as the tip leakage noise is found to be a
Strouhal-dependent phenomenon in Chapter 3. This results in a chord-based Reynolds
number of Re = 5.6 x 10° and a Mach number of M = 0.12. Moreover, at this inflow
velocity, the casing boundary layer near the airfoil’s leading edge is turbulent and is
characterised by a thickness of approximately 5 mm.

Chapter 4 examines the influence of non-dimensional parameters on the development
of tip leakage noise sources, including the angle of attack, the ratio between maximum
aerofoil thickness and gap size (7,42 /€), and the ratio between gap size and boundary
layer thickness (e/d). To achieve this, various configurations with different maximum
aerofoil thicknesses, gap sizes and angles of attack were analysed. Table 2.2 lists all the
configurations analysed, obtained by combining six different NACA “XXXX” aerofoils
with various gap sizes e (in mm) to achieve a specific thickness-to-gap ratio 7jnq./e-
To investigate the effect of the boundary layer thickness, the experimental set-up was
slightly modified. A 2-meter-long duct was inserted between the nozzle and the aero-
foil, increasing the boundary layer thickness at the aerofoil leading edge from 5 to ap-
proximately 20 mm, displayed in figure A.7 in the appendix. Only the HWA technique
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Tm/e=1|Tn/e=2|Tn/e=3 | Tm/e=4 | Tm/e=5| Tm/e =06
5505 e=10 e=25 e=3.3 e=25 e=2 e=1.6
5507 e=14 e=17 e=14.6 e=3.5 e=2.8 e=2.3
5510 e =20 e=10 e=06.6 5 e=4 e=3.3
5512 e=24 e=12 e=28 =6 e=4.8 4
5515 e =30 e=15 e=10 =75 =6 =5
5520 e =20 e=13 10 8 e=06.6

Table 2.2: List of the configurations analysed in Chapter 4.

Figure 2.2: Photo of a porous tip treatment of thickness ¢ across the entire chord.

was employed in this chapter to investigate the flow inside the gap and around the

suction side region of the aerofoil.

Chapter 5 investigates aerofoil treatments, such as porous and rounded tips, aimed
at reducing the tip noise sources, along with an assessment of the associated aerody-
namic forces. The porous tip was manufactured from Nickel Chromium Alloy with
Tpor = 90% porosity and a maximum thickness of ¢ = 15 mm in the spanwise direction.
Noise reductions for o, = 90% were found to be higher than those for oor0us = 50%
over the frequencies where the tip leakage noise is dominant (Palleja-Cabre et al., 2022).
The thickness was adjusted by applying a thin metallic tape to make the surface non-
porous, as shown in figure 2.2. Different round tips were designed by either modifying
the pressure or the suction side, or by changing the fillet radius. Details of these de-

signs, along with the results, are provided in the chapter.

2.2 Types of measurements

2.2.1 Pressure

Steady and unsteady pressure measurements were conducted in both near-field and
far-field regions to evaluate the pressure distribution along the airfoil and the far-field
noise spectra. The pressure distribution C), over the aerofoil was evaluated by connect-
ing surface pinholes to a pressure scanner with thin capillary tubes. These pressure taps

are located 1 mm above the aerofoil tip on both aerofoil sides, at 12 different locations
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Figure 2.3: Sketch of the location of the far-field microphones

along the chord!. The formula used to evaluate C,, is as follows:

Cy(z) = p%g j ;5(3;) 2.1)

where p is the pressure measured without flow, po, = 1.225 kg/ m? is the density and
Up is the inflow velocity. The lift coefficient C} is obtained by numerically integrating
the pressure distributions along the chord, following:

Cr = /0 Gy, (&) — Gy (2)]d(2) 22)

where C), (r) and Cp, () represent the pressure distribution along the pressure and
suction sides of the aerofoil, respectively.

Unsteady surface pressure measurements were recorded at the same 12-locations along
the aerofoil and at three stations on the bottom wall, i.e. at 2/¢ = 25%,50% and 75%,
using FG-23329-P07 sensors, omnidirectional electret condenser microphones with 0.75
mm diaphragm. The phase spectra between two remote mics® allowed the estimation
of the convection velocity U, of turbulent eddies within the flow. This velocity can be
determined from the gradient of the phase spectrum d¢;;/df between two stream-wise

pairs of sensors i and j separated by a distance 7, = x; — x;:

2T,
 deij/df

Ue(f) (2.3)

as reported in Gruber (2012).

Far-field noise measurements were performed using 4 half-inch condenser microphones
(B&K type 4189) located at a radial distance of 1.5 m from the aerofoil mid chord. Two
microphones were placed on the aerofoil suction side, while the others on the pressure
side, each one at polar angles of § = +90° and 6 = £40° relative to the inflow direction,

as qualitatively shown in figure 2.3. However, unless indicated, the pressure spectra

!Surface pinholes along the aerofoil tip at z/c = 10%, 20%, 30%, 45%, 47.5%, 50%, 52.5%, 55%, 60%,
75%, 80% and 90%.
The remote mics need to be calibrated following the procedure reported in Appendix A.2.
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reported in the current work were recorded by the microphone placed on the pressure
side at 8 = —90°, as maximum noise levels are measured at this location. Calibration is
performed with a conventional B&K calibrator (94 dB at 1 kHz).

Both near and far-field pressure signals were acquired simultaneously for 10 seconds at
a sampling frequency of 50 kHz. The noise spectra are calculated with Welch’s method,
using a window size of 1024 data points with no overlap. This corresponds to a fre-
quency resolution of 48.83 Hz and a bandwidth-time product of 488.3, which is suffi-
cient to ensure a 9% uncertainty with a 95% confidence level (Glegg and Devenport,
2017).

The coherence between two pressure signals, x(t) and y(¢), which allows for a qualita-

tive localisation of noise sources, is defines as:

|Gay (S)I?

Cl) = G (G (D)

(2.4)

where G, is the cross-spectral density between x(t) and y(t), while G, and G, are
the auto spectral density of x(¢) and y(t) respectively.

2.2.2 Velocity

AEROFOIL

INFLOW

BOTTOM WALL

Figure 2.4: Schematic representation of the types of flow measurements conducted
using PIV and HWA. The subscripts refer to the tip flow region assessed as reported
in table 2.1.

The flow characteristics within the tip gap region and around the aerofoil suction side
were assessed using PIV and HWA techniques, as sketched in figure 2.4 and listed in
table 2.1. Stereo PIV measurements were conducted within the tip gap, at = = 7 mm,
for the two cases characterised by a = 15° and 20° with a gap size e = 10 mm. Two
planar PIV were performed:within the gap region at z = 3 mm, for the configuration
with a = 15° and e = 5 mm, and above the tip edge at z = 20 mm, for the baseline
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20
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100 4 y/c(%)

Figure 2.5: Schematic representation of the hot-wire measurement conducted at vari-
ous chord-wise sections on the aerofoil suction side.

configuration with o = 15° and e = 10 mm. Stereo PIV set-up consisted of two LaVision
Imager-LX 16 MegaPixel CCD cameras, each fitted with a 105 mm focal lens and located
below the bottom plate. Each camera was equipped with a Scheimpflug adaptor to
align the image plane with the object plane. The solid angle subtended between the
two cameras is about 35°. One camera orthogonal to the laser sheet was used in the
planar cases. The PIV measurements performed inside the tip gap region are indicated
in figure 2.4 as PIVj,, while those above the aerofoil tip as PIV ;.

For the stereo PIV cases, 20 sets of data, each composed of 2 x 80 image pairs (for a
total of 1600 snapshots), were acquired at 0.5 Hz. For the planar PIV cases, 13 data sets,
each set consisting of 150 image pairs (for a total of 1950 snapshots), were acquired at
0.7692 Hz. The light source is a Nd:YAG laser Bernoulli, which generates a dual pulsed
laser sheet of 0.5 mm thickness, aligned parallel to the bottom plate. Specifically, the
beam passes through pairs of spherical lenses (with —75 and 150 mm focal length) and
is then expanded using a cylindrical lens (with —50 mm length). Vaporised glycerin
particles, measuring almost 1 ym, are used for seeding the flow. A fog machine is
placed at the inlet of the centrifugal fan, upstream of the nozzle, to ensure particles are

homogeneously distributed in the flow.

A single hot-wire probe (Dantec type 55P11) was used in a midgap plane parallel to the
bottom wall, and at various heights along the aerofoil suction side. In figure 2.4, the
first set of measurements is denoted as HWA,,,;, while the second one with HWA ;. In
the first case, the probe was oriented parallel to the z-axis to be sensitive to the resultant
velocity in the z — z plane, i.e. vu? + w?. The probe in the HWA,., case was aligned
perpendicular to the inflow direction to measure the velocity components contained in
the y — z plane, i.e. V2 + w?. The transverse region extends from 30% to 95% of the
chord and vertically from z = 1 mm to a maximum of 20 mm. In Chapter 5, the ex-
tension of the assessed region reduces axially from 40% to 80% of the chord, increasing
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the number of data points along the z-axis. In Chapter 4, the suction side region of the
aerofoil was investigated using HWA in several chord-wise sections, with the probe
aligned parallel to the z-axis, as shown in figure 2.5. Additional details on PIV data
processing and the uncertainty analysis for both velocity measurement techniques are
provided in Appendix A.3.

2.2.3 Forces

Aload cell was mounted to the aerofoil to measure the aerodynamic forces acting on the
aerofoil. Specifically, a F/T Sensor Mini40 is mounted to the aerofoil between two steel
brackets. The position of the upper bracket is set by four adjustable bolts, which regu-
late the gap size. The lower bracket is attached to the aerofoil but can move freely. This
setup ensures that as the aerofoil moves under aerodynamic forces, the lower bracket
transfers these forces to the load cell for measurement.

The forces of interest are specifically lift L and drag D, which are non-dimensionalised

as follows: ’
Cp, = ———— 2.5
L 05p00U2S 25)
D
Cp= —— 2.6
P 05pa0U2S (26)

where S is the relevant surface area, calculated as the product of the aerofoil chord
and the span length, which varies with the gap size. Additional details are reported in
Appendix A.5.

2.2.4 Pressure-velocity correlations

HWA and PIV velocity measurements were performed simultaneously with pressure
measurements to calculate the covariance between velocity and pressure signals. This
approach, similar to that proposed by Henning et al. (2008) to process PIV data, enables
the identification of flow structures involved in the noise generation. The covariance
between the velocity and the pressure signals is evaluated by using the following for-
mula:

1 X

COV(u,P) (X7 Y) = ﬁ Z[UI(X, tn)p/(Y7 tn + T)] (27)

n=1
where v/ are the velocity fluctuations measured in the near-field at position x and at
discrete times t¢,,, while p’ are the pressure fluctuations measured by the far-field micro-
phone at position y. The term 7 represents the time it takes for sound to propagate from

the aerofoil to the far-field microphone, and N is the total number of PIV snapshots.



16 Chapter 2. Experimental set-up and flow characterisation

The far-field microphone acquires at discrete times for 0.2 seconds, simultaneously to
PIV snapshots, with the first laser pulse of the PIV system triggering the acquisition
of the pressure measurements. Clearly, the PIV system operates at a much lower sam-
pling rate compared to the pressure signals. However, the covariance is calculated by
correlating v'(t,,) with p/(t,, + 7) and by averaging over 1600 PIV snapshots. A high
number of snapshots is necessary to reduce the contributions of uncorrelated noise and

random errors.

The same expression is used to evaluate the covariance between pressure and the veloc-
ity fluctuations measured with HWA. However, the covariance is individually assessed
in each location occupied by the hot-wire probe. Consequently, N represents the total
number of samples of both pressure and velocity signals in each position. Both far-
tield microphone and hot-wire probe acquire for 6.28 seconds at the same sampling
frequency of 50 kHz. Note that the single hot-wire probe cannot quantify one specific
component of the velocity, but rather the resultant velocity contained in a plane, de-
pending on the probe orientation. Referring to the formulation used in table 2.1, Covye,
is evaluated considering the fluctuations of the resultant velocity measured in the y — 2
plane, whereas Covy,, refers to the measurements in the x — z plane. These covari-
ance values can be compared with those obtained using Stereo PIV technique, as this

technique allows the evaluation of the three velocity components.
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Chapter 3

Tip leakage noise source

mechanisms

This chapter investigates the physical mechanisms involved in the generation of the
tip leakage noise for a stationary aerofoil. Through experiments, two dipole-type noise
sources are identified and attributed to fluid-dynamic instabilities occurring within the
gap, vortex-shedding and shear layer roll-up, which are linked to the behaviour of the
tip leakage flow. The chapter first characterises these noise-generating mechanisms for

the baseline configuration and then explores their variation across other configurations.

3.1 Background

Fan broadband noise represents one of the dominant noise sources in modern turbo-
fan engines, particularly during take-off and approach conditions (Moreau and Roger,
2018). Among the various sources involved in the generation of fan broadband noise,
the tip leakage noise is the least understood mechanism. This noise results from the
interaction between the tip leakage flow, the casing boundary layer and the blade tip
(Ganz et al., 1998). The tip leakage flow is a three-dimensional unsteady flow that oc-
curs in the gap between the blade tip and the duct wall. It is generated by the pressure
difference between the suction side and the pressure side of the blade, as well as by the
relative motion between the blade tip and the casing wall.

3.1.1 Tip leakage flow in a cascade

Over the years, tip leakage flow has been studied extensively from the aerodynamic

viewpoint due to its impact on efficiency loss. Focusing on a linear turbine cascade,
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Bindon (1989) suggested that the major part of the tip gap loss arises when the “slow-
moving separation bubble flow” leaves the gap at the aerofoil suction side. The separa-
tion bubble, within the tip gap, was formulated for the first time by Rains (1954), who
studied the flow through the tip gap of a compressor blade. He proposed a 2-D ide-
alised model where the tip flow enters the clearance, separates at the pressure side tip
edge and contracts into a high-speed jet near the bottom wall. He also defined the ratio

between the downstream jet width and the gap size e as the contraction ratio ¢ = 0.611.

Storer and Cumpsty (1991) measured the flow at the exit of the gap in different chord-
wise locations, for a configuration characterised by a gap size equal to 4% of the chord.
They noticed that the high-speed jet appeared downstream of the mid-chord, where
the pressure on the suction side reached minimum value. Upstream of the mid-chord,
a fully developed profile, with slightly reduced speed, was found. Graham (1986) mea-
sured the velocity profiles in one position close to the aerofoil suction side, for two gap
sizes, e/c = 1.65% and 3.45%. The jet flow near the bottom wall was detected in the
configuration with a greater gap size, whereas the fully developed profile was found
for the smaller gap size case. Subsequently, Denton (1993) linked these two tip flow
behaviours to the ratio between the local aerofoil thickness 7 and the gap size e. Specif-
ically, he suggested that for 7/e < 4, the separated flow is unlikely to reattach to the
blade, while for 7/e > 4 the separation bubble remains localised and the jet mixes out

before leaving the gap.

As hypothesised by Storer and Cumpsty (1991), the pressure distribution along the
aerofoil suction side is influenced by the position and the strength of the so-called tip
leakage vortex. This vortex was revealed through flow visualisations with oil and wool
tufts. Its trajectory coincided with a trough of pressure which moved progressively
downstream of the leading edge as the tip clearance was increased from e/c = 2%
to 4%. No vortex signature on the aerofoil suction side was found by Graham (1986)
for the configuration characterised by the smallest ratio e¢/c = 0.82%. One of the first
schematics of the tip flow topology was developed by Kang and Hirsch (1993), based on
ink-trace flow visualisations on a linear compressor cascade of seven blades with e/c =
2%. The flow topology representation consists of the TLV and a Tip Separation Vortex
(TSV), as well as a secondary vortex that rotates in the opposite direction to the TLV,
whose generation was unclear. The TLV developed downstream of the aerofoil leading
edge and grows in size along the chord. The TSV “was rolled up by the flow separated
from the pressure side edge”, which is similar to the separation bubble referred to Rains
(1954). In this chapter, the influence of the TLV on the tip flow behaviour, which is
associated with the noise-generating mechanisms, will be suggested.

The evolution of the tip leakage vortical structures was investigated by You et al. (2007),
using Large-Eddy Simulations (LES) on a linear cascade with a moving casing wall,
which corresponds to the experimental set-up of Wang and Devenport (2004) with
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e/c = 1.65%. The TSV becomes significant in the suction side region of the aero-
foil downstream of the mid-chord, while the TLV dominates the flow field from the
15 — 20% of the axial chord. In the core of the TLV, a peak in the energy spectra of the
cross-stream velocity component was observed at the chord-based Strouhal number
St. = fc/Uy = 1.5, where f is the frequency, c is the chord length and Uj is the inflow
velocity. This spectral peak is not found in the experiments carried out by Muthanna
and Devenport (2004) on the same set-up with a stationary wall. This low-frequency
peak was linked to a wandering motion of the TLV and not to a periodic vortex shed-
ding found in the blade wake at St. = 5 — 6. Boudet et al. (2015) found that the
non-dimensional frequency associated with such “vortex wandering” phenomenon,
i.e. St. = 1, dominated the sound spectrum. They used experimental and numerical

methods to study the tip flow in a rotating fan rig with e/c = 5.5%.

3.1.2 Tip leakage noise of a stationary aerofoil

The oscillation of the TLV was suggested by Jacob et al. (2016a) to be responsible for
a broad peak in the velocity spectra detected around St. = 0.08 — 0.28 in the vortex
core downstream of the aerofoil trailing edge. However, no trace of this oscillation was
found in the far-field spectrum. The set-up was characterised by a single-stationary-
cambered aerofoil with a gap size of e/c = 5% positioned within an anechoic wind tun-
nel. This set-up, which is similar to the one used in the current investigation, was devel-
oped by Grilliat et al. (2007) to identify tip leakage noise, as it is quite problematic to dis-
tinguish it in a representative fan rig (Ganz et al., 1998). Their investigation highlighted
a low-frequency hump, at St. = 4, in the far-field and wall pressure spectra. This noise
source was likely attributed to a flow separation occurring at the pressure side edge.
Its scaling with the fifth power of the inflow velocity Uj suggested the possible role of
trailing edge scattering in the noise-generating mechanism. Analysing the near-field
spectra downstream of the aerofoil mid chord, they hypothesised a flow separation at
the gap entrance for large tip gap e/c = 5%, while for small gaps, e/c = 1.5 — 2.5%, the
flow “would still reattach before leaving the clearance”. Another high-frequency noise
source was detected at about St. = 10 and was identified as a “jet-like” source, due
to its velocity dependence U{ - US. According to Jacob et al. (2010), this second source
was associated with “secondary turbulent eddies generated by the flow separation at
the gap suction side tip edge”.

A wavelet-based conditional averaging technique was applied by Camussi et al. (2010)
to correlate the pressure and velocity data collected during the experimental campaign
of Grilliat et al. (2007). This conditional analysis localised the low-frequency hump of
St. = 4 between 40 — 60% of the chord, linking it with “swirling turbulent structures
generated by the pressure side tip edge”. However, the sound-generating mechanism
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of the other noise source remained unclear. The same set-up was used in the LES simu-
lations by Koch et al. (2021). A good agreement with the experimental results of Jacob
etal. (2010) was obtained, especially regarding flow topology and pressure fluctuations.
Regarding the noise spectra, Koch et al. (2021) hypothesised that the noise source found
in the frequency range St. = 8 - 20 results from the interaction between the turbulent
structures generated around the mid-chord and the aerofoil suction side tip.

The tip flow around a symmetrical aerofoil was simulated by Decaix et al. (2015) for a
range of tip gap sizes to understand the influence of this parameter on the development
of the trajectory of the TLV. For the small gap case e/c = 2%, the TSV barely develops
underneath the blade, so it could be interpreted more as a shear layer than a vortex.
The TSV is clearly identified in the large gap case e/c = 10%. Specifically, downstream
of the mid-chord, the TSV wraps the TLV merging into a single vortex near the trail-
ing edge. This is where the pressure fluctuations are likely to be scattered in noise,
according to Higgens et al. (2019). Indeed, they observed two vortices generated on
both aerofoil sides coalescing at the trailing edge until a critical size e/c = 7.5%. For
smaller gap heights, these vortical structures “are pushed” towards the suction side

region further upstream, without encountering any solid edge where they can scatter.

3.1.3 Novel contributions of the current chapter

The literature review has highlighted a limited understanding of the physical mecha-
nisms involved in the generation of tip leakage noise of a stationary aerofoil. Previ-
ous studies (Grilliat et al., 2007; Jacob et al., 2010) identified two noise sources in the
pressure measurements. In this work, we build on these investigations by specifically
identifying the fluid-dynamic instabilities responsible for these noise sources. These
sources are attributed to the roll-up and the shedding of vortical structures generated
by the separation of the tip leakage flow at the pressure side edge. After the separa-
tion at the pressure side edge, the tip flow can either reattach to the aerofoil or remain
separated until the exit of the gap. Roll-up occurs in both scenarios, whereas shedding
occurs only when there is an extended separation. The frequency of the noise source
due to the vortex-shedding is found to depend on the position along the chord of the
extended separation, while the roll-up noise source is characterised by multiple spec-
tral peaks that are consistent across different configurations. The corresponding non-
dimensional frequencies of both noise sources, together with the characteristic length
scales, are identified using the similarity between the tip leakage flow and the flow over
a Backward-Facing Step (BFS).

This chapter is organized as follows: first, the tip noise sources are characterized for
the baseline configuration with v = 15° and e = 10 mm, followed by an exploration of

these sources across other configurations.
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3.2 Baseline configuration

3.2.1 Acoustic measurements
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Figure 3.1: Sound pressure level (SPL) spectra detected for baseline case (—) and no
gap case (— ), together with the tip leakage noise obtained for the baseline case (—).

The far-field sound pressure level measured for the baseline configuration, with o =
15° and e = 10 mm, is plotted in figure 3.1, together with the spectrum obtained with-
out the gap. The abscissa represents the non-dimensional frequency St. = fc/Uy, based
on chord length ¢ and inflow velocity Uy. The levels of the first spectral curve are sig-
nificantly higher when compared to the spectra of the no-gap case, with a maximum
increase of approximately 19 dB. The two noise spectra are subtracted to isolate the con-
tribution of the tip leakage noise on the far-field, resulting in the orange curve shown in
figure 3.1. The tip leakage noise is then determined by subtracting directly in dB scale,
as follows:

ASPL = 10logo(Spp,pasetine) — 1010g10(Spp,nogap) (3.1)

where S, is the power spectral density of the far-field acoustic pressure. In this way,
the contributions of the leading and trailing edge noise and background noise are par-

tially removed since these contributions are similar with and without the gap.

Two distinct regions of the noise spectra can be identified in this figure: one ranging ap-
proximately from 0.5 to 1.1 kHz, which corresponds to a chord-based Strouhal number
St. between 2 and 5.5, and the other between 1.1 kHz and 2.6 kHz, i.e. St. = 5.5 - 13.
These areas are labelled, respectively, as first hump and second hump region. The first
region presents a clear peak around St. = 4, also observed by Grilliat et al. (2007). The
second region displays multiple peaks. However, at St. = 10, an increase in the noise
spectra of about 16 dB is reached, surpassing the 6 dB increase reported by Jacob et al.
(2016a) at the same Strouhal number. This discrepancy may be due to a lower back-
ground and trailing edge noise, caused by a reduced inflow turbulence and a smaller

aerofoil span.
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Figure 3.2: Overall sound pressure levels (OASPL) against the inflow velocity Uj eval-
uated in the first hump and second hump frequency range.
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Figure 3.3: Coherence between far and near field signals, acquired using the far-field
microphone and the remote probes located at z/c = 0.50 (—), 0.75 () and z/c = 0.90
(—) on the pressure side of the aerofoil, for Uy = 20 (a), 40 (b) and 60 m/s (c).

The possible noise generating-mechanisms linked to the two spectral humps are found
to scale approximately between the fifth and sixth power of the inflow velocity, i.e.
U3 for the first hump and UJ" for the second one. Both trends are shown in figure
3.2, where each value is obtained by integrating the far-field spectra in the first and
second hump frequency ranges for different inflow velocities. The observed velocity
scaling suggests a mixed source mechanism, rather than a pure dipole. According to
the literature (Howe, 2002), dipole and quadrupole sources close to a shape edge scale
with U®, while in the absence of a sharp edge, they would radiate with US and U8,
respectively. A dipole-like directivity pattern was observed in the LES study by Koch
etal. (2021).

The coherence between the near and far-field pressure signals are shown in figure 3.3,
for three different inflow velocities. A key finding emerges from this figure. The tip
leakage noise appears to be a Strouhal-dependent phenomenon, as a similar trend is
observed across different velocities. Furthermore, the high coherence values of about
0.5, seen in figure (b) and (c), indicate that the first hump can be localised between
the 50% and 90% of the chord, while the second hump is mainly located around the
midchord. This qualitative localisation of the two noise sources is confirmed in the

following sections by correlating velocity and pressure signals.
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3.2.2 Pressure-velocity correlations

3.2.2.1 First spectral hump
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Figure 3.4: Covariance plots obtained by relating the velocity fluctuations, measured
in the z — z plane with PIVj, (a) and HWAy,, (b), with the pressure signals filtered in
the first hump frequency range, St. = 2 — 5.5, for Uy = 40 m/s.

The flow features contributing to the two spectral humps are identified using the proce-
dure described in section 2.2.4. Figure 3.4 (a) and (b) show the covariance plots obtained
by correlating the velocity fluctuations measured using PIV and HWA techniques, with
the far-field pressure signals, which have been band-pass filtered in the frequency range
of the first hump, i.e. St. = 2 — 5.5. A large-scale coherent pattern, starting around the
60% of the chord, is observed in both figures, with nearly identical covariance values,
despite the lower spatial resolution in figure 3.4 (b). This result supports the hypothesis
that these coherent structures are responsible for the first spectral hump.

The first-hump pattern is characterised by a hydrodynamic wavelength that needs to
satisfy the relationship A\ = U./f, where f is the frequency and U, is the convection
velocity (Glegg and Devenport, 2017). This velocity can be evaluated from the gradi-
ent of the phase spectra between two remote mics, as reported in formula 2.3. Figure
3.5 shows the phase spectra between two microphones located on the aerofoil pressure
side at the 75% and 90% of the chord, for two different inflow velocities Uy = 40 and 60

(a) Uy = 40 m/s
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¢ [rad]

U. =30
m/s

0 5 10

St = fc/Uy

Figure 3.5: Convection velocities estimated from the phase spectra for Uy = 40 (a) and
60 m/s (b).
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Figure 3.6: Covariance plots obtained by relating the velocity fluctuations, measured
in the  — z plane with PIV;,, with the pressure signals filtered in the first hump fre-
quency range, St, = 2 — 5.5, for Uy = 60 m/s.

m/s. Within the frequency range of the two humps, i.e. St. = 2 — 13., the convection
velocity is estimated to be 0.5 of the inflow velocity. By combining this velocity with
the 24 mm wavelength, estimated from 3.4 (a) between the 75% and 90% of the chord,
where the two remote mics used to estimate U, are located, a frequency of 0.8 kHz
is obtained, which falls within the range of the first hump. Although the convection
velocity agrees with Grilliat et al. (2007), which reported a velocity value oscillating be-
tween 0.4 and 0.65 of the inflow velocity in a similar frequency range, it is slightly lower
compared to 0.6 — 0.8 of Uy reported in literature (Glegg and Devenport, 2017). This
underestimation can be attributed to the remote probes not aligning with the direction
of the convected structures. However, the current approach represents a reasonable
estimate of the actual convection velocity given the low angle between the direction of

convected structures and probe orientation.

The case with Uy = 60 m/s, shown in figure 3.6, exhibits the same covariance pattern
as that found for Uy = 40 m/s. Consequently, assuming the same wavelength (A = 24
mm) and an increased convection velocity (U, = 30 m/s), a frequency of f = 1.2 kHz is
obtained, corresponding to St. ~ 4, which still falls within the range of the first hump.
This further supports the hypothesis of the Strouhal-dependent nature of the tip noise.

The Proper Orthogonal Decomposition (POD) was applied to the flow field as an alter-
native method to extract coherent structures (Taira et al., 2017). Figure 3.7 (a) shows the
tirst spatial mode, which is similar to the second mode in (b), with a shift of approx-
imately one-third of the wavelength . Because of this translation, this pair of POD
modes represents a periodic phenomenon, as suggested by Weiss (2019). Although
these two modes account for about 5% of the total kinetic energy, shown in figure (d),
these modes align with the covariance plot displayed in (c). This similarity implies that
these spatial modes, which are not directly linked to the surface pressure fluctuations
but relate only to the flow field, are responsible for the first spectral hump. These spa-
tial modes show the presence of structures resembling vortices in the flow, as the von

Karman street of vortices that occur in the wake of a circular cylinder (Henning et al.,
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Figure 3.7: First (a) and second (b) spatial mode, and covariance plot (c) obtained by
considering the velocity fluctuations in the y-direction, measured with PIVi,. The co-
variance plot is obtained by relating the velocity fluctuations with the pressure signals
filtered in the first hump frequency range, St. = 2 — 5.5. (d) Total Kinetic Energy from
each mode.
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Figure 3.8: Fifth (a) and sixth (b) spatial mode obtained by considering the velocity
fluctuations in the z-direction, measured with PIVj,.

2008; Weiss, 2019). Therefore, we can hypothesise that the first tip noise source is due
to a period phenomenon, i.e. a vortex shedding-type mechanism. Note that figures 3.7
(a), (b) and (d) are obtained by considering the velocity fluctuations in the y-direction.
This explains the discrepancy with the covariance plot in figure 3.4 (a) obtained by con-
sidering the resultant velocity in the x — z plane, for which the first-hump pattern only
appears in higher spatial modes, specifically the fifth and the sixth mode as shown in
tigure 3.8. The reasons for this higher-mode appearance become clear when analyzing

the instantaneous flow fields in section 3.2.3.




26 Chapter 3. Tip leakage noise source mechanisms

3.2.2.2 Second spectral hump
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Figure 3.9: Covariance plots obtained by relating the velocity fluctuations, measured
in the  — z plane using PIV;,, with the pressure signals filtered in two frequency
ranges: (a) St. = 5.5 — 13 and (b) St. = 13 — 50.

Figure 3.9 (a) displays the covariance plot obtained by relating the velocity fluctuations
measured using PIV with the pressure signals, which have been band-pass filtered in
the frequency range of the second spectral hump, i.e. St. = 5.5 — 13. This reveals a pat-
tern of coherent structures with much smaller scales. As expected, these smaller scales
correspond to shorter wavelengths and, thus, higher frequencies, which fall within the
second hump frequency range. The upper limit of the second hump frequency range
was determined based on the observation that no coherence patterns were found when
the pressure signals were band-pass filtered beyond this range, i.e. St. = 13 — 50, as

shown in figure 3.9 (b).

To gain insight into the three-dimensional characteristics of the second-hump pattern, it
is beneficial to consider the plot of figure 3.10, which depicts the covariance obtained in
the span-wise direction, using the hot-wire probe at gap exit along the aerofoil suction
side. The second hump is related to vortical structures that develop within the tip gap
area. These structures are initially localised around the mid-chord, which is consistent
with the coherence plots shown in figure 3.3. Then, they are spread out across the

aerofoil suction side region, as observed in figure 3.9 (a).

0.1

AEROFOIL 0.05

z/e(%)

-0.05

Figure 3.10: Covariance plots obtained by relating the velocity fluctuations in the y — 2
plane using HWA,.,, with the pressure signals filtered in the second hump frequency
range, St. = 5.5 — 13. The grey area represents the aerofoil.
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The second-hump pattern resembles the roll-up mechanism of a shear layer. This flow
instability has been visualised within the gap in different cross-sections in Chapter 6
through the application of Spectral POD (Schmidt and Colonius, 2020) and Dynamic
Mode Decomposition (Schmid, 2010) on LES data (Koch et al., 2021). Both decom-
positions extract coherent structures at specific frequencies. The numerical simulations
address the limitations of using experimental measurement techniques in the small gap
region. Due to these limitations, in the current chapter, the tip flow was quantified in
the span-wise direction only at the gap exit using HWA, and the connection between
the two fluid-dynamic instabilities responsible for the two spectral humps is supported

by the similarity with the flow over a backward-facing step, as detailed in section 3.3.

3.2.3 Tip flow topology
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Figure 3.11: Instantaneous velocity fields of the stream-wise (a) and cross-stream ve-
locity component (b) with velocity vectors measured with PIV;y,.

The presence of a separated flow is a necessary condition for the formation of a vortex-
shedding type phenomenon. In the case of tip gap flow, a separated flow can be ob-
served in the instantaneous flow field. Two random PIV snapshots with velocity vec-
tors superimposed on the distribution of the stream-wise and cross-wise velocity com-
ponents are shown in figure 3.11 (a) and (b), respectively. The separated flow is dis-
cernible between 50 and 75% of the chord, where the velocity vectors appear random,
compared with those upstream of the mid-chord or in the region close to the pressure
side. This separated zone is easily identified by the low-velocity blue region in the
stream-wise velocity field, as shown in the zoomed-in portion of figure 3.11 (a). Down-
stream of 75% of the chord along the aerofoil suction side, the velocity vectors exhibit
strong fluctuations, identified by the alternating blue and green spots shown in the
zoomed-in part of figure (b). These zones of highly correlated flow correspond to the
tirst-hump pattern found when applying POD analysis to the cross-wise component of
the velocity seen in figure 3.7 (a) and (b). These fluctuations disappear completely in
the mean fields and are not readily observed in the U/Uj velocity contour in figure 3.11
(a). This observation may explain why the same pattern only appears in higher spatial
modes when applying POD to the streamwise velocity component.
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Figure 3.12: Mean velocity field of the resultant velocity in the y — z plane measured
along the aerofoil suction side with HWA ;.
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Figure 3.13: Pressure distribution C), over the aerofoil suction side (-0-) superimposed
on the instantaneous velocity vectors field obtained with PIV

The velocity contour obtained with HWA at the gap exit along the aerofoil suction side,
shown in figure 3.12, provides insight into the extension of the separated flow in the
span-wise direction and the flow topology within the tip area. The most interesting
features are observed between 50% and 75% of the chord. Below the aerofoil tip edge,
the separated flow region can be identified by a low-velocity region, whose width is de-
tined by the length v. This separation reduces the passage area, causing the flow close
to the bottom wall to contract into a high-speed jet, as modelled by Rains (1954). The
gradient of the velocity allows the thickness b of this shear layer to be quantified. The
relationship between these two length scales, b and v, and the two fluid dynamic insta-
bilities responsible for the two noise sources, roll-up and vortex shedding, is discussed

in the following section 3.3.

The separated flow and the corresponding high-speed jet were also observed at the exit
of the gap downstream of the mid-chord by Storer and Cumpsty (1991). Upstream of
the mid-chord, they detected a fully developed velocity profile, which can be also iden-
tified in figure 3.12 around the mid-chord, where the jet flow near the wall is weaker.
Hence, two scenarios can be defined. The first occurs when the tip flow, after separat-
ing at the pressure side edge, reattaches to the aerofoil tip. The second scenario occurs
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Figure 3.14: Schematic representations of the tip leakage flow: the flow separates and

reattaches at the aerofoil tip (a), the flow remains separated at the exit of the gap (b).

These sketches are based on the models developed by Denton (1993) and Driver et al.
(1986): b is the shear layer thickness, v the separated flow width.

when the flow remains separated until the exit of the gap. The transition from a lo-
calised separation to an extended separated flow could be due to the interaction (or
lack thereof) between the tip leakage vortex and the flow within the gap. This can be
further explored by examining the pressure distribution over the aerofoil suction side
and the flow field above the tip. Figure 3.13 shows the pressure distribution C,, which
exhibits low values from the aerofoil leading edge till about the mid-chord. Over the
same distance, we expect the TLV to be close to the airfoil surface thereby keeping the
pressure low (Storer and Cumpsty, 1991). Beyond the mid-chord, the pressure distri-
bution displays a sharp drop in magnitude and this coincides with the TLV moving
farther away from the airfoil surface. This movement of the TLV, together with the
appearance of extended separated flow within the gap downstream of the mid-chord

seen in figure 3.11, suggests that these two phenomena might be linked.

We hypothesise, therefore, that the separated flow tends to reattach upstream of the
mid-chord due to the low pressure produced by the TLV. When the TLV moves far
enough from the aerofoil surface downstream of the mid-chord, it no longer influences
the separated flow, which remains separated at the exit of the gap. These tip flow
behaviours are illustrated with two simplified cross-sectional sketches shown in figures
3.14 (a) and (b). In both cases, a shear layer of thickness b develops but only the second

case exhibits an extended separated flow of width v at the exit of the gap.

3.3 Similarity with the Backward-Facing Step flow

The tip leakage flow is similar to the flow over a backward-facing step. This flow is
characterized by a separation at the step edge and subsequent formation of a thin shear
layer. This grows in size due to the growth of span-wise vortices, linked to Kelvin-
Helmholtz instabilities, which roll-up into discrete structures of a size equivalent to the
thickness of the shear layer b (Scarano et al., 1999; Kostas et al., 2002). Driver et al. (1986)
observed that the majority of the energy in a BFS flow is concentrated at the frequency
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characteristic of the roll-up of these structures, corresponding to a non-dimensional
frequency of St, = fb/Usr, = 0.2 where Ugy, is the shear layer velocity, defined as the
average of high and low-speed sides of the shear layer. The same result was also found
for free shear layers by Winant and Browand (1974). In section 3.2.2, the second-hump
pattern was related to the roll-up mechanisms of a shear layer. Referring to figure 3.12,
the shear layer thickness can be estimated to be b ~ 3 mm and the shear layer velocity
to be Usy, = 21 m/s, at around z/c = 60% where the identification of these parameters
is easier. Combining these values with the frequency range of the second noise source,
f = 1.1 — 2.6 kHz, yields a range of non-dimensional frequencies St;, = 0.16 — 0.37
that covers St;, = 0.2. Hence, this supports the link between the second hump and
the roll-up of the shear layer within the gap. Notably, as the tip flow separates along
the pressure side edge, roll-up develops along the chord contributing to the broadband
second hump, as seen in figure 3.9 (a). This also means that both b and Ug, vary in the

stream-wise direction and within the tip gap.

The similitary between tip leakage and BFS flow can also be used to confirm the con-
nection between the first hump and a vortex shedding-type phenomenon. According to
Hudy et al. (2007), the roll-up of vortical structures in a BFS flow leads to the formation
of large-scale structures that are shed once they reach a maximum size equivalent to
the height of the step. The non-dimensional frequency of this shedding phenomenon
was measured to be St;, = fh/Uy = 0.07, where h is the height of the step. This
was also confirmed in other works (Wee et al., 2004; Liu et al., 2005). The step edge
represents the maximum size of the separated flow in the span-wise direction. The cor-
responding length scale in the tip leakage flow is v, which reaches maximum values at
the gap exit, as seen in Decaix et al. (2015). A value of v =~ 4 mm can be evaluated at
x/c = 60% in figure 3.12, confirmed in Chapter 6 with the numerical simulations. This
results in a St, = fv/Uy =~ 0.07, based on the frequency of the first spectral hump of
f = 0.8 kHz. Evaluating the contraction ratio ¢ using the length v, we obtain a value
o = (e —v)/e =~ 0.6 which is consistent with the value formulated by Rains (1954).
From the numerical study of Ma et al. (2023) on a Forward-Backward facing Step, it
has been possible to evaluate both shedding frequency and length v at the downstream
step edge. In this case, both quantities also lead to a St, ~ 0.07.

The two tip noise sources detected in the pressure spectra can be linked to the flow
separation that occurs along the pressure side edge. The roll-up of the vortical struc-
tures within the shear layer generates fluctuations in the frequency range of the second
noise source, centered around the non-dimensional Strouhal number St, = fb/Usr =
0.2. Once these vortical structures reach maximum size, vortices are shed at the non-
dimensional frequency St, = fv/Uy = 0.07, where f corresponds to the frequency of
the first noise source. This occurs when the tip flow does not reattach to the aerofoil,
while the second noise source also develops when the flow reattaches to the aerofoil, as
will be seen in section 3.4.2. The power laws, plotted in figure 3.2, suggest that the two
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noise sources may be generated by the scattering at the aerofoil tip edge of the pres-
sure fluctuations caused by these two fluid dynamic instabilities, roll-up and vortex
shedding.

While it is not feasible to obtain exact values for both characteristic lengths b and v due
to the limitations of hot wire measurements when immersed in a separated flow, we are
still able to provide a rough estimation of these lengths. Despite this uncertainty in v
and b, the Strouhal numbers obtained by combining these lengths with the frequencies
of the two noise humps are consistent with those documented in the literature for the

aforementioned fluid-dynamic instabilities.

3.4 Influence of o and e on the tip noise sources
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Figure 3.15: Tip leakage noise for different configurations obtained by varying the
angle of attack o while keeping the gap size ¢ = 10 mm (a), and by changing e for a
constant a = 15° (b).

The presence of the extended separated flow has been linked to the formation of a
vortex-type shedding phenomenon, which has subsequently been identified as the
source of the first spectral hump. Therefore, to investigate the properties of the first
hump, the angle of attack is changed to modify the characteristics of this separated
tflow. Figure 3.15 (a) displays the changes of the tip leakage noise as the angle of attack
varies from 7° to 30°, while the gap size is kept constant to e = 10 mm. As expected,
the first hump changes: it becomes broader for o = 20°, compared to the baseline case.
It shifts to higher frequencies and becomes narrower for a = 12°, whereas it is absent
at a = 7°. Overall, the tip noise increases as the angle attack grows to o = 20°. Beyond

this point, a nearly “flat” spectrum is observed for oo = 30°.

The second hump has earlier been associated with the roll-up mechanism of the shear
layer that develops within the tip gap. Considering the simplified sketches in figure
3.14 (a) and (b), it is logical to think that the extent of the shear layer depends on the
size of the gap. Therefore, to further investigate the characteristics of the second hump,

the effect of varying the gap size is investigated. Figure 3.15 (b) displays the changes
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in the tip noise spectra as the gap size e increases from 3 to 20 mm. The angle of attack
is fixed at & = 15°. The second hump increases as the gap size enlarges from e = 3
mm to e = 10 mm. Beyond that, the noise ceases to increase. This behaviour suggests
that the shear layer develops (e = 3 mm) and grows (e = 5 and 10 mm) as the gap size
increases, until further increases in the gap size no longer cause significant changes in
the shear layer (e = 15 and 20 mm).

Note that the gap size also influences the first hump. Figure 3.15 (b) shows this peak
moving to higher frequencies for e = 15 and 20 mm and disappearing for e = 3 and
5 mm. Within the frequency range of the second hump, the spectra in figure 3.15 (a)
maintain a similar shape, with levels increasing up to o = 20°. This trend may be
attributed to the stronger shear layer generated by the higher pressure difference be-
tween the two sides of the aerofoil at higher angles of attack. Chapter 4 focuses on the

non-dimensional parameters that influence the strength of both tip noise sources.

3.4.1 Further considerations about the first hump
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Figure 3.16: Configuration o = 20° and e = 10 mm. (a) Instantaneous velocity field

of the stream-wise velocity component with velocity vectors measured with PIV;,. (b)

Covariance plot obtained by relating the velocity fluctuations, measured in the z — =

plane using PIV;,, with the pressure signals filtered in the first hump frequency range,
St.=2-5.5.

A detailed analysis has been conducted on the configurations with o = 12° and 20° to
investigate further the characteristics of the first hump. The instantaneous stream-wise
velocity field and the covariance plot, obtained by considering the pressure signals
filtered in the first hump frequency range, are shown respectively in figure 3.16 (a)
and (b), for the case with « = 20°. Compared to the baseline case, figure 3.16 (a)
shows that the extended separated flow, identified by the low-velocity blue region,
moves upstream. Figure 3.16 (b) displays the first-hump pattern with wider coherent
structures, which corresponds to lower frequencies. Larger vortices, whose size was
related to v, are shed upstream of the mid-chord at a lower frequency. Hence, the
Strouhal number of the first spectral hump St, = fv/Up remains unchanged. In the
BFS flow, the vortices are shed once they reach a size equal to the step height (Hudy
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Figure 3.17: Configuration o = 12° and e = 10 mm. (a) Mean velocity filed of the

resultant velocity in the x — z plane measured withing the gap with HWA,,. (b)

Covariance plot obtained by relating the velocity fluctuations, measured in the z — 2

plane using HWA,,;, with the pressure signals filtered in the first hump frequency
range, St, = 2 — 5.5.

et al., 2007). For a = 20°, the shedding of larger vortices starts upstream of the mid-
chord where the local thickness 7 of the aerofoil is greater compared to that at the
mid-chord, where the shedding occurs for the baseline case. This result suggests a link
between 7 and the size of the vortices. However, further studies are necessary to fully
understand this dependency, taking into account factors such as the thickness-to-gap
ratio defined by Denton (1993), where the separated flow reattaches to the aerofoil tip
when 7/e > 4, the pressure difference between the two sides of the aerofoil and the
position of the TLV.

Focusing on the configuration with o = 12°, the first hump occurs at higher frequencies
as seen in figure 3.15 (a). Therefore, narrower coherent structures are expected, which
are qualitatively shown in the covariance plot in figure 3.17 (b). Smaller vortices are
expected to be shed in an aerofoil section characterised by a smaller local thickness.
This aligns with the extended separated flow found downstream of the 75% of the

chord, as shown in the mean flow field of figure 3.17 (a).

These considerations provide insight into the broadband characteristic of the first hump,
rather than an expected tonal feature associated with a vortex-shedding phenomenon
(Gerrard, 1955). The first-hump frequency changes depending on where the extended
separation occurs. In section 3.3, for simplicity, we considered a cross-section around
xz/c = 60%. However, the extended separated region extends between the 50 and
75% of the chord, as shown in figure 3.11. This means that different aerofoil sections,
with different local thicknesses, shed vortices of different sizes which contribute to the
broadband characteristic of the first hump. The two cases analysed in this section seem
to confirm this observation. The o = 20° case presents a broader first hump and a wider
separated flow region from 40 to 70% of the chord, whereas the o = 12° case presents

narrower hump and smaller separated flow region around the aerofoil trailing edge.

Figure 3.18 (a) shows the pressure distributions C), along the aerofoil suction side for
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Figure 3.18: Pressure distribution C), over the aerofoil suction side for different config-
urations obtained by varying the angle of attack o while keeping the gap size e = 10
mm (a), and by changing e for a constant a = 15° (b).

the configurations obtained by varying the angle of attack. As the angle of attack de-
creases, the pressure drop moves downstream, consistent with the shift of the extended
separated flow region towards the trailing edge, as seen in figure 3.16 (a) and 3.17 (a).
This trend seems to confirm the influence of the TLV on the tip leakage flow behaviour.
The TLV, which aligns with the inflow direction (Decaix et al., 2015; Koch et al., 2021),
deviates from the aerofoil suction side further downstream when the angle of attack
decreases. For o« = 7°, the separated zone eventually vanishes resulting in the absence
of the first hump in figure 3.15 (a). In contrast, the “flat” spectrum obtained for a = 30°
is likely due to the stall of the aerofoil. Chapter 4 explores the influence of the TLV on
the separated flow in detail.

The pressure distributions C), along the aerofoil suction side for the cases obtained by
varying the gap size are plotted in figure 3.18 (b). The pressure drop moves progres-
sively towards the trailing edge as the tip gap increases from e = 10 to 20 mm, in
agreement with Storer and Cumpsty (1991). This explains the shifting of the first hump
towards higher frequencies seen in figure 3.15 (b), similar to that observed for the case
with o = 12°. However, no first hump is found for e = 5 mm even though its pressure
distribution has a shape similar to that of & = 20°. The reason is due to the absence of
the extended separated flow, as shown in the instantaneous stream-wise velocity field
of figure 3.19 (a). The uniform velocity vectors along the aerofoil pressure side suggest
a flow acceleration entering the gap.

3.4.2 Further considerations about second hump

Figures 3.15 (a) and (b) show that the tip leakage noise exhibits a similar trend in the
frequency range of the second hump. Specifically, the configuration with e = 5 mm is
characterised by a covariance plot similar to that of the baseline case, as can be seen
comparing figures 3.19 (b) and 3.9 (a). The presence of the second hump, along with
the absence of an extended separated flow region seen in figure 3.19 (a), allows us to
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Figure 3.19: Configuration o = 15° and e = 5 mm: (a) instantaneous velocity field

of the stream-wise velocity component with velocity vectors measured with PIVj,,.

(b) Covariance plot obtained by relating the velocity fluctuations, measured in the y-

direction using PIV;,, with the pressure signals filtered in the second hump frequency
range, St = 5.5 — 13.
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Figure 3.20: Mean velocity fields of the resultant velocity in the y — z plane measured
along the aerofoil suction side with HWA,.,, for two configurations characterised by
e =5mm (a) and e = 15 mm (b), and angle of attack o = 15°.

consider the tip flow characterised by a localised separation, as sketched in figure 3.14
(a). However, the second-hump pattern is detected beyond the aerofoil suction side as
the shear layer vortical structures persist beyond the reattachment, as occurs in a BFS
flow (Kostas et al., 2002).

In section 3.3, we defined the non-dimensional frequency for the second hump as
St, = fb/Usr, = 0.2. However, since the second-hump frequency does not change
significantly with varying the gap size, the other two parameters b and Ug;, vary ac-
cordingly, meaning that if b increases, Ug;, should also increase, and vice versa. This
behaviour is qualitatively evident when comparing the contour plots in figures 3.20 (a)
and (b). These plots show the mean velocity measured using HWA for the two config-
urations with e = 5 and 15 mm. In the latter case, a shear layer is observed slightly
downstream of the mid-chord around z/c = 60 — 85%, in agreement with the shifting
of the pressure drop towards the trailing edge and of the first hump towards higher
frequencies. This region is characterised by the separated flow region below the tip
edge and the consequent high-speed jet in the bottom part of the figure. In the former
case, a small velocity gradient is observed below the tip around the z/c¢ = 40 — 60%.
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The growth of the velocity gradient, as the gap size increases, can explain the increase
in tip noise intensity observed in figure 3.15 (b) as the gap size increases.

3.5 Conclusions

The tip leakage noise for a single-stationary aerofoil has been investigated experimen-
tally in this chapter. Simultaneous near and far-field pressure measurements were con-
ducted, along with PIV and HWA. Two distinct dipole-type noise sources have been
identified within two non-dimensional frequency ranges St. = fc/Uy = 2 — 5.5 and
5.5 — 13, attributed to fluid-dynamic instabilities occurring within the tip gap: a vortex-
shedding type phenomenon and shear layer roll-up.

The tip flow, driven by the pressure difference across the aerofoil, enters the gap and
separates at the pressure-side edge. The subsequent shear layer roll-up forms vortical
structures of a size equivalent to the shear layer thickness b at the frequency of the sec-
ond tip noise source. The corresponding non-dimensional frequency is St, = fb/Ug, =
0.2, where Ugy, is the shear-layer average velocity. Successively, the separated flow can
either reattach to the aerofoil tip or remain separated until the exit of the gap. In case
of extended separation, the vortical structures can achieve a certain size and be shed
at the non-dimensional frequency St, = fv/Uy = 0.07. In this case, f is centred in
the frequency range of the first noise source, and v is the width of the separated flow
measured at the exit of the gap. It has been hypothesised that the TLV influences the tip
flow behaviour: its presence close to the aerofoil suction side helps the separated flow
to reattach to the aerofoil tip. Chapter 4 provides detailed analysis of this TLV effect.

The frequency of the first noise source depends on the position of the extended sepa-
rated flow along the chord. As the angle of attack decreases or the gap size increases,
the separated flow moves towards the aerofoil’s trailing edge. As a result, the fre-
quency of the first noise source increases and the spectrum becomes narrower. The
second noise source gives rise to multiple spectral peaks at frequencies that are consis-
tent across different configurations. The presence of the first noise source implies the
existence of the second, but not vice versa. Vortex shedding occurs only when the sep-
arated flow does not reattach at the aerofoil tip, while the roll-up always occurs within
the tip gap. In Chapter 4, three non-dimensional parameters influencing the tip noise
sources will be identified.



37

Chapter 4

Influence of non-dimensional

parameters on the tip leakage noise

This chapter investigates three key non-dimensional parameters influencing the tip
leakage noise sources: the angle of attack «, the ratio between maximum aerofoil thick-
ness and gap size Tqz /€, and the ratio between gap size and wall boundary layer thick-
ness e/d. The vortex-shedding noise source develops when 7,4, /¢ < 4 and with the tip
vortex positioned away from the aerofoil surface for o > 10°. The roll-up noise source
occurs whenever the tip flow separates at the pressure side edge, with its strength pro-
portional to the lift coefficient, depending on «, and diminishing as e¢/¢ decreases and

Tmag /€ INCreases.

4.1 Background

The small clearance between a ducted fan rotor and its surrounding casing is a re-
gion of three potential broadband noise sources: fan-boundary layer interaction noise,
trailing edge noise and tip leakage noise (Ganz et al., 1998). However, the distinction
between these noise sources in a representative fan rig has been a persistent challenge.
Grilliat et al. (2007) developed an experimental set-up with a single-stationary aerofoil
positioned in the core of a wind tunnel jet to focus specifically on the tip leakage noise.
This noise arises from interactions between the tip leakage flow, which develops within
the clearance due to the pressure difference between the airfoil’s pressure and suction
sides, the blade tip and the casing wall boundary layer. The tip leakage flow also inter-
acts with the incoming flow, forming a vortex structure known as tip leakage vortex.
Two distinct tip leakage noise sources were identified, both linked to flow separation
at the pressure side tip (Jacob et al., 2010; Camussi et al., 2010). According to Liu et al.
(2024), this separation excited an unsteadiness that is sustained by its interaction with

the incoming flow, propagating into the TLV core.
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In Chapter 3, we experimentally identified the fluid-dynamic instabilities responsi-
ble for two dipole-type tip noise sources: vortex-shedding and shear layer roll-up.
Both instabilities were linked to the behaviour of the tip flow after its separation at
the pressure side edge. The vortex-shedding phenomenon occurs when the tip flow
does not reattach to the aerofoil, and within the non-dimensional frequency range
Ste = fe/Uy = 2 — 5.5. In contrast, the shear layer roll-up develops regardless of
whether the tip flow reattaches or remains separated, within St. = 5.5 — 13. Here,
f is the frequency, c is the chord length, and Uy is the inflow velocity. The frequency
content of the first noise source was found to vary with the chord-wise position of the
extended separated flow, which shifts based on the angle of attack and gap size. In
contrast, the second noise source produces multiple spectral peaks that remain repeat-
able across different configurations. In Chapter 6, we employ Large Eddy Simulations
(LES) to investigate two aerofoil cross-sections where the tip flow behaviour changes,
from a reattachment to an extended separated flow, providing a clear overview of the
flow topology and confirming the presence of the two fluid-dynamic instabilities re-
sponsible for the noise sources. However, no effort has been made to investigate the

key non-dimensional parameters governing the tip leakage noise sources.

4.1.1 Tip leakage flow influences

AEROFOIL

PRESSURE SUCTION
SIDE SIDE

U T TIP LEAKAGE

VORTEX
SFI ARATION
STREAMLINES \

BOTTOM WALL

Figure 4.1: Schematic representation of the parameters influencing tip leakage flow

behaviour in an aerofoil cross-section: blade thickness 7, gap size e, tip leakage vortex

on the aerofoil suction side and boundary layer thickness § of the incoming flow U.
V1 is the tip flow velocity close to the bottom wall.

The behaviour of the tip leakage flow plays a crucial role in the generation of associated
tip noise sources. While past studies have identified certain dependencies of the tip
leakage flow, the exact nature of their influence has remained largely unexplored. This
work systematically investigates these dependencies and their interactions to establish
their role in tip leakage noise generation. Figure 4.1 illustrates a simplified aerofoil
cross-section highlighting the parameters suggested to influence the tip leakage flow.
The flow behaviour can vary depending on whether the section is characterised by a
certain thickness-to-gap ratio 7/e, and its position relative to the tip leakage vortex,
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which is influenced by the angle of attack o and the gap size e. The tip flow can also
be influenced by whether the aerofoil tip is immersed in the casing boundary layer of
thickness 6.

Storer and Cumpsty (1991) observed that the tip leakage flow does not reattach at the
aerofoil downstream of the position of the minimum pressure measured on the end-
wall. This behaviour was suggested to be related to the ratio between the blade thick-
ness 7 and tip gap size e, which was at most 2.5, a value significantly lower than 7
measured by Moore and Tilton (1988), where the tip flow was observed to reattach to
the aerofoil at the location downstream of the minimum pressure on the suction side.
Graham (1986) measured the velocity profiles at a location close to the aerofoil suction
side for three gap sizes, ranging from 7/e = 2.5 to 5.2. The flow did not reattach in the
configuration with the largest gap size, whereas a fully developed profile was observed
for the smallest gap size case. The thickness-to-gap ratio was measured perpendicular
to the chamberline, as Rains (1954) noted that the pressure gradient across the aerofoil
is significantly larger than that along the chord, causing the tip flow to enter the clear-
ance in a direction normal to the camber line. Denton (1993) suggested 7/e = 4 as a
threshold based on these past studies, indicating that for 7/e > 4, typical in turbines,
the tip flow generally reattaches before leaving the gap, whereas in compressors, where
this ratio is often lower, reattachment is unlikely. Dambach and Hodson (2001) found
even higher ratio, between 5 and 6, for a rotating blade. However, these studies (Gra-
ham, 1986; Storer and Cumpsty, 1991; Dambach and Hodson, 2001) were carried out
using a single aerofoil while varying only the gap size. One of the key contributions
of this study is demonstrating the significance of the thickness-to-gap ratio by varying
both aerofoil thickness and gap size, and quantifying its impact on the tip leakage flow
and associated noise.

Storer and Cumpsty (1991) also observed that upstream of the position of minimum
pressure measured on the wall, which corresponds with the trajectory of the tip leak-
age vortex, the nature of the tip flow differed, with the flow reattaching to the aerofoil.
Specifically, Intaratep (2006) found that the minimum pressure measured along the
aerofoil suction side coincides with the position where the vortex begins to separate
from the aerofoil surface. As the tip gap increases, the vortex moves further down-
stream, similar to when decreasing the angle of attack, as noted by Kang and Hirsch
(1994). In Chapter 3, an interaction between the moving away of the vortex from the
aerofoil surface and the onset of extended separated flow was suggested, as indicated
by a shift in the pressure peak in the pressure distribution C), that corresponds to a
relocation of the extended separated region. However, this interaction could not be

verified, as no measurements of the tip vortex were performed.

Regarding the casing boundary layer, Zhang et al. (2022) observed that its interaction
with the tip flow resulted in weakened pressure fluctuations near the onset of the tip
leakage vortex. To investigate this interaction, the aerofoil tip was immersed within
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the boundary layer, resulting in a gap-to-boundary layer thickness e/ < 1. This differs
from past investigations (Moore and Tilton, 1988; Storer and Cumpsty, 1991), where the
gap size was larger than the boundary layer. According to Jacob et al. (2016a), a thinner
boundary layer reduces the interaction noise between the upstream turbulence and the
aerofoil leading edge, which might be responsible for a large part of the background
noise masking the tip leakage noise in their pressure measurements.

4.1.2 Novel contributions of the current chapter

The previous chapter identified two tip leakage noise sources for a single-stationary
aerofoil, specifically attributed to fluid-dynamic instabilities occurring within the tip
gap: vortex-shedding and shear layer roll-up. These instabilities are connected to the
behaviour of the tip flow after it separates at the pressure side tip. If the flow does not
reattach to the aerofoil, both instabilities occur; if reattachment occurs, only roll-up is

observed.

In this chapter, a systematic parametric study was carried out, analysing a wide range
of configurations obtained by combining six distinct aerofoils with various gap sizes,
testing seven angles of attack for each configuration, and considering two boundary
layer thicknesses. Through this extensive analysis, three non-dimensional parameters
were identified as the most influential on tip leakage flow and associated noise sources:
angle of attack o, maximum thickness-to-gap ratio 7,,4,/€ and gap-to-boundary layer

thickness e/, as summarised in the following relationship:

P2 x f(o, Tmaz/€,€/0) 4.1)

where p2 represents the pressure fluctuations associated with the tip leakage noise

sources.

The first noise source develops when 7,4, /¢ < 4 and with the tip leakage vortex away
from the aerofoil surface for o > 10°. The location of the vortex detachment from
the aerofoil surface can be identified by the minimum pressure peak in the pressure
distribution C}, along the aerofoil suction side tip. The magnitude of this peak, directly
linked to the noise source strength, depends on the three non-dimensional parameters.
The second tip noise source occurs whenever the tip flow separates at the pressure
side. Its strength is mainly proportional to the lift coefficient Cj, depending on «, and

it decreases as ¢/0 decreases and 7,4, /€ increases.

This chapter is structured as follows: in section 4.2, the influence of the angle of at-
tack on the tip noise sources is investigated for configurations with the same aerofoil
and boundary layer thickness (NACA 5510 and § = 5 mm). These initial findings
are then generalised by considering different aerofoils, emphasizing the impact of the
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thickness-to-gap ratio in section 4.3. The influence of boundary layer thickness is dis-
cussed through these sections and is completed by examining another boundary layer
thickness in section 4.4.

4.2 Influence of the angle of attack o

4.2.1 Tip leakage vortex detachment on tip separated flow
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Figure 4.2: (a) Pressure distributions C}, along the aerofoil measured at the tip for two

configurations with gap sizes ¢ = 0 and 10 mm, and at midspan for e = 10 mm. The

angle of attack is set to & = 15°. (b) Pressure distribution C},, measured at the tip for

three configurations with @ = 10°,15° and 20°. The gap size is set to e = 10 mm,
corresponding to Ty,q, /€ = 2.

The pressure distributions C), along the aerofoil measured close to the tip for two gap
sizes e = 0 and 10 mm, and same angle of attack o = 15°, are shown in figure 4.2 (a),
together with that evaluated at midspan for e = 10 mm. In the presence of the gap, the
pressure distribution near the tip changes significantly compared to that at midspan,
which corresponds to the loading at the tip without clearance, in agreement with pre-
vious studies (Jacob et al., 2010; Koch et al., 2021). This indicates that the gap mainly
influences the pressure distribution near the tip edge. The loading on the pressure side
tends to be lower in the presence of a gap, particularly upstream of the midchord. On
the suction side, the pressure decreases downstream of the leading edge reaching a
peak around the 60% of the chord, followed by a subsequent drop. The magnitude
of the peak and its location along the chord vary with changes in the angle of attack,
as shown in figure 4.2 (b). Specifically, when the angle of attach decreases from 20°
to 10°, the magnitude of the peak on the suction side diminishes, and the drop shifts

downstream, from midchord to 75% of the chord.

Previous studies linked the loading on the aerofoil suction side to the tip leakage vor-
tex (Graham, 1986; Kang and Hirsch, 1993), which remains near the aerofoil surface.
The pressure peak, followed by the drop, occurs when the vortex moves away from
the surface (Intaratep, 2006). According to figure 4.2 (b), this vortex detachment shifts
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Figure 4.3: Mean velocity fields of the resultant velocity in the + — z plane measured

for three configurations with oo = 10° (a), 15° (b) and 20° (c) in different chord-wise

sections: at midchord, at 75% of the chord and at 2 mm downstream the trailing edge.
The gap size is set to e = 10 mm, corresponding to 7,4, /€ = 2.

progressively upstream with the increase of the angle of attack. This behaviour is qual-
itatively shown in figure 4.3, which displays the resultant velocity contained in the
x — z plane measured by the hot-wire probe in different chord-wise sections, precisely
at z/c = 50%, 75% and at 2 mm downstream of the trailing edge, for the three config-
urations with a = 10°,15° and 20°. The resultant velocity reaches maximum values in
the vortex core. The location of this maximum velocity indeed matches with the cen-
tre of the TLV identified by Jacob et al. (2016a) at the same chord-wise section located
downstream of the trailing edge, for the configuration with a = 15° shown in figure 4.3
(b). For this configuration, the trajectory of the TLV can be qualitatively inferred from
the three sections, showing that it is almost aligned with the inflow direction, consis-
tent with figure 3.13 and other works (Jacob et al., 2016b; Koch et al., 2021). The vortex
core remains close to the aerofoil suction side up to the midchord, and then it starts to
move away, as expected from its pressure distribution (-) in figure 4.2 (b). For oo = 10°
in figure 4.3 (a), the vortex core remains close to the aerofoil suction side up to the
75% of the chord, whereas for o = 20° in figure 4.3 (c), the core begins to move away
from the surface around the midchord. In summary, the relationship between the tip
leakage vortex and the pressure distributions on the aerofoil suction side is clear, with
the location of vortex detachment shifting as the angle of attack changes. Furthermore,
the vortex is located near the aerofoil tip, so it does not influence the pressure at the
midspan. As a result, the pressure distribution at the midspan remains similar to that

of the configuration without a gap, as seen in figure 4.2 (a).

Hot-wire measurements were used to trace the vortex core in the suction side area of
the aerofoil and evaluate the flow within the gap. The tip flow exhibits low-velocity
values at midchord for the configuration with a = 20° in figure 4.3 (c), and at 75% of
chord for o = 15° and 20°, in (b) and (c). Figure 4.4 displays this characteristic more

clearly, showing the flow fields in the mid-gap plane for these three configurations with
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Figure 4.4: Mean velocity fields of the resultant velocity in the + — z plane measured
within the gap for three configurations with o = 10° (a), 15° (b) and 20° (c). The gap
size is set to e = 10 mm, corresponding to 7,4z /€ = 2.

a = 10°,15° and 20°. The low-velocity regions, found for each case in figure 4.4, arise
downstream of the pressure peaks identified in the pressure distributions in figure 4.2
(b). The low-velocity region shifts upstream as the angle of attack increases, following
the same shifting trend as the pressure peaks. Given the connection between the pres-
sure peak and low-velocity region, as well as between the peak and vortex detachment,
it can be suggested that the tip leakage vortex plays a role in the development of the

low-velocity region.

In Chapter 6, LES simulations are used to investigate two chord-wise sections of the
configuration with o = 15°, specifically at midchord and at 75% of the chord. At mid-
chord, the flow was found to separate at the tip but to reattach before leaving the gap.
At 75% of the chord, the tip flow remained separated until the exit of the gap and
low-axial velocity was measured. This low-velocity region corresponds to those ob-
served in figures 4.3 and 4.4. Figure 4.3 also indicates that the extended separated flow
occurs when the TLV is away from the aerofoil suction side. A similar trend was ob-
served by Liu et al. (2024), who found an extended separation developed within the
gap downstream of the TLV detachment from the aerofoil surface, while upstream, the
flow remained steady and attached. This trend suggests that when the TLV is close to
the aerofoil surface, its low pressure can influence the separated flow to reattach to the
aerofoil tip. However, as the TLV moves away, this effect vanishes, and the tip flow
stays separated until it exits the gap. Figure 4.4 also shows that the velocity values
within the low-velocity region decrease as the angle of attack increases. This behaviour
appears to be correlated with the intensity of the pressure peaks: as the pressure peak
magnitude increases, the vortex is characterised by lower pressure, which may lead to

a stronger separation upon its detachment.

Figure 4.5 shows the lift coefficient C; as a function of the angle of attack « for different
gap sizes e. The gap size has been non-dimensionalised using the maximum thickness
of the 5510 aerofoil, i.e. Ty, = 20 mm. The lift coefficient remains nearly constant as
the gap size varies and for a fixed angle of attack. This is unexpected given that the
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Figure 4.5: Lift coefficient C; plotted against the non-dimensionalised gap size 7q4/€,
obtained for different angles of attack. The markers refer to the angles of attack: + 5°,
0 7°,<$ 10° x12°,* 15°, 0 17°.

pressure distributions with and without the gap differ significantly, as shown in fig-
ure 4.2 (a). Based on this figure, it can be hypothesized that, to keep the lift coefficient
constant, the loading on the pressure side is reduced in the presence of the gap to coun-
terbalance the loading on the suction side caused by the TLV. However, the effect of the
gap size on the lift coefficient becomes evident for large gaps (Timaz/e > 2) and small

angles of attack (o < 12°), resulting in a significant reduction in lift.

4.2.2 First tip noise source
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Figure 4.6: Tip leakage noise obtained by subtracting the Sound Pressure Levels mea-
sured with and without the gap, for the three configurations with o« = 10°, 15°, and
20° and gap size e = 10 mm, corresponding to Ty,q, /€ = 2.

The focus on the low-velocity region is due to its association with a vortex-shedding
type phenomenon, which was identified as one of the two tip leakage noise sources
in Chapter 3. This noise source was linked to the spectral humps found in figure 4.6,
within the non-dimensional frequency range St. = fc/Uy = 2 — 5.5. The curves plot-
ted in this figure are obtained by subtracting the far-field spectra obtained with and
without the gap to highlight the noise increase due to the tip leakage noise. As the an-

gle of attack decreases, the spectral hump narrows and its peak shifts towards higher
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Figure 4.7: Overall Sound Pressure Levels evaluated in the frequency range of the first

tip noise source against the maximum difference between C,,, and C,,, for different

configurations characterised by 7,4/ = 1,2 and 3 (a), and Ty,4,/e = 4,5 and 6 (b).

Tip leakage noise for different configurations with o« = 10° (c) and 15° (d). The markers
refer to the angles of attack: o 7°, ¢ 10°, x 12°, * 15°, I 17°, » 20°.

frequencies. This behaviour was associated with the location where the low-velocity
region starts to appear. As a result of the previous considerations, the first tip noise
source depends on the TLV detachment location.

The peaks on the pressure distributions along the suction side have been linked to the
flow separation: a higher peak indicates stronger separation, which may lead to more
intense vortex-shedding phenomena responsible for the first tip noise source, explain-
ing the louder spectral peak observed in figure 4.6 as the angle of attack increases. This
relationship between pressure peak and noise strength is further shown in figure 4.7
(a), where the spectral curves, integrated within the frequency range of the first noise
source, are plotted as a function of the maximum pressure peak of the pressure distri-
bution along the aerofoil suction side, C,,, on the abscissa. Specifically, the abscissa has
been “normalised” by considering the maximum difference between C,, and Cp,, to
account for the effect of the TLV on the pressure distribution of aerofoil pressure side
Cyp,, as suggested previously. The blue data points in figure 4.7 (a) correspond to the
configurations with e = 10 mm, i.e. 7pq./e = 2, for different angles of attack. The
strength of the first noise source exhibits a sudden increase when passing from o = 7°
to 10°, followed by a rise that reaches its maximum at o = 20°. Beyond this point, stall
occurs at o = 30°, as reported in figure 3.15 (a). The other cases shown in figure 4.7 (a)
with 7,4z /€ = 1 and 3 display the same trend, albeit with lower maximum intensity.
On the contrary, the points for the cases with 4 < 7,4, /e < 6 mainly cluster below the
dotted line in figure 4.7 (b).

The clustering below the dotted line, along with the sudden drop in the noise strength
at small angle of attack (ov < 10°), is associated with the absence of the first noise source.
The dotted line is defined based on the observation that the case with 7,,,4, /¢ = 4 and
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a = 15° was found to neither exhibit the first noise source nor extended separated flow,
as seen in figure 3.19 (a) and 3.15 (b). Figure 4.7 (d) shows the tip leakage noise obtained
for this case (—), along with those obtained for 1 < 7,,4,/e < 6. The spectral humps
remain negligible, below 5 dB, for 7,,4,/e > 4. Other data points are found along the
dotted line for a = 10° in figure 4.7 (a) and (b), and their tip noise spectra are shown
in (c). The case with 7,,4,/e = 2 (—) is characterised by a shallow spectral peak and
low-velocity region, as seen in figure 4.4 (a). This hump decreases as 7,4, /€ increases,
approaching 5 dB for 7,4, /e = 4, and eventually becomes negligible, below 5 dB, for
higher values. In summary, the first noise source does not develop for 7,,4,/e > 4
and a < 10°. The reason why the data for 7,4, /¢ > 4 collapse below the dotted line
will be shown to be linked to the ratio between the aerofoil thickness and the gap size,
despite these configurations having their tips immersed within the boundary layer.
The absence of the first noise source for o < 10° is attributed to the lack of extended
separated flow, which may result from the vortex detachment occurring even further
downstream of 75% of the chord. Additionally, it should be considered that the tip
flow changes as the angle of attack decreases, with a much weaker cross-stream flow
forming even further downstream of 75%, as observed by Jacob et al. (2010) for the

configuration with o = 5° and 7p,q,/€ = 2.

4.2.3 Second tip noise source
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Figure 4.8: Overall Sound Pressure Levels evaluated in the frequency range of the

second noise source against the lift coefficient C; measured at the tip for different con-

figurations characterised by 7.,45/¢ = 1,2 and 3 (a), and 7yq./€ = 4,5 and 6 (b). The
markers refer to the angles of attack: + 5°, 0 7°, <) 10°, x 12°,* 15°, 0 17°, % 20°.

The second tip noise source was associated with a shear layer roll-up, which develops
within the gap due to the separation of the flow at the pressure side tip edge. Figure 4.6
identifies the noise increase due to this fluid dynamic instability within St. = 5.5 — 13.
As the angle of attack increases, the levels rise reaching the greatest values for the con-
tiguration with oo = 20°. The integration of the curves in figure 4.6 over the correspond-
ing frequency range of the second noise source results in the scatter plot of figure 4.8
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Figure 4.9: Tip flow velocity Vi, plotted against the lift coefficient C;, obtained for
Tmaz/€ = 1,2 and 3. The markers refer to the angles of attack: + 5°, 0 7°, { 10°, x 12°,
*15°,017°, % 20°.

(a) and (b), where the abscissa represents lift coefficient Cj, obtained by integrating the
pressure distributions along the chord. These figures have been enhanced with addi-
tional data points obtained by varying the angle of attack, between 5° and 20°, and gap
size, between 1 < 7,4, /€ < 6. Specifically, the cases with 7,,,4, /€ < 3, also characterised
by the aerofoil tip outside the boundary layer e/§ > 1, are shown in (a), while the oth-
ers are presented in (b). Figure 4.8 (a) shows a proportionality between the strength
of the second tip noise source and the lift coefficient. In figure (b), for /6 < 1, the
data appear slightly more dispersed but still show an increase of the noise source with
the lift coefficient. A detailed analysis of this data, including the effects of the casing

boundary layer, will be conducted in the next sections.

The proportionality, shown in figure 4.8 (a), between the overall loading acting on the
aerofoil tip and the strength of the second tip noise source, is not straightforward. This
noise source was linked to the shear layer roll-up, which develops from the separation
of the flow entering the gap at the pressure side edge. The roll-up is due to the Kelvin-
Helmholtz instability, which arises from a velocity difference across the interface of
two parallel fluid streams (Kundu et al., 2016). In the tip flow scenario, these streams
are represented by the separated flow near the aerofoil tip and a high-speed jet flow
close to the bottom wall, as observed in figure 3.12 and also by Storer and Cumpsty
(1991). Since the separated flow near the aerofoil has negligible velocity, the roll-up
mechanism is primarily influenced by the flow velocity near the wall, Vz. A way to
estimate of this velocity, normal to the chamber line, was provided by Rains (1954),
using the following expression: Vi /Uy = /Cp, ., — Cp,, where C;,, . is the pressure
coefficient measured at midspan on the aerofoil pressure side and C,, is that measured
at the tip on the suction side. This formula was derived from the ideal model, proposed
by Rains (1954), which applies the Bernoulli equation under the assumption of an ideal,
unattached flow entering the gap normal to the chamber line. Consequently, as noted
by Storer and Cumpsty (1991), this expression provides a good estimate of the flow
velocity when applied to sections downstream of the minimum pressure on the suction
side, where the flow tends to be unattached.

In this study, the flow velocity V7, is evaluated by considering the pressure coefficients
measured at the location of the minimum pressure peak and at the aerofoil tip of both
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sides, using this formula Vi, /Uy = \/m , where C), is the pressure coefficient
measured at the pressure side tip. The scatter plot of figure 4.9 displays V}, plotted
against the lift coefficient (;, obtained by varying the angle of attack for all the con-
tigurations with the aerofoil tip outside the boundary layer to satisfy the assumption
of ideal flow, i.e. e/§ > 1 corresponding to 1 < 7y,4,/e < 3. The data show a linear
relationship between V7, and Cj, which is evident for a > 10°, but not for lower angles
of attack, o < 10°. This discrepancy may be due to the method of evaluating V7, which
relies on pressure coefficients measured at the same chord-wise location on both aero-
foil sides, potentially causing inaccuracies in the velocity estimation at low angles of
attack. At low angles of attack, the pressure tap locations almost align with the cross-
stream direction, providing an estimate of the cross-stream flow, while the actual tip
flow has both stream and cross-stream components. Additionally, at low angle of at-
tack, the cross-stream flow is weaker, as observed by Jacob et al. (2010). As the angle
of attack increases, the tip flow changes with a higher cross-stream component and the
alignment of the pressure taps with the actual tip flow direction improves, leading to a

more accurate estimation of V..

This section illustrates a linear relationship between the lift coefficient and the tip flow
velocity, without claiming an exact value of V7, due to the several assumptions inher-
ent in Rains” model. This relationship helps to explain the connection between the lift
coefficient and the strength of the second noise source observed in figure 4.8. As the
lift coefficient increases, the greater pressure difference between the suction and pres-
sure side results in a faster flow close to the bottom wall, forming stronger shear layer
vortices and, consequently, a more intense tip noise source. In section 4.3.2, a power
relationship between lift coefficient and strength of the second noise source will be pre-
sented.

4.3 Influence of the thickness-to-gap ratio 7 /¢

Denton (1993) suggested the behaviour of the tip leakage flow is a function of the ratio
between the local aerofoil thickness 7 and gap size e. When 7/e > 4, the tip flow typ-
ically reattaches before leaving the gap, while for lower values, the flow is unlikely to
reattach to the blade. In the previous section, a 5510 NACA aerofoil with 7,4, = 20 mm
localised at 30% of the chord was considered. For the cases with non-dimensional gap
sizes Tpqz/€ = 2 shown in figure 4.3, this results in 7/e < 2 along the entire chord, with
the tip flow remaining separated unless the vortex is close to the airfoil surface, which
encourages the reattachment. This separation leads to the first tip noise source, which
tends to disappear for non-dimensional gap sizes Ti,q2/€ > 4, as seen in figure 4.7 (a)
and (b). Given that the first tip noise source is intrinsically linked to the behaviour
of the tip flow, this section investigates the influence of the thickness-to-gap ratio, by
varying also the aerofoil thickness, on both first and second tip noise sources.
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4.3.1 First tip noise source
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Figure 4.10: (a) Tip leakage noise and (b) pressure distributions C}, along the aerofoil
measured at the tip for the two configurations with 7,,,,/e = 2, 4 and angle of attack
set to o = 12°, 15° respectively.

Two different NACA aerofoils, 5505 and 5510 with 7,4, = 10 mm and 20 mm, at differ-
ent angles of attack, o = 12° and 15°, were analysed in detail. Both featured a gap size
of e = 5 mm, corresponding to e/é = 1. Figure 4.10 displays the tip leakage noise (a)
and the pressure distribution C), along the chord (b) obtained for these two configura-
tions with 7,4, /e = 2 and 4. Although the pressure distributions are nearly identical,
only the configuration with 7,,4,/e¢ = 2 exhibits a distinct spectral hump in the fre-
quency range of the first noise source, St. = 2 — 5.5, with a peak of 11 dB. This noise
source suggests the development of a low-velocity region, expected to form at the loca-
tion where the vortex detaches. According to the pressure distributions in figure 4.10
(b), the vortex detaches from the aerofoil surface around 25% of the chord, correspond-
ing to the location of the maximum aerofoil thickness. This detachment is confirmed in
tigure 4.11, which displays the resultant velocity in the z — z plane measured at the mid-
chord and 75% of the chord. In both configurations, the trajectory of the vortex core,
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Figure 4.11: Mean velocity fields of the resultant velocity in the  — z plane measured

for two configurations with 7,4, /e = 4, a = 15° (a), and Te/e = 2, a = 12° (b)

in different chord-wise sections, midchord and 75% of the chord. Different aerofoils
characterise these configurations, NACA 5510 and 5505.
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Figure 4.12: Overall Sound Pressure Levels evaluated in the frequency range of the

first tip noise source against the maximum difference between C;,, and C,,_, for differ-

ent configurations characterised by 7,,,4/¢ = 2 (a), 3 (b) and 4 (c). The markers refer

to the aerofoils: + 5505, 0 5507, * 5510, x 5512, OJ 5515. The colours refer to the angles
of attack: 7° (), 10° (), 12° (=), 15° (-), 17° (-), 20° (-).

identified by maximum velocity values, is located further from the aerofoil surface in
these sections downstream of 25% of the chord. At 25% of the chord, the difference be-
tween the two configurations is the thickness-to-gap ratio: 2 for the 5505 aerofoil, and
4 for the 5510 profile. The thickness-to-gap ratio determines whether the tip flow re-
mains separated or reattaches to the aerofoil: for 7,4, /€ = 2 the flow remains separated
leading to the formation of the first noise source, for 7,4, /¢ = 4, the flow reattaches
preventing the formation of the low-velocity region. This aligns with figure 3.19 (a),
which shows the absence of the low-velocity region within the gap for the case with

Tmaz/€ = 4.

The two cases analysed in this section were selected to show the influence of the thickness-
to-gap ratio on the development of the first tip noise source, as they are characterised by
similar pressure distribution along the chord, resulting in the same vortex detachment
position. Figure 4.7 (a) - (b) have been expanded by considering different aerofoils,
obtaining the three plots shown in figure 4.12. In figure (a), the data characterised by
Tmaz/€ = 2 follow a proportional trend above the dotted line, but appear sparse below
it, as expected, since the first noise source tends to disappear for small angles of attack
(v < 10°). A similar trend is observed for the cases with 7,,,,,/¢ = 3, shown in (b),
with lower values of the maximum strength of the noise source. Almost all data points
are found below the dotted line for the cases with 7,4, /¢ = 4 in figure (c). Therefore,
we can conclude that the first tip noise source can develop when 7,,4,/¢ < 4 and de-
pending on the location of the vortex, a function of the angle of attack. Unfortunately,
Tmaz/€ > 4 cannot be considered as a condition that prevents the formation of the first
noise source. Furthermore, the tip flow behaviour appears independent of the bound-
ary layer as figures 4.12 (b) and (c) contain cases with and without the tip immersed
within the boundary layer. However, a more detailed analysis of the boundary layer

will be presented in section 4.4.

Figure 4.13 (a) displays the tip leakage noise obtained for three different configurations
with NACA 5512 and 5515, where the gap size was chosen to maintain 7,4, /€ = 4, the
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Figure 4.13: (a) Tip leakage noise measured for configurations with 7,4, /¢ = 4. (b)
Mean velocity field of the resultant velocity in the + — z plane measured within the
gap for the configuration with 7,4, /¢ = 4, a NACA 5515 aerofoil and o = 17°.

identified threshold for the development of the first noise source. At an angle of attack
of o = 15°, the gray spectral humps nearly collapse within St. = 2 — 5.5, reaching a
negligible peak of about 5 dB. However, a slight increase in the angle of attack to 17°,
results in the characteristic spectral hump (—). For this configuration with 7,4, /e = 4
and a = 17°, the low-velocity region is found around the 60% of the chord, as shown
in figure 4.13 (b), which illustrates the velocity field within the gap. At this position,
far from the location with maximum thickness localised at 30% of the chord, the ratio
between the local thickness and the gap size assumes values less than 4, for which
the tip flow remains separated until the gap exit. In summary, it is not possible to
determine in advance whether the first noise source will develop solely based on the
ratio T,qz/e > 4. It is necessary to evaluate the local thickness-to-gap ratio at the

location where the tip vortex detaches.

4.3.2 Second tip noise source

The scatter plots of figure 4.8 (a) and (b) suggested a proportionality between the lift co-
efficient and the strength of the second tip noise source. Specifically, these data points
were obtained using the 5510 aerofoil, where the gap size was changed. Figure 4.13
(a) also illustrates the noise increase due to this noise source, within St. = 5.5 — 13,
for the configurations with two different aerofoils and two angles of attack, 5512 - 5515
and a = 15° - 17°. Notably, for a fixed 7,42 /¢, the noise source strength is primarily
governed by the angle of attack: for the same angle of attack, the two grey lines, cor-
responding to cases with different aerofoils, collapse well, while as the angle of attack

increases the noise levels increase.

This dependency is further explored in figure 4.14, where the strength of the second
tip noise source is plotted against the lift coefficient for a variety of aerofoils, ranging
from the thinnest 5505 to the thickest 5520. Each scatter plot corresponds to a specific
Tmaaz/ € Tatio, with the gap size adjusted accordingly. For each plot, the data points are
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Figure 4.14: Overall Sound Pressure Levels evaluated in the frequency range of the

second noise source against the lift coefficient C; measured for different configurations

with 7,4, /€ = [1,6]. The markers refer to the NACA aerofoils: + 5505, o 5507, * 5510,

x 5512, 1 5515, { 5520. Muted colours refer to the configurations with the aerofoil tip
immersed in the wall boundary layer, with e/d < 1.

distributed linearly, increasing with the lift coefficient. An empirical power relationship
can be defined as p2 < /%, where p'? is the mean square of the fluctuating pressure
linked to the second tip noise source, Cj is the lift coefficient measured at the tip, and
K is the slope of the least-squares line superimposed on the scatter plots. The slope
K remains almost constant for 7,,4,/e¢ = 1, 2 and 3. For 7,,4,/€ > 4, the dispersion of
the data increases with a consequent decrease in the slope. This effect can be due to
the immersion of the aerofoil tip within the boundary layer, rather than a change in the
tip flow behaviour associated with the 7/e ratio. By removing all the configurations
characterised by e/§ < 1 (muted colours in the figure), the dashed least-square lines
present a slope K that aligns closely with that obtained for 7,4,/ < 4, suggesting
a significant role of the boundary layer. Due to the linear relationship between the
C; and the V7, shown in figure 4.9, the power law can be expressed as p'2 « V;*?,
which is close to the V2 scaling law characteristic of a dipole source close to a sharp
edge (Howe, 2002). This suggests that the observed slope may be a consequence of the
dipole nature of the second tip noise source. The power relationship is then finalised as
p? = aCy*®, where the coefficient a depends on the thickness-to-gap ratio, decreasing
as the 7,4, /e increase. Ideally, when the thickness-to-gap ratio tends to infinity (with

the gap size approaching zero), the tip flow does not enter the gap, thereby preventing
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the development of the second noise source.

The second tip noise source develops whenever the tip flow separates at the pressure
side edge singularity, regardless of whether the tip flow reattaches to the aerofoil or
remains separated until exiting the gap. This behaviour is reflected in the power rela-
tionship between the strength of the noise source and the lift coefficient, where the slope
remains independent of the thickness-to-gap ratio. The dipole nature of the source dic-
tates the slope value. However, as the thickness-to-gap ratio increases and the aerofoil
tip is more immersed in the boundary layer, the noise strength decreases.

The power relationship between the strength of the second tip noise source and the lift
coefficient is useful during the design process, as it allows for a qualitative prior estima-
tion of the noise based on the 7,,,, /¢ ratio and the lift coefficient C;. The lift coefficient
can be obtained by integrating the pressure coefficient C), at either the midspan or the
aerofoil tip. In particular, knowing C), at the tip enables the prediction of tip leakage
vortex detachment location, which, together with the 7,,,, /e ratio provides insight into
the development of the first tip noise source. Future studies with different chamber
lines are needed to extend the correlations established in this work.

4.4 Effect of the boundary layer e¢/¢
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Figure 4.15: Overall Sound Pressure Levels evaluated in the frequency range of the sec-

ond noise source against the lift coefficient C; for four configurations with 75,4, /€ = 2,

4 and boundary layer thickness § = 5 and 20 mm. These configurations are charac-
terised by the same aerofoil 5510 and angle of attack o = 15°.

In the previous section, the boundary layer was observed to influence the strength of
the second tip noise source. The slope of the least-squares lines in figure 4.14 decreases
due to the wider spread of the data for the cases with aerofoil tips immersed within
the boundary layer. This effect of the boundary layer was significant for 7,4, /e > 4, as

figure 4.14 (c) with 7,4, /e = 3 includes data obtained with the aerofoil tip immersed
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Figure 4.16: (a) Tip leakage noise and (b) pressure distributions C), along the aerofoil

measured for four configurations with 7,,,,/e = 2, 4 and boundary layer thickness

0 = 5 and 20 mm. These configurations are characterised by the same aerofoil 5510
and angle of attack a = 15°.

in the boundary layer! that align well with the overall linear trend. However, for these
cases, the boundary layer thickness was set to 6 = 5 mm. The two cases previously
analysed in detail, with 5510 aerofoil, « = 15°, 7y,42/€¢ = 2 and 4, have been immersed
in a thicker boundary layer of § = 20 mm, both resulting in ¢/§ < 1. Figure 4.15
shows that the reduction in the strength of the second noise source, when 7,4, /e in-
creases from 2 to 4, is more pronounced in a thicker boundary layer, i.e. ¢/0 < 1. This
greater reduction can be attributed to the significantly lower tip flow velocity that can
be achieved in a thicker boundary layer.

Figure 4.15 also shows a decrease in the lift coefficient as the boundary layer thickness
increases, for the configurations with the same 7,4, /e. This is due to a reduction in
the loading on the aerofoil suction side, especially upstream of the midchord, while
the pressure coefficient on the pressure side remains almost constant, as illustrated in
figure 4.16 (b). Both cases with 7,4, /e = 2 are characterised by a pressure peak in the
pressure distribution at z/c = 60%, with its magnitude slightly reduced for the case
with a thicker boundary layer. Due to the link between the magnitude of the pressure
peak and the intensity of the first tip noise source, a shallower peak of almost 8 dB is
measured, as shown within St. = 2 — 5.5 in figure 4.16 (a) for the case e¢/d = 0.5 (-).
The other cases, with 7,4, /e = 4, remain characterised by the absence of the first tip

noise source.

4.5 Conclusions

The current investigation has identified three key non-dimensional parameters influ-
encing the tip leakage noise sources, building on the previous chapter that detailed the

INACA 5505 and 5507 with e/§ = 0.66 and 0.92.
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Figure 4.17: Correlation maps illustrating the relationship between the strength of the

first (a) and second (b) tip leakage noise sources and the non-dimensional parameters

a and Ty,4./e. The effect of e/ is less evident. The diverging colormap in figure

(a) highlights the conditions under which the first noise source disappears, with blue

indicating its absence. The gradient colormap in figure (b) shows how the strength of
the second noise source varies, increasing from white to black.

mechanisms involved in the generation of these sources. Specifically, the angle of at-
tack «, the ratio between the maximum aerofoil thickness and the gap size 7,4, /¢, and
the ratio between the gap size and the boundary layer thickness e/J are the parameters
that control the two fluid-dynamic instabilities, vortex-shedding and shear layer roll-
up, responsible for the two tip leakage noise sources. A wide range of configurations,
obtained by varying «, T4, and e have been experimentally analysed through steady
and unsteady pressure measurements, as well as hot-wire velocity measurements in a
midgap plane and along the aerofoil suction side region. The effect of the boundary
layer has been investigated by considering two distinct boundary layer thicknesses.

The correlation map in figure 4.17 (a) illustrates the relationship between the strength
of the first noise source and the two non-dimensional parameters, 7,4, /€ and «, high-
lighting the conditions under which this source disappears. The effect of e/é on this
source is less evident. To ensure an intuitive interpretation, a diverging colormap was
used in this map, with blue representing the absence of the noise source and red indicat-
ing its presence and increasing strength. This study established that the first tip noise
source emerges when the conditions 7,,4;/e < 4 and o > 10° are met. In this regime,
the tip flow separates at the aerofoil pressure side edge and does not reattach. Specifi-
cally, this extended separated flow develops when the tip leakage vortex detaches from
the aerofoil surface. The location of this vortex detachment can be identified by the
minimum pressure peak observed in the C), pressure distribution along the aerofoil
suction side tip, which varies with o and e. Additionally, the magnitude of this peak,
function also of e/, is directly related to the strength of the first noise source. Overall,
this source tends to disappear for o < 10° and 7,,4,/€ > 4; however, to confirm this, it
is necessary to analyse the local ratio 7 /e at the position of the vortex detachment.



56 Chapter 4. Influence of non-dimensional parameters on the tip leakage noise

The correlation plot, in figure 4.17 (b) with gradient colormap, provides a clear visual-
isation of how the strength of the second noise source increases with « and its atten-
uation as 7y, /e increases. The second tip noise source is associated with shear layer
roll-up, which occurs whenever the tip flow separates at the pressure side edge. This
characteristic is reflected in the following scaling law, where slope is independent of
the Tynaz/e: p? x C*5, with p/2 representing the pressure fluctuations associated with
the second tip noise source, C; is the lift coefficient function of the angle of attack, and
the exponent 4.5 reflecting the dipole nature of the source. However, the noise strength
decreases as the aerofoil tip becomes more immersed in the boundary layer and the
thickness-to-gap ratio increases, ideally approaching zero as 7y, /e tends to infinity.
This study also highlights that, while the lift coefficient C; remains consistent whether
evaluated at midspan or at the tip, the C), pressure distribution at the tip provides valu-
able information about the tip flow topology and vortex, and, consequently, about the

first tip noise source.
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Chapter 5

Tip leakage noise reduction

treatments

This chapter investigates treatments to reduce tip leakage noise, focusing on porous
material and rounded pressure side tip edges. Both treatments reduce the noise, with
porous material slightly outperforming. Reductions for the vortex-shedding noise source
are attributed to flow field changes, while for roll-up source, they result from a com-
bination of flow changes and damping properties of porosity. Rounding the pressure
side edge reduces both noise sources by altering the flow field.

51 Background

Different technologies have been proposed in the literature to reduce the tip leakage
noise, focusing either on treating the duct casing over the tip rotor, with Over-Tip-
Rotor liners, or on modifying the blade tip itself, using porous treatments. OTR liners
have shown substantial noise reduction by attenuating sound and decreasing source
strength (Sutliff et al., 2021). Specifically, Palleja-Cabre et al. (2024) investigated the
reductions of the tip leakage noise by using OTL, showing that the noise reduction
arises from both acoustic back-reaction effects and hydrodynamic modifications of the

noise source.

Porous material applied to the leading edge of OGVs has proven effective in reduc-
ing broadband interaction noise. Geyer et al. (2011) studied fully porous aerofoils in
turbulent flow, showing that the noise reductions generally increase with higher per-
meability. However, applying porosity across the entire chord resulted in significant



58 Chapter 5. Tip leakage noise reduction treatments

aerodynamic performance penalties. Later, Geyer et al. (2019) suggested three mecha-
nisms of noise reduction: viscous dissipation in the pores, an increased effective aero-
foil thickness due to ticker boundary layers and hydrodynamic absorption of the im-
pinging turbulence by the porous surface. The reduction of velocity fluctuations was
also suggested to contribute to the trailing edge noise abatement by Carpio et al. (2019).
Nonetheless, at very high frequencies, the porous aerofoil generally generated more

noise than non-porous material (Geyer et al., 2010).

The use of porous tips to reduce tip leakage noise, including both tip-vortex/stator
interaction and fan-tip self noise, was tested computationally using RANS simula-
tions by Khorrami et al. (2002). The investigation showed that the porosity weak-
ened the tip vortex and pushed it away from the edge, suggesting that these changes
would reduce the tip noise while having a negligible effect on the aerodynamic per-
formance. Choudhari and Khorrami (2003) performed RANS to investigate porous
side-edge treatments for flap noise reduction, identifying two mechanisms behind the
effectiveness of porous treatments: changes of the local mean flow due to flow leakage
across permeable skin and damping of the pressure fluctuations near the flap. How-
ever, as near-field unsteady components were not modeled in either works, the con-
nection between flow modifications and reductions in sound pressure levels could not
be confirmed. Angland et al. (2009) experimentally observed the reduction of the near-
tield pressure fluctuations and flow field changes when applying a porous treatment to
a flap side edge. The investigation also assessed the aerodynamic efficiency, which was

reduced by 1.1% due to a slight increase in drag.

The concept of drag as a measure of lost performance has been applied to turbomachin-
ery flows from external aerodynamics, as discussed by Denton (1993), who reviewed
the loss mechanisms in turbomachines, defying “loss” as any flow features that reduce
the efficiency of a turbomachine. Specifically, focusing on tip leakage losses, lift losses
always occur at the blade tip, both due to the reduction in blade length and the drop in
blade loading towards the tip. Bindon (1989) first found that most of the losses occur
when the separation bubble, localised around the pressure side edge, leaves the gap.
Successively, Bindon and Morphis (1992) found a way to reduce the losses by rounding
the pressure side corner, i.e. removing the separation bubble. However, Heyes et al.
(1992) affirmed that the radius of the pressure side tip is vitally important for forming
the vena contract and should be kept to a minimum to minimise the tip leakage mass
flow, which, in principle, should be the primary attempt of a designer of turbines. Sig-
nificant reduction of the tip leakage loss could also be achieved by simple changes to
the aerofoil design using squealers and winglets (Schabowski and Hodson, 2007).

Rounding the pressure side tip edge was also proposed by Laborde et al. (1997) to avoid
the clearance cavitation, which appears within the gap of an axial flow pump due to
the low pressure of the separated flow. Guo et al. (2016) numerically compared the
flow field and the performance of two hydrofoils, one with a square tip edge and the
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other with a rounded tip edge, finding that rounding weakens cavitation within the gap
without fully eliminating the separated flow. This reduction is accompanied by a slight
lift loss, with the square tip configuration providing a marginally higher lift coefficient
than the rounded case. Recently, Bi et al. (2024) numerically investigated the effect on
clearance cavitation of a 2 mm thick porous treatment installed at the hydrofoil tip,
observing a weakening of both the tip leakage flow velocity and the vortex strength.

5.1.1 Novel contributions of the current chapter

The previous chapters identified two tip leakage noise sources for a single-stationary
aerofoil, attributed to two fluid-dynamic instabilties occurring within the tip gap: vor-
tex shedding and shear layer roll-up. These instabilities are connected to the behaviour
of the tip flow after it separates at the pressure side tip. Both instabilities occur when
the flow remains separated until the gap exit, whereas only roll-up occurs when the
flow reattaches to the aerofoil. Flow reattachment does not occur, resulting in the first

noise source, when 7,4, /¢ < 4 and with the tip vortex far from the aerofoil surface.

This chapter focuses on treatments to reduce tip leakage noise on a NACA 5510 aero-
foil with 7,4, = 20 mm. An experimental investigation is conducted to evaluate the
performances of configurations with aerofoil tips treated using porous material or by
rounding the pressure side edge, focusing on noise reduction and aerodynamic losses.
Both treatments are effective, with the porous treatment showing slightly better perfor-

mance, in terms of noise reduction and lift losses.

For the first noise source, this study reveals that the achieved noise reduction is inde-
pendent of the thickness of the porous tip, suggesting that the reduction mechanisms
are mainly linked to changes in the flow field. For the second noise source, the reduc-
tion is a consequence of both flow changes and the inherent properties of porosity in
damping pressure fluctuations, with the reduction being dependent on the thickness
of the porous treatment. Notably, significant reductions are achieved even with a 1.6
mm thick treatment. A rounded pressure side edge, which has not been previously
explored in the literature as a noise reduction treatment, leads to a reduction of both
noise sources by modifying the flow field. However, both treatments result in worse
aerodynamic performance compared to the baseline case, with drag loss influenced by

Tmaz/€ and o, the same parameters affecting the first tip noise source.

This chapter is organised as follows: noise measurements are used to select the optimal
porous and rounded treatment, whose flow fields are then analyzed through hot-wire
measurements. Finally, the forces acting on the baseline and modified configurations

are measured.
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5.2 Porous tip treatment

5.2.1 Noise measurements

In the previous chapters, the tip leakage noise was determined by directly subtracting
in decibels the power spectral density obtained from the same configuration, with and
without the gap. Here, the noise reduction due to the porous tip, defined as Inser-
tion Loss (IL), is obtained by subtracting the power spectral density for the porous or

rounded case from that of the baseline hard wall configuration, for a given gap size:

ASPL = 1010g10(spp,baseline) —10 10g10(5pp7porous) (5.1)

Optimum treatment
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Figure 5.1: Noise reduction spectra obtained for the configurations with porous tips

of different spanwise thickness ¢, compared with the tip leakage noise of the hard

wall case. The configurations are characterised by e = 5 mm (a) and 10 mm (b), and
o = 15°.

The effect of the thickness of the porous treatment is analysed by comparing three cases
with porous tips of different spanwise thicknesses: ¢t = 5,10 and 15 mm. The noise
reductions achieved with these treatments are shown in figure 5.1 (a) and (b), together
with the tip leakage noise for the hard wall configurations with gap sizes e = 5 and
10 mm, and at angle of attack a = 15°. In the non-dimensional frequency range of
interest of the two noise sources, St. = 2 — 5.5 and 5.5 — 13, the tip leakage noise
is fully suppressed by applying a treatment of ¢ > 10 mm, for both tip gap cases.
Notably, although the 5 mm thin porous layer shows slightly reduced effectiveness in
noise reduction, of less than 3 dB, within the same frequency ranges, its curve collapses
with the others in the high-frequency range, i.e. St. > 13. Additionally, it also does not
cause additional noise at low frequencies St. < 2, unlike the other two cases.

These promising results for a 5 mm thin porous tip are further investigated by analysing
its effectiveness for different angles of attack. Figure 5.2 displays the noise reductions
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Figure 5.2: Noise reduction spectra obtained for the configurations with porous tip of
spanwise thickness ¢ = 5 mm, compared with the tip leakage noise of the hard wall
case, obtained for three angles of attack and e = 10 mm.

obtained for the configuration with three angles of attack oo = 10°, 15° and 20°, along
with the tip noise increases. The noise reductions increase with the angle of attack in
the frequency range of the second noise source, reaching near-complete suppression at
a = 20°. In contrast, reductions in the frequency range of the first source remain in-
complete, with a maximum difference of nearly 3 dB. At this stage, we cannot confirm
whether the reduction is due to noise attenuation from the porous treatments or the

absence of the two fluid-dynamic instabilities responsible for the noise sources.

Location of the treatment
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Figure 5.3: Noise reduction spectra measured by the far field microphone and three
wall Surface Pressure (SP) probes located on the bottom wall. The configuration with
porous tip of spanwise thickness ¢t = 5 mm, e = 10 mm and « = 15° is analysed.

This section examines the effects of porous treatments in the near field of the aero-
foil to identify locations of maximum noise reduction. Figure 5.3 presents the noise
reduction measured by the far field microphone, alongside reductions measured by re-
mote probes positioned on the bottom wall at three chordwise locations: z = 25,50
and 75% of the chord. These spectral curves indicate that the strongest reductions oc-

cur at the midchord, within both frequency ranges of interest, while the remote probe
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Figure 5.4: Noise reduction spectra obtained for the configuration with porous tip

treatment of thickness ¢ = 5 mm applied along the entire chord (FULL), between 25

and 75% of the chord (Mid), between 50 and 75% (MidDwn) and between 25% and

50% (MidUp), sketched in figure 5.5. All configurations are characterised by e = 10
mm and a = 15°.
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Figure 5.5: Porous cases tested refined around the midchord.

at 75% of the chord mainly detects the reduction of the first source. The coherence
between the pressure signals acquired in the far and near fields, shown in figure 3.3
(b), clarifies these findings. Indeed, this figure indicated that the second noise source is
mainly located around the mid-chord, explaining why the greatest noise reductions are
measured at this location. The first tip noise source was localised downstream of the
midchord, between the 50% and 90% of the chord, which accounts for the reductions
observed at both 50% and 75% of the chord.

Based on the previous results, applying porosity specifically in the mid-chord region
is expected to reduce the tip noise sources effectively. This approach aims to sup-
press them while minimizing the treated area, mitigating the potential negative impact
on aerodynamic performance. The first configuration tested consists of a porous sec-
tion extending from the 25% to the 75% of the chord, labelled "Mid’ in figure 5.4 and
sketched in figure 5.5 (a). The corresponding noise reduction almost collapses with that
achieved with the full porous tip along the aerofoil "Full’, confirming the expectations,
except for the higher reduction obtained at low frequencies and the spikes at the end
of the range, which may be attributed more to human factors. This configuration was
obtained by applying a thin metallic tape to the fully porous tip to render the desired
section non-porous. The investigation was extended to include two additional cases,
focusing on only the upstream and downstream halves of the midchord section, re-
ferred to as 'MidUp” and "MidDwn’, sketched in figure 5.5 (b) and (c). Figure 5.4 shows
that the downstream section is slightly more effective than the upstream one, which
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may be related to the occurrence of both fluid dynamic instabilities in the hard wall
case between the 50% and 75% of the chord.

Further measurements

20
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.5 13

Figure 5.6: Noise reduction spectra obtained for the configurations with porous tips of
different spanwise thickness ¢, compared with the tip leakage noise of the hard wall
case analysed in Chapter 3 and 4 with e = 10 mm and o = 15°.

The measurements presented in this chapter for the hard wall configurations, in terms
of tip noise increase, differ slightly from those reported in the previous chapters. The
maximum noise associated with the first noise source was measured to be approxi-
mately 13 dB in figure 3.1, while in figure 5.1 (b) it is about 8 dB. This discrepancy
could be due to the different hard wall configuration, here obtained by covering the
entire porous tip with metallic tape, which may influence its impedance, causing it to
behave differently than a solid wall.

Figure 5.6 shows the tip noise increase and the reduction obtained by applying differ-
ent porous treatments on the same aerofoil considered in the previous chapters. Both
maximum noise reductions observed with the largest porous treatment, and lower ef-
fectiveness of around 3 dB for the ¢ = 5 mm modification, confirm the reliability of the
previous measurements in figure 5.1 (b). Furthermore, an even thinner treatment of
t = 1.6 mm has been investigated, leading to the following considerations. Unlike the
first noise source, the second one is influenced by the thickness of the porous treatment.

5.2.2 Effect on the tip leakage flow and vortex

To understand the reasons for noise reduction using a porous tip, it is essential to eval-
uate the flow field in the tip region. Building on the previous considerations about the
influence of porous treatment thickness on the second noise source and dependency
of this noise source on the tip leakage velocity close to the wall (Chapter 4), the flow
tield has been evaluated along the aerofoil suction side at the exit of the gap for the

configuration with a thickness of ¢ = 5 mm to assess the change in the tip velocity. As



64 Chapter 5. Tip leakage noise reduction treatments

6 0.16
5 0.14
S
=4 012 2
X o
5 =
N +
N =~
0.1 |2
3
0.08
2
0.06
50 70 80
)

60
z/c(%

(b)

Figure 5.7: Mean (a) and rms (b) velocity field of the resultant velocity in the y—z plane
measured along the aerofoil suction side with HWA for the hard wall configuration
with e = 10 mm and « = 15°.
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Figure 5.8: Mean (a) and rms (b) velocity fields of the resultant velocity in the y — =
plane measured along the aerofoil suction side with HWA for the configuration with
porous tip of t = 5 mm thickness, e = 10 mm and a = 15°.

the reduction of the first noise source does not depend on the porous thickness, the
flow field within the gap and around the suction side has been investigated for the

configuration with ¢ = 1.6 mm.

Figure 5.7 (a) shows the mean velocity field obtained with the hot wire for the hard wall
configuration along the suction side, similar to that shown in figure 3.12. The separated
flow region is identified by low velocity between the 50% and 75% of the chord near the
aerofoil tip, along with the resulting high-speed tip leakage flow observed close to the
bottom wall. In the region with this velocity gradient, the highest rms values are found,
as shown in figure 5.7 (b). The other region of high turbulence observed downstream
of the 75% of the chord can be linked to the fluctuations observed in the instantaneous
flow field in figure 3.11 (b).

The porous tip has a strong impact on the characteristic features of the flow field. Figure
5.8 show a less intense high-speed jet close to the wall, consistent with observations
by Bi et al. (2024). This effect may be due to a reduced pressure difference between
both sides of the aerofoil caused by a flow penetration through the porous material
(Choudhari and Khorrami, 2003), which can explain the lift losses discussed in section
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Figure 5.9: Rms velocity fields of the resultant velocity in the y — z plane measured
along the aerofoil suction side with HWA bandpass filtered in three frequency ranges,
St, =2 — 5.5 (a), St. = 5.5 — 13 (b) and St. = 13 — 50 (c).
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Figure 5.10: Mean velocity fields of the resultant velocity in the z — z plane measured
within the gap (a) and in different chord-wise section (b), for the configuration with
t=1.6mm,e =10 mm and a = 15°.

5.4. Additionally, the porous material ability to dampen the leakage flow, as suggested
by Bi et al. (2024), could contribute to this weaker flow. High turbulence values are still
found in the velocity gradient region close to the wall, which contributes to the second
noise sources, as shown in figure 5.9 (b). This contour is obtained by filtering the rms
of the resultant velocity in the y — z plane of figure 5.8 (b) within the frequency range
of the second noise source St. = 5.5 — 13, while figures 5.9 (a) and (c) are obtained
by filtering within St. = 2 — 5.5 and St. = 13 — 50, respectively. High turbulence
values are also observed near the aerofoil tip, which may result from the porosity itself,
contributing to frequencies above St. > 5.5, as shown in (b) and (c). The reduction of
the second tip source achieved by using a porous tip can be attributed to the weakening
of the tip flow, combined with the noise attenuation properties of the porosity, which
dampen pressure fluctuations. Indeed, the reduction increases with the thickness of the

treatment.

The independence of the noise reduction of the first noise source from the thickness
of the porous treatments suggests that this reduction could be mainly due to changes
in the tip flow. Figure 5.10 (a) shows the low-velocity region localised downstream of
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the 75% of the chord, associated with the detachment of the vortex that starts down-
stream of the midchord, as shown in figure (b). The low-velocity region is characterised
by higher values compared to that of the hard wall configuration shown in figure 4.4
(b). This ‘weaker’ separation may lead to a less intense vortex-shedding phenomenon,
similarly to the observation made when decreasing the angle of attack in section 4.2.2.
Notably, the vortex core is well-identified by the highest velocity values at the mid-
chord near the aerofoil surface, while at 75% of the chord, it appears more spread out
and weaker, exhibiting lower velocity values, as also observed by Khorrami et al. (2002)
and Bi et al. (2024).

5.3 Rounded tip
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Figure 5.11: Integrated coherence plot between the hot-wire and far field signals over

the non-dimensional frequency of the first (a) and second (b) tip noise source. The

hot-wire signals are recorded in a midgap plane for the configuration with e = 10 mm
and o = 15°.

In Chapter 3, it was suggested that the two tip leakage noise sources are generated by
the scattering at the aerofoil tip of the pressure fluctuations caused by the two fluid-
dynamic instabilities, shear layer roll-up and vortex shedding, which arise from the tip
flow separation occurring at the pressure side tip edge. Figure 5.11 (a) qualitatively
supports this hypothesis, showing high coherence values along the aerofoil pressure
side. These values are obtained by integrating the coherence between the hotwire and
far-field signals over the frequency range of the first noise source for the hard wall base-
line configuration. Figure (b) shows the coherence values obtained for the second tip
source, which are mainly distributed along the pressure side edge, although the highest
values are found at the midchord in the suction side region. These findings align with
the coherence plot presented in figure 3.3 (b), obtained by considering near and far field
pressure signals, which locate the first noise source mainly around the 75% of the chord
and the second around the midchord. Modifying the pressure side edge will impact the
two noise sources by altering the flow field, as shown in the literature, but without af-

fecting the efficiency of the scattering mechanism. The acoustic wavelengths of both
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Figure 5.12: Noise reduction spectra, measured by the wall surface pressure probe lo-

cated on the bottom wall at 2 /c = 75% of the chord (a) and by the far field microphone

(b), achieved rounding the pressure side 'PS” and/or ‘both’ sides of the baseline con-
figuration, with e = 10 mm and a = 15°, for different values of the radius fillet R.

noise sources are significantly larger compared to the modifications investigated, being
approximately three orders of magnitude greater for both noise sources.

Figure 5.12 (a) displays the noise reductions measured by the remote probe located on
the bottom wall at z/c = 75% of the chord, achieved by rounding the pressure side
tip alone or both pressure and suction side tips of the baseline configuration with dif-
ferent radii. As expected, modifying the pressure side results in a reduction of the first
noise source, with greater reductions observed as the fillet radius increases. In contrast,
modifying both pressure and suction side edges slightly worsens the performance. The
remote microphone does not detect the reduction of the second tip noise source, which
is clearly identified by the far field microphone, as shown in figure 5.12 (b). Specifically,
this figure shows the reductions of the second noise source, which are similar for the
configurations with radii of 2 and 4 mm, while the reduction of the first hump is less
pronounced for the smaller radius. These results have guided our subsequent flow field
investigations. The configuration with a radius of 4 was experimentally analysed us-
ing hot wire, while the other with a smaller modification, was investigated in Chapter

6 using LES simulations, which offer higher resolution than hot wire measurements.

The effect of rounding the aerofoil pressure side on the flow field is shown in figures
5.13 and 5.14. A uniform flow extends along the entire aerofoil suction side, as indicated
by the low rms values in figure 5.13 (b), while the low-velocity region, characteristic of
a separated flow, is confined near the aerofoil tip, as shown in (a). The velocity of this
uniform flow is lower than that of the high-speed jet observed in the baseline configu-
ration, which could explain the reduction of the second tip noise source. The reduction
of the first noise source could be attributed to the weaker separation observed in figure
5.14 beyond the aerofoil suction side tip, downstream of the 75% of the chord. In Chap-
ter 6, a detailed analysis of the flow field for the configuration with a rounded pressure
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Figure 5.13: Mean (a) and rms (b) velocity field of the resultant velocity in the y — =
plane measured along the aerofoil suction side with HWA for the configuration with
rounded pressure side tip R4, gap size ¢ = 10 mm and angle of attack o = 15°.
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Figure 5.14: Mean velocity fields of the resultant velocity in the « — z plane measured
within the gap for the configuration with rounded pressure side tip R4, e = 10 mm
and o = 15°.

side edge will be conducted using LES to determine changes in the fluid dynamic in-
stabilities responsible for the two noise sources. This numerical analysis aims to shed

new light on the mechanisms behind noise reduction.

5.4 Aerodynamic implications

Modifying the aerofoil tip with porous treatments or rounding the pressure side edge
will impact the aerodynamic performance. Before evaluating these modifications, mea-
surements of forces acting on the baseline configuration are acquired. Figure 5.15 dis-
plays the lift and drag coefficients, C, and Cp, as a function of the gap size e for the
baseline configuration with a geometric angle of attack o = 15°. In these force calcu-
lations, the effective angle of attack o, ;s was considered to account for wind tunnel
deflection (details in Appendix A.5). It can be seen that C7, decreases as the gap in-
creases, i.e. Tyq./€ decreases, consistent with the findings of Higgens et al. (2019) and
the considerations of Denton (1993) regarding the drop in lift due to the reduction in
the aerofoil span-wise extent. Indeed, as the gap between the aerofoil tip and the casing

wall increases, the effective span of the aerofoil decreases. The gap also causes a rise in
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Figure 5.15: Variation of the lift and drag coefficients, Cr, and Cp, with the gap size e,
considering the hard wall configuration with a geometric angle of attack o = 15°.
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Figure 5.16: Variation of the lift and drag coefficients, C7, in (a) and Cp in (b), with the
effective angle of attack a. ¢, considering the hard wall configurations with e = 5 and
10 mm.

drag, with a significant increase when e increases from e = 5 to 10 mm, i.e. Tpq,/€ = 4
to 2. As observed in Chapter 4, the first noise source develops when 7., /e < 4, cor-
responding to a tip flow that does not reattach to the aerofoil surface and remains sep-
arated until exiting the gap. Bindon (1989) found that most of the performance loss
occurs when the separation bubble is ejected into the gap, corresponding to the tip
flow remaining separated. Therefore, this extended separation may contribute to both
increased drag and the generation of the first tip noise source.

The development of the first noise source was found to depend on the thickness-to-gap
ratio and the geometric angle of attack, as shown in figure 4.7 (a) and (b). This noise
source was not observed when 7,4, /¢ < 4 and a < 10°, or when 7,4, /€ > 4 regardless
of a. This behaviour helps explain the trend of the drag coefficients plotted against
acfy in figure 5.16 (b), measured for two gap sizes e = 5 and 10 mm, i.e. Ty,42/€ = 4 to
2. The drag coefficients remain similar at small angles of attack but begin to diverge at
a certain a. sy, which corresponds to oo = 10°, the point at which the first noise source
develops for T4, /e = 2. At higher angles of attack, the drag produced in the case with
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Figure 5.17: Variation of the lift and drag coefficients, C, and Cp, with the effective
angle of attack a.f¢, considering the hard wall, porous and rounded tip with R4 PS,
for e = 5 mm (*) and 10 mm ().

Tmaz/€ = 2 is higher than that of the small gap. The lift forces, shown in figure 5.16 (a),
follow a linear trend with the effective angle of attack, with slightly higher values for

the smaller gap, as expected from figure 5.15.

The link between the presence of the first tip noise source and increased drag may help
to interpret the drag curves obtained for the porous and rounded cases, shown in figure
5.17 (d) for e = 10 mm. The drag coefficient for both cases follows that of the baseline
until the point where the first noise source develops, identified with o = 10°. Beyond
this angle, the curve for the rounded case diverges, with drag values lower than those
of the other two cases. This result can be explained by considering that for the rounded
tip the first noise source is reduced. The porous treatment also leads to similar noise
reduction, which would result in a lower drag. However, this drag reduction could
be offset by increased skin friction caused by the porosity, as observed in the literature
(Geyer et al., 2011), leading to drag values similar to those of the baseline case. For the
cases with e = 5 mm shown in figure (c), there is no drag increase due to the absence
of extended separated flow. Therefore, the increase in drag of the porous case can be
attributed solely to skin friction. The drag increase of the rounded case remains not
fully understood.

The lift curves for the porous and rounded case also follow a linear trend with the
effective angle of attack, as shown in figure 5.17 (a) and (b). Specifically, for o = 15°,
the reduction of C7, is 4.5% for the porous case, which remains constant for the two gap
sizes. On the contrary, the C, reduction for the rounded case, also observed by Guo
et al. (2016), changes from 7.3% to 7.8% passing from e = 5 to e = 10 mm. Both lift
losses could be explained by a reduction of the effective blade length: for the porous
case, this is due to the flow penetration through the porous material, while for the

rounded case, it results from the surface reduction due to the rounding itself.
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5.5 Conclusions

The current chapter has examined the reduction of the tip leakage noise by using
porous and rounded aerofoil tips, as well as the associated aerodynamic performance
losses with these treatments. Although both treatments are effective, the porous tip
shows greater noise reduction and less lift loss compared to the rounded tip. Near
and far-field pressure measurements were initially used to select the optimal treatment.
Subsequently, hot-wire measurements were conducted to investigate the changes in the
corresponding flow field, aiding in the understanding of the mechanisms behind the
noise reduction. Finally, a load cell was used to measure the forces acting on the con-

figurations.

The porous treatments have different effects on the two tip leakage noise sources. The
reduction for the first noise source is mainly due to flow changes, as it is not dependent
on the thickness of the porous treatments. For the second noise source, the reduction is
a consequence of both flow changes and the properties of porous material in damping
the pressure fluctuations. The second noise source is almost suppressed for a ¢t = 10
mm, while a reduction of almost 10 dB is achieved with the smallest treatment of 1.6
mm. Additionally, the flow penetration through the porous treatment reduces the pres-
sure difference between both sides, weakening the extended separation and the flow
near the wall responsible for both noise sources, while increasing the turbulence within
the gap. To minimize the impact on aerodynamic performance, it has been shown that
a small porous treatment localised in the mid-chord region can achieve the same noise

reduction as a treatment applied across the full chord.

Noise reductions similar to those achieved by the porous treatment are also obtained
when rounding the pressure side tip edge of the aerofoil. Modifying this geometric sin-
gularity leads to reductions in both noise sources by modifying the flow field. Specifi-
cally, the configuration with a radius of 4 mm generates a higher reduction of the first
noise source compared to that with 2 mm radius, while reductions in the second noise
source are similar, with a maximum reduction of 10 dB. The flow field of the configura-
tion with the best performances was investigated with hotwire, revealing a reduction
in the extent of the separated flow at the exit of the gap and detecting a uniform-slower
flow near the bottom wall. However, the experiments alone were not sufficient to fully
identify the mechanisms behind this noise reduction, which will be investigated in de-

tail in Chapter 6 using LES to analyse the configuration with 2 mm radius tip.

The aerodynamic forces acting on the aerofoil were evaluated for the different configu-
rations by varying the angle of attack and the gap size. The lift curve exhibits a linear
trend with the angle of attack, unlike the drag, which is influenced by the behaviour
of the tip flow, depending not only on the angle of attack but also on the thickness-to-
gap ratio, as discussed in Chapter 4. In the presence of the extended separated flow,

which is responsible for the first tip noise source, higher drag losses are measured for
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the baseline configuration. The reduction of the first noise source for both treatments
would also result in a reduction of drag losses, which is observed only for the rounded
case. The porous treatment, on the other hand, is characterised by higher skin friction,

leading to drag losses similar to those of the baseline configuration.
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Chapter 6

Tip leakage noise source
mechanisms: numerical

investigation

This chapter numerically investigates the generating mechanisms of the tip leakage
noise sources and their changes when the aerofoil pressure side tip is rounded. LES
simulations confirm that vortex shedding and shear layer roll-up are responsible for the
tip noise sources in the baseline configuration. For the rounded tip, both instabilities

persist but with reduced intensity.

6.1 Background

One of the earliest schematics of the flow topology within the tip gap area was devel-
oped by Kang and Hirsch (1993) using ink-trace flow visualizations on a linear com-
pressor cascade. This study identified three main vortex structures: tip leakage vortex,
which originates downstream of the aerofoil leading edge and increases in size along
the chord; tip separation vortex, aligned along the pressure side tip and converging
towards the suction side around the trailing edge; and a secondary vortex, with an

opposite rotation sense to the TLV but whose generation mechanism was unclear.

The position of the TLV matched with a trough of pressure measured on the bottom
wall in the aerofoil suction side region by Storer and Cumpsty (1991). They also con-
ducted numerical studies on the same set-up using the Reynolds-Averaged Navier-
Stokes (RANS) approach, which showed satisfactory predictions of the tip flow in terms
of static pressure field. Subsequently, Inoue et al. (1998) observed changes in the flow
topology with a moving wall. The relative motion of the endwall intensified the tip
leakage vortex but reduced the tip leakage losses. Although RANS simulations are
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currently employed to predict the flow path within turbomachinery, their applicability
remains limited due to the unsteady nature of the tip leakage flow.

You et al. (2007) used LES to investigate a linear cascade with a moving end-wall, anal-
ysed experimentally by Wang and Devenport (2004). They observed the dominant TLV,
in the suction side region, and the TSV underneath the blade tip, which originates at
the pressure side tip edge and becomes dominant after the mid-chord. Small induced
vortices, defined as Tip Counter-Rotating Vortex (TCRV), were found close to the TLV
but decay continuously. More recently, Koch et al. (2022) and Becherucci et al. (2022)
performed LES on a linear cascade with a stationary and moving wall, respectively. The
wall motion affects the two vortical structures responsible for the tip-leakage noise, TLV
and TSV. The TLV is flattened and entrained towards the adjacent blade pressure side.
Dynamic Mode Decomposition (DMD) showed that the noise source linked to the TSV
moves from the 75% of the chord to the 50% in the case of the moving wall.

To focus on the tip leakage noise, Grilliat et al. (2007) developed an experimental set-
up based on an isolated non-rotating aerofoil, highlighting the two tip noise sources at
the non-dimensional frequency St. = fc/Uy = 4 and 10. The first noise source was
probably due to the TSV, while the second source was linked to small turbulent eddies
generated by the flow separation at the suction side tip and convected by the tip gap
flow (Jacob et al., 2010).

Several numerical simulations were performed on the same set-up using different method-
ologies: zonal approach with LES in the tip region by Boudet et al. (2016), Lattice Boltz-
mann Method (LBM) by Mann et al. (2016) and LES by Koch et al. (2021). The results of
these simulations were in good agreement with the experiments of Jacob et al. (2010),
especially in terms of flow topology and pressure fluctuations. Boudet et al. (2016) com-
puted the far-field spectra, achieving a good agreement in the non-dimensional range
of frequency St. = 2 - 20. This range corresponds to the tip noise, as background noise
and trailing edge noise were not included in the simulation. Indeed, LES were per-
formed only in the tip region. Mann et al. (2016) localised the major part of the noise
sources downstream of the aerofoil. It was found that the tip leakage flow generates
“coherent vortices that break-up interacting with the aerofoil wake”. This break-up
was considered the noise-generating mechanism. Koch et al. (2021) obtained the far-
tield noise spectra through the Ffowcs Williams and Hawkings (FW-H) analogy that
radiates the pressure fluctuations from the aerofoil surface to the far field. The aerofoil
tip was decomposed into three zones: leading edge from z/c = 0 to 25%, mid-chord
from z/c = 25% to 75%, and trailing edge between z/c = 75% to 100%. In the non-
dimensional frequency range St. = 8 — 20, the maximum noise levels were reached at
the mid-chord, suggesting that this noise results from the interaction between turbulent

structures generated around the mid-chord and the suction side tip edge.
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RANS and LES were performed by Decaix et al. (2015) to analyse the tip flow topology
around a symmetrical NACA foil. Two tip clearance sizes were investigated. For the
smallest gap size, the TSV barely develops under the blade, while for the large gap
size, the Q-criterion showed the TSV wrapping around the TLV until the two vortex
structures merged near the trailing edge.

6.1.1 Novel contributions of the current chapter

In the previous chapters, the two tip leakage noise sources detected in the far field
pressure spectra, at the non-dimensional frequency St. = fc/Uy = 4 and 10, were at-
tributed to fluid dynamic instabilities occurring within the gap: vortex-shedding and
shear layer roll-up. Both instabilities were linked to the behaviour of the tip flow after
it separates at the pressure side tip entering the gap. When the flow does not reat-
tach to the aerofoil, both instabilities occur; if reattachment takes place, only roll-up
is observed. The flow behaviour depends on the position of the TLV, with reattach-
ment unlikely when the TLV is positioned far from the aerofoil surface. In the baseline
configuration, this vortex detachment was observed downstream of the midchord. Ad-
ditionally, rounding the pressure side corner with a radius of 2 mm results in a noise
reduction of nearly 5 dB at both frequencies of the two tip noise sources. However, the
mechanisms behind the noise reduction were unclear.

This chapter investigates numerically the flow within the tip gap in the cross sections,
at midchord and 75% of the chord. The primary aim is to provide a novel and defini-
tive overview of the flow topology in two sections where the tip flow behavior changes,
by clearly identifying the two fluid dynamic instabilities responsible for the tip noise
sources through LES, which overcomes the resolution limitations of experimental tech-
niques in this confined region. The same analysis is successively applied to the con-
tiguration with a round pressure side tip, revealing that the reduction of the first noise
source is attributed to a lower intensity of the vortex shedding, whereas the reduction
of the second source is also linked to modifications in the flow field. Specifically, the
shear layer roll-up does not occur at midchord and appears with reduced intensity at
75% of the chord.

The current chapter is organized as follows: it begins with details about the numerical
set-up and schemes employed to achieve converged solutions. Then, the flow field is
investigated in detail, first for the square tip configuration and subsequently for the

round tip case.
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6.2 Numerical Set-up

The numerical set-up mimics the experiment set-up described in Section 2.1, with a
single-stationary aerofoil located in the potential core of an open jet wind tunnel be-
tween two walls. A substantial difference between the experimental and numerical
set-up is the distance between these two plates, which in the numerical configuration
is set to 110 mm, compared to 150 mm in the experimental set-up, to reduce the com-
putational cost. Yet, Koch (2021) showed that this change had a negligible effect on
both the loading at the aerofoil midspan' and the tip flow. The inflow velocity in the
numerical simulation was set to Uy = 70 m/s, slightly higher if compared to 40 m/s
of the experimental analysis. However, as shown in Chapter 3, tip leakage noise is a
Strohual-dependent phenomenon. All other settings were kept the same, with the an-
gle of attack a = 15°, gas size e = 10 mm and NACA 5510 aerofoil with a chord length
¢ = 200 mm.

6.2.1 Numerical procedure

PRESSURE
SIDE

BOTTOM WALL

Figure 6.1: Detail of the mesh at the mid-chord cross-section (a) and at midspan near
the trailing edge (b) of aerofoil with round tip.

In this chapter, two aerofoils were analysed: one with a square tip and the other with
a round pressure side, obtained by modifying the tip with a fillet radius of 2 mm,
both experimentally investigated in the previous chapters. The numerical settings
used to analyse the aerofoil with a round tip are similar to those used for the square
tip configuration, as detailed in Koch (2021). The computational domain measures
17.5¢ x 20c x 10.5¢. It includes the wind tunnel nozzle and the side plates described
above. The unstructured mesh consists of 151 x 106 cells, with refinements around the
aerofoil and in the tip gap zone, the jet-mixing layers, the potential core, and the wake.
Details of the mesh at the mid-chord cross-section and midspan are shown in figure 6.1
(a) and (b). Both aerofoil and bottom plate are meshed with 10 and 11 prismatic layers,

respectively, with a stretching ratio of 1.2 and 1.1. The dimensionless wall distance y*

!Figure A.8 compares the pressure distributions obtained at the midspan with this experimental inves-
tigation and LES investigation.
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Figure 6.2: Pressure signal recorded on the pressure side tip at the mid-chord.
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Figure 6.3: Minimum (-), mean (-), and max (-) of static pressure (a), temperature (b)
and density (c) signals over the entire domain.

is less than 1 for most cells on the bottom plate in the proximity of the aerofoil, while
on the airfoil itself, the wall resolution is within the range of 2™ < 40, y© < 3 and
2zt < 40. The y* values meets the criterion for a wall-resolved LES (Sagaut, 2006). The
walls are modelled as no-slip adiabatic walls, while Navier-Stokes characteristic non-
reflective boundary conditions are applied at the inlet and the outlet, combined with
sponge layers to prevent potential acoustic wave reflections (Odier et al., 2019).

A compressible RANS calculation, using the k — w shear-stress transport to model the
turbulence, was performed with ANSYS CEX solver on a coarser version of the mesh to
initialise the LES. Compressible LES are performed using the solver AVBP (Schenfeld
and Rudgyard, 1999). This solver solves the unsteady Navier-Stokes equations, mod-
elling only the smallest scales of turbulence. For a given quantity f, the filter quantity
f is solved, while f' = f — f represents the subgrid-scale quantity, which is modelled
using wall-adapting local eddy-viscosity model (Nicoud and Ducros, 1999), ensuring a
proper turbulence decay at the walls.

The time step is fixed at 1.0 x 10~% s to ensure a Courant-Friedrichs-Lewy (CFL) num-

ber of 0.7 across the entire domain for stability. Artificial viscosity is added to ensure
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the stability of the scheme, using the model of Colin (2000), which only acts in regions
where a certain level of error is detected. The flow was established for 12 flowthrough
times based on the chord, which corresponds to 0.035 sec, using the explicit single-step
Lax-Wendroff (LW) numerical scheme (Lax and Wendroff, 1960). The end of the tran-
sient period was determined using a method based on local quantities (Mockett et al.,
2010). Probes located in the jet mixing layer, in the wake and on the aerofoil were used
to assess the local convergence. Figure 6.2 shows the pressure signal recorded on the
aerofoil pressure side at mid-chord, with variations on the order of 1% relative to the
mean value. Figure 6.3 displays the evolution of the mean, maximum and minimum
values of static pressure (a), temperature (b) and density (c). The minimum and max-
imum values are calculated at each time step in the entire numerical domain, while
the mean value is computed by taking a volume-weighted average across the entire
computational domain. At the end of the transient period, LESs were performed with
the higher-order explicit two-step Taylor-Galerkin (TT4GA) scheme (Donea, 1984) to
obtain mean quantities. However, to collect a significant number of LES snapshots, the
LW numerical scheme was used for both square and rounded tips, which is faster being
second-order accurate in both space and time compared to the TT4GA scheme, which
is third-order accurate in space and fourth-order accurate in time.

6.2.2 Pressure-velocity correlations

A procedure similar to the one proposed in Section 2.2.4 is applied to identify the flow
structures involved in noise generation. Here, the covariance between velocity and
pressure is calculated as specified in the following expression:

N
Coviup (%, P) = ——> /(X tn)p/ (Pt + 7) (6.1)

n=1

where v’ are the velocity fluctuations measured at each point of the 2D-section x at
discrete snapshot ¢,, whereas p’ are the pressure fluctuations measured in a specific
point P, as well as N is the total number of LES snapshots. This point P is localised
near the tip of the aerofoil suction side, with its y-coordinate varying as it moves
downstream, precisely at (y/c,z/c) = (—2.9%,0) for the mid-chord section and at
(y/c,z/c) = (—12.4%,0) for the x/c = 75% section.
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6.3 Square tip

6.3.1 Noise source identification

I T
~ —— Current investigation, with gap
& 60+ Koch2021, Gap
= —-—-—Current investigation, no gap
‘D sob | |=- Koch2021, No gap
i
X
< 0=
\ .

5307 P
o (WIS
. s AN
% 20 -
£ 10}
s}

10° 10!

St.

Figure 6.4: Comparison of the sound pressure levels spectra between the current ex-
perimental investigation and LESs (Koch et al., 2021), with and without the gap.

This section analyses the far-field and wall-pressure fluctuations. In figure 6.4, the far-
tield noise spectra measured experimentally are compared with those obtained with
the LES (Koch et al., 2021). In both analyses, the observer is located at # = 90° in the
suction side area of the aerofoil. These noise measurements are obtained by considering
the cases with and without the gap to highlight the effect of the tip gap on the far-field.
The abscissa is the chord-based Strouhal number St. = fc/Uy, as the experiments were
conducted at Uy = 40 m/s, whereas the LES at Uy = 70 m/s. The spectra with tip
gap show good agreement, confirming the tip leakage noise as a Strouhal-dependent
phenomenon, especially within the two non-dimensional frequencies of the two noise
sources, i.e. St. = 2 — 5.5 and 5.5 — 13. However, the numerical spectrum for the
case without the gap is lower than the experimental one, likely due to the absence of
side plates in the simulation without the gap. This suggests that additional spurious
noise sources, such as jet noise contamination (Koch et al., 2021), were present in the
experiment.

The location of the two noise sources was highlighted in Chapter 3 by correlating the
far-field signals, acquired by a microphone located at § = —90°, with the surface pres-
sure spectra measured along the pressure side of the aerofoil. The high coherence val-
ues localised the first tip noise source around 75% of the chord and the second around
the midchord. These locations were later confirmed by applying a porosity treatment
between the 25% and 75% of the chord, which provided the same noise reduction as
a porous treatment applied along the entire chord. A similar decomposition was used
in the numerical simulations by Koch et al. (2021) to highlight the acoustic results ob-
tained by each zone, with the highest noise levels achieved in the midchord region

within St. = 8 — 20. The leading edge and trailing edge regions showed lower noise
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levels. The strong agreement between experimental and numerical pressure measure-

ments provides confidence in the reliability of the subsequent results.

6.3.2 Tip flow topology
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Figure 6.5: Mean fields of the stream-wise velocity component U/U, obtained in dif-
ferent planes within the gap with LES (with velocity vectors in the z and y direction),
PIV and HWA, for the square tip configuration.

In the previous chapters, the tip flow topology was hypothesised by combining planar
measurements within the gap, parallel to the bottom wall, with span-wise measure-
ments outside the gap along the aerofoil suction side and in the suction side region.
The flow separates all along the pressure side of the aerofoil, reattaching to the aero-
foil tip upstream of the mid-chord but remaining separated downstream of that station,
with this behaviour depending on the relative position of the tip leakage vortex and the
aerofoil surface. The extended separated flow, identified with an axial velocity U/Uy
deficit, was linked to the first noise source. The second noise source is attributed to a
shear layer roll-up that develops along the aerofoil. Using LES, a clearer picture of the
tip flow topology within the gap can be provided.
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Figure 6.6: Instantaneous contours of the axial velocity component U/U, obtained
with LES for the aerofoil with the square tip at two different cross-sections: z/c = 50%
(a) and z/c = 75% (b), with velocity vectors in the y and z direction.

Mean stream-wise velocity contours U/Uj in different z-planes obtained with LES, PIV
and HWA are shown in figure 6.5. Two regions of axial velocity deficit are observed in
the plane at z/c(%) = —1.5 close to the aerofoil tip, downstream of the midchord, as
shown in figure (a). Specifically, the low-velocity region along the aerofoil suction side
is linked to the extended separated flow responsible for the first noise source, while the
second one in the suction side region was not investigated in previous chapters. Mov-
ing from a midgap plane to one closer to the wall, figures (c) and (e), the low-velocity
region along the aerofoil gradually disappears, while the other region maintains con-
stant velocity values. It is evident from the comparison of figures (a) and (b) the good
agreement between LES and PIV, and similarly, figures (c) and (d) show good agree-
ment between LES and HWA. However, the hot wire do not capture the additional
velocity deficit far from the aerofoil suction side, likely due to its intrusive nature, in

contrast to the non-intrusive PIV technique.

The interpretation of the tip flow is completed by analysing two sections of the aerofoil
at x/c = 50% and 75%. Figure 6.6 (a) and (b) show the instantaneous contours of
the U/Uy component at these two locations, respectively. The superimposed velocity
vectors help to identify the vortical structures described in the literature (Kang and
Hirsch, 1993; You et al., 2007). The TLV is observed in the suction side region, slightly
above the aerofoil tip, close to the aerofoil surface at midchord and away from it at
z/c = 75%. The TSV is localised below the tip and is formed due to the separation of
the flow at the aerofoil pressure side. This separation has not been well documented
due to the limited resolution of the experimental techniques in such small gaps. Finally,
the TCRV rotates opposite to the TLV and may be induced by the same TLV, which
drags the wall boundary layer. This likely explains why the TCRV is more pronounced
at the 75% of the chord, where the TLV is stronger.

A variation in the axial velocity is observed below the aerofoil tip when moving from
the midchord to 75% of the chord. In both stations, the velocity vectors indicate the
presence of a separated flow. However, this flow reattaches before leaving the gap at

the midchord, while it remains separated downstream at z/c = 75%. The axial velocity
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Figure 6.7: Mean field of the axial velocity component U/U, obtained with LES at
x/c = 75% cross-section (a). Consecutive instantaneous flow fields (b), (c) and (d),
obtained every 5000 time steps.

changes from a non-zero value to zero between the two locations. Upstream of the mid-
chord, the flow enters the clearance in a quasi-normal direction to the aerofoil pressure
side, as shown in figure 6.5 (a), (c) and (e), and it separates maintaining its direction.
This means that an axial velocity is measured in the localised separated region, when
considering a cross-section in the y — z plane as in figure 6.7 (a). Downstream of the
midchord, figure 6.7 (b), the separated flow does not reattach to the aerofoil, and no
axial velocity is measured. This phenomenon coincides with the merging of the TSV
and the TLV into one vortex close to the trailing edge (Decaix et al., 2015) once the TSV
exits the tip gap (Koch et al., 2021).

The axial velocity deficit observed along the aerofoil suction side, in figure 6.5 (a), corre-
sponds to the extended separated flow identified below the aerofoil tip in figure 6.6 (b).
As the height of cutting z-planes within the gap decreases, this low-velocity region is no
longer detected. Specifically, it reaches its maximum extension at the gap exit, qualita-
tively estimated to be 4 mm, as shown in the mean flow in figure 6.7 (a), confirming our
experimental hot-wire measurements in figure 3.12. Notably, the non-dimensional fre-
quency of the first noise source is dependent on this length v, i.e. St, = fv/Uy ~ 0.07.
This relationship remains valid in this case, with the first noise source observed at a
frequency of f = 1.4 kHz and an inflow velocity of Uy = 70 m/s.

The other axial velocity deficit observed in the suction side region coincides with the
red spot observed in figure 6.6 (b), around y/c(%) = 0. This spot likely corresponds
to the TSV shed in the suction side region, which successively wraps around the TLV,
as evidenced by the consecutive LES snapshots in figure 6.7 (b) and (c). This shed-
ding phenomenon and the subsequent wrapping of the TSV around the TLV, clearly
visualised in the following section 6.3.3, can be interpreted as evidence of the afore-
mentioned merging process observed by Koch et al. (2021).
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6.3.3 SPOD, DMD and Covariance analysis
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Figure 6.8: SPOD mode energy spectra of the first three modes obtained for the two
sections of the square case: z/c¢ = 50% (continuous lines) and z/c = 75% (dashed
lines).

Spectral Proper Orthogonal Decomposition was conducted on the two sections at mid-
chord and 75% of the chord. The key distinction between SPOD and “standard” POD is
that SPOD describes modal shape in both space and time at a specific frequency (Towne
et al., 2018). Therefore, SPOD seems more appropriate as our goal is to extract the co-
herent structures at the frequencies of interest of the two noise sources, i.e. St. = 4
and 10. Key aspects of the flow field can already be derived by analysing the SPOD
energy spectra, which are shown in figure 6.8 for the first three modes of the two sec-
tions, /¢ = 50% and 75%. The spectra estimation parameters are listed in table 6.1.
A database of Ny = 2046 consecutive LES snapshots was considered for both sections,
obtained by saving every 5000 time step. A number of N, = 128 snapshots per block
with a 50% overlap N,,;, = 64 has been chosen, resulting in Ny, = 30 blocks. These
settings lead to smoother spectra, from which it is possible to more clearly distinguish
the spectral peaks of interest compared to those obtained with an increased Ny, as

shown in Appendix B.1.

The SPOD energy spectra of the midchord section exhibit lower energy levels com-
pared to those of the other section at z/c = 75%. This discrepancy is likely attributed to
the more chaotic flow field at z/c = 75%, marked by a larger TLV, which dominates the
flow field. However, the largest separation between the eigenvalues associated with

Database SPOD parameters
Case Variables Nj F, Nrtt Nowp Nug
x/c=50%-75% w,v,w 2046 20kHz | 128 64 30

Table 6.1: Parameters of the two databases and spectral estimation parameters of the
SPOD analysis.
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Figure 6.9: Square tip: (a) First SPOD mode of the x/c = 50% case at the frequency of

the second noise source, St. = 10. (b) Covariance plot obtained by relating the velocity

fluctuations in the z-direction with the pressure signal filtered in the frequency range
of the second noise source, St, = 5.5 — 13.

the first and the second modes is found for the midchord section within the frequency
of the second noise source, St. = 5.5 — 13. This means a dominant flow mechanism
associated with the leading mode is likely to be observed in that section. The leading
mode is shown in figure 6.9 (a) for the non-dimensional frequency St. = 10. The flow
field is characterised by a pattern of coherent structures that increase in size from the
pressure side to the suction side, resembling the shear layer roll-up. This observation
validates the hypothesis presented in Chapter 3 that the roll-up is responsible for the
second tip noise source. These coherent structures are localised below the aerofoil tip,
aligning with the localised separated flow observed in the instantaneous field in figure
6.6 (a).

The SPOD of the midchord section reveals a shear layer roll-up. To qualitatively prove
that this roll-up phenomenon contributes to the second noise source, the covariance
procedure outlined in section 2.2.4 is applied. In this case, the procedure consists of
correlating the pressure fluctuations measured at the specific point near the aerofoil
suction side tip with velocity fluctuations evaluated at every point of the 2D section.
The covariance contour, shown in figure 6.9 (b), presents a similar pattern to that ob-
served in the leading mode of figure (a). This similarity suggests that the leading mode,
which is solely associated with the flow field and not directly linked to pressure fluc-
tuations, is responsible for the second noise source. This inference is supported by the
band-pass filtering applied to the pressure fluctuations within the frequency range of
this noise source. Without applying any band-pass filtering on the pressure fluctua-
tions, the covariance plot shows large structures near the aerofoil suction side, corre-
sponding to the TLV. Appendix B.2 contains the covariance plots obtained by relating
the velocity fluctuations evaluated in three directions, z, y and z, with the unfiltered

and filtered pressure signals in the frequency range of the second noise source.
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Focus z/c = 75% section with SPOD and DMD
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Figure 6.10: Square tip: First SPOD mode of the z/c = 75% case at the frequencies of
the first and second noise sources, St. = 4 (a) and St. = 10 (b).

Focusing on the SPOD energy spectra of the section at x/c = 75% in figure 6.8, a sig-
nificant distance between the leading and second modes is also observed within the
frequency range of the second noise source, particularly at St. = 10. However, this
gap tends to diminish at the frequency of the first noise source, at St. = 4. The leading
mode at these two frequencies is shown in figure 6.10 (a) and (b), respectively:

* At St. = 10, the mode in figure 6.10 (b) is characterised by two coherent struc-
tures extending into the suction side region, unlike the mode in figure 6.9 (a) at
midchord, where the pattern of structures is localised below the aerofoil tip in-
creasing from the pressure to the suction side. The covariance plots shown in
Chapter 3 help interpret these modes. The vortical structures are generated be-
tween the 50% and 60% of the chord, figure 3.10, and spread out in the aerofoil
suction side, figure 3.9 (a). As a result, the mode in figure 6.10 (b) reflects the
downstream evolution of the pattern of structures initially observed in figure 6.9

(a).

* At St. = 4, the mode in figure 6.10 (a) exhibits two coherent structures localised
between y/c(%) = —5 and 5, coinciding with the region where the TLV appears in
the instantaneous flow field. The TLV may mask the vortex-shedding mechanism
associated with St. = 4, as shown in the following section. Indeed, the TLV
dominates the suction side region with high vorticity and pressure trough (Storer
and Cumpsty, 1991). This is consistent with the small separation between the
leading and second modes observed in the energy spectra.

Dynamic Mode Decomposition (Schmid, 2010) was performed on the section at 75% of
the chord to isolate the vortex-shedding phenomenon associated with St. = 4. DMD is
well suited to extract dynamic structures related to a particular frequency (Taira et al.,
2017), as each DMD mode represents one of the possible ways in which the coherent
structures of the SPOD modes behave at that frequency (Towne et al., 2018). Applying
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Figure 6.11: Square tip: (a) Amplitude spectra of all DMD modes (—) and of the first 10
modes (—). (b) Total Kinetic Energy from each mode.

DMD to the same database of Ny = 2046 consecutive snapshots, recorded with a F;, =
20 kHz, yields the spectrum shown in figure 6.11 (a), which reports the frequency and
amplitude of all modes. Several modes with the highest amplitude are found around
the frequency of the first noise source, St. = 4, while in the range of the second noise
source, between St. = 5.5 and 13, no dominant mode clearly stands out from the others.
If we truncate by considering only the first 10 modes, which account for approximately
50% of the total energy of the system as shown in figure 6.11 (b), two modes (-) fall
within the frequency range of the first and second noise source in figure 6.11 (a).

These two DMD modes, detected in figure 6.11 (a), are animated in figure 6.12 (a) and
(b) by showing five different time instants spaced over one period of the correspond-
ing non-dimensional frequencies St. = 4 and 10, respectively. Figure 6.12 (b) shows the
movement of the coherent structures in the suction side region, which were also iden-
tified with SPOD in figure 6.10 (b). This similarity between the DMD and SPOD modes
supports the reliability of the other DMD mode of figure 6.12 (a), which clearly shows
a vortex-shedding mechanism not directly observable through SPOD alone. From the
aerofoil tip, the coherent structures are successively shed and wrap around the TLV,
confirming the earlier observations made from the instantaneous flow field in figure
6.7.

The covariance plots in figure 6.13 (a) and (b) are obtained by band-pass filtering the
pressure fluctuations, measured at a point close to the tip, in the frequency ranges of
the first and second noise source, St. = 2 — 5.5 and 5.5 — 13. Although these plots
appear quite similar, the highest values are found close to the aerofoil tip where the
coherent structures identified in figure 6.12 at St. = 4 (a) and 10 (b) are also located.
When no filtering is applied to the pressure signals, the covariance becomes dominated
by large structures in the TLV region, as shown in Appendix B.3. This section aims to
quantify the covariance levels for comparison with those obtained in the rounded case.
Additionally, the Appendix B contains covariance plots obtained by considering the
pressure fluctuations measured at different points in the suction side region, near and
far from the tip. These plots illustrate why a point near the blade tip was chosen for
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6.3. Square tip
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Figure 6.12: Square tip: Animation of the two DMD modes of the /¢ = 75% section at

the frequencies of the first and second noise source, St. = 4 (a) and St. = 10 (b). T,

defines the period corresponding to the frequency of the first noise source, while T’
refers to the second.
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Figure 6.13: Square tip: Covariance plot obtained by relating the velocity fluctuations
in the z-direction with the pressure signal filtered in the frequency range of the first
noise source, St. = 2 — 5.5 (a), and second noise source, St. = 5.5 — 13 (b).
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Figure 6.14: Square tip: Animation of the fundamental DMD mode of the z/c = 75%
section at the non-dimensional frequency St. = 0.07, with T defining the period
corresponding to this frequency.

covariance analysis, as it exhibits significantly higher values due to its proximity to the

tip, where scattering is likely to occur.

Among the first 10 DMD modes, the fundamental mode with the largest amplitude
appears at approximately St. = 0.07 in figure 6.11, and its animation is displayed in
tigure 6.14. The animation reveals an oscillation of the TLV, whose core was located
between y/c(%) = —5 and 5 in the instantaneous flow field in figure 6.6 (b). This
confirms the suggestion by Jacob et al. (2016a) that such motion may be responsible for
a broad peak in the velocity spectra detected between St. = 0.08 — 0.28 in the vortex
core downstream of the aerofoil trailing edge. Furthermore, the similarity between this
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DMD mode and the SPOD mode shown in figure 6.10 (a) suggests that the vortex-
shedding mechanism is not visible in the SPOD mode because it is likely masked by
the dominant TLV oscillation.

6.4 Round Tip

The two tip noise sources have been linked to the tip flow separation occurring at the
pressure side tip. Rounding this corner with a radius of 2 mm results in a reduction of
almost 5 dB at both frequencies of the noise sources. As suggested in Chapter 5, this
noise reduction can be attributed to changes in the flow field. The flow field investi-
gated experimentally for a case with a radius of 4 was found to be uniform, with an
axial velocity deficit observed beyond the aerofoil suction side tip, as shown in figure
5.13 (a) and 5.14 respectively. A similar analysis to the one conducted for the con-
figuration with square tip is performed on the configuration with a 2 mm radius to
investigate how the flow instabilities, responsible for the tip noise sources and linked

to the tip flow, change.

6.4.1 Tip flow topology

2/c(%)

0

Figure 6.15: Instantaneous contours of the axial velocity component U/U, obtained
with LES for the aerofoil with the round tip at the midchord section.

Figures 6.15 show the instantaneous contour of the axial velocity component U/Uj at
midchord. The superimposed velocity vectors show that the flow still separates at the
entrance of the aerofoil tip, but its extent is significantly limited, which could result
in the absence of the shear layer roll-up. At the gap exit, a uniform flow is observed,

consistent with experimental findings.

The flow field at z/c = 75% section is also characterised by a slightly smaller separated
flow, with a size of approximately 3 mm at the gap exit, as seen in the mean flow in
figure 6.16 (a). However, the other vortical structures, such as TCRV and TLV, appear
unaffected by the rounding modification, as shown in the instantaneous field in (b)
and (c). The TCRV, observed close to the bottom wall, appears even stronger. The
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Figure 6.16: (a) Mean field of the axial velocity component U/U, obtained with LES
for the aerofoil with the round tip at 2 /c = 75% section. Consecutive instantaneous
flow fields, (b) and (c), obtained every 5000 time steps.

TLV still dominates the suction side region, with its moving away from the aerofoil
surface corresponding to the development of the extended separated flow, identified
by the axial velocity deficit below the tip. A localised spot of axial-velocity deficit is
also observed in the suction side region between y/c(%) = —5 and 0, resulting from
the shedding of the separated flow itself, as seen for the square tip case. Specifically,
this spot corresponds to that observed beyond the suction side in the experimental
measurement in figure 5.14. The TSV below the aerofoil tip was not detected, as the

hot-wire measurements were performed in a midgap plane.

6.4.2 SPOD, DMD and Covariance analysis
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Figure 6.17: (a) SPOD mode energy spectra of the first three modes obtained for the

two sections of the round case: z/c = 50% (continuous lines) and /¢ = 75% (dashed

lines). (b) Comparison of the energy spectra of the leading modes for the square and
round tip at the two sections.

Figure 6.17 (a) displays the energy spectra of the first three SPOD modes for the two
sections, at /¢ = 50% and 75%, of the configuration with round tip. The shear layer
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Figure 6.18: Round tip: (a) Amplitude spectra of all DMD modes (—) and of the first 10
modes (—). (b) Total Kinetic Energy from each mode.

roll-up is expected to occur at x/c = 75%, due to the large distance between the leading
and the second mode within the range St. = 5.5—13. Figure 6.17 (b) compares the lead-
ing modes of these sections for both round and square tip configurations, highlighting
differences in energy content. Overall, the leading modes in the round tip configuration
are less energetic, with a slight reduction for the section at /¢ = 75% and a significant
drop for the midchord section. This huge reduction aligns with the flow topology ob-
served at midchord in figure 6.15. The spectra estimation parameters have not been

changed between the two configurations and can be found in table 6.1.

Figure 6.18 (a) displays the amplitude of all modes of the section at 75% of the chord
for the round tip configuration. When compared to the square tip spectra in figure
6.11 (a), significantly higher amplitudes are observed within the frequency range of
the first noise source, St. = 2-5.5, particularly near the upper limit. This increase in
frequency, together with the reduced length of the separated flow observed in figure
6.16 (a), keep the non-dimensional frequency associated with the first noise source, i.e.
St, = fv/Uy = 0.07, approximately constant. However, when the decomposition is
truncated to the first 10 modes, one DMD mode is found within this range at much
lower frequency, St. = 2.6. In this configuration, the first 10 modes account for almost

70% of the total energy of the system, as shown in figure 6.18 (b).

Focus on roll-up with SPOD

Figure 6.19 (a) displays the leading mode of the midchord section at St. = 10, which
is characterised by the absence of any flow mechanisms below the aerofoil tip, as also
suggested by the drop in the energy spectra and the small distance between the spec-
tra of the leading and second SPOD mode in figure 6.17 (a. No shear layer roll-up is
observed, and no noise is generated at this station, as shown in the covariance plot
in figure 6.19 (b). The plot reveals maximum covariance values that are significantly

lower than those observed in figure 6.9 (b) for the square tip.
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Figure 6.19: Round tip: (a) - (c) First SPOD mode of the z/c = 50% and 75% sections at
the frequency of the second noise source, St. = 10. (b) - (d) Covariance plot obtained
for z/c = 50% and 75% sections by relating the velocity fluctuations in the z-direction

with the pressure signal filtered in the frequency range of the second noise source
St.=5.5—13.

The leading mode of the section at 75% of the chord is characterised by the two coherent
structures in the suction side area, similar to what was observed for the square tip case
in figure 6.10 (b). In the square configuration, these structures were interpreted as the
downstream evolution of the pattern seen below the tip at midchord, figure 6.9 (a). In
the round tip case, this pattern is not visible at midchord, but this does not necessarily
mean it never forms. It may develop downstream of the 50% chord, with the coherent
structures becoming visible at 75%. However, the key point is that the leading mode
may still contribute to the second noise source, as suggested by its similarity with the
covariance plot in figure 6.19 (d), but with slightly lower levels than those observed for
the square tip case in figure 6.13 (b). The leading mode for the round tip is indeed less
energetic.

In conclusion, the far-field noise reduction observed for the rounded case within the fre-
quency of the second noise source can be attributed to two factors: the shear layer roll-
up may develop further downstream and with less intensity compared to the square
tip configuration.

Focus on vortex shedding with DMD

The dominant DMD mode of the section at 75% of the chord at St. = 2.6 does not
change significantly compared to that of the square tip, as shown respectively in fig-
ure 6.20 (a) and 6.12 (a). This was expected, as the instantaneous flow fields were also
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Figure 6.20: Round tip: (a) DMD mode of the z/c = 75% case at the frequency of

the first noise source, St. = 2.6. (b) Covariance plot obtained by relating the velocity

fluctuations in the z-direction with the pressure signal filtered in the frequency range
of the first noise source St. = 2 — 5.5.

similar. Specifically, the DMD mode for the round case exhibits large coherent struc-
tures, which develop at the pressure side tip, are subsequently shed. However, the
vortex shedding appears to be less intense, as evidenced by the lower covariance val-
ues shown in figure 6.20 (b) compared to those in figure 6.13 (a). This finally explains
the noise reduction of the first noise source for the rounded configuration.

6.5 Conclusions

This chapter has numerically investigated the fluid dynamic instabilities, vortex shed-
ding and shear layer roll-up, responsible for the two tip leakage noise sources of a sta-
tionary aerofoil and their change when the pressure side tip of the aerofoil is rounded.

In previous chapters, these instabilities were detected within the non-dimensional fre-
quency ranges, St = 2 — 5.5 and 5.5 — 10, and attributed to the behaviour of the tip
flow after it separates at the aerofoil pressure side tip. Both instabilities occur when
the flow does not reattach to the aerofoil, whereas only roll-up is observed if reattach-
ment occurs. The tip leakage vortex influences the flow behaviour, not promoting the
reattachment when it is far from the surface, downstream of the midchord. Rounding
the pressure side corner led to changes in the mean flow field and reductions in both
noise sources, although the underlying mechanisms behind these reductions were not

yet fully understood.

Using LES, a novel and definitive overview of the tip flow within the gap in two cross-
sections of the aerofoil is provided, overcoming the limitations of experimental flow
measurements in such a confined area. SPOD and DMD decompositions highlight the
two fluid dynamic instabilities in the flow field, while the covariance analysis, which
correlates velocity and pressure fluctuations, confirms their role in the generation of
the noise sources. Specifically, at the midchord section of the configuration with square
tip, where the tip flow was found to reattach to the aerofoil surface, the leading SPOD
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mode identifies a shear layer roll-up contributing to the second noise source, which
instead disappears in the round tip section. Vortex shedding and roll-up are observed
in the SPOD and DMD modes of both configurations with square and round tip at 75%
chord section. Although the modes and the instantaneous flow fields are quite similar
in the two configurations, both instabilities are less intense in the round case, which

explains the reduction of the two noise sources measured in the experiments.
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Chapter 7

Conclusions & Future works

Conclusions

This thesis investigates the physical mechanisms involved in the generation and re-
duction of the tip leakage noise for a single-stationary aerofoil, addressing the limited
understanding in the literature. Through a combination of experimental, parametric,
and numerical investigations, this research focuses on the fluid dynamic instabilities
responsible for tip leakage noise sources, the parameters influencing these sources, and

the effects of noise-reducing treatments.

Initially, the focus was on identifying the generating mechanisms of the tip leakage
noise. Two dipole-type noise sources are identified in the pressure measurements as tip
leakage noise sources, within two non-dimensional frequency ranges, St. = fc/Uy =
2 — 5.5 and 5.5 — 13, where f is the frequency, c is the aerofoil chord length and U
is the inflow velocity. These noise sources are attributed to fluid-dynamic instabilities
occurring within the gap: vortex shedding and shear layer roll-up. Both instabilities are
linked to the behaviour of the tip flow after it separates at the aerofoil pressure side tip,
once it enters the gap driven by the pressure difference across the aerofoil. The shear
layer rolls up into discrete structures of size equivalent to the shear layer thickness b at
the frequency of the second noise source. The associated non-dimensional frequency
is St, = fb/Usr, = 0.2, with Ugy, representing the shear layer velocity. Subsequently,
the separated flow can either reattach to the aerofoil or remain separated until the exit
of the gap. In the case of extended separation, the vortical structures, after achieving a
certain size, are shed at the non-dimensional frequency St, = fv/Up = 0.07, where f is
centred in the frequency range of the first noise source and v represents the size of the

separated flow measured at the gap exit.

Once the mechanisms behind the tip leakage noise were identified, attention was then
focused on the parameters influencing these noise sources. Three key non-dimensional
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parameters are identified: the geometric angle of attack «, the ratio between maximum
aerofoil thickness and gap size 7,,,q./€ and the ratio between gap size and boundary
layer thickness of the bottom wall e/§. The first noise source develops when the tip
flow does not reattach to the aerofoil, a condition that occurs when 7,4, /¢ < 4 and
the tip leakage vortex is positioned far from the aerofoil surface for « > 10°. The
location of this vortex detachment is associated with the minimum pressure peak on
the pressure distribution measured along the aerofoil suction side tip, which varies
with a and 7,42 /€. Also, the magnitude of this pressure peak, influenced by o, 742 /€
and e/J, is linked to the noise source strength. The presence of this noise source is
associated with high drag losses. The second tip noise source occurs whenever the
tip flow separates at the pressure side. Its strength is mainly proportional to the lift

coefficient Cj, depending on «, and it decreases as e/¢ decreases and 7,4, /e increases.

Following the identification of the mechanisms and parameters influencing the tip leak-
age noise, the focus shifted to evaluating noise-reducing treatments. Two treatments
were examined, both obtained by modifying the aerofoil tip with porous material or by
rounding the pressure side tip edge. The reduction of the first noise source with porous
treatment is primarily due to changes in the flow field. On the contrary, the reduction
achieved by the second noise source is attributed not only to changes in the flow field
but also to the inherent damping properties of the porous material, with the reduction
being function of the treatment thickness. However, significant reductions are achieved
even with a 1.6 mm thick treatment.

Rounding the pressure side tip led to reductions in both tip sources by altering the
flow field. Nevertheless, the experiments alone were not sufficient to fully identify the
mechanisms behind this noise reduction. Numerical simulations provided a novel and
definitive overview of the tip flow within the gap, highlighting the fluid dynamic in-
stabilities responsible for the tip noise sources and their changes with a round pressure
side tip. With round tip, both vortex shedding and roll-up persist but with lower inten-
sity. Additionally, the reduction of the first noise source for the rounded case results in
a reduction of drag losses, which is not observed for the porous tip due to the increased

skin friction.
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Future works

The recommendations for future work are listed as follows.

* To investigate the effect of the aerofoil curvature or winglets on the tip leakage
flow and associated noise sources.

¢ To improve the semi-empirical law proposed by Decaix et al. (2015) for predicting
the trajectory of the tip leakage vortex by using RANS simulations and incorpo-
rating the complete dataset of pressure distributions collected during this PhD.

¢ To further investigate the tip leakage noise for non-dimensional frequencies St. >
13, a frequency range characterised by the absence of coherence patterns, as seen
in Chapter 3.

¢ To compute the far-field noise spectra for the round tip case analysed with LES
simulations using the FW-H analogy, and to numerically model and investigate
the configuration with porous tip.

* To extend the exact Green’s function for a rigid corner in a medium at rest to
account for the tip flow within the gap, following an approach similar to that
reported by Roger et al. (2016).

¢ To study the influence of the relative motion between the aerofoil and casing wall
on the tip leakage noise sources, as occurs in a real fan. Previous experiments in-
volving a moving wall demonstrated that wall motion influences the mean flow
structures (Wang and Devenport, 2004). However, as these measurements were
conducted downstream of the aerofoil trailing edge, they could not provide in-
sight into the flow within the gap, where the fluid dynamic instabilities respon-
sible for the noise sources occur for the steady aerofoil. Future research could
address this “research gap” by examining the flow within the gap under moving
wall conditions and assessing the performance of the noise reduction treatments
assessed during this PhD.
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Appendix A

Set-up and measurements

techniques

This appendix provides additional details related to Chapter 2. It begins by describ-
ing the ISVR open jet wind tunnel used for aeroacoustic measurements, followed by
details of the calibration procedure for the remote microphones and flow velocity mea-
surement techniques, including PIV and HWA, with the latter employed to characterize
the incoming boundary layer. Finally, it includes details about the quantification of the
forces acting on the aerofoil.

A1l Open jet-wind tunnel

The experiments were conducted at the Institute of Sound and Vibration Research’s
(ISVR) open-jet wind tunnel facility within an anechoic chamber measuring 8 m x 8 m
x 8 m. The chamber’s walls are acoustically treated with glass wool wedges, whose
cut-off frequency is about 80 Hz. The nozzle has dimensions of 150 mm x 450 mm and
a contraction ratio of 25 : 1, providing a maximum flow speed of 100 m/s. The back-
ground noise is at least 10 dB below the aerofoil noise, and the free stream turbulence
is less than 0.4% in the potential core of the nozzle. A detailed description of the wind

tunnel, including its characteristics, is presented in Chong et al. (2009).

A.2 Remote probes calibration procedure

Remote microphone probes can be used to obtain accurate surface pressure measure-
ments (Perennes and Roger, 1998). These probes are connected to surface pinholes via

capillary tubes and flexible tubes, allowing pressure fluctuations to propagate from the
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Figure A.1: Remote microphone probes connected to the aerofoil surface pinholes via
capillary and flexible tubes.

aerofoil surface to the tube exits. The microphone diaphragm is connected to the flex-
ible tubes via a 3D-printed block, as shown in detail in figure A.1. Long plastic tubes

are also connected to the other end of this block to prevent acoustic reflections.

A calibration procedure is required for each probe to account for the time delay and
amplitude attenuation caused by the propagation of acoustic waves in the tubes, as
the pressure signals are acquired outside the aerofoil rather than directly on its surface.
The broadband calibration procedure, similar to that proposed in Gruber (2012), is per-
formed using an in-duct loudspeaker fed with white noise. First, the loudspeaker, with
a reference microphone mounted flush to it, is sealed over the aerofoil pinholes. A 1/4”
GRAS microphone is used as a reference sensor, with a known sensitivity s,.y. The sys-
tem’s transfer function H (s) in the frequency domain is evaluated using the following
equation:

_ %)

Hs) = )

(A1)

where VpWN (s) is the white noise signal recorded by the remote probe, while VV (s)
is that acquired by the reference microphone on the surface pinhole. The pressure ac-
quired by the reference microphone is defined as P,(t) = V;(t)/sycs. The transfer func-
tion H (s) can then be used to evaluate the signal on the aerofoil surface in the presence
of tip noise as follows:

ViP(s) = (A.2)

where V"7 is the tip noise signal recorded by the remote probe.

Note that the remote FG-23329-P07 sensors along the aerofoil suction side saturated for
inflow velocity Uy > 20 m/s, unlike those on the pressure side. This issue was solved
by replacing them with a B&K type 4189 free-field microphone.
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Figure A.2: Photo of the PIV set.

A.3 Flow velocity measurements

PIV pre-processing

PIV data are processed using DaVis 8.4 software. The images are first preprocessed to
enhance the visibility of the seed particles by using several filters, including;:

¢ correction of the intensity level of one of the two image pairs, due to the different

intensities of two laser pulses;

¢ elimination of the background noise subtracting the minimum intensity from the

source;
¢ dividing a constant value from each pixel of an image;

¢ filtering out the local mean background intensity leaving only the local fluctua-
tions by using the subtract sliding minimum filter over a scale length of 64 pixels;

¢ applying 3 x 3 smoothing filter.

The vector field is calculated using a multi-grid cross-correlation scheme with a final
window size of 16 x 16 pixels and 75% overlap. Each window contains approximately
7 particles. An elliptical weighting window, with a ratio 2 : 1, is used to improve the
signal-to-ratio of the cross-correlations. The maximum displacement of the particles is
maintained above 15 pixels, which aligns with the guidelines reported in Adriann and
Westerweel (2011), as this maximum displacement is nearly one-quarter of the size of
the first pass interrogation window, which is 64 x 64 pixels.

PIV uncertainty analysis

Averaging is commonly used in aeroacoustics to focus on the expected values of the

flow field. Therefore, it is essential to determine the number of averages required to
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Figure A.3: Convergence history of the mean C (a) and of the standard deviation o (b)
of the absolute velocity U and V.

achieve reliable results and assess their accuracy. A convergence analysis is performed
at a point of the flow field, similar to that conducted by Cavazzini et al. (2012) to val-
idate PIV measurements in a centrifugal pump. On the contrary, an estimation of the
confidence interval for the mean values is conducted across the entire flow field. The
selected point is located in a high-turbulence region near the trailing edge for the base-
line configuration. Figure A.3 (a) and (b) show the evolution of the average C'y and
of the standard deviation oy of the absolute velocities U and V' over the increasing

number of samples:

1 N
Cn = ¥ Y ci (A.3)
i=1
1Y _
oN=\|% > (Ci— Chor) (A.4)
1=1

where Cy,r and o4, represent the average and standard deviation of the velocity over
the total number of images, and NV is the progressive number of snapshots with Ny,
the total number of acquisitions. The mean velocities reach asymptotic values after
approximately 1200 images, unlike the standard deviations, which exhibit a convergent
trend. Convergence at other points in the flow field is achieved with fewer images, as

this analysis is conducted at a point located in a high-turbulence region.

The validation of the PIV measurements includes estimating the confidence interval of
the mean quantities to assess their reliability. Assuming a normal distribution for the
mean error, the 95% confidence interval is determined as twice the standard deviation
divided by the square root of the number of images, as shown in the following formula
from Glegg and Devenport (2017).:

(A.5)

The uncertainty in the means of U and V' are quantified and shown in Figure A .4 (a) and
(b), respectively. The highest uncertainty values are concentrated around the midchord

and in the suction-side region near the trailing edge, where high turbulence levels are
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Figure A.4: PIV contours of the uncertainty in mean of U and V velocities for the
baseline configuration.

found in Saraceno et al. (2022, p. 8) Additional high values are detected along the
suction side, likely due to aerofoil reflections. The lowest uncertainties are associated
to the V-velocity and are found in the pressure side region, where cross-stream flow is

minimal.

Also, PIV algorithms have an inherent random error in determining particle displace-
ment, independent of the number of samples, estimated at approximately 0.1 pixels ac-
cording to Adriann and Westerweel (2011). The random error in velocity measurements
is calculated to be 1.57% of the free stream velocity Uy, using the following formula:

_O.1><M

p (A.6)

€

where M = 0.176 mm/pixel is the image magnification and dt = 7 us is the time

between two image pairs.

Hot-wire calibration and validation
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Figure A.5: Calibration of the hot-wire probe.
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Calibration establishes a relationship between the voltage output from the hot-wire
probe and the flow velocity. This process involves measuring the probe output at a
series of know jet velocities, including the voltage at zero velocity, which are measured
using a static Pitot tube. The goal is to find a fitting curve that enables the conversion
of data records from voltages into velocities. An example of the calibration curve, used
in Chapter 4, is plotted in figure A.5. An overheat ratio of 1.5 has been adjusted prior
to the data acquisition.

The probe signals were acquired for 10 s at a sampling frequency of 10 kHz to en-
sure convergence of the mean statistics. For uncertainty estimation, Jorgensen (2005)
provides guidelines to estimate the uncertainty of a velocity sample U, a combination
of the uncertainty from multiple factors ¢;. The major contributions from calibration,

curve fitting and temperature variations in the flow:

5[U] =2x Z o &2 X (Ucal + Ocurve + Utemp) (A7)

)

where 0., = +2% using a Pitot-static tube with a calibrated manometer for a velocity
higher than 2 m/s; ocyre = 3.6% is the standard deviation of the errors of the fitting

curve in figure A.5; and o¢epmp = 0 as the temperature varies less than +0.5 °C.

A4 Inflow boundary layer

(a) (b)

30 30
—+—short duct
—e—long duct
20 20
£
N
10 10
0 0
0.6 0.8 1 0 5 10
/U, o JUs(%)

Figure A.6: (a) Stream-wise velocity profile and (b) rms velocity fluctuations measured
at the leading edge of the aerofoil for inflow velocity Uy = 40 m/s.

The flow characteristics of the incoming boundary layer were measured using HWA at
the location of the aerofoil’s leading edge, which had been removed. The stream-wise
velocity profile (U/U)) and the corresponding turbulence levels (u'/Up) in the span-
wise direction are plotted in figure A.6 (a) and (b). The boundary layer is fully turbu-
lent with a thickness of § ~ 5 mm and an associated displacement thickness of 6x ~ 0.5
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Figure A.7: Photo of the two meters duct attached at the nozzle exit of the open jet
wind tunnel in ISVR.

mm. The maximum turbulence level (6.2%) occurs near the bottom wall, so the inter-
action noise between the boundary layer turbulence and the aerofoil leading edge can
be considered small. The boundary layer thickness was increased to 6 ~ 20 mm, as
shown in figure A.6 (a), by inserting a 2-meter-long duct between the nozzle exit and

the aerofoil shown in figure A.7.

A.5 Aerodynamic forces

The load cell was calibrated before collecting any data by attaching a known weight to
the aerofoil setup and verifying that the load cell returned the correct force. Addition-
ally, the load cell was zeroed before each run, as changing the angle of attack during
the tests could cause slight displacements between the mounting bracket and the load
cell, potentially altering the reference value of the sensor and affecting the accuracy of
the force measurements.

Calibration was performed along two axis, one perpendicular to the aerofoil chord
and the other along it, as the load cell measures forces in these directions, F; and F»

respectively. The lift and draft are then calculated from F; and F5 as:
L= F1 COS(Oéeff) - F2 sin(aeff) (A8)

D=F sin(aeff) + By COS(Oéeff) (A9)

where o,y is the effective angle of attack of the aerofoil. This angle is lower than the
geometric angle of attack «, which is set using the rotating disk, due to the wind tunnel

deflection (Glegg and Devenport, 2017).
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#* Current investigation, a = 15°
2 Jacob et al, 2010

XFOLL, acyy = 5°
- Koch et al, 2021

S

0 0.25 0.5 0.75 1
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Figure A.8: Pressure distribution along the aerofoil measured at midspan and at o =
15° in the current investigation and in the others (Jacob et al., 2010; Koch et al., 2021),
together with the numerical one obtained with XFOIL at apy = 5°.

a 0 20 50 70 10 12 15 17 20
aeff | 0.9 0 1.3 22 35 44 57 66 8.1

Table A.1: Geometric angle of attack o with the corresponding effective a. .

The effective angle of attack is determined by matching the experimental pressure dis-
tributions C}, measured along the midspan, where the influence of the tip flow is neg-
ligible, with the numerical ones computed using XFOIL (Drela, 1989). The simulations
were run considering NACA 5510 aerofoil, at Reynolds number of Re = 5.6 x 10° and
Mach number of M = 0.12. Figure A.8 presents the experimental C), distribution from
the current investigation, along with the best-matching numerical distribution and ad-
ditional measurements from the literature (Jacob et al., 2010; Koch et al., 2021). The ef-
fective angle of attack results approximately one-third of the geometric angle of attack.
Table A.1 lists both the geometric and the corresponding effective angles of attack. Due
to the limited number of experimental distributions available, several effective angles
of attack were extrapolated.
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Appendix B

Additional numerical results

This appendix provides additional plots resulting from the numerical simulations. Sec-
tion B.1 contains the SPOD energy spectra of the two sections for different Ny ;. Section
B.2 contains the covariance plots obtained at the midchord section by correlating the
velocity fluctuations in the three directions, with the filter and unfiltered pressure sig-
nals in the frequency range of the second noise source. Section B.3 provides additional
covariance plots using filtered and unfiltered pressure signals, as well as evaluating
pressure fluctuation in different points of the flow field. These plots pertain to the sec-
tion located at 75% of the chord.

B.1 SPOD mode energy
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Figure B.1: SPOD mode energy spectra for the section at x/c = 50% with different
N ftt-
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Figure B.2: SPOD mode energy spectra for the section at z/c = 75% with different
N ftt-

Covariance analysis on midchord section
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Figure B.3: Covariance plots obtained by relating the velocity fluctuations at x/c =

50% in the z-direction, (a) - (b), in y-direction, (c) - (d), and z-direction, (e) - (f) with

the pressure signal recorded in the point P of (y/c, z/c) = (—2.9%,0). On the left, the

pressure signals are not bandpass filtered, on the right they are filtered in the frequency
range of the second noise source, St. = 5.5 — 13.
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B.3 Covariance analysis on section at = /c = 75%

(a)
10 1000
500
— 5
zi\o/ § 0 2
3 3 S
N ]
-500
5 -1000
215 -0 -5 0 5 10 20 <15 <10 -5 0 5 10
y/e(%) y/c(%)

Figure B.4: Covariance plots obtained by relating the velocity fluctuations at z/c —

75% in the z-direction with the pressure signal recorded in the point P of (y/c, z/c) =

(—12.4%,0). On the left, the pressure signals are not bandpass filtered, on the right
they are filtered in the frequency range of the first tip noise source, St. = 2 — 5.5.
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Figure B.5: Covariance plots obtained by relating the velocity fluctuations at z/c =
75% in the x-direction with the pressure signal recorded near the suction side tip, at
(y/c,z/c) = (—12.43%,—0.036%) (a) and in (y/c, z/c) = (—12.46%, —0.017%) (b), and
far from it, at (y/c,z/c) = (—=5.03%,5.01%) (c). The pressure signals are bandpass
filtered in the frequency range of the first tip noise source, St. = 2 — 5.5.
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