University of Southampton
Faculty of Engineering and Physical Sciences

School of Engineering

Tip gap noise mechanisms in ducted
marine propellers due to unsteady flow

features

by
Adam D. Higgens

ORCID ID 0000-0001-6871-2854

A thesis submitted for the degree of
Doctor of Philosophy

April 2019






UNIVERSITY OF SOUTHAMPTON

ABSTRACT

Faculty of Engineering and Physical Sciences

School of Engineering

Thesis for the degree of Doctor of Philosophy

TIP GAP NOISE MECHANISMS IN DUCTED MARINE PROPELLERS
DUE TO UNSTEADY FLOW FEATURES

by Adam D. Higgens

Ducted propellers exist in both aerodynamic and hydrodynamic contexts, and the former
has received significantly more attention than the latter. This thesis is aimed at identifying
the key noise mechanisms in marine ducted propellers. The properties of the fluid media
have a significant impact on the relative importance of noise producing flow features and
the differences in likely noise sources for aerodynamic and hydrodynamic propellers are
discussed.

This thesis uses time-resolved simulations to investigate the unsteady flow features in the tip
gap region of a ducted propeller. By inferring the important noise mechanisms it is possible
to identify specific criteria which can be used to produce noise mitigating designs. A variety
of simplified geometries have been investigated beginning with an open tipped foil to provide
a base line case. The complexity of the case is progressively increased to investigate the
impact of the tip gap height, the inclusion of a no slip condition on the boundary surface
above the tip, and the impact of foil thickness and camber. The numerical simulations have
been carried out using an open source computational fluid dynamics software with both
time-averaged, and time-resolved simulations conducted. Post processing techniques such as
vortex identification criteria and an acoustic analogy have been used to infer the primary
noise sources in the tip gap region. Non-dimensional quantities have been used to investigate
the flow features and have shown good agreement with previous numerical and experimental
work.

The studies found that the most likely cause of noise within the tip gap region is due to
the unsteady flow structures being shed through the tip gap and scattered over the sharp
edge of the tip. The size and strength of these structures is highly dependent on the tip
gap size, and explains why reduced tip gaps are associated with reduced rotor tip noise.
The vortex structures are shown to be an accurate indicator of the hydrodynamic surface
pressure variations leading to a more intuitive metric to use for improved designs.

A simple design modification is made to the blade with the aim of removing the vortex
structures within the tip gap region in order to reduce the strength of the unsteady pressure
fluctuations. This improved design reduced the surface pressure spectra by greater than
30dB at certain, key frequencies.
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Chapter 1

Introduction

1.1 Motivation

Sound is acoustic energy which is transferred through a medium by pressure waves. Noise is
the name given to a form of sound which can be described as one which is loud, unpleasant
or generally unwanted. Noise is an important design consideration in all areas of the marine
industry: high noise and vibration levels can cause discomfort and even health issues for
crew members on board vessels, achieving low noise for high levels of comfort is important
in yacht design, and for military vessels low noise can increase the operability of a vessel by
reducing the likelihood of detection. The effect of anthropogenic noise on marine life is also
an area which has traditionally not received much attention but now is increasingly being

investigated from an ecological perspective [5] [6] [7] [8].

This research is focussed on investigating the noise sources of ducted marine propellers used
on submarines, focussing in particular on the tip vortex, and the effect of changing the size
and shape of the gap between the ducting and the propeller tip. Ducted propellers are also
seen on other vessels such as Offshore Supply Vessels (OSVs) and Windfarm Support Vessels
(WSVs) where the propeller operates inside of a continuous annular shroud such as the Voith

Linear Jet shown in Figure 1.1.

Propeller noise can be classified into several components including: turbulence ingestion,
trailing edge noise, cavitation and tip gap interaction noise. While there has been extensive
research into the first three mechanisms, the noise mechanisms related to the tip gap are less
well understood. The noise generated by an aerodynamic fan in a duct has been the focus of
a significant amount of research for aircraft engines, wind turbines and Heating Ventilation
and Air Conditioning (HVAC), due in part to requirements near airports for maximum
sound levels for the comfort of people near to these systems. However, the research into the

noise of marine propellers has been far less extensive, perhaps because the effect of marine
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Figure 1.1: The Voith Linear Jet - an example of a ducted marine propeller used on
Windfarm Support Vessels (WSVs).

noise is not felt by the majority of the human population, the research regarding marine

propeller noise is driven mainly by the military.

In the aviation industry, the problem of tip leakage flow noise is generated by the large
by-pass fan at the front of a turbo-fan engine. Typically these fan blades are manufactured
to sufficiently high tolerances that the usual approach is to simply minimise the tip gaps to
h/c < 1%, where h is the tip gap height and c¢ is the foil chord.

In the marine industry the use of ever decreasing tip gap heights causes several problems. The
primary concern regarding noise production in a marine context is cavitation, a phenomena
experienced when the local pressure in a liquid drops below the vapour pressure of that
liquid causing small cavities to form filled with the vapour of the liquid. When the local
pressure increases again, these cavities collapse violently producing efficient noise sources
which propagate to the far-field, as well as causing erosion and wear if they collapse on a
solid surface such as the propeller blade or duct. As the tip gap is made smaller the tip
flow inevitably increases its speed and therefore the pressure drops following Bernoulli’s
equation, increasing the likelihood of cavitation occurring. This effect is suppressed as the
operational depth increases because the local ambient pressure increases. However, relying
on using greater depth to suppress cavitation can not be relied upon in a military context as
it would imply a minimum operating depth above which the operating noise would sharply
increase. Figure 1.2 shows a schematic representation of the impact of cavitation caused

by a reduced tip gap. It can be seen that the noise level in the far-field reduces with the
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Figure 1.2: The cavitation problem - simply reducing the tip gap height in marine propellers
increases the likelihood of cavitation, with drastic implications for far-field noise. Transition
a illustrates the effect of operating at a shallower depth and inducing cavitation faster.
Transition b shows the potential impact of an improved tip design, producing lower noise
overall and allowing a closer tip gap.

reducing tip gap with the base case shown as the solid line. However, at a critical point,
h, the gap reduces to a point which causes cavitation in the tip gap region. This causes
the rapid increase shown in the far-field noise. The implications of operating at a shallower
depth are shown by transition a, to the dashed line, showing that the increase in noise would
occur at a larger tip gap height due to the reduced ambient pressure at that depth. Finally,
transition b, to the dotted line shows the potential improvements made by an improved
tip design which could reduce the noise production at larger gap heights, improving the

operating depth range for a given noise performance profile.

The sources of noise of interest in the tip gap region can be classified into three main

categories and a summarised in Figure 1.3:

1. The interaction of the blade tip and the boundary layer of the duct. As the tip gap
reduces the tip of the blade moves deeper into the boundary layer of the duct which

causes a change in the local inflow velocity and turbulence.

2. Tip leakage flow from the high to low pressure sides of the propeller blade over the tip.
This flow happens over the tip of any lifting surface but in this arrangement it also
interacts with the duct boundary layer, and as the gap reduces the tip leakage flow
becomes restricted, changing the velocity and impacting on the formation of the tip

vortex.
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Figure 1.3: Schematic representation of the tip vortex interaction with the duct boundary
layer.

3. As the tip leakage flow reaches the trailing edge of the blade the tip vortex is shed and
convects downstream. This vortex interacts with the duct boundary layer and causes

unsteady pressure fluctuations on the surface of the duct which may generate noise.

The impact of the tip gap on the noise produced by ducted propellers has been researched
both numerically and experimentally as will be discussed later in Section 2.4. However,
the mechanisms responsible for the noise in the tip region and the impact of the tip gap
size are still poorly understood. Experimentally, the lack of insight is at least in part due
to the difficulty of assessing the unsteady flow mechanisms within the very small tip gap
region, particularly in engines in the aviation industry. In a full propeller arrangement the
tip gap is difficult to access with sensors or optical methods to quantify the flow in that
region. A number of studies have simplified the arrangement to stationary blades, either by
investigating a single blade or a cascade comprising multiple blades, allowing easier access
to the tip gap. Difficulties remain however in the physical size limitations of experimental

equipment and therefore the size of the flow structures involved.

Numerical studies offer a better capability to observe the flow features within the tip gap and
have been used to further the understanding of this region in aerodynamic engines. However,
Mach number scaling will be shown to be important in the efficiency of radiated sound and
the combination of lower flow speeds and a higher sound speed in marine applications results

in different source mechanisms dominating the acoustic radiation.
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1.2 Aim & objectives

The aim of this work is to investigate the unsteady flow mechanisms within the tip gap
in order to improve the understanding of the important structures which influence the
noise production in this region. The source mechanisms involved are currently poorly
understood and identifying the unsteady flow features responsible would allow the production
of improved, noise-mitigating propeller designs, as well as providing suggestions for retro

actively improving propellers which are currently in use.
The objectives of this thesis required to achieve this aim are listed below:

e QOutline the current state of the art for ducted propeller tip gap noise by reviewing the
literature surrounding fluid structure interaction noise in general, how it is applied to

to ducted propellers, and how it can be simulated numerically.

e Discuss the available methods regarding numerical acoustic modelling, before identify-

ing the most viable option for ducted marine propeller noise.

o Undertake initial studies: form a good understanding of the formation of a tip vortex on
an open tipped foil to provide a baseline case to compare against when investigating the
tip gap flow; conduct time-averaged simulations on a simplified arrangement across a
variety of tip gap heights and foil thicknesses; give an indication of the most influential
factors affecting tip gap flow; carry out time-resolved simulations on a reduced test

matrix to offer further insight into the unsteady flow features.

e Simulate realistic geometries following previous experimental and numerical works
and focus understanding on the complex tip gap flow mechanisms and far-field noise
predictions. Identify the dependency of these flow mechanisms and noise predictions

on tip gap height and duct boundary conditions.

e Infer the noise production mechanisms in the tip gap region, along with suggested
design improvements to help suppress noise production and investigate the effectiveness
of a design modification to make final recommendations for design improvements and

further work.

1.3 Foil terminology and axis orientation

The simulations carried out in this work use the NACA 4-digit foil series as they present
a series of foils which have been widely researched, offering the chance for validation and
comparison of the current work with previous studies. The foils follow a mathematical
description for their shape and so offer good repeatability between different works without

the need for direct collaboration. They will be referred to in this work using their 4-digit
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Figure 1.4: The Anatomy of a Foil - Schematic diagram of the terminology used in this
work to describe a NACA 4-digit foil along with the axes orientation and positive angle of
attack.

naming convention and so the meaning of each digit and the terminology used for foil
dimensions will be explained here. Figure 1.4 shows the two dimensional representation of
the NACA 4-digit foil which represents the constant cross-section of the foils used in this
work. The NACA 4-digit foils were first created using a parametric spline based on three
parameters given by the four digits which will be explained here. The axes used in this
work are right handed as shown, defining the z-axis coming out of the Figure, denoted by
the circle with a dot, and the rotational direction w rotating clockwise about the axis when

viewed in the positive direction of that axis.

In Figure 1.4 Line 1 shows the base line, in line with the z-axis, and the mean flow, Uj.
Given this mean flow, the leading edge LE, and trailing edge TE, become intuitive as the
forward and aft ends of the foil. Line 2 is a straight line which connects the LE and TE and
is referred to as the chord line and the length between the LE and TE is the chord, ¢. The
angle of attack, « is defined as the angle between the chord line and the base line. Line 3 is
the mean camber line and joins the LE and TE taking into account the amount of camber,
or curve of the foil. The maximum camber is given by dimension A, and A/c, taken as a
percentage gives the first NACA digit. The location of this maximum camber, shown as the
distance, B aft of the LE is given in 10*"s of chord as the 2nd NACA digit. The thickness of
the foil, ¢ is given as the maximum value divided by the chord as a percentage, two give the
last two NACA digits. For example, the NACA5510 foil has a 5% camber, located 50% aft
of the LE, with a maximum thickness of 10%.
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1.4 Important assumptions and simplifications

(a) Realistic ducted propeller with stators re- (b) Single blade, wedge domain. Grey surfaces

moved show the domain "wedge" shape and the propeller
and duct outside of these surfaces would be re-
moved.

~
=
~—
~_
P
(c) Multiple blade cascade (d) Single stationary blade

Figure 1.5: Comparison between realistic ducted propeller and simplified test cases

Although performing simulations and experiments with full geometries is possible, simplifi-
cations are often made to improve either the practicality or efficiency of both experimental
and numerical studies. It is important to be aware of the impact of such simplifications and
they will be discussed here, with four typical arrangements found in the literature shown in

Figure 1.5.

There are several ways that rotating propellers are simplified in both numerical and experi-
mental studies, and the review of the current literature presented in Chapter 2 will reflect this.

Experimentally, the options are to use a stationary blade, with either a cascade of blades, or
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just a single blade. The cascade of blades provides the benefit of blades downstream having
to operate in the wake of those upstream, therefore presenting the flow characteristics of the
real problem. In aeroacoustic problems, it is often required that experiments are carried
out within an anechoic wind tunnel. These facilities use an open jet configuration within
an anechoic chamber where the working section is usually of limited size. For this reason,
previous experimental works by Grilliant et al. [9] on ducted propellers have used a single

blade set-up, to maximise the size of the blade that can be studied.

Numerical techniques allow greater flexibility as the computational domain does not have to
mimic reality exactly, instead special boundary conditions can be applied to recreate the
periodic nature of a rotating propeller or linear cascade. Using periodic boundary conditions
allows a propeller with, for example, 5 blades can be divided into a % domain with a wedge
shape. The boundary conditions using a wedge domain can be set such that the outflow of
one of the wedge boundary of the domain can be used for the inflow condition on the opposite
boundary. A schematic of a wedge domain used with a single blade is shown in Figure 1.5b
showing the full arrangement being split by the domain limits shown in grey, which would
have the periodic boundary conditions applied to them. The dividing faces can be seen
to twist as they pass through the propeller plane which is necessary when using propeller
blades which have overlapping regions. Furthermore, the domain and blade can be fixed in
space, instead using a moving wall boundary condition for the duct surface, combined with
a rotating inflow, so that the relative motion of a rotating propeller is maintained, without
having to use difficult over-set mesh techniques. This technique is popular within the turbo
machinery industry [10] [11] [12].

In this thesis the realistic design condition of a ducted propeller was simplified to reduce the
computational expense and thus allow an increased fidelity grid to be used. The simulations
carried out herein use a single, straight blade, in a non-rotating set-up, with no upstream
or downstream stator blades as shown in Figure 1.5d. Cavitation will be neglected in the
simulations during this work, assuming that the operational depth of the propeller would be
sufficient to suppress cavitation, but the impact that cavitation could have will be discussed
qualitatively. Neglecting cavitation restricts the study to a single phase flow which allows
a simplified computational set-up, and so the effect of gravity can be neglected and all
pressures are relative. This idealisation permitted a more methodical development from
initial simulations to investigate the formation of the tip vortex through a parametric analysis
of a single foil, whilst also allowing detailed comparison with previous experimental and
numerical studies [9] [13] [14]. In deciding on the arrangement which would be applied to the
simulations presented in this thesis, the individual simplifications, and the possible impact

they have on the flow physics are listed below:

o A rotating blade has a faster tip speed than root speed, meaning that the relative
speed between the blade and the fluid is different at the root and the tip, as is the
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relative angle of attack. To account for the span-wise variation in relative flow speed
and angle, rotating propeller blades are twisted, to avoid having large areas of the
foil operating in either with such a small angle of attack that they do not contribute
significantly to the lift, or such high angles of attack that they induce stall. This effect
can be recreated to a certain extent by using a twisted foil to change the angle of

attack at different span locations [15] and [16].

In a ducted propeller arrangement, the duct is usually fixed, thus creating a relative
motion between the blade tip and the duct surface, in the same direction as the
tip leakage flow driven by the pressure difference across the tip of the blade. This
could be recreated both numerically by using a moving wall boundary condition and

experimentally by using a moving surface such as a belt.

The inflow to a blade in a rotating propeller is affected by the wake of the preceding
blade. Using a non-rotating blade configuration removes this effect but it can be
recreated by using a blade cascade, such that individual blades are staggered on a flat
surface to generate a similar interaction mechanism as would be experienced in the
rotating frame [17] [18]. A schematic sketch of a linear cascade is shown in Figure
1.5¢c. The use of a blade cascade in numerical simulations requires either an increased
domain size within which all the blades are simulated, or the use of periodic boundary
conditions such that the downstream out flow can be used to define the upstream
inflow, thus creating the effect of an infinite cascade, similar to that of a rotating
propeller. This requires complex fluid flow to be captured at the outflow boundary and
mapped on to the inflow boundary, as well as requiring a high grid resolution to be
maintained throughout the entire domain to accurately simulate the structures between
periods. Previous works have combined the effects of blade cascade and moving end
walls to recreate some of the effects of rotation in a Cartesian experimetnal setup [19],
[20], [21].

1.5 Thesis structure

Four parts are used to structure the thesis, collated to illustrate key areas of attention

throughout this study. Part 1 will establish the methodology and assess the state of the art

regarding ducted propeller noise generation. Part 2 investigates the most simplified cases

to provide a baseline case with which to draw comparisons and help establish general flow

behaviour as the tip gap height is reduced. Part 3 will apply the methodology to a more

realistic test case with similarities to previous experimental work and offering new insight

allowed by the chosen methodology. Part 4 will provide recommendations for improved

blade designs, propose future research and summarise the conclusions of this thesis.
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e Part 1 - Establishing the methodology: The theory surrounding fluid dynamics
will be discussed in Chapter 2, with particular attention paid to turbulence, noise
generation, and vortex identification. Chapter 3 will discuss the finite-volume method
used by the selected CFD software to allow a numerical approach to solving the
equations discussed in Chapter 2. Chapter 4 will discuss the available approaches

regarding numerical noise prediction and the reasons behind the chosen method.

e« Part 2 - Parametric analysis of NACAO0020: Chapter 5 will investigate the
formation of a tip vortex around an open tipped foil to present a baseline case in
the flow mechanics which will be of importance later in the thesis. Chapter 6 will
investigate the influence of varying the tip gap height, h, on the formation of the tip
vortex. This study uses a simplified methodology with a slip boundary condition on
the surface near the tip, allowing a more rapid initial parametric study. Time-resolved
simulations are presented which reveal the unsteady flow features within the tip gap
region. The potential fundamental noise sources in the tip gap region are inferred from

the unsteady flow features.

e« Part 3 - Application to practical geometries: Chapter 7 describes a case study
on a NACA5510 foil, based on previous experimental and numerical works. This
study includes the more realistic shape of the aerofoil, including reduced thickness and
higher camber, as well as including the no-slip condition on the boundary surface near
the foil tip, and a boundary layer profile on this surface. Chapter 7 investigates the
effects of the simplifications by running comparison cases with and without the no-slip
and boundary layer profiles by comparing the lift and drag performance, as well as
visualising the vortical structures in the flow, and predicting the far-field noise with

the use of the chosen acoustic analogy.

Investigation of the complex flow features within the tip gap region led to the hypothesis
that an important noise generation mechanism in the tip gap region may be the
scattering of these turbulent structures as they interact with the suction side edge
of the tip and are shed into the free stream. This proposed mechanism is likely to
be similar to trailing edge noise which involves the scattering of turbulent structures
back upstream in the form of acoustic waves with long wave length. This noise source
can not be considered compact with respect to the acoustic wavelength and therefore
the incompressible solver is unlikely to accurately predict the source terms which the

acoustic analogy requires.

Chapter 8 conducts further analysis of the NACA5510 foil to identify the noise sources
responsible for the far-field noise predictions from the acoustic analogy and investigates
the flow features to infer the regions which will be likely to produce noise via the
scattering mechanism. Chapter 9 analyses the impact of varying the tip gap height

on the noise sources identified in the previous chapter. This discussion includes the
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hydrodynamic sources and explains the variation observed in far-field noise predictions.

Part 4 - Recommendations and conclusions: Chapter 10 discusses a number of
proposed design improvements to reduce the far-field noise. These suggestions draw
inspiration from existing research being done to reduce trailing edge noise, as well as
more intuitive responses to the unsteady flow features seen in Part 3. One design is
chosen and analysed, showing the removal of coherent structures within the tip gap
and reducing the surface pressure fluctuations in key areas. Chapter 11 summarises
the conclusions drawn from this work. It also lists the contributions made through

published works, and outlines a recommended path for future investigations.
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Chapter 2

Ducted propeller noise

2.1 Introduction

Ducted propellers are situated within an annular duct with the aim of modifying the flow
over the propeller to enhance certain performance characteristics. In the marine context
these ducts as generally split into two categories, accelerating or decelerating ducts referring
to the effect that the foil shaped cross-section of the duct has on the flow through it [22].
A schematic representation of these two duct types is given in Figure 2.1 showing the foil
shaped cross-section. It is apparent that the lift produced by the accelerating duct produces
lower pressure and therefore higher flow speed inside the duct. The converse is true for the

decelerating duct.

Accelerating ducts have the advantage of increasing the advance coefficient of the propeller
at low speed as well as increasing the thrust produced by the duct adding to the thrust
produced by the propeller and hence improving the efficiency in a high thrust application
[23]. At zero speed this is known as the bollard pull and has applications for tugs or
offshore support vessels required to manoeuvre heavy loads, potentially also in heavy seas.

Whilst operating in any condition away from this application of low speed and high thrust,

T

(a) Accelerating duct (b) Decelerating duct

Figure 2.1: Two main duct types used in marine propulsion, with flow from right to left,
showing the location of the propeller near the mid chord of the duct.

15
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these ducts see an increase in drag and generally are less efficient than open propellers.
Decelerating ducts slow the speed and so increase the local pressure at the propeller which
delays the onset of cavitation. Cavitation creates an efficient noise source and so reducing
the likelihood of cavitation is of interest to vessels that have stringent noise requirements,
such as research vessels operating in protected areas or military vessels trying to avoid
detection. Decelerating ducts tend to experience an increase in drag, with no useful work
being done by the lift. The principle of a decelerating duct can be extended to use a higher
number of propeller blades with square tips and small tip gaps, coupled with stator vanes
either upstream or downstream of the propeller to use the swirling wake to produce extra
thrust. This is known as a pump jet and is used on military vessels [22] due to the noise
reduction aided by the reduced cavitation caused by the increased pressure and the reduced

tip vortex intensity.

Aerodynamic engines also include ducts to increase the performance of the compression stage
of the engine cycle and reduce the noise emitted from the bypass fan. Several works have
investigated the control of the tip leakage flow with a view to improving performance in the
compressor [24] [25]. While marine propellers use mostly the lift generated by the propellers
for thrust, aerodynamic engines such as turbojets, turbofans and turboprops, augment the
thrust from the fan by employing combustion to accelerate the inflowing air and produce
thrust from the resultant jet. Aerodynamic engines require a number of stages to achieve the
compression necessary and so the arrangement of aerodynamic and hydrodynamic ducted
propulsors appear different, as shown in Figure 2.2. Despite the differences in these two
arrangements, the area of interest for this thesis is similar in both, square tipped propeller

blades operating close to the duct surface.

This chapter will introduce the theory governing the fluid flow involved in ducted propellers,
how turbulence is governed and how it generates noise in general, and is based on previous
works simulating propeller noise in the marine environment [26] and [27]. The classification
of noise sources, and how these relate to ducted marine propellers including the behaviour

of vorticity and vortices will then be discussed.

2.2 Fluid dynamics

All fluid flows must obey the conservation of mass equation, stating that matter cannot be

created or destroyed, also known as the continuity equation,

"http://www.voith.com/en/products-services/power-transmission/voith-linear-jet-40389.

html
Zhttps://www.rolls-royce.com/products-and-services/civil-aerospace/airlines/trent-
1000. aspx#technology
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(a) Linear Jet marine propulsor produced by (b) Trent 1000 aerodynamic turbo fan engine
Voith GmbH! produced by Rolls-Royce?

Figure 2.2: Comparison of ducted propulsors in the marine and aviation industry. Marine
propellers use fewer blades with higher loading on each blade and so the material thickness
is high, while the turbo fan uses a high number of thin blades using composite materials.

dp B
B + V- (pU) =0, (2.1)

where p(x,t) and U(x,t) are the fluid density and velocity respectively.
All fluids also must obey the conservation of momentum, known as the Navier-Stokes

equation,

9 (pU)
ot

+V-((pU)®U) = =Vp+ uD, (2.2)

where p is the pressure, p is the dynamic viscosity and D is the stress tensor of the fluid.
This equation describes the effect of Newton’s second law of motion, that applying a force

to a mass results in an acceleration.

The stress tensor D may be written as
1
D=2 S—E(V-U)I , (2.3)
where I is the identity matrix and S is the symmetric part of the strain rate tensor,

S = % (vu+(vu)"). (2.4)

where T' denotes the transpose of the matrix. These equations of motion d include the effect

of compressibility and therefore still allow for variable density. If the fluid is assumed to be
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incompressible then Equations 2.1 and 2.2 can be reduced to:

V-U=0, (2.5a)
ou

1
—+ V- =——Vp+vD 2.
v (U U) p p+ vD, (2.5b)

where v is the kinematic viscosity of the fluid.

Analytical solutions to the equations of motion discussed only exist for a handful of cases [28].
For most flows, therefore, a numerical solution must be found. This work uses computational
fluid dynamics (CFD) implemented through the use of OpenFOAM and the finite volume
method to discretise these equations for discrete regions of fluid and solve for pressure and
velocity to maintain the conservation of mass and momentum. This will be discussed further
in Chapter 3.

2.3 Turbulence

Turbulent structures develop due to the instabilities controlled by the inertial forces within
a fluid, and is damped by the viscous properties of that fluid. The ratio between these forces
is defined as the Reynolds Number,

Re = —, (2.6)

v

where U and L are the characteristic velocity and length scales respectively, and v = pu/p
is the kinematic viscosity, defined as the ratio between the dynamic viscosity, x4 and the
density p of the fluid. The Reynolds Number can be used to predict the behaviour of the
flow such that below a certain threshold the flow is likely to be smooth or laminar and above
the threshold it is likely to transition to turbulence. For the boundary layer on a flat plate

it is expected that this transition occurs at Re, ~ 5 x 10°

The seemingly random nature of turbulent structures within a flow requires a statistical
approach to be taken to describe them, separating the properties into their slowly varying

mean and rapidly fluctuating components,

p(x,t) = po(x) + p'(x,1) (2.7a)
U(x,t) = Up(x) + U'(x,t) (2.7b)
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The left hand side represents the total value, the subscript 0 represents the mean component,

and the primed terms are the fluctuating components.

Turbulence is a random phenomenon and there are a range of scales of structures, or eddies,
within the flow as hypothesised by Kolmogorov [29] [30]. Kolmogorov suggests that the
range of eddy sizes in the flow will vary from the significant length scale, L, with the size
of the smallest eddies being dependent on the Reynolds Number and the turbulent energy

dissipation rate, e. The size of these small eddies is described by the Kolmogorov Length

L3\ 3/4
n= <€> . (2.8)

The eddies of scale 1 can be assumed to behave isotropically, such that they are independent

Scale which is defined as

of spatial changes. With regards to marine engineering problems, the high Reynolds Numbers
involved are beyond the turbulent transition range and so turbulence will always be involved
in the flow. This means that turbulent boundary layers will develop on any body within the
flow and within the context of this work it means that the boundary layer of both the duct
and the propeller blades will mostly be turbulent. The modelling of their interaction will

therefore depend heavily on the behaviour of turbulent structures.

2.4 Noise generated by ducted marine propellers

The noise generated by ducted propellers has been a subject of importance in the aviation
industry since turbo-fan engines were introduced in the 1950’s, with the primary motivation
of improving passengers comfort or reducing the noise for those under flight paths or near
airports. The field sound produced aerodynaimcally is known as aeroacoustics but it’s
principles can be applied to all fluid media including water, in the case of this work. The
fundamentals of aeroacoustics were first proposed and formulated by Lighthill [31] [32] which

were later extended by Curle to take into account the effect of surfaces [33].

A ducted propeller can be broken down into its individual components to identify the
different noise sources which contribute to the overall noise. By first taking the propeller
blade and treating it as an open ended foil, the following sources have been identified as the

major components in self-noise generation, as shown in Figure 2.3 [34]. These are:
(a) Turbulent boundary layer: trailing edge noise,
(b) Laminar boundary layer: vortex shedding noise,

(c) Separation noise at low angle of attack,
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Figure 2.3: Noise components on a foil, adapted from [34].

(d) Trailing edge bluntness: Vortex shedding noise,
(e) Separation: stall noise at high angle of attack,
(f) Tip vortex formation noise.

A blade encountering a turbulent inflow, causes pressure fluctuations along the surface which
behave as dipole sources, shown schematically in Figure 2.4. Due to the large pressure
differential generated on either side of a lifting surface, in a marine context the local pressure
can drop below the vapour pressure of the surrounding water. This causes small bubbles of
vapourised water to be generated in the fluid, and on the surface of the foil, where the lowest
pressures are likely to occur in a process known as cavitation. The collapse of these bubbles
can be a very strong source of noise and has been the subject of a growing area of research
recently [35] [36] [26] and [37]. The noise generated by cavitation is outside the scope of
this thesis, as the primary motivation is to investigate propeller noise on submarines, it will
be assumed that the operating depth of the propeller is such that the ambient pressure is

sufficient to prevent cavitation from occurring.

When the blade is placed within a duct, the effect is analogous to introducing a wall close
to the tip of this foil. This wall will have a boundary layer region where the velocity goes
to zero at the surface. In a marine propeller it is highly likely that the boundary layer
will be turbulent due to the high Reynolds numbers involved. The interaction between the
duct boundary layer and the blade tip presents a combination of sound sources, from the
non uniform and turbulent inflow velocity at the tip, turbulent boundary layer noise from
the blade, tip vortex formation noise, and interaction noise between the tip vortex and the
duct boundary layer. A schematic representation of the important flow features has been

presented in Figure 1.3.

In 2011 Berdanier observed that although FSI noise has been known about and considered
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Figure 2.4: Schematic representation of ingested turbulence noise.

since the late 1800s, it’s use in understanding tip gap flows, and the associated noise sources
was a relatively new area of research, and not very well understood [38]. In the drive
for quieter turbofan engines as the commercial aerospace industry continues to grow, the
amount of research has increased. Studies of ducted fan noise have included general noise
measurements of full arrangements [39] [40] [41] [42] [43] [44] [45] [46], as well as simplified

arrangements to try and isolate individual noise sources [47], [48], [49].

Figure 2.5 shows the major noise sources in a ducted fan as proposed by Berdanier. Berdanier
concludes that two major sources of tip gap dependent noise are due to the interaction
between the trailing tip vortex and the stators which are downstream and the rotational
instability which occurs in front of the fan, first proposed by Liu et al [50]. Both of these
mechanisms are the result of tip leakage flow and the resultant vorticity created. A propeller
or fan uses the same principles as a wing to generate lift by creating a pressure gradient
across the blade. At the tip of any wing or blade therefore there is a point where the pressure
side (PS) meets the suction side (SS) and there is a pressure gradient in the free fluid. This
causes a flow around the tip known as tip leakage, and subsequently a spanwise flow velocity
component on both sides of the wing. When the tip leakage flow is combined with the
incident flow a vortex is produced which wraps up along the SS of the blade and is shed
from the trailing edge (TE) [9]. The span-wise component of flow on either side of the wing
is in opposite directions and so at the TE there is a shearing of the two flow directions,
causing a sheet of vorticity in the wake of the wing. The vortex which has formed along
the tip of the wing and the vorticity of this sheet are caused by the same pressure gradient
and have the same rotational direction, and so the vortex sheet rolls up into the existing tip

vortex causing it to strengthen.
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Figure 2.5: Tip leakage and vortex production, and rotational instabilities and downstream
vortex growth [38].

In a propeller the blades are usually fixed and so the angle of attack of the blade is dependent
on the flow velocity. If this angle of attack is too great then the blade will stall, causing
separated flow on the SS which will contain strong turbulence. Coupled with the tip vortex
also on the SS, this can cause a strong vorticity on the SS which is usually shed from the
TE. The stalling of the fan blades causes regions of air which rotate with the fan rather
than moving downstream and are a source if noise [51]. It has been found that fans using a
forward sweep have a lower sound pressure level (SPL) than those with a backwards sweep
[41]. San et al. showed that a stationary forward swept wing can achieve a higher angle of
attack before stall occurs [52], which could explain the lower noise in the forward swept fan,
due to the reduction in rotational instability noise. This principle was incorporated into the
design of the Quiet High Speed Fan (QHSF) [53] which showed a significant reduction in

fan noise.

An open propeller without a duct will shed its tip vortex towards the TE of the propeller
blade. When combined with the rotation of a propeller, this vortex creates a helical structure
downstream of an open propeller which contracts as the streamlines contract in the faster flow
region of the wake [54]. However in a ducted propeller, this contraction of the streamlines
still occurs and causes a stretching of the outer wake where the tip vortex is, as the fluid
from outside the wake is blocked by the duct. As this propagating vortex interacts with
the duct boundary layer, it will create a swirling region of unsteadiness, which will in turn
produce pressure fluctuations on the surface of the duct. This source of noise is currently
not well understood [55]. Empirical predictions have been made for the broadband noise
radiated from ducted fans [56]. Glegg suggested that the tip vortex interaction with the
duct boundary layer may produce a broadband noise source and could be the dominant
source of high frequency noise. The effect of the boundary layer on ducted fan noise was

further investigated on a test rig which attempted the removal of the boundary layer by the
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use of suction, allowing a comparison of the noise generated with and without the boundary
layer of the duct [57].

2.5 Challenges in identifying noise source mechanisms

In the marine industry, sea trials and full scale acoustic tests of propellers are well established
and allow an accurate measurement of far-field noise radiation [58] [59]. However there are
a number of drawbacks in the understanding of the noise generated by specific mechanisms
of propeller noise when limited to full scale experimental analysis. One major problem
is cavitation, which is not considered in this thesis. If cavitation occurs on a marine
propeller it generates highly efficient sound sources that propagate strongly to the far-field.
Cavitation noise may mask any of the weaker sound sources such as those caused by surface
pressure fluctuations or vorticity and shear strains within the fluid, which are of more
interest when discussing submarine propellers operating at depth. Finally, undertaking
design development cycles which are based on using full scale propellers and experiments is

costly and time-consuming and therefore impractical.

Some of these issues can be avoided by using smaller scale experiments such as towing
tanks, flow channels, or flumes to investigate the propeller flow. The problem with these
methodologies is that noise measurement becomes very difficult as these environments
contain high levels of reverberation, making it challenging to distinguish the propagating
signal from the reverberations reflecting off the walls and equipment within the experimental
space. Some of these effects can be negated by the use of anechoic or hybrid wind tunnels [9]
[60] [61]. A high proportion of the aerodynamic research to date has involved experimental
procedures such as these [9] [60] [61]. These studies can produce far-field noise predictions,
as well as allowing in depth analysis into the flow physics using techniques such as hot-wires,
surface pressure taps, and particle image velocimetry (PIV) measurements. However, these
methods still have limitations in the sampling resolution that can be reasonably taken. For
example, the clustering of surface pressure measurements is limited by the physical size of
the taps or sensors, PIV measurements are limited by the number of laser sheets and cameras
that are available for each run, and hot-wire measurements are limited by the physical size of
the hot-wire accessing small areas such as tip gaps, and the size of the structures of interest

relative to the wire.

These restrictions have led to a gap in the knowledge regarding tip gap noise reduction, with
the primary method being to infer improvements based on large flow regimes and the flow
mechanisms involved in the acoustic sources are still not well understood. As such, design

improvements are largely reactive and can be slow to evolve.
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Use of numerical methods to study marine propeller noise

Given the challenges regarding experimental analysis, this research will use numerical
methods to gain further insight into areas which have been prohibitive in previous studies.
This research aims to analyse the flow regime between the tip of the blade and the duct,
and understand the flow geometry in this region, allowing the prediction of effective noise
mitigating designs. As the computational power available grows, CFD is used more frequently
in the analysis of complex flow geometries regarding noise production by propellers. In fans,
interest lies in exploring the noise produced by turbo machines, ducted fans in Heating
Ventilation and Air Conditioning (HVAC) systems, as well as in large scale turbo-fan engines
for aircraft as previously mentioned. In the marine industry, ducted propellers are less
common as they are usually used to achieve specific goals, such as accelerating the flow
to produce better efficiency at low speeds to increase bollard pull power for vessels which
require high manoeuvrability. Such operations occur for relatively short time durations and
so noise reduction is not a high priority in these vessels. More recently, noise prediction
for commercial vessels is gaining importance [6] [7] [8] and so CFD is being used in this
environment to predict far-field noise production and offer design improvements. Due to
the importance of cavitation in noise production the majority of studies regarding marine
propellers have focussed on predicting cavitation noise. Such studies include work by Lidtke
et al [36] [26] [16], Bensow et al. [62] [35] which all use time resolved simulations to capture
the sound sources on an integration surface before using an acoustic analogy to infer the

propagation to the far-field.

A small number of studies have investigated shipping noise in non-cavitating conditions.
Tanniello et al. have compared the noise predicting capability of CFD simulations with those
of experiments [58] [63] [64] [65] based on a full scale RO-PAX vessel. Viitanen et al. [66]
compared the noise production for wetted and cavitating conditions of a propeller compared
with the predictions from experiments. Lloyd et al. [37] demonstrated the use of acoustic
analogies when looking at propeller noise, compared RANS predictions from Ianniello et al.
[58] and showed their effectiveness. Furthermore, Lloyd [27] used Large Eddy Simulation
(LES) combined with an inlet turbulence generator and an acoustic analogy to predict the

far-field noise of tidal turbines subject to a turbulent inflow.

Recent experimental works have shed light on the complex nature of the fluid mechanics
in the tip gap region of a ducted propeller. Li et al. [67] used Matched Refractive Index
(MRI) techniques to investigate the flow characteristics in the tip gap region of two axial
turbo machines. The study concluded that the flow in this region was highly turbulent, and
that the turbulence was spatially inhomogeneous. As such, computational methods such as
Reynolds Averaged Navier Stokes (RANS) methods which makes models the turbulence in
flows by assuming that it behaves in a predictable way rather than resolving it directly. The

impact of either resolving or modelling the turbulence will be discussed in more detail in
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Chapter 3. Li et al. concluded that higher resolution techniques which directly calculated at

least the larger scales of the turbulence would be required to simulate tip gap flows.

2.6 Simplification of geometry to investigate fundamental

flow features

It has been discussed that large scale experimental set-ups in the marine environment present
significant complications regarding an insight into the noise sources of interest in this work.
Model scale experiments using rotating propellers alleviate some of these difficulties but
still hold difficulties in the acquisition of data with sufficient resolution in physically small
spaces without impacting the flow of interest. The use of numerical methods allows the
sampling of data from any location in the flow with the benefit of post-processing allowing
the analysis of a single data set a number of times using different techniques as new insights
lead the investigation in new directions. The limiting factor with numerical investigations is
computational cost, which has different limitations depending on the spatial and temporal
resolution of the simulations, as well as the equipment which is used, and the accuracy of
the selected the solvers. Further discussion regarding the numerical methods is given in
Chapter 3, while a more qualitative discussion will be presented here with examples of the

impact this has had on the literature.

Numerical flow simulations rely on discretising the flow into finite quantities, and applying
the Navier Stokes equations to determine the behaviour of the fluid accounting for viscous
effects, turbulence, and the geometry of the flow. In reality the computational power available
for the simulations will also have an impact but for this discussion it will be assumed that
the computational power available remains constant. The relative expense of the simulation
is fundamentally determined by the amount of turbulence which is resolved within the fluid
domain, therefore, broadly speaking, in order to resolve a higher proportion of the turbulence,
the physical size of the flow domain must be reduced to maintain the same computational
effort.

The impact of this limitation can be seen in the literature where simulations using complete
models of the fans of interest are limited. Previous work using complete models has
almost exclusively been aimed at using the turbulent wake field predicted by time averaged
simulations to predict the modes which will be propagated within a duct such as the noise
prediction codes developed by NASA, [68], [69], [70] and [71]. These papers show that the
code can give a general indication of the far-field noise generation of different turbo fan
arrangements including tonal noise dominated by blade passing frequencies [72] but do not

allow the identification of individual sources.

Noise generation is by definition an unsteady process and so understanding the source



26 Chapter 2. Ducted propeller noise

mechanism induced by unsteady flow requires a higher resolution of turbulence. For this
reason most studies maintain the computational effort by reducing the volume of flow
resolved while increase the resolution on the turbulence. In a rotating frame this can be
done by simulating a single propeller blade and using periodic boundary conditions [73] [10]
[74] .

2.7 Invesitgation of a single non-rotating blade

In order to understand the fundamental behaviour of tip leakage flow, a number of experi-
mental and numerical studies have simplified the geometry significantly by using a single
blade in a non-rotating frame. Such studies have aimed at better understanding the onset
of cavitation based on the tip gap size [75], and a number of studies developed based on
experimental work by Grilliat et al. [9] to investigate the aeroacoustics of tip gap flow.
This work used an experimental approach with NACA5510 foil at various angles of attack
and tip gap heights in an anechoic wind tunnel. The advantage of simplifying the case
in this way is that it offers the opportunity to interrogate the fundamental unsteady flow
mechanisms involved. Subsequent studies have revisited this arrangement, illustrating the
wealth of information that is available from a relatively simple test case [49] [13] [14] [76]
[77] [78]. As discussed previously in this chapter, such simplifications also benefit numerical
simulations, allowing higher spatial and temporal resolutions to be used, and thus resolve a

high proportion of the turbulence.

2.8 Summary

This Chapter has introduced the use of ducted propellers in the marine environment,
and highlighted the similarities and differences they have with aerodynamic fans. The
current literature is largely based on aerodynamic fans used in the aviation industry and
HVAC systems with little attention being devoted to hydrodynamic ducted propellers. Two
important features of operating in water are: the risk of cavitation due to localised pressure
drops; a significant decrease in the Mach number due to the speed of sound being greater
and typical flow speeds being lower in a marine context. This thesis assumes that cavitation
is suppressed by the operating depth of the propeller and so the key difference between this
work and the literature is the difference in the Mach number. This has impacts for the
efficiency of different noise mechanisms due to Mach number scaling which will be discussed
further in Chapter 4.

A summary of the literature surrounding both marine and aerodynamic studies has been

presented, and has found that while it is widely agreed that using tight tip gap clearances
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reduces the noise produced and experimental studies of aerodynamic fans have tried to
quantify the noise due to the boundary layer interaction, the mechanisms by which noise is

generated in this area is not well understood.

To gain an understanding of the noise sources, the unsteady flow features that occur in the
region in question must be understood. At present experimental techniques either do not
have the sampling frequency required as with PIV, or the spatial resolution required, as
with pressure taps or hot-wire measurements, to allow a fundamental understanding of the
flow features. With the increasing power available for computational studies, it is likely that
numerical simulations of the problem will be able to produce high fidelity investigation of
the unsteady flow. This simulation of the flow features allows better visualisation of the
unsteady flow mechanisms, and therefore a more complete understanding of the fundamental

sources of the noise.
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Chapter 3

Fluid modelling

3.1 Introduction

The investigation of ducted propeller tip gap noise can be split into two key stages, the
understanding of the flow over the propeller, with particular focus given to the tip gap vortex
flow, and the subsequent modelling of the noise produced by this flow, and it’s propagation
to the far field. To gain an understanding of the flow geometries within this problem,
computational fluid dynamics (CFD) will be used to simulate the flow allowing the analysis
of the most important flow mechanisms involved. Computational fluid dynamics allows
the use of numerical methods to solve the Navier Stokes equations, by discretising them
with respect to both space and time. This spatial discretisation is known as a finite-volume
method, meaning that the solution domain is split into discrete cells or control volumes.
The CFD program being used for this research is OpenFOAM, an open source CFD software
based on finite volume methods using unstructured grids. OpenFOAM offers the ability to
split, or decompose, jobs across multiple processors and therefore is easy to use with high
powered computing clusters for greater efficiency in simulation time. The open source nature
of OpenF0AM also offers greater flexibility in the set up of simulations. This felxibility is
the primary reason for using OpenFOAM in the current study because as the investigations
develops, different implementations of the basic code may become necessary and the open

source nature allows the creation of new modules by editing the original source code.

This chapter will discuss the numerical methods for the discretisation of the flow domain with
respect to space and time. It will cover the different methods of accounting for turbulence
as mentioned and the merits and costs of each method with respect to the simulation of
noise. The numerical techniques available for the identification of vortex structures which

are of interest to the current problem will then be presented.

29
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3.2 Turbulence modelling

Since the late 1970’s CFD has proven itself to be a time and cost effective tool with regard
to the design of fluid dynamic systems when compared with physical testing using apparatus
such as wind tunnels. As computational power has increased, so too has the fidelity of the
simulations which can be carried out in CFD on realistic engineering problems, including more
accurate modelling of turbulent structures. The required resolution of turbulent structures
plays a key role in choosing a solution method within CFD. Whether the turbulence is
calculated directly (resolved) or modelled has implications of the grid resolution and time
step required. The technique of removing the turbulence from the calculation and modelling
it is done by averaging the flow parameters with respect to time, a method referred to
as Reynolds Averaged Navier Stokes (RANS) and the different methods of modelling the
turbulence will be discussed further in this chapter. This approach proves to be generally
reliable for simulations involving steady flow regimes, as any result which is averaged over
time will become a steady version of the true flow. For this reason, flows with unsteady
characteristics will lose accuracy with the use of a RANS simulation, and may not even
be able to be resolved sufficiently if the flow is highly unsteady. An unsteady version of
RANS exists, known as uRANS, which uses the same time averaging approach as RANS but
allows for the simulation to progress in time to capture some of the unsteady characteristics.
The time-averaging of the Navier Stokes equations used in uRANS means that none of the
turbulence is resolved therefore making the approach incapable of capturing the eddies which

are the primary objective of this work.

More direct methods of calculating the turbulence exist and the extent to which it is
calculated is dependent on a spatial filter which is governed by the mesh density. This
spatial filter is used so that only the largest turbulent structures, or eddies, are resolved, with
scales smaller than the grid, sub grid scales (SGS) being modelled, is known as Large Eddy
Simulation (LES). This technique is computationally more expensive than RANS since the
simulations requires a higher resolution in both time and space. There are non-dimensional
values which can be calculated to define the spatial and temporal resolutions which will be

discussed further in Section 3.2.2.

For very high accuracy applications the turbulence can be entirely resolved within a simulation
using a method called Direct Numerical Simulation (DNS). The spatial and temporal
resolution requirement is much higher again than LES, with eddy sizes including the
Kolmogorov scale (see Equation 2.8) needing to be resolved by the grid. This resolution
increase has a significant effect on the simulation time for a given domain as not only are
there more cells which therefore require more calculations per time-step, meaning more
time to solve each time step, but also more time steps to solve the same total time for the

flow. When interested in frequency content of flows a certain time sample is required such
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that the lower frequencies can be resolved with sufficient resolution, while at the same time
a sufficiently low time-step must be used so that the sampling frequency can satisfy the
Nyquist criteria where the sampling frequency required is equal to double the frequency
of the highest frequency content to be investigated. In this work however, the limiting
factor on the time-step for the simulations was the numerical stability rather than satisfying
the Nyquist criterion, based on the assumption that the frequencies of interest were below
20kHz.

3.2.1 Reynolds Averaged Navier-Stokes - RANS

The RANS method uses a time filter by averaging the flow properties over ever-increasing
time steps to give a quasi-steady flow regime which allows for simplification of the simulations.
As such, all of the turbulence in RANS simulations must be modelled, and there are several
systems which do that by adding transport equations to be solved. In the marine industry, a
common method is the £ —w SST model, developed by Menter et al. [79], which introduces
two additional variables, turbulent kinetic energy k and the specific dissipation rate w, that
are used to infer a scalar variable for the eddy viscosity, 4. The SST model has been shown
to be more robust in simulations that involve separated flow, which is important to this

work, where the formation of the tip vortex is dependent on flow separation.

3.2.2 Large Eddy Simulation - LES

Large Eddy Simulation (LES) provides a more accurate computation of the flow properties
as the larger eddies are directly resolved. The filtering of LES simulations is spatial and
defined by the local grid size, with eddies that are smaller than the grid size being modelled

using the sub-grid scale (SGS) stress tensor where,

Tij:U®U—ﬁ®ﬁ. (3,1)

As with RANS there are many options available for accounting for the sub grid scales in
LES and how they interact with the large turbulent eddies which are resolved. Most are
formed based on the assumption that 7;; is proportional to the resolved rate of strain tensor,

Sij, following [80] and [81]:

Tz'j I=-2 ngs Sij (32)

where,
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T 1 (ou; aﬁj
Sij = 5 (81‘]' + aml> . (3.3)

The over-line represents the spatial filtering which is imposed by the local grid resolution.

The general formulation for the eddy viscosity for most models can be shown to be:

Vs = C2, A2 OP(x,t) (3.4)

where Cy, is a constant defined by the model, A is the filter length which is implicitly taken

from the local grid resolution, and OP is and operator defined from the resolved fields.

A variety of sub grid models are available for use with LES and within the Openfoam
framework. One of the most popular is the Smagorinsky model, later updated to the
Dynamic Smagorinsky model, and has been used in previous works using LES to predict far-
field noise with the help of an acoustic analogy [27] [36] [16]. However, it has been suggested
that the Smagorinsky models do not correctly predict the sub grid scale viscosity in the near
wall region [80]. In the case of wall bounded flows, a Wall-Adapting Local Eddy-viscosity
(WALE) model has been proposed [80] and a number of studies have compared the use
of the different sgs models available for use in LES [82] [81] [83] [84] [85]. While it could
be argued that the differences between the models are minor, the studies conclude that
when combined with a sufficiently fine mesh [81] the WALE model performs better than the
Smagorinsky models whilst also showing a more efficient use of computational effort [85].
The WALE model will be used in this work given the tip gap flow is highly analogous to the
wall bounded flow for which the model was created, along with the increased computational

efficiency and robust application to both structured and unstructured grids.

The WALE model uses an operator which is based on the traceless symmetric part of the

d

¢ leaing to [81]:

(Sd.sdf/ s
ij°1j

square of the velocity gradient tensor, s

OP(x,t) = 5 571 (3.5)
55"+ ()
Applying this filter to the equations of mass and momentum conservation leads to
V-U=0 (3.6a)

agj)_i_v. (ﬁ@ﬁ) = —;Vp—i—I/VQU—V'Tz’j- (3.6b)



3.2.  Turbulence modelling 33

The assumption that the sub-grid scales are sufficiently small that they can be modelled
rather than resolved places strict requirements on the grid as discussed by [86] leading to

the condition:

T~ 50 — 150, (3.7a)
yt ~1-3, (3.7b)
2t~ 15 — 30, (3.7¢)

where z is aligned with the flow, y is perpendicular from the wall, and z is parallel with the

wall and transverse to the flow.

The superscript + indicates a non-dimensional distance defined by the local friction velocity
u*, distance from the first grid point to the wall y and kinematic viscosity of the fluid v such
that

+_ vy
y - v 9 (388,)
T,
ut = =, 3.8b
\/ ) (3-8b)
du
dy Y=Yw ( )

where 7, is the wall shear stress, p is the fluid density, u is the dynamic viscosity, and du/dy
is the velocity gradient at the wall. The calculation of 1 and z* follow similarly using
Equations 3.8b and 3.8c such that:

:LnL:u*A:U7 Z+:u*Az’ (3.9)

v v

using the stream-wise grid spacing, Az and transverse grid spacing Az.

The stability of the simulation is also governed by the relationship between the cell size, Ax,

the local flow speed, u and the time step At, given by the Courant number, C,

uAt
C - E < Cmax- (310)
A maximum Courant number of unity is usually required to ensure stability of unsteady
simulations and is physically equivalent to the fluid moving through a single cell in a single

time step. As discussed, with the PIMPLE algorithm this requirement can be relaxed
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somewhat and this work found Courant numbers of C =~ 5 were achievable to allow faster

simulation times.

The use of these grid refinement requirements can be alleviated somewhat by removing some
of the cells in the inner most layers of the boundary layer, assuming that the flow near the
wall behaves in a predictable way and therefore can be modelled. These models are referred
to as wall functions and allow the y requirement to be significantly increased which can
greatly reduce the number of total cells and therefore the computational cost, given that
wall resolved LES requires a very large proportion of the cells be used to resolve the inner
boundary layer [87]. Wall modelling is therefore a popular resource for reducing the cell
count of LES simulations and discussions regarding different models have been presented by
[88] and [87]. However, caution must be taken when using these models as by definition they
make assumptions about the inner layers of the boundary layer flow. For this reason this
work used wall functions for the boundary surface above the tip as it is flat and continuous
and capturing the exact flow characteristics when the flow meets the edges of the surface are
not important. The foil surface did not use wall functions but maintained the y* < 1 criteria
as the flow within the tip gap region is expected to be complex and with thin boundary

layer profiles.

Both RANS and LES have their uses in this field of research as RANS modelling allows new
simulations to be tested to give approximate results, rather than using an LES solver and
having to wait for the full simulation to run before checking for errors. RANS modelling
can also be useful in setting up a case for LES. When the developed flow is expected to be
very complex, running a full LES simulation can require a very long time for the flow to
fully develop into its converged state, meaning a large proportion of computational time
is spent on something which has little or no relevance. For this reason RANS simulations
are often used to develop the flow fully but approximately, before using the higher accuracy
methods. This resolved flow can then be used to initiate the solution with an LES solver so

the computational time is used more efficiently.

3.3 Solution algorithms

3.3.1 Pressure velocity coupling

There are two variables to be solved in the Navier Stokes equations, namely pressure and
velocity, and so they must be coupled in order to solve them simultaneously. OpenFOAM relies
on the semi-implicit method for pressure linked equations (SIMPLE) [89], pressure-implicit
split-operator (PISO) [90] or a combined algorithm (PIMPLE) to iteratively link the pressure
and velocity solutions. The SIMPLE algorithm is used in this work to solve the time averaged
RANS simulations, while PIMPLE is used for the time resolved simulations. PIMPLE is
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used over PISO because it allows several iterations to be carried out within each time step.
This allows for Courant numbers which are greater than unit and can therefore improve

simulation time by reducing the required time-step.

3.3.2 Equation discretisation

In order to solve the partial differential equations (PDEs) which define the fluid flow, they

must first be discretised in such a way that they can be described in matrix form as

Ax=b. (3.11)

Here, A is a square matrix, which stores coefficients for fluid properties and grid parameters,
X is a column vector containing the dependent variables and b is the source vector containing

the boundary conditions.

In order to solve the discretised equations there are a number of solvers which can be
implemented within OpenFOAM. Following previous works using acoustic analogies with
incompressible LES solvers [27] [16], this work uses the multi-grid (GAMG) solver with a
GaussSeidel smoother to solve for pressure as this combination has been shown to work
well on unstructured grids [27]. Velocity is solved for using the preconditioned bi-conjugate
gradient solver (PBiCG) in conjunction with the diagonal incomplete lower upper (DILU)

preconditioner.

3.3.3 Finite volume method

The finite volume method divides the flow domain into a series of discrete volumes or cells,
bounded by flat faces, allowing the governing flow equations to be solved over each cell
ensuring that the conservation of mass and momentum across the cell. Equation 2.5a can

be integrated over a cell of volume V to give:

/ V. UdV = 0. (3.12)
v
Gauss’ theorem may be used to rewrite Equation 3.12 as

/U-dS:O (3.13)
S

where S is the surface area of the volume, and S represents the surface area vector. This

theorem can similarly be used with the conservation of momentum equation, Equation 2.5b.
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Figure 3.1: "Parameters in finite volume discretisation" taken from the OpenFOAM Program-
mers Guide [91].

3.3.4 Numerical schemes

Figure 3.1 shows the representation of two neighbouring cells, P and N along with their
connecting face, f, and the corresponding surface area vector, Sy. Flow properties are
usually stored at the cell centres, and their movement from one cell to the next is shown by
d. The numerical solution of the differential equations requires the flow properties to be
known at the cell face centres, to allow the integral over the cell faces. One simple way to

calculate the face values given the cell centre values would be to use linear interpolation.

If Figure 3.1 were simplified so the cells were aligned with centroids on the z-axis, an

arbitrary variable ¢ would be calculated on the face by

_¢N— 9P

N —Xp

¢f (xf—:cp)—|—¢p (3.14)

where the subscripts P and N denote cell centres and f is at the face. For a uniform grid

along the z-axis this expression reduces to the mean value of the two cell centre values,

_Ontor

5 (3.15)

of

Calculation of the gradients of flow variables at the cell faces are also important and this

can be done by taking the Taylor expansion of the face value using both cells P and N,
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taking the distance between cell centres as Az which yields

Ax
x T (7 2
oN = ¢ (l‘f + A2> = ¢(zy) + %Qb/(xf) + 3! ¢"(x5) + O [Amf”] : (3.16a)
(%)2
op=¢ (:Uf — A;) = P(xy) — %d)/(»ff) + 3! ¢"(zp)+ 0O [Ax?’} ) (3.16Db)

Subtracting Equation 3.16b from Equation 3.16a gives

on = dp = @Az + 0 [Ar’] (3.17)

and rearranging for the gradient at the face, qS’f leaves

¢ = op — 9N A_fN +0[A2?]. (3.18)
It can be seen that this scheme is of second order accuracy and uses cells on either side
of the face to determine the face value. It is therefore known as the second-order central
difference (CD) scheme. The second order CD scheme can produce non-physical results in
certain conditions and therefore can impact the stability of the simulation. Stability can be
improved by using first order schemes such as an upwind differencing (UD) scheme, which

takes the face value to be equal to the cell centre value upstream,

op, if >0
bf = (3.19)
o,  ifF <0

Intuitively it is obvious that UD schemes sacrifice some numerical accuracy for increased
stability, and often blended differencing (BD) schemes will be used which allow the use of a
limited amount of the transition effects of upwinding to increase stability whilst retaining

most of the accuracy of a CD scheme.

3.4 Meshing strategy

There are two main methods for generating the grid for a CFD simulation; structured
and unstructured and their advantages and disadvantages will be discussed here and are

summarised in Table 3.1.
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Table 3.1: Key features of structured, cartesian unstructured and tetrahedral unstructured
grid generation.

Attribute Structured Unstructured

Cartesian Tetrahedral

Labour intensity High Low Low

Resolution control High Low High

Resolution flexibility None High High

Cell orientation Controllable Fixed Free

Maximum Volume Ratio Low High Low

Mesh Non-orthogonality Low Very low High

Structured grids are time-consuming to create but offer the highest amount of control over
cell spacing and orientation and therefore have great benefit when flow is aligned with the
cell orientation but have limitations in their strict structure. As a structured grid requires
the same number of points on opposing grid edges, areas which require dense grid resolution
such as areas of high curvature of complex flow structures, this high density is projected to
the limits of the domain, meaning fine grid refinement is wasted in areas of little interest or
which have little impact on the general solution. Structured grids also lose their advantage
when the flow is highly irregular or unsteady. In these regions the flow through the cells is

no longer aligned with the axis of the cell and passes through the faces at an angle.

Different meshing software generate unstructured grids in different ways, using mostly either
Cartesian or tetrahedral grids consisting of 6 quadrilateral and 4 triangular faces respectively.
Cartesian grids uses hexahedral cells maintain cell faces which are parallel with the axes of
the domain, which can be an advantage if the flow is aligned with the grid. However, at the
intersection between different levels of grid resolution, two problems occur, on is that the
volume ratio from one layer to the next is very high. The transition from one layer to the
next in hexahedral meshes requires the edge length of the cell to be halved, resulting in a
volume ratio between layers of 22 = 8. This volume ratio means that layers of refinement
have to be added in stages, so there are regions of similar cell size, separated by large jumps
at the interface. There is now a hanging node in the middle of a cell face, which is not
directly connected to the edges of the larger cell, meaning that the faces of four cells connect

to a single face of the larger cell.

Tetrahedral grids use four triangular faces to make each individual cell. This means that
the problems encountered with Cartesian grids are avoided, as there are no hanging nodes
and the faces between neighbouring cells are never split. This allows cell size growth to be
much smoother, without needing large volume ratios. The disadvantage of tetrahedral grids
is that the cell faces are much less likely to be aligned with the flow direction. However in

areas of very complex, turbulent flow, Cartesian grids also lose this alignment and so also
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Figure 3.2: Rankine vortex tangential velocity, U, based on core radius, R.

lose their advantage.

3.5 Vortex identification methods

Due to the central role vortices have in this research it is important to discuss how they are
formed, and how they can be objectively identified within a flow field. Vortices are present
in most flows, from the very small scales where they form the basis of turbulence, to the very
large scales affecting global weather patterns and cosmic structures. Vortices in real flows
can be approximated by a Rankine vortex [92] which has two components of different vortical
structures. The inner core behaves like a solid object of radius R, equivalent to a rotating
cylinder where the tangential velocity at the centre is zero but at the edge is a maximum,
with a linear relationship between the two points. If this cylinder is immersed in a fluid, the
fluid behaves like a potential vortex, where the tangential velocity will be maximum at the
surface of the cylinder due to viscosity, and will decrease with an inverse square relationship
with distance from the cylinder as the viscous effects reduce. If the cylinder itself is then
replaced by fluid which behaves on a solid body rotation then a Rankine vortex is produced
which gives a good representation of a real vortex [54]. This representation is shown in
Figure 3.2 where r is the distance from the centre, r = R is the location of the edge of the

viscous core region, and U, is the tangential velocity.

The centre of this vortex has a constant vorticity, as the solid body rotation means that the
angular velocity throughout the core is constant. However, using vorticity alone to identify a
vortex is not always reliable. Vorticity gives a measure of the rotation at a location within a
fluid, however, there is no threshold value which defines a vortex core. A clear vortex could

exist within an area of slow rotation which is beneath the threshold set, equally a highly
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turbulent region could contain areas of high vorticity but with a random distribution of

different sized eddies. Vortex definitions can be split into three different classifications:

e Classification 1: Region or Line. Regional algorithms find groups of cells which are all
bound by a vortex region, which can be used to infer the size of the vortex core, while
line algorithms describe the path of the centre of the vortex. Regional algorithms
tend to less expensive computationally and can be applied to a volume domain, while
line algorithms need to find precise points on a series of planes which are close to
perpendicular to the vortex path. These points are joined to form the line and so
linking lines with multiple vortices requires an appropriate spacing of the sampling
surfaces. The most suitable algorithm would be one which identifies a region, rather
than a line and this region would define the limit of the grid refinement required to

capture the vortex behaviour.

o Classification 2: Galilean Invariance. Vortices only exhibit swirling motion if the
reference frame moves with the vortex. Schemes which are Galilean invariant produce
the same result if a uniform flow is applied to the flow field. given the variety of
flow directions in and around the tip region, Galilean invariance will be an important

attribute in the selected algorithm.

o C(lassification 3: Local or Global: Local algorithms use the information in individual
cells, regardless of their neighbours, while global algorithms require a regional view of
several cells to identify the presence of a vortex. Local algorithms are advantageous
for this work as they can be applied to the whole flow domain for computational ease,

as well as the option of being processed at each time step within OpenFOAM.

Based on these definitions, the two options considered here for vortex identification algorithms
are () and Ay criteria as they are included as part of the OpenFOAM software and have been

shown to perform well describing the shape of vortices within a flow field [93] [94] [95].

The Q criterion is defined as a spatial region where

Q=: (1P -s]?) >0, (3.20)

N

1
2
strain tensor, where v(x,t) is the velocity field. The criteria @ > 0, implies that a point is

1
where ) = 5 [V’U - (V’U)T} is the vorticity tensor, and S = [Vv + (V'U)T} is the rate of

within a vortex if the vorticity is greater than the rate of strain.

The Mo-criterion considers the three eigenvalues of the sum of S? and 92, and defines a
pressure minimum due to vortical motion as being a connected region with two negative

eigenvalues, thus the definition is,
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Ao (874 92) <. (3.21)

stating that if the second eigenvalue, A9 is negative, then that point lies within a vortex.

The open source nature of OpenF0AM would allow packages to be written which could achieve
other vortex definitions such as the A and the M, -criterion [96], [95], the latter is suggested
by Haller to be the most robust criteria for identifying vortices in complex flows. However
the benefit of this would be relatively low with regard to the prediction of noise generation,

and would require significant additional work.

In most cases it should be noted that the Ao and @ criteria produce similar, if not identical
results[94]. However in the cases investigated during the development of the Aa-criterion
[96], it has been shown to produce more reliable results and further studies have agreed it is
more robust than the @Q-criterion [95]. For this reason the As-criterion will be used in this
work. The initial test case in Chapter 5 will use both criteria as well as using the magnitude

of vorticity as a further comparison of the two systems.

3.6 Summary

This chapter has discussed the discretisation of a fluid domain into finite volumes and of the
governing equations to allow the use of numerical methods to resolve the flow. The selection
of OpenFOAM has been justified due to its open source nature making it readily available
and cost effective whilst also allowing the manipulation the dictionaries which control the

simulations and the post processing.

Different CFD techniques have been discussed and their usefulness and limitations has be
shown, both with respect to resolving the turbulence within the flow, and predicting noise.
The least computationally expensive technique, RANS, offers an indication of the general flow
features, but due to its time-averaged approach, it may not be of use for simulating highly
unsteady flows. The prediction of noise has been shown to require unsteady approaches by
definition and so RANS alone will not be used for noise source investigation. The unsteady
RANS approach, URANS, has been shown in the literature to not resolve the turbulent
structures sufficiently which are of interest to this work with regard to their noise generation

and so will not be used.

LES has been shown to be the most promising technique to develop the understanding of
the effect of tip gap flow on noise generation. This has been determined by inspection of the
methodology of LES as well as by reviewing the literature regarding FSI noise investigations.
The drawback of LES with regard to computational expense has been discussed and so

RANS will still be used in preliminary investigation work as well as early simulations. The
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use of RANS to produce a starting condition for LES simulations has been shown to reduce
the simulation time required by an LES simulation. The selected LES sub-grid model has
been presented following previous studies demonstrating its accuracy in resolving flows with

similar features to those expected in this thesis.



Chapter 4

Acoustic modelling

4.1 Introduction

In order to further the understanding of the noise sources in the tip gap region, the far-field
noise has been predicted numerically to allow comparison with the flow features. This
chapter discusses the different methodologies which are available, comparing their relative

merits and shortcomings, before explaining the chosen method in greater detail.

4.2 Noise generation and classification

Noise can be described as a pressure wave of small longitudinal amplitude fluctuations
travelling through a compressible fluid. The fluid in question must obey the linearised mass

continuity equation

0

PV (pU) =0, (4.1)
ot

which is the same as equation 2.1, and the conservation of momentum equation which may

be written as

9 (pU)
ot

+V- - (pUU)=-Vp+ F(y,t), (4.2)

where F(y,t) represents an generalised source with position within the sound generation
region, y, and tends to zero in the far field. The variables of interest are pressure and density
which can be related using p = c3p where ¢ is the speed of sound. This relationship allows

the momentum equation to be linearised and rewritten as

43



44 Chapter 4. Acoustic modelling

9 (pU)
ot

+c3Vp = F(y, t). (4.3)

The fluctuating components of pressure and velocity is the difference between the total value

and mean value as

P'=p—po (4.4a)
p'=p—po (4.4b)

Taking the spatial derivative of Equation 4.3 and subtracting it from the time derivative of

Equation 4.1 yields the inhomogeneous wave equation

1
( - C%v2) p, = C(2)D2 [ = F(th)a (45)

ot2
where 12 is the d’Alembertian or wave operator, which governs sound propagation due to

an external force, which corresponds to the acoustic source term.

Lighthill [31] proposed that the acoustic sources in a fluid could be represented by the non-
linear components in the Navier-Stokes equations, such that by subtracting the linearised
momentum equation (Equation 4.3) from the full momentum equation (Equation 4.2) an
exact expression can be made for the acoustic source and equations 4.3 and 4.5 can be

re-written as

9 (pU)
ot

+@Vp=-V-T (4.6a)

A0y = VT (4.6b)

where the turbulent stresses throughout the fluid which represent sources of noise are
described by the Lighthill stress Tensor,

T=pUeU—pl+D — )T, (4.7)

which for low Mach numbers can be simplified to

~ poU U, (4.8)

which is justified for marine propellers M < 0.03 as discussed by [35] [97] [22],



4.2. Noise generation and classification 45

Figure 4.1: Acoustic length scales and definitions, adapted from [98].

If there is a solid body within the flow then there must be no flow across the wall of the body,
so then U - i = 0 where 11 is the wall normal unit vector. This implies that the Reynolds

stress tensor at the wall is zero, allowing the wave equation to be written as [33]

A0?p' = V2T 4 V(pI - h). (4.9)

The length scales which describe the relative sizes of an acoustic source and far-field are
shown in Figure 4.1. The source region (such as rigid bodies in the flow) has size L, a
compact source (such as an individual eddy) has length I. The acoustic wavelength is A
and the distance is r, to the receiver location, x. The receiver is said to be in the acoustic
far-field if the distance to the receiver is much larger than the acoustic wavelength such that
r > X. The far-field relative to the source region is dependent on the distance to the receiver
being much larger than the source size, r > Ls. The source is said to be compact if the
characteristic source length is much shorter than acoustic wavelength A > [ and similarly
for the source region A > L [98].

The types of noise source can be split into three distinct categories, collectively known as

multipoles which exhibit different characteristic behaviours [99]. These are:
e Monopole sources represent a fluctuating change of mass inside a finite volume,

e Dipoles are created by a force exerted on the fluid by a surface moving relative to the
fluid,

e Quadrupoles are created by turbulent stresses with the fluid volume.

Under the assumption that the Mach number is small and the sources are compact, the

far-field root mean square (rms) pressure, p, due to the nt" multi-pole can be shown to be,

1 u”

p%
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where n = 0, 1,2 for monopole, dipole and quadrupole sources respectively, u and ¢y are the
flow and sound speed of the fluid respectively and x is the location vector of the receiver

which is at a distance |r| from the source, as shown in Figure 4.1.

Order of magnitude estimates can be made for F' based on the type of source. The eddy
source size and flow speed for each multi-pole, and therefore that the pressure contribution

of each is ultimately dependent on Mach number, M:

0
pmonopole<x7 t) X %hf?y (4113,)
PO, 2
pdipole(X,t) x —lu M, (411b)
|
0
pquadrupole(xy t) 08 |p?|lu2]\42 (4110)
where M = E, (4.11d)
(&)

i.e. that the pressure contribution for multipoles scales by M™. It has been shown that for
marine propellers M < 0.03 [35] [97] [22], and therfore the quadrupole sources offer a much
smaller contribution than the other two and have been discounted in previous works [27].

This implies that dipole sources are likely to be the primary noise source in this problem.

4.3 Numerical methods for acoustics

Problems involving both flow and sound present particular features which need special
consideration to be solved numerically. The difficulty simulating fluids and acoustics
simultaneously is largely due to the very different scales of the fluctuating components of
fluid properties contained in the problem. Fluid flow typically contains large pressure and
velocity fluctuations caused by both large and small, slow moving eddies within the flow.
Acoustic waves have relatively small pressure and density fluctuations that propagate at high
speed compared with the flow speeds of interest [98]. The result is that small inaccuracies
in the unsteady flow calculation, which would usually be negligable, can produce very large
errors in the predicted acoustic propagation. Any spatially discretised domain will have
the tendency to cause numerical dissipation and dispersion, as a smooth wave is discretised
into distinct sections and a proportion of the information is lost. Numerical dissipation and
dispersion applies to both the fluid flow and the acoustic propagation and the errors induced
are minimised by reducing the discretisation length scales [98]. Due to the importance of
aeroacoustics in many engineering problems, the various methods availble to predict them
are well discussed within the literature [100] [98]

This section will compare the different methods which can be used to numerically model

aeroacoustic problems, often referred to as Computational Aero Acoustics (CAA). Their
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strengths and weaknesses will be presented, and their suitability to predicting tip gap noise

will be discussed.

4.3.1 Direct compressible simulation

Direct compressible simulations are used to simulate the propagation of sound directly
through the fluid medium. Directly resolving the acoustic propagation offers advantages
in certain situations. For example, it will capture the sound being reflected from solid
surfaces, as well as sound waves which are refracted through shear layers. In order to
accurately capture the propagation of sound to the desired receiver locations, the numerical
and spatial resolution have to be high in order to minimise the numerical dissipation and
dispersion. Studies using this methodology require high resolution Large Eddy Simulation
(LES) [101] [102], or Lattice Boltzman Method (LBM) [14] simulations, or fully resolved
Direct Numerical Simulation (DNS) [103]. It was suggested by Choi and Moin [86], following
initial estimates from Chapman [104], that the number of grid points required for wall
resolved LES, N, and DNS, Npyg, are given by:

13/7

Ny ~ ReLz (412&)
Npws ~ Re} /M. (4.12D)

The flows of interest to this work have Reynolds numbers of order of magnitude 10° <
Re < 10°, meaning that the minimum number of cells required for a wall resolved LES
simulation would be of the order 10'4. The mesh requirements of these types of simulation
make them impractical using the computational power available, with practical cell counts

roughly limited to the order of 107 cells.

4.3.2 Acoustic analogy

An acoustic analogy is a method of calculating the propagation of sound based on the
motions of a fluid [105]. First the sound sources are found by calculating the fluid flow,
before the propagation of the source is calculated to a known receiver location. This allows
these methods to be used as a post processing tool, and does not require simulating the
propagation of sound directly. This also means that receiver locations can be placed outside
of the simulation domain allowing the method to be flexible if additional receivers need to
be added and reducing the size of the domain to only contain the flow of interest, further
reducing the computational effort. Recent works towards the prediction of aeroacoustics and

hyrdroacoustics have used this methodology for its versatility and computational efficiency.
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Part of the reason for its success is that it can be implemented using both compressible and
incompressible solvers [106], as the solution to the hydrodynamic problem is used only to
generate the sound sources, and not to propagate the sound directly. However, the use of
an incompressible solver for calculating the sound sources requires the assumption that the
sources are acoustically compact [27]. For an acoustic source to be considered compact its
characteristic length must be significantly shorter than the acoustic wavelength, as discussed
in Section 4.2. The implication of using the compact source assumption is that source
mechanisms which involve large surfaces can not be predicted by an incompressible solver as

the acoustic waves are not captured [107].

e Lighthill’s acoustic analogy - Lighthill pioneered the work of aeroacoustics by
rearranging the equations of motion of a fluid into a wave equation, given in Equation
4.6b [31]. Lighthill’s method requires the integration of the acoustic sources present
within a flow and deducing their contribution to the acoustic pressure fluctuations at a
known receiver in the far-field. At the time the primary interest was in the reduction
of jet noise, and so this volumetric approach was necessary to capture the sources
of interest. This formulation is still used effectively to predict jet noise, although
the FW-H analogy offers a more computationally efficient option by using a porous
integration surface to avoid the use of a volumetric integral. However, Lighthill’s
formulation does not account for the presence solid objects within the flow and so can

not be applied to the problem investigated here.

o Curle’s acoustic analogy - Lighthill’s analogy was extended by Curle [33] to account
for the presence of solid bodies within the flow, with the result shown in Equation 4.9.
Acounting for solid bodies within the flow made Lighthill’s work applicable to a wider

range of external flow problems, including tip gap noise investigated in this work [48].

« Ffowcs Williams-Hawkings acoustic analogy - The work by Lighthill and Curle
was further developed by Ffwocs Williams and Hawkings to account for the motion of
the body within the flow [108]. This approach offers considerably greater flexibility
than the other analogies mentioned as the sound sources are integrated over a surface
which can be bound to one of the physical boundaries, or can be arbitrarily located
within the fluid flow. If the boundary is chosen to be within the fluid then considerable
care must be taken to place the surface such that it captures all of the sources of
interest and is not penetrated by strong voritces which cause spurius noise predictions
as they pass through the integration surfaces [109] [110] [111]. When used with an
integration surface which is within the fluid, this analogy can include a volumetric
integral to capture quadrupole noise sources, similar to Lighthill’s original analogy.
Due to its flexibility this analogy has found favour in the prediction of aeroacoustics
[13] as well as hydroacoustics [62]. As the analogy simply radiates the sound from

distinct sources it can also be used with pressure samples taken from experimental
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inveistigations [112]. The use of this analogy relies on the fluid solver capturing all
of the relevant sound sources. Care must be taken when using the FW-H analogy
in conjunction with an incompressible fluid solver as source mechanisms which rely
on compressibility will not be captured [107]. Noise generation due to trailing edge
mechanisms, for example, has been shown to require a compressible flow solver [113]
[114].

4.3.3 Acoustic-viscous splitting

Acoustic-viscous splitting methods divide the problem into two distinct problems; the viscous
fluid motions and the acoustic propagations, as first proposed by Hardin and Pope [115].
Firstly, the fluid motions are solved using an incompressible solver, which establishes the
motions of the fluid and leads to velocity and pressure fluctuations within the fluid. This
requires the same grid refinement methodology which has been discussed in Chapter 3,
such that all of the important flow features can be captured accurately. In a simulation
looking to resolve the incompressible flow features and surface pressure fluctuations, the
density fluctuations are considered negligible at low Mach numbers. As has been discussed,
these hydrodynamic density fluctuations when considered relative to the acoustic density
fluctuations can be quite large. This method uses the speed of sound, cg to infer the density

fluctuations based on the calculated pressure fluctuations.

Acoustic-viscous splitting allows advantages over the direct compressible simulations as the
viscous and acoustic grids can be designed specifically for their purpose, allowing more
efficient calculation of the propagating acoustic waves. Similarly to the direct compressible
simulations this method includes the requirement that the receiver locations must be known
ahead of time, reducing the possibility for further analysis of different locations. There
is also the need for two separate simulations to run concurrently, with the fluctuating
fields transferred between grids and alternating between acoustic and viscous simulations
at each time step. In the literature it appears that this technique is still limited in its
applications and is under development [116], and only currently applied to simple, usually

two-dimensional geometries[117] [118] [119].

4.3.4 Analytical and empirical methods

Analytical and empirical methods exist for the prediction of inlet turbulence and trailing
edge noise based on idealised geometries. Inlet turbulence noise and trailing edge noise can
be reasonably well predicted, assuming that the turbulence properties in the inlet velocity
or boundary layer are well known [120] [121]. Analytical methods are usually based on flows
over flat plates with sharp leading or trailing edges [122] [123]. Empirical models have been

generated using experimental investigations of simple aerofoils such as the NACA0012 [124].
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The advantage of using simplified models is that the turbulence properties required are
usually the turbulence intensity and the characteristic integral length scale which can be
obtained either experimentally or numerically. Once the turbulence properties are known

the far-field broadband noise can be inferred with little computational effort.

In the case of scattered turbulence over sharp edges, an accurate acoustic source term can
be problematic to resolve. This problem can be overcome by using a Green’s function
which acts as a transfer function allowing the surface pressure fluctuations to be used to
infer the far-field propagation [125]. For simple geometries this can be done analytically
and for more complex geometries the Green’s function can be found numerically. However,
determining the appropriate Green’s function requires the knowledge of both the surface
pressure fluctuation and the far-field propagation, and so a direct numerical simulation is
needed. This involves the use of high fidelity computational methods as discussed earlier in

this chapter, as well as a simplified geometry.

The use of analytical models is limited by the assumptions of idealised flow conditions, which
differ from the complex three dimensional arrangement in this thesis. Empirical models are
similarly limited due to the simplifications which are required to obtain them, using aerofoils
with large end plates which remove any tip leakage flow and so they can not be used to

predict far-field noise from tip gap flows.

4.4 Selection of appropriate CAA method

For this work, the chosen method had to be computationally efficient, and ideally to use
post processing techniques for the acoustic propagations to have the flexibility to change the
receiver locations and be selective about the region of the foil investigated. Due to the low
flow speeds involved and the high speed of sound in water, the Mach numbers typical of a
ducted marine propeller are M = 0.03 and so the assumption of flow incompressibility is
valid. As the flow can be assumed to be incompressible, an incompressible solver can be used
to solve for the fluid flow which reduces the complexity of the solver as it has fewer variables
to solve at each time step. The use of an incompressible solver helps with the stability of the
simulation as compressible simulations require special treatment of the boundaries to ensure
that pressure waves are allowed to pass out of the domain without being reflected. For this
reason the chosen acoustic modelling method should be capable of using an incompressible
solver for the fluid flow. The use of direct compressible simulations would not be feasible
due to computational expense. The acoustic-viscous splitting method was also ruled out for
the lack of flexibility but also because its implementation and validation for cases such as
those being studied are still in their early stages. The use of an acoustic analogy suits the
requirements of this project and it was decided to use the Ffowcs Williams-Hawkings analogy

as it offered the greatest flexibility. The FW-H analogy also has been well documented in
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the literature and an implementation strategy was available to the author as presented in

[16] with little adaptation required.

4.5 Ffowcs Williams-Hawkings acoustic analogy

The advantage of the FW-H approach is that all of the noise sources are calculated before
applying the acoustic analogy for radiation. The difficulty is that the surface therefore has
to be selected carefully to include all of the important sources [26]. Once the surface has
been selected and defined the pressure fluctuations in the far field due to turbulent flow

within its region V and exterior to an impenetrable moving surface S, can be shown to be

Pl(x,t) = [1(x, 1) + I (x, t) + I3(x, 1) 4+ pg(x, 1), (4.13)

where pb represents sources within the flow but outside of S and the three integral terms,

following [35], are given by

drli(x, 1) _% [ [pOU:<t)LdSy, (4.14a)
drTo(x, 1) = Clogt /S [er(t)LdSy, (4.14D)
drlz(x,t) = /S [L;Qt)LdSy. (4.14c)

here x is the location of the observer, y is the location of the source and r = |y — x| is the
distance between the two. The subscript n refers to the component of U(t) normal to the
integrating surface, and the subscript r represents the component of L(t) in the direction
of r. The subscript [...]; denotes source data evaluated at a retarded time which accounts
for the sound propagating from different elements of the discretised integration surface [26].
Therefore, the contribution of a stationary source element at the emission (retarded) time 7

will affect pressure signal at a fixed receiver at time

X —
P St 1} (4.15)

o
Accounting for retarded time necessitates interpolating source contributions onto a separate
time axis associated with each receiver. Currently this is done by extending the source time

axis assuming a fixed time step [26].
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In Equation 4.14 U; and L; are defined for a stationary control surface as

Ui(t) = / ;L P00i(#), (4.16a)
0
Li(t) = Pij(t)n; + (o + po) wi(t) (ui(t) - 1), (4.16b)

where p/(t) is the instantaneous density fluctuation, P;;(t) is the compressive stress tensor

and 7 is the normal unit vector to the control surface, S.

The compressive stress tensor can be reduced to the fluctuating pressure component of the
field, P;;(t) =~ p(t) — po [126] and the density fluctuations will be zero for an incompressible

fluid so Equations 4.16 can be re-written as

Uz(t) = ui(t), (4.17&)
Li(t) = (p(t) — po) iy + poui(t) (ui(t) - 7). (4.17b)

Following [16], by substituting the acoustic variables in Equation 4.17 into Equation 4.14
and again substituting back into Equation 4.13, the total pressure at the receiver can be

written as

47Tp/(x,t)—/s{"0“"} ds (y) + S[*”?Pr} ds<y)+/s[p°;f";“’“} 45 (y) +

T

Py 2

L] astre [0 ast g

A Py

(4.18)

0 unur
colr|

where p’ is the acoustic pressure fluctuation at the receiver location, x, and time, t. The
integral is calculated over the surface, S, with elemental source locations, y. The time
derivative of pressure is shown by p, the vector normal to the surface element, n, the vector
in the direction of the receiver, r, and the speed of sound in the fluid, ¢g. This is the
general form of FW-H equation and can be applied to an integration surface which is either

coincident with a solid surface, or within the fluid domain.

Following [33], the sound radiation for low Mach number flows considered in this work is
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likely to be dominated by the dipole sources as the monopole sources such as cavitation
are being neglected and the Mach number scaling effects discussed previously imply the
quadrupole sources will not radiate efficiently. The dipoles are caused by the unsteady forces
due to the interaction between the fluid and the solid surfaces and act directly on the solid
surfaces, as seen in Equation (4.9). This means that the far-field noise can be predicted by
sampling the pressure on the solid surfaces, and applying the FW-H analogy to deduce the

far-field acoustic pressures.

It can be seen in Equation 4.18 that the integral terms for pj, ph, and pj go to zero when
the integration surface is taken to be coincident with the solid boundary as there can be no
flow normal to the solid wall. Furthermore, following [127] and [27] it has been shown that

the FW-H analogy in Equation 4.18 in this case can be reduced to

drp! (x,t) = /

) {pnr} s (y) (4.19)

colr|
as the |r|? term on the denominator of the p} term implies that this term becomes insignificant

as the observer moves to the far-field as r becomes large.

A schematic representation of the importance of the relative vectors used in this analogy is
shown in Figure 4.2. The quadrupole source contribution from the sources distributed in
the volume of fluid surrounding the body have been ignored due to the high data storage

requirements of saving complete field information at high sampling frequencies.

X

Figure 4.2: Schematic representation of the notation used in the Ffowcs-Williams Hawkings
acoustic analogy implemented in this study.

In this work, the stationary control surface has been chosen to be fixed on the solid boundaries
of interest in the arrangement. Choosing the control surface to be coincident with the solid
boundaries allows the surfaces (called patches in OpenFOAM) to be sampled at a chosen,
fixed time step, recording the instantaneous pressure, p and time derivative of pressure, p,
for every face of the respective patches. The analogy is then implemented with the use
of a post-processing script which calculates the contribution to the acoustic pressure at

each receiver location of each face of each patch, accounting for retarded time, 7. This
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methodology is computationally expensive regarding memory usage, by saving the data from

every face for every time step and has been verified in its previous implementation [26].

It is also possible to implement a run-time implementation of this analogy, such that the
acoustic sources are integrated onto the reciever time axis at each time-step. Calculating the
contributions from the sources at every time-step greatly reduces the memory requirements
and has been shown to work well in the past [27] and [16]. The disadvantage of this method
however, is that the receiver locations need to be selected in advance, and any new receivers
require a new simulation. This is the reason the current implementation has been chosen here,
to allow flexibility in the post-processing analysis to change receiver locations if required, as

well as allowing surface pressure samplings.

The implementation of the FW-H will follow the implementation used by [16], and operates
by saving the pressure data from the chosen cell faces at every time step. This implementation
was chosen as it allows the author to revisit the data in the future and use a different receiver
location, or extract the time series of surface pressure data. The chosen implementation
involves creating a new runtime function within OpenFOAM which could be given the patch
name, as defined during the mesh generation, and the choice of variables to record. Due
to the computational expense of these simulations and the computational power available
using the IRIDIS High Performance Computing Facility at the University of Southampton,
the simulation had to be run on the cluster several times, with the data being concatenated
afterwards to create a clean time series of sufficient length to recover the spectral resolution

required.

The analogy was implemented using Python, and allowed the recorded cells to be further
subdivided by location and or orientation, to help provide insight into potential sound source
regions. Equation 4.19 is then applied to each of the chosen faces in turn, at each recorded
time step in turn, accounting for the effect of retarded time to calculate the time series of
the pressure signal contribution at the receiver of each face. These signals are then added

together, to produce the far-field pressure signal, as it would appear to an observer.

4.6 Summary

The selected method of numerically modelling the sound radiation in this study will involve
using an incompressible LES solver in combination with a Ffowcs Williams-Hawkings acoustic
analogy. The LES solver will calculate the fluid flow, resolving the large structures directly
and modelling those which are smaller than the local grid resolution. The acoustic source
terms will be recorded by saving the instantaneous pressure at each cell face on the solid
surfaces of the foil and the boundary surface. Each face acts as a dipole and its radiation to

a nominated receiver location is calculated using the acoustic analogy which accounts for
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the orientation of the surface with respect to the receiver location, as well as the relative
position of all of the individual faces by accounting for the retarded time. The FW-H
analogy relies on the acoustic sources being fully captured by the selected solver and so the
use of an incompressible solver means that only those sources which can be regarded as
acoustically compact will be captured. Mechanisms such as trailing edge noise which rely on
the scattering of turbulence will not be captured in the incompressible solver and neither

will their influence on the noise production.
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Chapter 5

Tip vortex formation around open

tipped foil

5.1 Introduction

To fully understand the effect of a tip gap on the flow around the tip of a finite aspect
ratio lifting surface, the unrestricted tip flow must first be investigated and understood.
The surface to be used will be a NACA0020 foil, a symmetric foil (zero camber), with the
maximum thickness of 20% of the chord (see Figure 1.4). This foil has been chosen as it
has been used in experimental research [128] as well as CFD simulations of the same set
up [129], and the data from these has been made available by the respective authors for
verification. The aim of the experiments was to analyse the performance of a foil in the
wake of a propeller, which involved comparison with the free stream performance of the foil,
and the freestream set up will be the focus of this investigation. The experimental set up

used by [128] can be seen in Figure 5.1.

The NACA0020 was chosen as it represents an approximation for a single propeller blade,
while reducing computational complexity by operating in a fixed position, with a simplified
geometry. The initial investigation can then be adapted to investigate the change in vortex
generation and behaviour with the introduction of a boundary surface near the tip of the
foil, allowing a parametric progression towards investigating the interaction between the tip

vortex and the duct boundary layer in a marine propulsor.

The experiment included pressure tappings at several spanwise locations on the foil from
7 —97%, as well as calculating the lift and drag forces and coefficients. These pressure
tappings will not only be used to validate the performance predictions of these simulations
but the location near the tip of the foil may help validate the flow regime over the tip of the

foil which generates the tip vortex.

99
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Figure 5.1: Experimental set up used by [128] which was recreated by [129] and will be
used in this study to allow close comparison of results.
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Figure 5.2: Simulation domain for NACA0020 tip vortex investigation. The mid-chord of
the root of the foil is located at (0,0,0) with flow from left to right.
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Table 5.1: Numerical model settings.

Parameter Badoe et al. [129] Setting

Mesh Type Unstructured (Hex) Unstructured (Hex)
No. of Elements 2.5M 5.9M

yt 30 ave=1.35 max=15.42
Inlet Freestream velocity (10m/s) Freestream velocity (10m/s)
Outlet Zero gradient Zero gradient

Tunnel floor/side walls ~ Slip Slip

Tunnel roof Slip Slip

Foil No slip No slip

Turbulence Model k —w SST Turbulence k —w SST Turbulence
Reynolds’” Number 4 x 107 4 % 10°

5.2 Simulation set-up

The simulation was setup to match the work by Badoe et al. [129], using the same domain
dimensions, which match the cross sectional dimensions of the wind tunnel used by Molland
and Turnock [128]. The matching of the simulation domain allows direct comparison of
results, however the mesh was generated with the aim of capturing the tip vortex and its
path as it convects downstream, and so the cell count was considerably higher. Figure 5.2
shows the domain used, with the foil root centre placed at (0,0,0). The domain extends 12
chord lengths downstream and 6 chord lengths upstream, with the width of 3.5m and height
of 2.5m or 5.25 and 3.75 chord lengths respectively, similar to the length used by [129] and
with height and width equal to that of the R.J. Mitchell wind tunnel at the University of
Southampton. The z-axis is positive in the upstream direction, ¥ is positive to the SS of the
foil, and z is positive moving along the span of the foil (physically, vertically upwards based
on the experimental set up for the foil). The surfaces of the wind tunnel were prescribed a
no slip condition, which is not strictly valid because physically they would have a boundary
layer in the experiments but the extra computational cost of refining the mesh on all the
surfaces would be large, and the effect on the tip vortex would be small. The impact of this

assumption is discussed further in Section 5.3.

The foil is set to 9.6 degrees angle of attack, as was used by both previous studies. As this
work is only interested in the tip vortex formation, the simulation was not run at other
angles of attack. The flow speed was set to 10m/s, with the chord based Reynolds number
set equal to [129] at 4 x 10°. This Reynolds number represents a transitional regime such
that the boundary layer is likely to be transitioning between a laminar flow which would be
observed at smaller speeds and the turbulent boundary layer which would be expected at
higher speeds. The model used in the preceding experiments used a trip at 5% chord from

the leading edge to ensure a consistent location for transition between the two flow regimes.
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Figure 5.3: Grid convergence study showing grid independence for the present study.

The mesh was constructed using snappyHexMesh, an unstructured hexahedral mesh which
uses a background mesh, and refinement regions which can be controlled by using solid
surfaces (patches) or defined volumes. The mesh was generated to ensure a grid size with
y+ ~ 30 on the surface of the foil, with refinement regions located in regions where the flow
is expected to be more complex or accelerated. These refinement regions include the leading
edge, high refinement along the trailing edge to capture the effects of the bluntness of this
surface, and a cylindrical region extending from the trailing edge tip downstream to capture
the vortex structure. The simulation was run using the SIMPLE alogrithm using a RANS
solver with k& — w SST turbulence model. Table 5.1 shows the simulation setup compared
with the simulations by Badoe et al. [129].

5.3 Comparison with previous experiments

The first goal was to recreate the wind tunnel experiments and corresponding simulations
conducted by [128] and [129]. These experiments analysed the lift and drag forces and
coefficients, as well as profiles of chordwise pressure distribution at several locations along
the span. Initial simulations predicted lift and drag coefficients which agreed with previous
studies, and were independent of mesh size. Figure 5.3 shows the lift and drag coefficients
for various mesh sizes ranging from 1.5 to 8.5 million cells which indicates C';, = 0.58 which
is in good agreement with the values from previous works [129]. The Cp value was found to
be 0.075 and was therefore over-predicted compared to the experimental study, which is
likely to be due to the turbulence model used in this simulation [130]. In this simulation the
3D representation of the experiment may also have affected the drag of the foil. The floor in
the simulation was prescribed a slip condition to aid with computational cost as discussed
in Section 5.2. However, in reality the floor of the wind tunnel represents a no-slip condition
and so the flow at the root of the foil is very complex, which is not being fully captured by

the simulation and therefore will be a source of error. The incoming flow at the root of the
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Figure 5.4: Comparison of RANS simulations, shown with a solid line, with Badoe et al.
[129] shown with circles and Molland et al.[128] shown with crosses.
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foil would be decelerated due to the boundary layer, effectively reducing the mean inflow
velocity and so the simulations are likely to predict higher values of Cp when normalised

using the same free-stream velocity.

Figure 5.4 shows the chordwise pressure distribution at eight span wise locations to
match the experimental and numerical works. The span wise locations we at z/L =
7%, 23%, 40%, 53%, 70%, 83%, 94%, 97% where z is the distance from the root and L is the
span of the foil. It can be seen that the overall profile of the pressure contour agrees with
the experimental data well in most cases. There is an over prediction of C}, at 7% span for
5% < x/c < 50% which is most likely caused by the use of a slip condition for the floor in the
simulation compared to the experiment which would reduce the inflow velocity and therefore
lead to an over prediction of C),. Adding a no-slip condition to the CFD would have greatly
increased the computational cost and as the pressure contour along the rest of the span
matches the experiment well, it was assumed that this difference near the root would not
affect the formation of the tip vortex significantly. Towards the tip of the foil, the secondary
pressure peak caused by the tip vortex can be clearly seen in the experimental data, with
good agreement from the current CFD study. The simulations by Badoe et al. [129] agree
less well, but were not concerned with the tip vortex, and so had a smaller grid size of 2.5
million cells, without specific refinement regions surrounding the tip. The formation of the
tip vortex is likely to rely on unsteady flow mechanisms caused by the separation of flow
over the sharp edges and so the use of a time-averaged simulation is likely to be responsible

for the under prediction of the secondary pressure peak.

5.4 Identifying the tip vortex

As discussed in Section 3.5, it can be difficult to devise an objective definition of a vortex in
complex flow. In relatively simple flow, where the vortex path is known, taking the cross-flow
velocities can reveal the presence of a vortex and give an indication of the location of its
core. This requires the presence of a single vortex which is the only factor influencing the
vortex. Figure 5.5 shows the stream-wise sampling locations used in this analysis. The
velocity profiles were sampled at 0.75 to 3.75 chord lengths downstream of the foil TE, with
the lines extending 40.75 chord length from the tip of the TE. The 2-dimensional analysis

of the Ay — criterion was also carried out at the stream-wise locations shown in Figure 5.5.

Figure 5.6 shows the chord-wise and span-wise extents of the sampling lines used, along
with the pressure sampled on a slice orthogonal to the mean flow direction at x/c = —3.75.
The velocity components parallel to the slice have been visualised using arrows, indicating
the strong vortical flow generated downstream of the foil. It can be seen that the pressure
field responsible for generating lift is large compared with the foil, while the pressure drop

at the centre of the tip vortex is relatively small. The importance of this will be discussed
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Figure 5.5: Sampling locations used in the velocity profiles at the downstream locations,
and the Ao criterion analysis at all locations. Dimensions are normalised by chord and grid
size is 0.15¢.
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Figure 5.6: A sample plane taken downstream at x/c = —3.75, coloured by pressure,
with arrows illustrating the velocity vector components parallel to the plane illustrating the
strongly vortical nature of the flow in that region. The foil outline is shown in white, with
the sampling lines used for the velocities shown in black to illustrate the relative location of
the vortex core.
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in greater detail in Chapter 6.
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Figure 5.7: Velocity components reveal the presence of a vortex.

Figure 5.7 shows the y and z velocity components, sampled downstream of the foil at various
locations for the different meshes. It can be seen that the refinement along the vortex core
has a significant impact on the velocity profile resolution. As discussed in Section 3.5 the
velocity is linearly distributed with respect to the radius within the viscous core of the
vortex, and inversely proportional to the radius squared outside of the core. This shows
the relationship expected of a Rankine vortex velocity gradient through the core gives its
rotational speed. By inspecting where the velocity components are zero, the location of the
core in each dimension can be calculated, using U, to find the z coordinate of the core, which
shows it contracting towards the root of the foil as it moves downstream, as predicted. This
method has revealed the need for mesh refinement along the vortex core however, if more
than one vortex is in close proximity, using this method to identify, locate and calculate the

strength of them becomes complicated.
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(a) Vorticity magnitude = 10,

(b) Q-criterion, (c) Az criterion,

(d) Ag criterion at the tip.

Figure 5.8: Comparison of vortex identification methods.
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Figure 5.9: Vorticity = 10 (yellow) and Ay = 0 (blue) are plotted over the mesh, with the
foil shown in red. The mesh visualised illustrates the need for careful mesh refinement.

Further investigation of the vorticity produced by the foil was carried out by using the
velocity vector field to calculate the vorticity vector field, and these were then used to
calculate the Q-criterion and Aso-criterion as scalar fields. This allows each criteria to be
plotted as an iso-surface or contour, which in three dimensions gives a good illustration of
the vortex formation and structure, and when taken in two dimensional slices through the
domain, allows the measurement of the size, location and strength of all of the vortices in the
domain. Figure 5.8 shows the vortex as identified by the different criteria. Figure 5.8a shows
the vorticity criteria. It has already been discussed how this method is not fully objective in
defining a vortex, but it does illustrate the vortex sheet which is expected from the trailing
edge of the foil, which rolls up into the tip vortex. However the vortex itself doesn’t seem to
expand downstream as expected. Figures 5.8b and 5.8c show a very similar vortex from the
tip. As this flow is relatively complex, the improved objectivity of the As-criterion suggested
by Chong et al. [96] does not seem to have affected the vortex identification. Both the
Q-criterion and Ag-criterion identify the boundary layer as being the core of a vortex which
is intuitively incorrect but is due to the high vorticity associated with the boundary layer

region.

As there is little difference between the QQ-criterion and As-criterion, and both are readily
implemented within the existing OpenF0AM framework, the Aa-criterion will be used in the
rest of this thesis. Figure 5.8d shows the increased resolution which is achieved using the
Ag-criterion when compared with the used of a vorticity contour, by identifying both vortex
structures on the PS edge (far side) and SS edge (near side) of the foil. These two vortices

have the same direction of rotation and coalesce as the meet at the trailing edge of the foil.

Figure 5.9 shows a comparison of the vortex identification methods as well as the mesh in the
plane of the vortex. Both criteria show that the vortex contracts in the spanwise direction
and so the mesh refinement for the vortex core is misaligned downstream. Streamwise
sections were analysed to find the path of the vortex in Figures 5.10 and 5.11. The projected
frontal area of the foil is shown as a black rectangle, and the local cross-section of the foil
where applicable is shown in white, with the PS of the foil on the left and SS on the right.
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(a) Leading edge (b) 1/6 chord

(c) 1/3 chord (d) Mid chord

(e) 2/3 chord () 5/6 chord
0.000e+00 2500 5000 7500 1.000e+04

(g) A2 contour colouring from 0 — 10,000 in steps of 500

Figure 5.10: Formation of the tip vortex when o = 9.6°, with the pressure side on the left
and suction side on the right. The projected frontal area of the foil is shown by the black
rectangular outline, with the cross-section of the foil shown in white where necessary. The
Ao = 0 outline is traced around the areas where a vortex has been identified. The surfaces
are coloured by As from the grey background at Ao < 0 to black for Ay = 10, 000.
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(a) Trailing edge (b) z/c = 0.75 downstream

(¢) #/c = 1.5 downstream (d) x/c=2.25 downstream

(e) z/c = 3.0 downstream (f) z/c = 3.75 downstream

0.000e+00 2500 5000 7500 1.000e+04

(g) A2 contour colouring from 0 — 10,000 in steps of 500

Figure 5.11: Formation of the tip vortex when a = 9.6°, with the pressure side on the
left and suction side on the right. The projected frontal area of the foil is shown by the
black rectangular outline, with the cross-section of the foil shown in white where necessary.
The Ao = 0 outline is traced around the areas where a vortex has been identified. The
surfaces are coloured by Ay from the grey background at Ay < 0 to black for Ay = 10, 000.
Downstream distances are given with reference to the mid chord.
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Table 5.2: Summary of the impact of a high resolution surface file on the force coefficients

Coefficient Chapter 5 High resolution surface % change

Cr 0.583 0.576 -1.20
Cp 0.626 0.636 1.60

The slices are coloured by the Ay criterion with the minimum value set to zero. Regions
identified as being outside of the vortex core is therefore shown as a constant grey, with the
black outline used to identify the limit of the identified vortex. The Ay colour scale was
set based on the first downstream location with a maximum value of 10,000. The vortex
structures shown around the foil tip can be seen to have well defined black areas, indicating
very strong vortex structures. As the figures move after through the foil, the vortex can
be seen forming from the PS edge due to the tip leakage flow. A small vortex can also
be seen forming on the SS edge but it is less strong as most of the energy in this flow is
used building the first vortex. As the figures move further aft the first vortex remains while
the second vortex moves down onto the SS and grows in strength. As the foil section gets
narrower at 5/6 chord, these vortices can be seen combining such that at the trailing edge
there is one large vortex being convected downstream. These structures agree with previous

experimental works [131].

The downstream sections show how this vortex grows in size as the energy is dissipated into
the surrounding fluid, and the strength of the core can be seen to decrease. These sections
also illustrate the spanwise contraction as expected, and the further downstream the vortex
travels, the more it highlights the misalignment with the mesh, shown by the irregular shape

of the vortex boundary.

5.5 Impact of model geometry

The Cp distribution along the chord of the foil exhibited some small chord-wise variations in
all of the simulations, shown in Figure 5.4. Figure 5.12 shows the effect of adjusting the mesh
and the simulation settings to improve the pressure distribution to obtain better agreement
with experimental results and produce the smooth contour that would be expected for a
foil with no roughness. Figure 5.12a shows the original, coarse mesh of 1.5 million cells,
Figure 5.12b shows the same mesh with but with a reduced residual criteria, and Figure
5.12¢ shows the same criteria with a more refined mesh of 5.5 million cells. The residual
criteria assesses how well the mass and momentum is conserved in each cell. The residual is
calculated as the difference between the flux into and out of a cell for each fluid property.
Reducing the criteria to a lower number forces the simulation to carry out more iterations

until the criteria is satisfied.
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Figure 5.12: Adjusting the simulation settings and mesh refinement to improve the
pressure distribution. Finally it was found that the original surface file was responsible for
the variations in the pressure distribution and a higher resolution model surface resolved
the issue.

It can be seen that while all of the figures have small fluctuations in the pressure, the general
profile of the distribution improves with each adjustment made. Figures 5.12a to 5.12b
the peak pressure near the leading edge can be seen more clearly after the settings were
adjusted after the original mesh and settings caused this peak to become more rounded than
expected. From Figures 5.12b to 5.12c¢ this peak can be seen even more clearly, while the
pressure contour at 97% span can be seen to have a much larger secondary peak towards
the trailing edge of the foil. One key improvement in this mesh was the introduction of a
refinement zone which follows the tip of the foil, which has had the effect of better capturing
the tip leakage flow, and therefore the pressure increase on the SS caused by the formation

of the tip vortex.

It is interesting to note that the discontinuities in the pressure distribution occur at the
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Figure 5.13: Distribution of y* for NACA0020 foil surface, taken during post-processing,
to check the suitability of the local mesh density.

same chord-wise locations for all span-wise sampling lines, leading to the hypothesis that the
base shape of the foil may have been at fault. As the surface used in these simulations was
the same as provided by Badoe et al. [129] a new surface was produced using a high density
spline for the NACAO0020 outline. The resulting Cp distribution can be seen in Figure 5.12d
which shows the smooth Cp distribution expected from a steady state solution. It is likely
that the original surface file did not have sufficient clustering of control points near the
leading edge resulting in an abrupt change of curvature, creating the pressure variations.
Table 5.2 shows the summary of the force coefficients, confirming that the lift and drag

forces were not significantly affected by this.

5.6 Summary

The simulation described in this chapter has shown good agreement with previous simulations
and predictions for lift (within ~ 10%) forces as well as pressure distribution over the surface
of the foil. The pressure distributions near the tip show the vortex formation affecting the
chord wise pressure profile, adding confidence to the accuracy of the tip vortex prediction.
It is likely that the under-prediction of the vortex induced secondary peak in the pressure
distribution is due to the use of time-averaged simulations to simulate an unsteady flow

feature.

Analysing the vorticity sheet propagating from the trailing edge suggests that the mesh
downstream of the trailing edge is also in need of further refinement. It has been shown that
the surface used to generate the geometry for the foil in the mesh was not of a high enough
resolution and this was the cause of the varying chord-wise C,, distribution. The suitability

of snappyHexMesh for blade geometries has been discussed by Lloyd [27], and the instability
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of the layer generation has been discussed in this chapter. The use if an alternative mesh

generation software will be presented in Chapter 6.

The formation of the tip vortex has been shown to consist of two distinct vortices forming
over the two sharp edges on the square tip of this foil. These vortices coalesce towards the
TE of the foil as the width of the tip reduces to the size of the PS edge vortex with neither
of the vortices appearing to be dominant as they have comparable size before joining. As
the tip gap is introduced it is possible that the PS vortex, which is above the tip, could
become stretched as the gap is reduced, potentially with the effect of the vortices coalescing
further forwards. As the tip gap reduces it is reasonable to assume that the transverse flow
through the gap will increase in a similar way to a contracting channel, and this increased

flow may drive the SS vortex to become stronger and more dominant.

Once the vortex is shed it can be seen that the path contracts in the span-wise direction,
caused by the down-wash of the foil producing a pressure gradient across the vortex. As the
gap is reduced this down-wash is likely to remain and potentially increase in strength as the
lift performance of the foil increases. However with the introduction of a boundary surface

above the foil tip it is unclear how the span-wise vortex path will be affected by the tip gap.



Chapter 6

Impact of a finite tip gap

6.1 Introduction

The preliminary foil investigation in Chapter 5 will be further developed to investigate the
effect of introducing a boundary near the free tip of the foil on the tip flow and vortex
generation. The flow through the gap around a foil tip is difficult to investigate experimentally
and so the unsteady flow features within the gap are not well documented. The foil case and
the range of pressure data available allows for validation of the CFD set-up and therefore
gives confidence to the findings made with the adapted arrangement, as shown by the

analysis conducted in Chapter 5.

Chapter 2 discussed that ducted propellers are widely known to produce lower noise levels
but without a thorough understanding of the mechanisms which are impacted by the presence
of the duct. This chapter will focus on investigating the effect of the tip gap by introducing
a large test matrix to identify the critical height which causes a significant impact in the
tip leakage flow and vortex generation. Time-averaged simulations will be used initially to
understand the effect of the tip gap size on the general flow characteristics, before moving
to time-resolved simulations to investigate the unsteady flow features in the tip gap region.
This understanding will provide a good database to infer the influence of the tip gap on

noise generation mechanisms, and also serve as a development of the chosen simulation set

up.

75



76 Chapter 6. Impact of a finite tip gap

Table 6.1: RANS numerical model settings.

Parameter Unit  Setting

Foil span m 1

Foil chord m 0.667

Mesh Type - Unstructured (Hex)
No. of Elements - ~ 8 — 10m

yt - ~1-—-2

Inlet - Freestream velocity (10m/s)
Outlet - Zero gradient

Tunnel floor/side walls - Slip

Tunnel roof - Slip

Foil - No slip

Duct - Slip

Reynolds” Number - 4 % 10°

Turbulence Model - k —w SST Turbulence
Solver - SIMPLE

Table 6.2: Test matrix detailing tip gaps to be investigated, shown in SI units as well as
relative to characteristic dimensions.

himm] 500 400 300 200 100 50 40 30 20 10
h/c|%] 7 60 45 30 15 75 6.0 45 3.0 15

6.2 Time averaged simulations

6.2.1 Test case methodology

The first investigation into the effect of a tip gap is a series of time-averaged RANS
simulations, for a variety of tip gap heights and foil thicknesses. There are several reasons
for running a wide range of RANS simulations. Firstly because these simulations require
less computational time to produce results, whilst at the same time allowing the converged
RANS solution to be used as an initial condition when running the LES simulations later.
The RANS cases allow predictions to be made about the possibly important conditions
regarding noise generation, therefore reducing the number of LES simulations required to

capture the more crucial arrangements.

The simulation is set up using very similar conditions to those in Chapter 5 as can be seen
by the summary given in Table 6.1. The initial series of tip gaps to be investigated is shown
in Table 6.2, with the height given in terms of the absolute distance in mm as well as as a

percentage of the chord of the foil.
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Figure 6.1: Variation of C;, and Cp with varying tip gap.

6.2.2 Grid development

Using the initial refinement regions for the vortex and wake sheet from the open foil
simulations the tip gap height, h, was reduced and the vortex path was tracked for each
new case. This was carried out using slices through the domain during pos-processing, as
in Figures 5.10 and 5.11, and using the centre of the Ay = 0 contour line as the location
of the centre of the vortex core. As the tip gap varied, the flow speed increased through
the gap which affected the trajectory of the vortex as it moved downstream, as well as the
separation point of the vortex from the SS edge. The trajectory of the tip vortex will be
discussed at greater depth in Section 6.2.2. Figure 6.3 shows the result of the vortex path
analysis. The grids were then individually tailored to have the vortex refinement region
follow this path, and the refinement region around the tip was expanded to allow the vortex

roll-up and separation from the SS edge to be captured accurately.

Performance comparison

As the tip gap is reduced there are predictable effects that will occur with regard to the lift
and drag coefficients, as well as the pressure coefficients distributed along the length of the
chord.

Figure 6.1 shows the effect of the tip gap on the lift and drag of the foil. It can be seen
that both the lift and drag improves. However, the drag only improves significantly at
small tip gap heights, while the lift improves with comparatively large tip gap heights,
roughly ten times larger than the critical tip gap height for drag improvements. An aerofoil
operates by creating a circulation effect within the flow stream, accelerating the air above
the foil, and decelerating the air below it. These relative accelerations create changes in the

pressure of the flow, decreasing it where flow is accelerated and increasing it where the flow
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is decelerated. The relative pressures lead to the more common references for the sides of
the foil, pressure side where the fluid pressure is higher, and suction side where it is lower.
In most practical geometries, the foil is of a finite aspect ratio, as is the case here. The tip is
therefore open and the two pressure fields meet at the tip forming a pressure gradient, and
fluid flows around the tip, often referred to as tip leakage flow. The extent of the pressure
field is large, relative to the foil, as was demonstrated in Figure 5.6. When the open tip of
the foil is restricted by a boundary surface, it can be seen that even at comparatively large

gaps the pressure field is likely to be effected, confirmed by the data shown in Figure 6.1.

The tip leakage flow causes the formation of a vortex on the tip, which is shed as it reaches
the trailing edge of the foil, and convects downstream. The centre of a vortex causes a
decrease in pressure relative to the surrounding field, and therefore induces a pressure
gradient between the downstream and upstream sides of the foil. The net force on the foil in
the same direction as the flow is referred to as induced drag and forms a major component
of overall drag on any open tipped foil. The physical size of this vortex was presented in
Chapter 5. It can be seen in Figure 5.10 that the diameter of this vortex, relative to the
thickness of the foil about !/3. For large tip gaps the structure of the tip vortex is likely to
be largely unaffected and so the drag remains fairly constant. However, when the tip gap
reaches a critical height, here shown to be h/c = 7.5%, the drag drops, indicating the tip
vortex has been weakened by the presence of the boundary surface near the tip. Indeed,
/3 of the maximum thickness (!/3 x 667 x 0.2 ~ 45mm), corresponds to the critical tip
gap height of 50mm. As the tip gap reduces to this size, the formation of the tip vortex is
impeded and its strength is reduced, thereby reducing the pressure drop at its core in turn,
and therefore reducing the drag it imparts on the foil. Further discussion of the formation

and propagation of the tip vortex is made in the following section.

The effect of the tip gap height on performance agrees with observations in experiments by
[132], using a separation between two foils rather than using a bounding wall surface. This
represents a similar geometry to these simulations as the duct has not been given a no-slip
condition and so behaves in a similar way to a symmetry plane as it does not impede the
strength of the vortex by restricting the rotational flow, but limits its position relative to
the foil tip.

The reduction in the tip vortex formation implies that the secondary peaks in Cp seen
towards trailing edge near the tip in Figure 5.12d will also be reduced. As the gap tends
to zero, the foil tends to quasi two-dimensional, bound between two slip surfaces, and the
chord-wise Cp distribution would be expected to be the same in all positions along the span.
Figure 6.2 shows the Cp distribution along the span for the h/c = 1.5% case, the smallest
gap in the current study. In comparison to Figure 5.12d it shows three key differences. These

are:

1. Higher peak Cp due to the reduction in losses in the pressure field around the tip
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Figure 6.2: Distribution of Cp along span for the NACA0020, h/c = 1.5% case.

2. More similar profile shapes along the span, again demonstrating the reduced losses in

the pressure field

3. Reduced secondary peak in the C), distribution at 97% Span, suggesting the strength
of the vortex is greatly reduced. The location of this peak has also moved towards the
LE from z/c ~ 0.6 to x/c = 0.4. The significance of the movement towards the LE

will be discussed in the following Section.

Tip vortex path

Figure 6.3 shows the path of the propagating vortex for different tip gaps. In this figure
flow is moving from right to left, with the foil location shown for reference. It can be seen
that the vortex path in the transverse plane shows strong dependence on the tip gap size.
As the gap reduces in size, the trajectory angle can be seen to increase, causing the vortex
to deviate from the direction of the mean flow. At h/c = 7.5% this angle can be seen to
be at it’s highest, resulting in the largest deflection downstream by nearly z/c = 0.4. As
the gap reduces further it can be seen that the angle reduces, but that the initial deflection
continues to increase. Further analysis will show that the two vortices which were seen in
Chapter 5 do not reach the trailing edge with a sufficiently small gap, but instead the vortex
on the SS edge becomes dominant and is shed further forwards on the tip. For this reason
the vortex path was not plotted forward of x/c = —0.75 as in this region there is not a single
core to track. As the tip gap reduces further the trajectory angle can be seen to reduce
back to a negligible angle, similar to those seen with very large gaps. This behaviour could
suggest the existence of a critical gap size, at ~ 7.5% chord, before reaching a super-critical

condition and re-stabilising as the gap reduces further.
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Figure 6.3: Effect of the tip gap on the propagation path of the tip vortex downstream.
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It can be seen that the variation in the deflection in the vortex path is far greater in the
transverse direction than in the vertical direction, by a factor of ~ 10. Given the radius of
the vortex core at /¢ = —0.75 is &~ 0.035m, and the variance of the vertical path deflection
at that location is a similar size, it is clear that the vortex path in the vertical plane is
reasonably independent of the tip gap. Further downstream at x/c = —3.75 the vortex
radius is &~ 0.1m, with the difference in the path trajectories only being approximately half
of that.

Tip leakage analysis

The separation point of the propagating vortex was also seen to change depending on the tip
gap and this was further investigated using the Ay criterion to produce a contour of Ao =0
to illustrate the shape of the vortex core. Using this analysis in Chapter 5 it has been seen
that for an open tip foil there are two vortices forming: one by the flow over the PS edge
that stays on the tip; and one produced by the tip leakage flow over the SS edge which
stays attached to the SS. These two vortices then coalesce to form one vortex that convects
downstream from the tip TE. Figure 6.4 shows the same analysis for various tip gap heights.
It can be seen that as the tip gap gets smaller the velocity of the cross-flow, U, above the
tip increases and so the vortex forming on the SS becomes dominant. Furthermore it can
be seen that if the gap is small enough, then the tip flow reaches sufficient strength that
the vortex is shed forward of the trailing edge, and the position at which it is shed moves
further forward as the gap gets smaller. This critical condition seems to occur when the
h/c = 7.5%. Inspection of the As = 0 contour in Figure 6.4f, suggests that this gap is where
the tip vortex detaches from the wake sheet and is shed further forward on the foil. As the
gap moves reduces further, the Ay contour suggests the existence of small vortical structures
leaking from the PS edge. It is difficult to infer the physical meaning of these structures,
or even to have confidence in their precise shape when the flow in this small gap region
is expected to be highly complex. This confirms the difficulties of using a time averaged

solution to simulate tip leakage flow discussed in the literature [67].

Figure 6.6 shows the Ao = 0 contour for the NACA0012 and NACAOQ016 aerofoils with
h/c = 7.5% and h/c = 1.5%. Inspection of the contours with suggests that the reduced
thickness has resulted in an increased tendency for the propagating vortex to be shed forward

of the trailing edge. At the smallest gap the vortical structures leaking across the tip can
still be seen in both the NACA0016 and NACA0012 test cases.

To investigate the effect of the tip gap and foil thickness on the tip leakage velocity component,
Uy, a sampling line was placed from the centre of the foil tip, at (0,0,1), which ran vertically
to the limit of the domain. As seen in Figure 6.6, the tendency of the tip vortex to shed

forward of the trailing edge seems to increase with decreased foil thickness. This is intuitively
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(i) h/c=3.0% G) h/e=15%
Figure 6.4: The effect of tip gap size on the formation and propagation of the tip vortex,
shown by the contour Ay = 0. Flow is in the —x direction relative to the axes in each figure,

and the contour is coloured by vorticity in the x direction to show the direction of rotation
of the vortices.
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Figure 6.5: Variation of Cp distribution at 97% Span for different tip gap sizes on the
NACAO0020 foil.
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Figure 6.6: The effect of foil thickness and tip gap size on the formation and propagation
of the tip vortex, shown by the contour A2 = 0. Flow is in the —x direction relative to the
axes in each figure, and the contour is coloured by vorticity in the x direction to show the
direction of rotation of the vortices.
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Figure 6.7: Transverse velocity components in the centre of the tip demonstrating the
effect of varying the tip gap.

expected as thin foils will generate more lift for the same angle of attack, and so the tip
leakage component is expected to be higher. Thinner foils also present a smaller physical
separation of the low and high pressure fields therefore generating a higher pressure gradient

across the tip.

Figure 6.7 shows the effect of reducing the gap on the transverse velocity component, U,.
The velocity distributions can be seen to resemble a Rankine vortex distribution, with the
tip gap having the effect of increasing the transverse velocity component above the vortex.
It can also be seen that the thinner NACA0012 foil produces higher magnitudes of U, than
the thicker foils, supporting the previous analysis. At the smallest gap heights the cross flow
velocity resembles that of a regular boundary layer flow with no evidence of any recirculation.

At such small tip gap heights the flow through the tip gap is analogous to channel flow with
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a forward facing step at the inlet and a backward facing step at the outlet. The higher
pressure gradient along this channel produced by the thinner aerofoils is likely to produce
stronger separation at the inlet edge and therefore velocity profiles that resemble more
turbulent boundary layers, with the magnitude of the velocity gradient at the wall shown in

this figure to be inversely proportional to foil thickness.

6.3 Time resolved simulations

6.3.1 Test case description

In order to gain a better understanding of the tip gap flow, unsteady simulations are required
as the complexity of the flow has proven to be inadequately modelled using time averaged
simulations. As discussed in section 5.3, snappyHexMesh has shown some instability in the
generation of the boundary layer cells in the mesh, and so for the NACA0020 foil only three
cases h/c = T7.5%, h/c = 30% and h/c = 60% have suitable meshes to meet the grid density
requirements for LES as discussed in Chapter 3. These cases will be the focus of the initial

unsteady simulation study, while alternative mesh techniques are analysed and validated.

The simulation setup remained largely the same as given in Table 6.1, with the change
to using the PIMPLE algorithm to solve the time-resolved Navier Stokes equations. The
turbulence is modelled using LES with the wall adapting local eddy (WALE) viscosity
model described in Section 3.2.2. Due to the different ways that LES and RANS deal with
the turbulent structures in the flow, the LES simulations need time to re-converge to the
LES solution. Convergence in the RANS simulations can be assessed by monitoring the
residual data, a measure of the error in the continuity equations. However, as LES flow is
unsteady, this residual convergence will need to be achieved at every time step before the
simulation can move forward [133]. Convergence instead is measured here by tracking the
force coefficients on the foil. While the forces will never be totally steady, they can be seen
to shift from their initial values and settle to an oscillating value about a new mean. As
discussed in Chapter 5, the force coefficients calculated for the RANS simulations differed
from the experimental values found by [128]. The higher fidelity of LES simulations should

provide a reduction in the coefficient of drag and an increase in the coefficient of lift.

In Section 6.2 the Ay criterion identified the wake sheet as being a vortex core, as well as
some regions far away from the foil where coherent vortex structures are not expected to
form. Due to the definition of Ay = 0 being at the point where vorticity dominates the
shear strain, areas which have very low levels of both quantity sometimes are identified by
the criterion which are not of interest to this study. One benefit in the use of Ay is that
the strength of vorticity found at the limit of the vortex core means that by increasing the

value used for the contour, the shape of the main vortex core is still captured well, whilst
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4

(a) Investigation of the robustness of the Ag-criterion for vortex identification. White contours are
for vorticity values of |w| = 10,100 and 250 and black contours show Ay = 0,10, 100, and 250.

~

(b) Snapshot of Ay = 0 contour on tip leakage flow for h/c = 7.5% LES case, coloured by —10 <
wy < 10, with blue showing negative values and red showing positive values.

(c) Snapshot of Ay = 250 contour on tip leakage flow for h/c = 7.5% LES case, coloured by
—10 < wy < 10, with blue showing negative values and red showing positive values.

Figure 6.8: Demonstration of the robustness of the Ao-criterion in detecting the edge of
strong vortex cores.
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Figure 6.9: Schematic of slice location used to investigate unsteady flow features in the
tip gap.

removing areas where vorticity dominates the rate of shear only slightly. This robustness
is shown in Figure 6.8a where the four contours of Ay = 0,10,100 and 250 all show very
close agreement with the peak in the vertical velocity component U, expected at the edge of
the vortex core. Figures 6.8b and 6.8c show the effect of increasing the value used for the
contour from 0 to 250. It can be seen that qualitatively, the flow structures on the tip are
unaffected, while the structures which are further downstream in the wake and other parts
of the domain are not shown by the higher criterion value. Note that the leading edge of
the foil has been identified by this value of the criterion. This is because the vorticity is so
high in this region due to the extremely thin profile of the boundary layer that the criterion

incorrectly identifies it as being a coherent vortex.

6.3.2 Unsteady flow features in the tip gap region

Figure 6.8c shows a snapshot of the h/c = 7.5% simulation results using a Ay = 250 contour,
coloured by vorticity about the x-axis, w, to show the directionality of the vortical structures.
This surface suggests the vortex seen on the PS edge in the RANS simulations is an unsteady
structure which lost definition due to the time-averaging process. However the vortex on
the SS edge seems much more stable as it convects towards the TE. Further analysis of the
transverse flow through the tip gap region is achieved by taking a transverse slice through
the mid-chord of the foil as shown in Figure 6.9. The dark grey area shows the flow visualised

in Figure 6.10.

Figure 6.10 shows snapshots from an animation using this analysis for the three cases. These
figures are orientated with the z-axis, as indicated by the axes shown. The grey area shows
the foil cross-section at this location. The SS is on the right of the figure, and the PS is on
the left, so the mean tip leakage flow is from left to right, in the positive y-direction. The
upper limit of the figure is 50mm above the foil tip, i.e. at the edge of the domain for the
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Figure 6.10: Snapshots of transverse velocity component stream lines for initial LES
analysis. Streamlines are coloured by w, and the slice is coloured by relative pressure.
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h/c = 7.5% case. The slice has been coloured by relative pressure to show the pressure drop
caused by the complex flow, and the stream vectors have been coloured by vorticity w; to

indicate the direction of rotation.

In all three cases the vortex on the SS edge was observed to remain highly stable throughout
the animation. The formation of this vortex is due to the total tip leakage flow, which
remains stable in the y-direction due to the pressure gradient between the two sides of the
foil. However as the tip gap reduces and the tip flow velocity increases it can be seen that

this vortex increases in strength, shown by the larger pressure drop observed for a smaller
tip gap.

The vortices on the top of the foil showed more complex behaviour with the stability of these
formations decreasing with decreasing tip gap. The animation of the h/c = 60% case showed
low frequency shedding of this vortex, which occurred as the vortex reached a critical size as
shown by Figure 6.10a. It can be seen that a counter-rotating vortex is present between the
large vortex and the PS edge which experienced a similar shedding frequency to the larger

vortex.

The vortices on the tip of the h/c = 30% case exhibited a similar behaviour and the
instantaneous flow-field image has been generated just before shedding of the large vortex,
again with its partner counter-rotating vortex. Note also the presence of a third, even
smaller vortex attached to the PS edge. The periodicity of this shedding was slightly higher
for this case that the h/c = 60% case.

Figure 6.10c shows the regions of low pressure being shed from the PS edge along with the
associated vortex structures for the h/c = 7.5% case. This case exhibited oscillating vortices
of contrary directions shedding from the PS edge, similar a to Von Karman vortex street

observed in the wake of a cylinder.

These vortices can also be seen to cause much greater pressure drops than the larger tip gaps
which could have two consequences. This work is neglecting the effects of cavitation, but
large pressure drops would increase the likelihood of cavitation and the associated monopole
source. A large pressure drop could also imply that the pressure fluctuations are of a larger
amplitude in the h/c = 7.5% case, which would imply a louder dipole source of noise present

on the tip surface.

6.3.3 Potential noise sources

The final stage of the initial investigation is to attempt to predict the potential noise
source locations which are dependent on the tip vortex, and in turn on the size of the tip
gap. It is emphasised here that this is an attempt to infer the acoustic sources from the

incompressible flow solution. It has long been recognised that an essential mechanism in the
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Figure 6.11: Snapshot of LES simulation with predicted noise source locations illustrated.
The green line shows the location where the helical vortex structure is shed from, before it
convects through the tip gap and is shed over the opposite edge near the TE shown by the
yellow line. The pink line illustrates the building of the steady vortex on the suction side
edge.

generation of noise due to turbulent flow passing over an edge is scattering of its vorticity
into sound, which of course is absent from the incompressible flow solution computed here.
Subsonically convecting turbulent flow in the absence of an edge is intrinsically an inefficient
radiator, generating only a non-propagating, hydrodynamic near field. Nevertheless, once
this limitation is recognised it is possible to speculate on the possible sources of acoustic
noise from the behaviour and characteristics of the unsteady flow near and around the tip
gap. As discussed, the existence of monopole sources in this flow is being neglected by
assuming that the depth of operation is deep enough to suppress cavitation and so only

dipoles and quadrupoles will be considered here.

Figure 6.11 shows the three key regions which could be identified as potential contributors
to noise. The green line illustrates the forward part of the pressure side edge of the tip
which initiates the unsteady vortical structures in the tip gap region. These highly unsteady
structures could be quadrupole sources of noise themselves, although due to the low Mach
numbers involved are unlikely to propagate to the far-field, as previously discussed. As
these structures are driven through the tip gap by the cross flow they are then shed over the
suction side edge of the tip, shown by the yellow line. This area is likely therefore to be a

dipole noise source, caused by the unsteady pressure fluctuations on the solid surface.

The noise generation mechanism due to unsteady flow passing over an edge has some
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Figure 6.12: RANS simulation with predicted noise source locations from LES analysis.
The coloured lines follow those in figure 6.11.

similarities to flow passing over a backward facing step. It is unclear how, or how efficiently,
the unsteady pressure hydrodynamic pressure along the suction side edge then radiates
as sound to the far field. It is clear, however, that this vortex is the essential source of
unsteadiness which then drives the acoustic field. The level of acoustic far field radiation
will be clearly dependent on the magnitude of pressure, the effective convection speed of the
flow as it passes over the edge, and the coherence of the pressure along the edge. It is well
known that pressure disturbances that effectively convect faster than the sound speed are

efficient sources of sound while subsonic disturbances do not radiate to the far field.

The pink line is the forward part of the suction side of the tip, where the steady vortex
structure initiates and grows as it is driven by the cross flow. As this vortex builds in strength
and is shed downstream it will inevitably become unstable and the vortex structures will
break up, potentially leading to another quadrupole source, as well as producing increased
inflow turbulence for any solid surfaces which may be downstream. This mechanism has
been presented in the literature and is of interest in the aviation industry when the Mach
number of the tips of fan blades is sometimes supersonic. However the quadrupole noise
source generated by the breakdown of vortices in the free-flow is unlikely to be a dominant

source of noise in a marine context with M < 0.03.

In the interest of establishing this methodology as a viable option during the design cycle
for noise mitigating propulsors, it is interesting to compare the noise sources identified by
the LES simulations with the results of the RANS simulations already conducted. RANS
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simulations require far less computational expense as discussed earlier and therefore are
more affordable to be used to assist design. Figure 6.12 shows the same locations drawn on
the RANS simulation results of the same test case. It is interesting to note that despite the
concerns of the efficacy of the Ao-criterion to highlight coherent structures in time-averaged
simulations, it has predicted the key regions of interest accurately. This is of particular
interest as the computational effort required to carry out the RANS simulation is significantly

less than that of the LES simulations and so could lead to a practicable design methodology.

6.4 Transition to tetrahedral mesh methodology

It has been discussed earlier in this and the preceding chapter that the snappyHexMesh
mesh generator presented a number of issues regarding the growth of cell layers near the
sharp edges of the tip of the foil. As this study is focussed on investigating the flow in
this region it was decided to use a different mesh generation software called Pointwise.
Pointwise can be used as a structured or unstructured grid generator and will be used
here to produce unstructured grids. The grids are generated by first producing triangular
surface meshes for all of the boundaries of the domain. The surface meshes are produced
by defining the spacing of points along the lines which mark the edges of the solid surfaces.
This allows the cells to be clustered on different parts of the surfaces, such as near sharp
edge or areas of high curvature, without having to rely solely on the refinement regions used
in snappyHexMesh. The surface mesh can then be extruded into a layer of prismatic cells
from selected boundaries, such as those where the no-slip condition is to be enforced and
therefore require the resolution to capture the boundary layer profile. Once the extruded
cells reach isotropy, established when the lengths of each of the cell edges are close to being
equal, the remainder of the volume is populated with tetrahedral cells. The domain can
include the use of refinement zones to cluster cells within certain regions by specifying the
maximum edge length of the cells generated there. The increased resolution control on the
surfaces combined with refinement regions in the fluid allows greater overall control of the
domain resolution. For this reason Pointwise was used to generate the meshes for the rest
of this thesis.

Figure 6.13 shows the surface mesh on the tip for the two different generators along with
the instantaneous pressure field from an LES solution. In Figures 6.13a and 6.13b it can be
seen that there is a significant increase in the number of cells on the tip surface, despite the
total cell count for each domain remaining similar (within ~ 5%). It can be seen that the
cells are also clustered on the edges of the tip towards the trailing edge which is likely to be

a critical region in the future studies in this work.

Figures 6.13c and 6.13d show the instantaneous pressure on the tip surface for the two

different mesh generators. Here it can be seen that the general shape of the pressure
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(a) snappyHexMesh

(b) Pointwise

(c) snappyHexMesh

(d) Pointwise

Figure 6.13: Comparing the mesh on the tip of the foil using Pointwise and
snappyHexMesh software, and the qualitative impact this has on the surface pressure fluctu-
ations captured.

fluctuations is similar, caused by the tip separation vortex which is strongest near the point
of separation and then breaks down further downstream. However, the mesh generated using
Pointwise captures a significantly greater number of small structures, due to the higher

localised resolution.

Figure 6.14 shows the PSD of the surface pressure spectra sampled on the chord-line of the
tip surface of the foil at x/c = 70% for both snappyHexMesh and Pointwise meshes. It can
be seen that while maximum pressures are comparable, with a characteristic peak shown at
~ 700H z, the spectra produced by the snappyHexMesh mesh experience a sharper drop-off
than those from the Pointwise grid. It is proposed that the difference in the capturing
of small scale structures by the different meshes, visible in Figure 6.13, is responsible for

the higher pressure levels in the mid frequencies from the Pointwise mesh. The PSD
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Figure 6.14: Comparing different meshes produced by Pointwise and snappyHexMesh,
and the impact this has on the frequency content of the surface pressure fluctuations on the
tip surface sampled on the chord-line at x/c = 70%.

produced by the Pointwise mesh compares better than those from snappyHexMesh with
surface pressure spectra experimentally observed in the tip gap of a NACA5510 foil in
previous works [9].

Figure 6.15 shows the different meshes which were produced using pointwise to verify the
grid independence of the results. It can be seen that, as with the snappyHexMesh grid
independence study, the results show little variation, within ~ 3% of each other. The mesh
resolution used here is approaching the limit of what is practicable given the computational
capability available, hence the prooritised refinement in the tip region to ensure that the
capture of the tip leakage flow is as accurate as possible. In order to verify that the mesh
provides sufficient accuracy in LES, a series of tip gap cases were run in both RANS and
LES and the resulting force coefficients can be seen in Figure 6.16 and it can be seen that
the LES simulations predicts a higher lift and lower drag than the RANS simulations for the
equivalent arrangements. It is understood that RANS models of aerofoils have a tendency
to under predict lift and over predict drag, which agrees with the results shown [134]. The
relatively constant offset in these coefficients suggests that the influence of the varying tip

gap is being well captured in the LES, and therefore that the grid is sufficiently dense.
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Figure 6.15: Grid convergence study showing grid independence for the present study.
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Figure 6.16: Grid independence study for the present case, showing the comparison
between RANS and LES results.

6.5 Summary

This chapter has presented the simulations used in the preliminary tip gap investigation.
Time-averaged RANS simulations were used to assess a large variety of cases, with three
different foils and ten different gap sizes. These results have identified the potential existence
of critical a gap size, whilst also developing simulation settings and analysing mesh resolution
dependence. The inconsistency of snappyHexMesh has limited the number of simulations
currently carried out using LES, and training has been undertaken using Pointwise to
develop meshes to be tested using RANS which have been presented and the use of Pointwise

will replace snappyHexMesh.

Time-resolved LES simulations have been carried out on the NACA0020 foil and have
produced insightful results. The presented unsteady simulations have revealed flow features
within the tip gap with greater detail than the RANS simulations as expected, and have
given implications as to the potential noise sources from the vortices being shed from the
foil tip edge. The scale of these structures is much smaller than the tip vortex as a whole

and has revealed some complex behaviour which has not been covered in the literature.
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Chapter 7

Parametric analysis of NACA5510

7.1 Introduction

The simulations presented in Part IT did not model the no slip condition on the boundary
surface above the foil, and therefore also did not take into account the boundary layer
velocity profile on this surface. This chapter aims to move towards a more realistic test case
by including the no slip condition, while modelling the development of the boundary layer
by prescribing it at the inlet and the use of a cambered foil as would be more representative
of a propeller blade. This case was chosen as a premilinary study into the far-field noise
prediction for comparison against the experimental work conducted by [49]. This study also
investigates the effect of the tip gap size. The inlet boundary layer profile was chosen to be
parabolic, with an inlet thickness of 6 = 5% chord. This value was chosen so that as the
boundary layer developed it reached a thickenss of § =~ 10% at the leading edge of the foil
and so was similar to the measured boundary layer from the experimental work mentioned.
The angle of attack, a = 10° was chosen to create a strong lift force and therefore strong
tip leakage flow. The inflow velocity, Us, = 10m/s, was chosen to allow continuity with
previous results, whilst increasing the Reynolds number to closer match the realistic case
of a marine propeller. The numerical settings used in these simulations are given in Table
7.1. In this series of investigations, the reference case will be at an angle of attack of 10°,
with a tip gap of 10mm, or 1% chord, and an inflow freestream velocity of 10m/s, giving a
Reynolds number of 6.6 x 10°. This Reynolds number was chosen to be within the range of

realistic Reynolds numbers for the tips of submarine propellers [135].
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Table 7.1: Numerical model settings for LES of NACA5510 case.

Parameter Unit  Setting
Section span m 1

Foil chord m 1

Gap height m 1%c

Mesh Type - Unstructured
No. of Elements - ~ 10M

y.+ . (Foil, Boundary surface) - (<1, ~15)
Inlet - BL Profile (Usx, = 10m/s, 6 = 5%c)
Outlet - Zero gradient
Boundary surface (foil root) - Slip
Boundary surface (foil tip) roof - Slip

Domain side walls - Slip

Foil - No slip
Reynolds’ Number - 6.6 x 10°
Angle of Attack deg 10

SGS Model - WALE
Solver - PIMPLE

7.2 Simulation setup

The implementation of the boundary surface mesh, required to implement the no slip
condition, is computationally expensive, even with the use of wall functions so it is important
to establish whether it is necessary to include it in the simulations. These factors will be
considered by analysing the performance characteristics, using the Ao-criterion to identify
key flow features and by investigating the pressure fluctuations on the solid surfaces. The

far-field noise predictions are made using the FW-H analogy.

The simulations presented in this part are set up with the origin, (0,0, 0) in the computational
domain at the centre of the chord-line of the foil, on the lower boundary surface. The
domain is C-shaped and extends for 20 chord lengths, ¢, laterally and downstream, beyond
the constant span of the section of the domain, as shown in Figure 7.1.There is a unit span
between the boundary surfaces which is held constant. The foil is of a unit chord and the
span is adjusted to produce the desired gap, h between the tip of the foil and the lower
surface. Therefore the root of the foil is flush with the upper surface of the domain, with the
mid point of the chord line located at (0,0, 1). The boundary surface extends 2¢, downstream
of the foil, 2.5 ¢ to either side, and 5 ¢ lengths up stream to the inlet as shown in Figure 7.2.
Figure 7.1 shows the location of the four receivers used for the far-field acoustic prediction:
upstream (UP), downstream (DN), and on the suction side (SS) and pressure side (PS)
relative to the foil. It can be seen that the upstream receiver is outside of the computational

domain which is one of the benefits of using an acoustic analogy, as discussed in Chapter 4.

This topology is used to investigate a range of tip gap sizes from h/c = 5% to h/c = 0.5%
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UpP

Figure 7.1: C-Shaped domain topology used in NACA5510 investigation, with the inlet
on the right and semi-circular outlet on the left. The receiver locations used in the FW-H
analysis are included, named by their position relative to the foil and mean flow direction.

— tF

Figure 7.2: A zoomed in schematic showing the arrangement of the foil above the boundary
surface. The edge of the boundary surface has a chamfer connecting it to the lower limit
of the domain, and the inlet can be seen on the left. The gap, h is between the boundary
surface and the foil shown. The upper extent of the domain is flush with the root of the foil
(no gap) and has not been shown.

with attention paid to the performance coefficients to infer the potential implications for
noise production. One case is then chosen to investigate in detail with the aim of establishing
a link between the far-field noise observed and its relationship with the gap flow. The
fluctuating surface pressures are inspected on the solid surfaces to infer the regions which
may be responsible for noise production. The Ao-criterion is then used to locate the coherent
vortex structures within the fluid. Finally the FW-H analogy is used to predict the radiated
noise into the far-field for four receiver locations located 10 chord lengths from the foil
directly up and down stream and to the suction and pressure sides as shown in Figure 7.1.
The aim of this analysis is to attempt to link the far-field noise to the flow features observed
in the tip gap, and therefore make an estimation of the sources of noise in the tip gap region,

in order to produce effective noise mitigating designs. The sampling surfaces used in the
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Schematic representation of the meshing methodology. The foil surface mesh

is shown in pink, with the boundary surface and outer domain surface meshes shown in

bottom in this figure, hence the high refinement shown on the boundary surface mesh in
FW-H analysis can be seen in Figure 7.3, showing the foil in blue, and the boundary surface

green and the volumetric refinement zones are shown in orange. The tip of the foil is at the
that region.

Figure 7.4
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in green with a small gap present between the two. It can be seen that the sampling patch
used on the boundary surface has been selected to avoid the sharp edges found at the limit
of the boundary surface so that any noise sources generated by the flow interacting with

this edge are not captured as this study is focussed on the noise sources within the tip gap.

In order to allow the discretised equations of motion of the fluid to be solved, the volume
surrounding the geometries was divided to form a volumetric mesh using proprietary
Pointwise software. First, solid surfaces of the foil and boundary surface were triangulated
and the surface triangles were extruded to yield a prismatic boundary layer mesh. Particular
care was devoted to the region between the tip and the boundary surface where poor quality
cells had to be avoided to yield a high-quality solution. The remaining volume was then
further triangulated to form a tetrahedral mesh with additional refinement around the wake
of the foils. The combination of these techniques can be seen in Figure 7.4 for the NACA5510

case.

The convergence of the time-resolved simulations in this part is judged by monitoring the
global force coefficients. The simulations are allowed time to reach a steady state where the
coefficients vary around a slowly varying mean value. This is assessed by monitoring the
mean of each of the coefficients in the three Cartesian directions over the previous 2000 time
steps. The time scales for unsteady simulations are typically normalised by using the number
of "flow-throughs’, IV, given by the characteristic length divided by the mean flow velocity,
such that the N = L/Us. In practical terms this is akin to the number of characteristic
lengths that an object would move through a stationary fluid. The time taken for the
simulations to converge in this part was typically of the order of N =~ 10 — 15. The sampling
time was then limited to N ~ 3, such that ¢ ~ 0.3s to limit the memory requirements and
post-processing time taken, whilst still obtaining enough resolution in the lower frequencies

during the frequency domain analysis.

7.3 Flow features

Previous experimental works have included PIV measurements from within the tip gap
region to capture the velocity contour and highlight the tip leakage component. Figure
7.5 shows a similar plane taken through the tip gap for the h/c = 5.0% case coloured by
velocity magnitude with flow from right to left, and tip leakage flow due to angle of attack
and camber in the upwards direction. Figure 7 from Jacob et al. [49] shows good agreement
with both the instantaneous and mean velocities in the gap, giving confidence that the

simulations presented are capturing the behaviour of the tip gap flow accurately.

The Ao-criterion has been used to investigate the flow features in the tip region, and infer

the effect of implementing the no slip condition on the boundary surface. Figure 7.6 shows
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Figure 7.5: Velocity magnitude within the tip gap showing good agreement with similar
experimental studies [49]

as snapshot from an LES simulation of the h/c = 1% case, with the contour coloured by

vorticity about the x-axis, w, to indicate the direction of rotation of the coherent vortices.

It can be seen that the implementation of the no-slip condition on the boundary surface has
had a significant impact on the flow features when compared with the study in Part II. The
suction side vortex, driven by the tip leakage jet, can be seen forming in red, which in turn
generates a counter vortex in blue alongside it. As these vortices convect downstream they
can be seen to become unstable and break down. Furthermore, due to the small size of the
tip gap, the interaction between the foil and the boundary surface induces a series of horse

shoe vortices and countervortices upstream of the leading edge.

Figure 7.7 shows the view of the tip of the foil with the boundary surface is removed along

with a schematic representation illustrating the key flow features. The leading edge of the
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(a) View of the suction side of the foil from the leading edge looking aft illustrating horseshoe vortex
system and the formation of the tip leakage vortex.

B

(b) View of the suction side of the foil from the trailing edge looking forward showing the breakdown
of the stable tip leakage vortex.

Figure 7.6: Coherent vortical structures produced by the interaction between the tip gap
jet and the boundary surface boundary layer illustrated by a contour of As.
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(a) Tip gap flow with iso-contour of A, (b) Schematic sketch of flow features

Figure 7.7: Schematic representation of the flow features within the tip gap region of
the aerofoil, looking towards the leading edge and into the tip gap, as in Figure 7.7a. The
pressure side is on the right, the suction side on the left, with flow into the page, causing tip
leakage from right to left, over the tip of the foil.

foil is in the foreground at the bottom of the image, with the trailing edge in the background
at the top. The concave camber of the pressure side of the foil can be seen on the right,
along with the vortex caused by its sharp edge at the tip. It can be seen that this vortex
has a fairly constant size, and appears stable along the chord of the foil. As the flow moves
through the gap (from right to left in the image) there is a strong sheet of vorticity, which in
turn creates counter vorticity by interacting with the boundary surface. This behaviour is
illustrated by the mix of red and blue colouring in Figure 7.7a. It is expected that in these
regions where there are strong vortex structures close to a solid surface, as illustrated by the

Ao contour, that strong pressure fluctuations will be present on that surface.
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(a) Tip gap flow with iso-contour of Ay (b) Fluctuating pressure component p’ on
the foil tip

Figure 7.8: Fluctuating pressure, p’ on the tip of the foil showing similar patterns to the
coherent structures identified by the Ay contour.

7.4 Surface pressure fluctuations

Following Equation 4.4a, the fluctuating pressure on the surface of the solid faces can be
visualised by subtracting the mean pressure, pg, from the instantaneous pressure, p, on each

face of each surface.

The colouring for this analysis, shown in Figures 7.8 and 7.9, is limited to £10 Pa so that
areas with very small fluctuating amplitude show as grey to highlight the high amplitude
fluctuations. Figure 7.8 shows this visualisation from the same angle as Figure 7.7a and it
can be seen that the stable vortex which forms on the tip near the pressure side edge causes
strong surface pressure fluctuations. The sheet vorticity can be seen to also cause fluctuating

pressures on the surface but at a lower amplitude, indicated by the light shades of colour.

Similarly, Figure 7.9 shows the same view angle as Figure 7.6 with strong pressure fluctuations
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(a) View of the suction side of the foil from the leading edge looking aft illustrating horseshoe vortex
system and the formation of the tip leakage vortex.

(b) View of the suction side of the foil from the trailing edge looking forward showing the breakdown
of the stable tip leakage vortex.

Figure 7.9: Coherent vortical structures produced by the interaction between the tip gap
jet and the boundary surface boundary layer illustrated by a contour of \s.

seen on the surfaces where the Ao contours occur. The strongest of these pressure fluctuations

can be seen on the boundary surface near the leading edge of the foil, where the vortex is
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smallest and most concentrated. As the vortex moves downstream it can be seen to grow
in size, fed by the tip leakage jet, and eventually become unstable and brake up. This
behaviour can be seen in the fluctuating surface pressure as they become more dispersed

and reduce in amplitude further downstream.

Figure 7.10: Pressure fluctuations, p’ with coherent vortex structures shown by A9 contour
in black.

If the Ag-criterion and the p’ analyses are combined it can be seen that the areas which ex-
perience the strongest pressure fluctuations are those nearest the strongest vortex structures,
as in Figure 7.10. This visualisation is achieved by making the small amplitude pressure
fluctuations transparent for the p’ analysis on the boundary surface, allowing a view through
the boundary surface, into the gap. The Ay contour is set to a higher value of 10° and made
opaque and black, which can be seen forming on the pressure side edge of the foil tip surface,
as well being ejected from the gap by the tip gap jet. The same transparent p’ analysis
is used on the foil, which can be seen behind the black contour, and the high amplitude

pressure fluctuations can be seen to follow the outline shape of that contour.

7.5 Far-field acoustic predictions

The Ffowcs-Williams Hawkings (FW-H) acoustic analogy was used to predict the far-field
noise based on the assumption that the incompressible flow solutions are directly the sources
of sound and that edge scattering, such as that which occurs for trailing edge noise, is not

a significant factor. The integration surfaces, .S, chosen were on the solid surfaces of the
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foil and table. For this analysis they were investigated separately to infer their individual

contribution to the overall far-field noise.
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Figure 7.11: Farfield PSD from the foil only, for all receiver locations.

Figure 7.11 shows the power spectral density (PSD) for the four receivers with contributions
from the foil surface only. It can be seen that the pressures of the transverse receivers are
much greater than those receivers in the stream-wise direction. This is to be expected due
to the directionality of a dipole source, with the angle between the radiation vector and the

surface normal being much smaller for transverse receivers.

Figure 7.12 shows the PSD for the four receivers with contributions from the boundary
surface only. It can be seen that the pressure are similar for all receivers, and is far lower
than the power contribution from the foil surface. Again, considering the directivity of the
dipole, with the angle of the receiver and normal vector nearing 90°, it is expected for the
contributions from the boundary surface to these receivers to be very small. It is suggested
that the higher frequency components, f > 3kHz in Figure 7.12, are likely to be due to
numerical noise as the pressure fluctuations at the receiver become small enough to be

dominated by numerical precision.

Further investigation of the foil surfaces can be achieved by applying the FW-H analogy
to a subset of the faces on the patch. This subdivides the foil patch into two discrete
elements, comprising of the square tip surface, and the lifting surfaces and trailing edge.
This subdivision splits the foil into elements which had normal-directions in the same plane
as the receivers (the lifting surfaces and trailing edge) and those with normal-directions

which are nearly orthogonal to the receivers (the tip surface).
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Figure 7.12: Farfield PSD from the boundary surface only, for all receiver locations.
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Figure 7.13: Farfield PSD from different parts of the foil, for all receiver location.

Figure 7.13 shows the far-field acoustic PSD for the transverse receivers for this split patch
analysis. It can be seen that the square tip surface has little contribution to the far-field due
again to the directivity of the dipole source. It can be seen that the other surfaces of the
foil, whose normal directions are in the same plane as the receivers contribute much higher

power levels to the acoustic pressures observed in the far-field.
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7.6 Effect of varying tip gap height

7.6.1 Performance characteristics
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Figure 7.14: Variation of performance coefficients with tip gap on NACA5510 foil for
various simulation conditions.

Figure 7.14 shows the lift and drag performance of the foil with varying tip gap. It can be
seen that both performance attributes are improved by the reducing tip gap, but C, seems
to have reached a limit of improvement at 0.5% when a no-slip condition is implemented on
the boundary surface. This is likely due to the reduction in the strength of the tip vortex
on the suction side of the foil, which therefore reduces vortex induced lift. This effect is
occurring at all tip gaps investigated, and it seems the loss of vortex induced lift begins to

dominate the increase in lift from the overall pressure field at this gap size.
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Figure 7.15: Effect on far-field acoustic radiations of varying tip gap.

For Cp it can be seen that at the larger gap sizes there is a difference between all three
cases, however at smaller gap sizes, h/c < 2%, Cp is roughly equal for the slip condition
and the no-slip without the boundary layer prescribed. For C7, it can be seen that at large
tip gaps the gradient is similar but has a constant offset caused by the implementation of

the no-slip condition.

The introduction of the boundary layer profile for the boundary surface on the inlet can
be seen to produce a constant offset in both lift and drag when compared with the no-slip
case without the boundary layer profile prescribed. This is caused by reducing the effective
span of the foil due to the reduced inflow velocity over the tip region of the foil which is

immersed in the boundary layer of the boundary surface.

7.6.2 Acoustic radiation

The FW-H analogy was used to make predictions of the far-field radiated noise produced
by the four different tip gap arrangements under investigation. This analysis used the foil
surfaces only, and the receiver location was chosen to be on the suction side, following
the analysis in the previous sections showing that this had the highest pressure levels and

strongest characteristic peaks.

Figure 7.15 shows the PSDs of the pressure spectra at the suction side far-field receiver. It
can be seen that the peak shown at f ~ 2 — 3kHz is seen to increase in strength with a

reducing tip gap size. This appears counter intuitive following the literature which suggests
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that smaller tip gap sizes are beneficial regarding far-field noise. In order to identify the
source regions which were responsible for the peak and explain its relationship with tip gap
size, the foil was further subdivided within the post-processing analysis and it became clear
that this peak was not caused by the tip region of the foil but the whole span. Chapter 8
discusses this analysis in depth, along with a thorough investigation into the potential noise

sources, and Chapter 9 investigates the influence of the tip gap height on these sources.

7.7 Summary

This chapter has presented the use of a more realistic arrangement than used in the intial
study in Part II. This development has included the effects of a no-slip condition being
implemented on the boundary surface, increased foil camber and decreased foil thickness,
and smaller tip gap sizes. The implementation of the no-slip condition on the boundary

surface has been shown to:

¢ increase the complexity of the tip gap flow by causing extra vorticity as the unsteady

structures interact with the boundary layer

e produce a horseshoe vortex at the leading edge of the foil as the tip gap is reduced
which combines with the tip leakage vortex to form a large unsteady region which

convects downstream

o reduce the effective tip gap size by limiting the volume flow rate through the gap and
this is reflected in the lift and drag coefficients.

With the reduction in tip gap size from previous simulations in Chapter 6 and the inclusion
of the no-slip condition on the boundary surface, the behaviour of the vortex which forms
over the pressure side edge is seen to change. The flow over the pressure side edge has been
shown to remain attached and convect along the tip edge downstream. As more energy is fed
into the pressure side edge vortex smaller structures are shed through the tip gap, producing
strong pressure fluctuations on the tip surface. The reduced tip gap causes the shedding of
the tip leakage vortex towards the leading edge of the foil as predicted in Chapter 6 and

therefore stopping it from causing increased trailing edge noise.



Chapter 8

Noise source mechanisms

8.1 Introduction

The previous chapter revealed that a reduction in tip gap produced an increase in the far-field
radiated acoustic pressures, and revealed details of the unsteady flow structures within the
tip gap region. This chapter will present further analysis on the far-field radiated pressures
by subdividing the foil surfaces to infer the most important regions of the foil regarding
noise generation. The flow features will be investigated and a taxonomy of noise sources in
the tip gap region is proposed, highlighting the mechanisms which are hypothesised to be
responsible for noise generation. This chapter will focus on the reference case discussed in
Chapter 7, in which o = 10°, h = 10 mm, U, = 10 m/s and Re=6.6 x 10°.

8.2 Noise source identification

In order to infer the regions of the aerofoil responsible for the far-field noise, the surfaces,
S, used for the acoustic analogy in Equation 4.19 were further subdivided during post-
processing. The analogy is applied to each individual section to predict the individual
contributions to the far-field pressure. This is a legitimate approach if the sources are
essentially incompressible such as in the case of localised turbulent flow which cannot scatter
at boundaries to produce sound. In this case, the surface of computation may be sub-divided
as long as the individual integration surfaces are not smaller than the turbulence length-scale
of the flow [107]. This was done in both the span-wise and chord-wise directions and a

schematic representation of these divisions is shown in Figure 8.1.

Figure 8.2a shows the contributions to the overall noise spectra of the span-wise subdivisions
of the aerofoil. The aerofoil was split into 10 equal sections from root to tip. It can be seen
that the tip section has the highest contribution, but with < 4dB difference between it and
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(a) Ten span-wise sections (b) Five chord-wise sections

Figure 8.1: Schematic representation of the subdivision of the foil surface in the span-wise
and chord-wise direction.

the other sections of the foil. This implies that while the tip gap region provides a higher
acoustic radiation than the other sections individually, for this case the noise of the whole
foil is more significant that the noise from the tip region. The increase observed for the tip
section is likely caused by the formation of the tip leakage vortex, as well as the interaction
between the tip region and the no slip condition on the boundary surface resulting in the
formation of a horseshoe vortex as seen in Chapter 7. Both tip-flow features cause increased

pressure fluctuations on the surface of the foil in that region. excerpt

Figure 8.2b shows the far-field acoustic pressure contributions from five equal chord-wise
subdivisions of the aerofoil. It can be seen that the front two sections contribute the most
to the far-field acoustic pressure, with section 2, i.e. 20 — 40% chord, providing the more
characteristic humps seen in Figure 7.11. This result is counter-intuitive as it would be
expected for the trailing edge to be the dominant noise region, especially given the minor
difference between the tip section and other span-wise subdivisions. This confirms the
recommendations made by Glegg and Devenport [107] that noise mechanisms such as trailing
edge noise can not be predicted using incompressible solvers as the scattering mechanism

requires compressibility to be accounted for.

Trailing edge noise is generated when a turbulent boundary layer passes over a sharp, straight
trailing edge. The turbulence in the boundary layer causes a scattering of the vorticity
into coherent surface pressure fluctuations which propagate efficiently to the far-field. This
scattering mechanism relies on the compressibility of the fluid to propagate the acoustic wave
upstream. The flow speed is of a very low Mach number (M =~ 0.03) and so incompressibility
can be assumed for solving the fluid flow, however, the scattering mechanism still relies on
the compressibility [107]. There are methods which can predict trailing edge noise based on
the hydrostatic pressure fluctuations close to the trailing edge [122]. This is done using a
transfer function to account for the scattering mechanism and infer the far-field radiation of
the noise. However these methods are based on semi-infinite flat plates with trailing edges
which are perpendicular to the flow. The current geometry shows turbulence being shed
from a sharp edge which is curved and at an angle to the incoming flow, meaning empirical

and analytical models are unlikely to be able to predict the scattering accurately.
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Figure 8.2: Results of the acoustic analogy used on different subsections of the foil.

The combination of incompressible solver with an acoustic analogy adopted here will not
be sufficient to capture trailing edge noise as discussed in Chapter 4. The front 40% of
the foil is shown to be responsible for the highest contributions to far-field noise. The
high pressure fluctuations at the front of the foil are likely caused by the transition of the
boundary layer from laminar to turbulent which occurs near the leading edge. Due to the
straight leading edge this transition occurs at the same location along the span, increasing
span-wise coherence in the pressure fluctuations, meaning they propagate more efficiently
than other areas of the foil where the turbulence is more fully developed and less coherent.

The location of this transition can be seen by the Ay visualisations in Figure 7.6, and the
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Figure 8.3: Instantaneous surface pressure fluctuations on the tip of the foil which may
experience a scattering effect, similar to those at the trailing edge, as they are shed over the
suction side edge.

effect this has on surface pressure fluctuations can be seen in the p’ analysis in Figure 7.9.

Investigation of the flow features using the surface pressure fluctuations and Ao analysis
presented here leads to the hypothesis that the noise production mechanisms in the tip
gap region are similar to those at the trailing edge, involving the scattering of turbulent
structures by the tip edge. The scattering mechanism on the tip edge is likely to create
acoustic waves which travel along the suction surface of the foil, creating a source which is

not acoustically compact and therefore will not be captured by the incompressible solver.

8.3 Taxonomy of suspected noise source mechanisms

Figure 8.3 shows the instantaneous pressure fluctuations on the tip of the aerofoil, while
Figure 8.4a shows the flow features in this region using the Ay criterion and Figure 8.4b
shows a schematic sketch of the critical features. The sketch shows four distinct mechanisms

which may contribute to the noise generated by the foil in the tip gap region:

1. The vortex which forms over the pressure side edge of the tip is stable in its position,
and convects down stream along the tip edge towards the trailing edge of the foil.
Figure 8.3 shows the strong pressure fluctuations associated with this vortex, which
are eventually shed over the suction side edge of the tip, near the trailing edge of the
foil. It would be expected for these structures to scatter over the suction side edge of

the foil generating an efficient noise source which may propagate to the far-field.

2. In the presence of small tip gaps, such as the 1% gap presented, the physical size of
the pressure side edge vortex is limited. As more energy is fed into the vortex by the
tip leakage flow, it sheds smaller vortex structures through the tip gap, similar to a
sheet of vorticity, before shedding over the suction side edge. It would be expected for
scattering of these structures to occur over this edge and generate noise, similar to
flows over backward facing steps [136] [137] [138] [139] [140]. Typically the backward
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(a) Tip gap flow (b) Schematic sketch

Figure 8.4: Schematic representation of the flow features within the tip gap region of
the aerofoil, looking towards the leading edge and into the tip gap, as in Figure 7.7a. The
pressure side is on the right, the suction side on the left, with flow into the page, causing tip
leakage from right to left, over the tip of the foil.

facing steps investigated in the literature have an aspect ratio close to 1, such that
their depth is roughly equal to their height, and there is typically no surface restricting
the flow above the step. The flow structures which form over the top of the step are
therefore large compared with the step size, and the back face of the step is small. In
the current arrangement the length ratios involved are quite different, with small gap
height compared to step depth and large back face compared to the gap height. This
presents a large surface over which the acoustic waves can be scattered. The scattering
of vorticity over large backward facing steps such as this has not been covered in the

literature.

3. The tip leakage flow drives a stable tip leakage vortex (TLV), which in turn generates
a counter vortex due to the no-slip condition of the boundary surface. These structures

are consistant with similar invesitgations of aerofoils with small tip gaps carried out
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Figure 8.5: Summation of the strips used in the FW-H analysis suggests that a span-wise
coherence exists, illustrated by the much lower pressure levels of the sum of the strips
compared with the whole foil. The similarity between the summed chord-wise strips and the
whole foil confirms that the trailing edge noise caused by acoustic scattering is not being
captured.

by [9], [20] [14]. The TLV interacts with the duct boundary layer and produces a
large region of strong vorticity and therefore likely quadrupole sources [56]. However,
the very low Mach numbers of interest in the marine environment suggest that this
is unlikely to be an efficient source for far-field propagation. These structures will
have implications for any solid boundaries downstream such as stator blades, causing
turbulence interaction noise, and the trailing edge of the duct in a ducted propeller,
causing increased trailing edge noise from the duct. These considerations are beyond

the scope of this investigation and so have not been investigated further.

. If the tip gap is reduced sufficiently a horseshoe or necklace vortex forms due to the

interaction between the orthogonal wall and blade surfaces. On the pressure side of
the foil this vortex becomes part of the system of vortices driven by the tip leakage
flow and therefore away from the foil. On the suction side this vortex is broken down
and drawn through the gap by the tip leakage flow potentially having a limited impact

on the noise production of the foil as it interacts with the tip edges.

Due to the limitations in the incompressible solver in capturing the vorticity scattering

mechanism, the noise generated by these tip flow features will not be adequately captured,

and so the far-field noise predictions may be significantly under predicted.
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Figure 8.6: Boundary layer sampling locations.
8.4 Noise sources captured by present implementation

As discussed in previous sections in this Chapter, the current implementation of an incom-
pressible solver is not capable of capturing the scattering mechanisms which might dominate
in the aerofoil configuration here with turbulent flows being shed over sharp edges. The
far-field acoustic pressures were found to contain peaks in the pressure spectra, and the
frequencies of these peaks varied for different chord-wise sections of the foil. This further
confirms that the far-field pressures are unlikely to be caused by scattered turbulence, as
this causes the scattered acoustic wave to radiate from the entire foil surface, and so dividing
the foil into distinct sections would be unlikely to show different characteristic frequencies

from different regions of the foil.

Figure 8.5 shows the comparison of the summations of the far-field pressure spectra of the
chord-wise and span-wise sections of the foil with the far-field pressure spectra radiated from
the whole foil surface. It can be seen that the summation of the chord-wise strips shows
good agreement with the far-field noise predictions made when the whole foil was used. This
suggests that there is little chord-wise coherence on the foil surface, confirming that acoustic
waves scattered upstream by the trailing edge are not present. The pressure spectra given
by the span-wise summation can be seen to be significantly lower than that of the whole

foil, suggesting that there is coherence in the span-wise direction.

If the scattering of turbulence is not being captured then the acoustic radiation predicted
by the FW-H analogy relies on the hydrodynamic surface pressure fluctuations which are

dependent on the turbulent boundary layer properties. It has been discussed in Chapter
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Figure 8.8: Comparison of C), distribution and p,.s at midspan for h/c = 1% case.

3 that the accurate simulation of turbulent boundary layer transition using LES is very
difficult and would require significantly increased resolution of the mesh on the foil surface.
Capturing transition is not the primary objective in the current work and so the mesh was
designed to prioritise the tip gap resolution to maintain computational affordability, which
has also been discussed in Chapter 3. The result is that the accuracy of the frequency

content of the turbulent boundary layer in the presented simulations is likely to be limited.

To assess the development of the boundary layer over the surface of the foil, the mean velocity
was sampled along the chord at midspan with the sampling locations following Greschner et
al. [13] at =/c = 10, 25, 40, 50, 60, 70, 80, 90, 95, 97.5, 99 and 100 % as shown in figure 8.6.

Figure 8.6 also shows the point on the tip surface where the pressure was sampled to assess
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.

Figure 8.9: Areas of localised flow separation shown using a contour of U, = 1075 m/s,
shown in blue, to identify regions with an upstream flow velocity.

the frequency content of the surface pressure fluctuations in the tip gap. The impact which
the tip gap has on the surface pressure fluctuations on the tip will be discussed in detail in
Chapter 9. It can be seen that the sampling lines are perpendicular to the foil surface and
the mean velocity was sampled perpendicular to these lines, i.e. tangentially to the surface
of the foil. This velocity will be given the subscript ¢ to identify this. The mean boundary
layer velocities shown in Figure 8.7 correspond well with previous numerical simulations of

similar arrangements [13].

Figure 8.8 shows the chord-wise distribution of pressure coefficient, C,, and root mean
square, rms, pressure, sampled at mid span of the foil. The pressure coefficient is sampled
on both the pressure side and suction side of the foil and the rms pressure is sampled on
the suction side only. Inspection of the pressure distribution shows a secondary hump at
x/c ~ 4%, suggesting the presence of a laminar separation bubble. The reattachment of
this bubble is likely to cause the transition from a laminar to a turbulent boundary layer,
and the peak shown in the p,,s plot show that the combination of these events is causing
strong rms pressure fluctuations. The separation near the leading edge is shown in Figure
8.9 which uses an iso-contour surface of U, = 107° m/s to illustrate areas of recirculating

flow caused by the separation bubble.
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8.5 Summary

Splitting the foil into several sections showed only a minor increase in the contribution to
far-field noise from the tip region. Due to the use of an incompressible solver any noise
mechanisms which rely on the scattering of turbulence are not captured. A taxonomy
of important unsteady flow features has been presented and the likely importance of the
different mechanisms discussed. It is suggested that the primary noise source mechanism in
the tip gap region of ducted propellers is likely to be due to the vorticity in the tip leakage
flow being scattered as it interacts with the tip edge. The flow through a tip gap is analogous
to that of a forward-backward facing step, however the proportions in the current study

differ greatly from those investigated in the literature.

The noise sources captured by the incompressible solver for use with the acoustic analogy
are likely to be dominated by hydrodynamic pressure fluctuations due to the solver not
being capable of capturing the scattering mechanism. It has been discussed that the far-field
noise predictions are likely to be dominated by the unsteady pressure fluctuations within

the boundary layer on the suction surface of the foil.

The tip leakage vortex is shown to interact with the horseshoe vortex as well as the tip leakage
flow and convect downstream. The breakup of this vortex is hypothesised in the literature
to be an important noise source in aerodynamic arrangements. It has been discussed that
in the marine environment the Mach numbers of interest are significantly lower, M < 0.03,
and therefore the the breakdown of vorticity in the free fluid is unlikely to be a dominant

noise source in water.



Chapter 9

Noise source sensitivity to the tip

gap

9.1 Introduction

In chapter 7 it was shown that the far-field radiated noise was affected by the varying tip gap
height, and that the far-field noise increased with reducing tip gap height. Chapter 8 discussed
the pressure fluctuations which are being radiated are likely to be purely hydrodynamic i.e.
not capturing the scattering of turbulent structures over sharp edges. The noise sources
responsible for the predicted far-field pressure fluctuations have been discussed including the
chord-wise distribution of rms pressure and static pressure coefficient, C),. This revealed the
presence of a small laminar separation bubble near the leading edge which was confirmed
by highlighting areas of recirculating flow in post-processing. A taxonomy of likely noise
source mechanisms in the tip region has been proposed using the flow features to predict the
most likely locations for turbulence scattering noise mechanisms. This chapter continues the
analysis from Chapter 8 and investigates the sensitivity of each of the mechanisms discussed
on the size of the tip gap height, when h/c is 0.5%, 1.0%, 2.0% and 5.0%. If the behaviour of
the suggested noise mechanisms can be shown to follow the same trend in the far-field noise
found in the literature this will strengthen the hypothesis made whilst giving indications

towards making progressive design changes.

9.2 Far-field noise radiation from different source regions
Using the post-processing technique of generating a subset of surface faces to use as the
integration surface, the FW-H analysis was carried out on the tip region of the foil, to

compare with the far-field radiations from the total foil. This region was set up to be 10%
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of the length of the span of the foil for the h/c = 1% case, i.e. the span of the integration
surface is 99 mm. This span was then used for the subsequent subsections to ensure that an
equal integration surface area was used in each case. Figure 9.1 shows the prediction of the
noise using this tip region as the integration surface compared with the use of the remainder
of the foil and the whole foil. Note that Figure 9.1a is the same as Figure 7.15.

It can be seen that while the use of the whole foil as the integration surface in Figure
9.1a produces a hump at f ~ 5kHz, the use of the tip region in Figure 9.1b shows that
the reducing tip gap produces reduced far-field acoustic radiations from that region. This
relationship between the tip gap and the far-field noise intuitively follows the expectation
found in the literature, however it is the reverse of the trend shown when the whole foil
is used as the integration surface. This infers that the tip gap has an impact on the noise
generated by the rest of the foil, as is shown in Figure 9.1c, which uses the remaining part
of the foil which was not used for the tip section analysis. It can be seen that the remaining

section of the foil follows the same trend as the whole foil, with a hump at f ~5kHz.

9.3 Pressure distribution

It has been shown that the surface pressure fluctuations captured in the FW-H analysis are
hydrodynamic in origin. However, note that the tip gap plays a significant role in the fluid
behaviour over the whole foil. It has been shown that the strongest contributions to the
far-field noise appear to be due to the transition at the leading edge, where the boundary

layer changes from laminar to turbulent.

Figure 9.2 shows the C), distrbutions at mid-span for the four different tip gaps. It can be
seen that as the tip gap height is reduced, the low pressure hump on the suction side near
the leading edge increases, confirming the increase in lift performance seen previously in
Figure 7.14. The increased strength of this spike causes an increase in the magnitude of
the adverse pressure gradient, moving further downstream on the foil and so could trigger
a more aggressive transition, causing the increased noise seen in the far-field predictions.
Furthermore, it can be seen that the C), distribution has a second, smaller peak, just
downstream of the initial peak. The second peak in C), is indicative of a laminar separation

bubble, caused by the strong adverse pressure gradient, as discussed in Chapter 8.

Figure 9.3 shows the pressure coefficient C), over the whole suction surface of the foil. In
these figures the root of the blade is at the top, with the tip, and therefore the tip gap,
shown at the bottom. The leading edge is to the left and the trailing edge is on the right. At
the largest tip gap the influence of the strong tip leakage vortex can be seen in the bubble
of low pressure near the tip caused by the pressure drop in the core of the TLV. This is

seen to decrease in size and strength with decreasing tip gap height. The magnitude of the
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Figure 9.1: Effect on far-field acoustic radiations from different regions of the foil for
various tip gaps.



128 Chapter 9. Noise source sensitivity to the tip gap

T
—0.5% h/c
Al ---10%h/c| |
------- 2.0%h/c
- -5.0% h/c
3 [ |
2 [ |
D&
1 [ |
0 [ |
1l |
| | | | | |
0 0.2 0.4 0.6 0.8 1
x/c

Figure 9.2: (), distribution at mid span for different tip gap heights.

pressure coefficient can be seen to increase as the tip gap height decreases, shown by the

darker colours towards the leading edge, as observed at mid span in Figure 9.2.

Figure 9.4 shows the regions of separation on the foil for the four cases. This contour was
produced using the z-component of the mean flow velocity such that U, = 1 x 107°m/s to
identify regions with an upstream flow component. It can be seen that in the configuration
with the largest tip gap height there is little separation occurring at the leading edge, but as
the tip gap is reduced, the area of separation near the leading edge increases. The increasing
separation region follows the variation in the pressure distribution as shown in Figures 9.2
and 9.3 which demonstrated a higher magnitude of pressure coefficient, resulting in a more
severe adverse pressure gradient, and a secondary hump can be seen in Figure 9.2 for the

smaller tip gap heights.

9.4 Boundary layer development

It has been suggested in the previous sections that the increased adverse pressure gradient
may be responsible for a more severe tripping of the boundary layer and so the impact of the
tip gap height on the development of the boundary layer has been analysed here. Figure 9.5
shows the boundary layer profiles at two key locations, z/c = 40% and x/c = 90%. These
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(a) h/c=0.5% (b) h/c=1.0%

(c) h/c=2.0% (d) h/ec=5.0%

Figure 9.3: Pressure coefficient, C, plotted over the suction side of the foil. The leading
edge is on the left, trailing edge on the right, root is at the top and the tip and gap are at
the bottom of each figure. The colouring is 0 < —C), < 5 where 0 is white and 5 is black.

sampling locations where selected by the results from the divided FW-H analysis shown in
Figure 8.2b, which suggests that the 20% — 40% section produced the strongest far-field

radiated pressures and the most distinct characteristic frequencies.

From Figure 9.5a it can be seen that the boundary layer thickness has an inverse relationship
to the tip gap height agreeing with the previous discussion that the transition is more
aggressive for the reduced tip gap cases. Furthermore, Figure 9.5b shows that this increase
in boundary layer thickness continues to the trailing edge of the foil, which will impact
the strength of the trailing edge noise generation, implying that trailing edge noise may be
increased by reducing the tip gap. The development of the boundary layer for all four cases

is shown in Figure 9.6.

9.5 Unsteady pressure distribution

Figure 9.7 shows the rms pressure distribution over the suction side of the foil in the form
of a contour plot, illustrating the high pressure fluctuations which occur near the leading

edge. In this figure the leading edge is to the left, with the trailing edge to the right, the
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Figure 9.4: Areas of localised flow separation shown using a contour of U, = 107° m/s to
identify regions with an upstream flow velocity.
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Figure 9.5: Mid-span boundary layer profiles at key chord-wise locations for varying tip
gap heights illustrating the impact that the tip gap height has on the the entire foil.
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Figure 9.6: Boundary layer profile development along the suction surface of the foil at
mid-span for various tip gap heights using the sampling locations shown in Figure 8.6
following Greschner et al. [13].
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Figure 9.7: Effect on surface rms pressure of varying tip gap height.

root is at the top and the tip and gap are at the bottom. It can be seen that at the larger
tip gaps, the strong tip leakage vortex causes a "shadow"' shown by the reduction in rms
pressure at the location of the TLV being shed from the tip gap and drawing energy out of
the boundary layer nearby.

The location of this region of decreased surface pressure fluctuations can be seen to move
further forwards on the foil as the gap reduces from 5% to 2%, and then seems to be
removed completely at the small tip gap heights. This is in agreement with the analysis
of the flow features throughout this thesis which have observed the shedding of the TLV
occurring further towards the leading edge as the tip gap is reduced. This phenomenon will

be discussed further later in this chapter.

9.6 Coherent vortex structures in the gap

Figure 9.8 shows the instantaneous iso-contour surfaces of Ay = 10° obtained from LES
simulations to demonstrate the difference in the coherent vortex structures generated by
different tip gaps, along with the instantaneous fluctuating component of surface pressure, p'.

It can be seen that at the largest tip gap, h/c = 5.0%, there are strong vortical structures
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(d) h/c=5.0%

Figure 9.8: The right hand figures show the instantaneous iso-contour surfaces of Ay = 10°
from LES simulations to demonstrate the difference in the coherent vortex structures
generated by different tip gap heights. Contours are coloured by w, to show vorticity direction
in the stream-wise direction. The left hand figures show the instantaneous fluctuating
component of the surface pressure, —10 < p’ < 10 Pa.
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formed within the tip gap near the leading edge caused by the tip leakage flow over the
pressure side edge. These structures are shed through the gap at between z/c ~ 20 — 40%
where the strong tip leakage vortex causes counter vortices to be generated against the
boundary surface above the tip. These can be seen in blue on the suction side of the foil.
Further downstream within the tip gap other large structures can be seen to be generated
over the pressure side edge of the foil and are shed through the gap. These structures occur
in the same location as the instantaneous fluctuating components of the surface pressure and
it can be seen that, at this tip gap, the front half of the foil tip experiences relatively weak
surface pressure fluctuations. Closer to the trailing edge the surface pressure fluctuations
can be seen to increase, qualitatively appearing to be maximum near the suction side edge
of the foil tip where they are shed into the free fluid. This area of the tip edge is likely to be
the dominant cause of noise in the tip region as these structures are scattered by the sharp

edge.

As the gap reduces to 2.0% it can be seen that the vortex which is formed over the pressure
side edge is physically restricted by the tip gap and the tip leakage flow is not strong enough
to detach it from the foil tip surface. Instead it remains attached to the pressure side edge
and as energy is fed into it by the tip leakage flow, it sheds smaller structures through the
tip gap. It can be seen that the size restriction of the tip gap results in smaller vortex
structures which reduces the magnitude of the surface pressure fluctuations and creating a
more homogeneous distribution across the foil tip before being drawn through the gap by

the tip leakage flow and shed over the suction side edge.

As the tip gap is reduced further it can be seen that the vortex which forms over the pressure
side edge remains, and also stays attached to the edge. However, the vortex is reduced
in strength by the physical restriction placed on the size of the vortex. Consequently, the
surface pressure fluctuations are also seen to reduce, both along the length of the PS vortex,
and in the strength of the structures which are shed through the gap. At h/c = 1.0% the
PS vortex remains attached and convects along the edge as previously discussed, along with
the strong pressure fluctuations associated with it. At h/c = 0.5% the pressure fluctuations

caused by the PS vortex are seen to be mostly suppressed by the size of the gap.

9.7 Surface pressure fluctuations on the foil tip

In order to assess the impact of the tip gap on the frequency content of the surface pressure
fluctuations a sampling point was extracted from the recorded pressures on the foil tip at
75% chord from the leading edge and on the mean camber line as shown in Figure 8.6.
Figure 9.9a shows the surface pressure spectra sampled from this point. This point has been
chosen as it is similar to the sampling point, B, used in [9], [49], and [76]. The frequencies

of the pressure spectra can be non-dimensionalised using the Strouhal number of the flow:
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Figure 9.9: Surface pressure spectra on the tip of the foil for various tip gaps.
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where f is the frequency, L is the characteristic length and U is the flow speed. For
this analysis, L was taken to be the tip gap, h and the mean flow speed was 10m/s as

prescribed at the inlet of the domain. The magnitude of the pressure spectra was found to be



136 Chapter 9. Noise source sensitivity to the tip gap

approximately proportional to the tip gap height squared. Figure 9.9 shows the comparison
of the spectra both with and without the normalisation. It can be seen that the surface
pressure fluctuations at this location exhibit a peak at 0.15 < St < 0.2 which is in agreement
with the experimental works [76]. It is noteworthy that the Strouhal number of 0.2 is typical
for Von Karman vortex shedding in the wake of a cylinder. Similar flow structures were
observed in the initial tip gap studies in this work, presented in Chapter 6, which found the
h/c = 7.5% case to demonstrate a critical gap height which caused the onset of periodic,

oscillating vortex shedding over the pressure side edge.

It can be seen that the magnitude of the pressure fluctuations are roughly proportional to
the tip gap height squared. It has been discussed in Section 9.6 that the tip gap height
places a physical limit on the size of the vortex structures which can occur in the gap, and
it has been shown that these structures are directly responsible for the surface pressure
fluctuations in this region, which in turn will correspond to the strength of the scattered

waves when the structures are shed over the suction side edge of the foil.

9.8 Summary

Varying the tip gap has been shown to impact flow features over the whole foil surface. The
reduction in flow through the tip gap increases the pressure difference between different sides
of the foil leading to higher peak C), values and instigating flow separation at the leading
edge. The reduction in the tip gap has the effect of increasing the effective angle of attack
and therefore, in a practical design, the pitch of propeller blades should be adjusted along
with the tip gap to avoid cavitation caused by the stronger pressure drop on the suction

surface.

The increased C), peak has been shown to create a stronger adverse pressure gradient and
therefore thicker boundary layer profile across the suction side of the foil. The unsteady
pressure fluctuations on the suction surface are likely to be the dominant source of noise
captured by the present implementation of the acoustic analogy, and the increased boundary
layer thickness with reduced tip gap matches the trend of increased noise predicted in
the far-field. The frequency content of the boundary layer is unlikely to be accurately
captured in the presented simulations as the focus of the study is on the tip flow and so the
use of increased resolution in the boundary layer has been avoided, due to computational

limitations.

The presented analysis of the tip gap flow features suggests that the complex structures
inside the tip gap are being captured well by the chosen meshing methodology. Furthermore,
the tip surface pressure frequency spectra show good agreement with preceding experimental

and numerical works and provides confirmation that the frequency content of the unsteady
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flow features in the tip gap are well represented. By prioritising the tip region resolution
the simulations remained computationally affordable, allowing the study of several different

arrangements whilst capturing the unsteady flow mechanisms in the tip gap accurately.

The reduction in tip gap size has been shown to reduce the size of the coherent structures
within the tip gap and reduce the magnitude of the pressure fluctuations on the tip surface.
The surface pressure spectra on the tip has been shown to be roughly proportional to the
tip gap squared which agrees with the accepted trend found in the literature that reduced

tip gap sizes produces lower tip vortex noise.
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Chapter 10

Recommended design

modifications

10.1 Introduction

As discussed in Chapter 8, it is suggested that the mechanism by which noise is generated
in the tip gap region is similar to that of trailing edge noise, such that strong turbulent
structures are scattered as they pass over the suction side edge of the tip. It is further
suggested that in order to improve the behaviour of the tip with regard to noise, these
structures must be reduced in their strength, or in the strength of the scattering interaction.
It was observed in Chapter 7 that the smaller tip gaps used caused the pressure side vortex
to become bound to the edge of the tip and break down into a sheet of vorticity which
quickly forms coherent structures, which are drawn through the tip gap by the tip leakage

flow.

This chapter will discuss a number of potential modifications that could be applied to the
foil to reduce the noise mechanisms which have been hypothesised. The individual merits
of each modification will be discussed, along with their ease of design and implementation,

both for new designs and for retro-fitting to existing propellers.

10.2 Suggested modifications

As discussed in the early chapters in this thesis, the aviation industry has been paying close
attention to tip gap generated noise for longer than the marine industry due to pressures
over reducing noise for residents near airports and passengers on board. The reduction of
the tip gap suppresses the size and strength of the turbulent structures in the gap, as well as

reducing the strength of the tip leakage vortex in order to reduce the noise produced. Due
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to the rotational speed of turbo fan engines, the tip speed can often have a Mach number an
order of magnitude higher than that of a marine propeller and so the TLV and the associated

quadrupole sources can have a significant contribution to far-field noise.

The use of ever decreasing tip gaps is not feasible in marine propellers due to the increased
likelihood of cavitation caused by the pressure drop in the tip gap region. In ducted fan
design, such as for HVAC systems, other tip modifications have to be made in order to
reduce noise using larger tip gap heights. These modifications are likely to have greater
similarity to the requirements of the marine propeller industry and the proposed design

improvements from the literature have been discussed in Chapter 2.

Based on the suggested improvements found in the literature and the hypothesised noise
sources located within the tip gap, several potential design improvements are discussed here.
One design modification will be selected to analyse using the same CFD set-up as in the
preceding chapters to assess its effectiveness at eliminating the hypothesised noise generation

mechanisms.

Filleted tip edges

The taxonomy of noise sources in Chapter 8 suggests that the primary mechanism is likely
to be caused by either the tip separation vortex being scattered over the suction side edge
of the foil near the trailing edge, or when the gap is sufficiently small, the strong turbulent
structures which are shed from this vortex being scattered as they interact with the sharp
suction side edge. The introduction of a fillet on the pressure side edge could remove the tip
separation vortex and therefore create a smooth inflow for the tip leakage flow, removing

the strongest of the turbulent structures within the tip gap.

This has potential drawbacks regarding the lift and drag performance of the foil as the
smoothed inflow conditions are likely to allow for an increased tip leakage flow rate which
in turn is likely to produce a stronger tip leakage vortex. This could displace the vortex
further from the suction surface of the foil causing a reduction in vortex induced lift, while
the increased strength could cause a stronger pressure drop downstream of the foil, therefore

increasing the vortex induced drag.
Filleting the pressure side edge of the foil tip has some advantages in its simplicity:

e using a fillet to smooth the inflow should not require a complex design to achieve the
goal of smoothing the inflow, it simply needs to be large enough to remove the tip

separation vortex

e numerically this arrangement should be straight forward to recreate and analyse,

allowing good comparison with the base case
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e the manufacture of such a modification should be simple as the exact profile of the fillet

is not likely to be critical to the flow, and so can be retrofitted to existing propellers.

Use of a winglet or tip end plate

Taking inspiration from wings of commercial aircraft and high performance cars, winglets
and end plates can be used to control the formation strength and position of tip vortices.
In this discussion a winglet is referring to a continuation of the lifting surface which bends
along the span resulting in the tip surface being aligned with the direction of lift, thus the
tip surface is not generating any useful lift and so the camber and angle of attack in this
area is removed. An end-plate is referring to a flat plat which is orthogonal to the lifting
surface of the foil, applied across the tip and separates the high and low pressure side of the
lifting surface. The general principle is that the winglet or end plate is generating very little
liftt and therefore the pressure gradient across its tip is comparatively weaker than it would
be over a simple flat lifting surface and therefore the strength of the tip vortex is reduced.
These devices have been proposed in the past for use in the marine industry to improve the
propulsive performance of the propeller but as the load on each blade of a marine propeller
is high, they are usually cast from single pieces of metal before the surface is ground into
shape, making the formation of complicated winglets difficult. It has been suggested that
the tip vortex forms a strong acoustic source as it interacts with the trailing edge of the foil
and so shedding the TLV away from the trailing edge using a winglet could improve the
acoustics, however, it has been shown throughout this work that in a ducted arrangement

the TLV is shed by the tip leakage flow and does not interact with the trailing edge.

As technology improves these designs may become feasible in the marine industry, for
example with access to large scale 3D printers for the production of moulds for metal casting
or using improved composite manufacturing techniques. In the HVAC and turbomachine
industry tip end plates have been studied to improve aerodynamic performance [141], as
well as acoustic performance [142] [143], and winglets have been investigated regarding
their aeroacoustic impact [44] [45]. These studies agree that the use of well designed tip
treatments can control the formation of tip vortices and reduce the emitted noise, however,

the mechanism by which they reduce noise is not understood.

This work will not focus on the use of winglets or end plates as they require complex
geometries causing more difficult low comparisons with the current study, as well as limited

transferability to the marine industry for the reasons discussed here.
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Trailing edge noise treatments

It has been discussed that the proposed primary noise mechanism shares similarities with
trailing edge noise which suggests that similar treatments could be useful to the current case
by applying the edge treatment to the suction side edge of the tip to reduce the scattering
effect predicted there. Two popular current areas of study regarding trailing edge noise use
trailing edge serrations [144] [145] [146] and perforated trailing edges [147] [148]. The use
of a serrated trailing edge reduces the span-wise coherence of the scattering process and
therefore reduces the efficiency of the source for radiating noise to the far-field, as well as
causing destructive interference between waves propagating from different points on the
trailing edge, reducing their strength. Trailing edge perforations reduce the strength of
surface pressure fluctuations before they reach the trailing edge and thus reduce the noise
source strength. The use of perforations in the tip has previously been suggested for use in
turbofan engines [149]. In a marine context the use of a porous material in the tip is likely
to instigate cavitation caused by localised pressure drops, however, the use of a serrated

edge could be feasible and relatively simple to manufacture.

Trailing edges reduce noise radiation by creating destructive interference by scattering the
turbulence at different stream-wise locations, thereby creating a phase lag between different
regions of the trailing edge. In order to design a serrated trailing edge which effectively
reduces edge interaction noise the shape and size of the serrations need to be carefully
designed. The assessment of their effectiveness relies on the far-field radiated noise which
has been shown not to be feasible in the current set up with the available computational

power. For this reason this modification will not be investigated here.

Use of rotating shroud to remove tip gap

The final modification to be discussed here is the use of a rotating shroud to remove the tip
gap all together and therefore remove all tip leakage flow and the associated noise mechanisms.
The aviation industry makes use of shrouded blades in compressors by including a shroud
on the tip of each blade which then link together to form a continuous shroud, as well
as in smaller axial fans where a ring shroud is part of the whole propeller [150]. In the
marine industry there has been a rise in the use of Rim Driven Thrusters (RDTs) which
use electromagnetic induction to drive the rim of the propeller [151] [152]. These often have
the open tip of the propeller blade in the center where the hub would usually be, but can
incorporate a rotating hub to remove the presence of an open blade tip. In the context
of a full scale marine propeller the shroud required would constitute a significant increase
in mass of the propeller, which is located far away from the axis of rotation and therefore
impacting the torque required. This can be offset somewhat by the fact that the propeller

blades are now supported at both ends and so the blade itself can be made thinner, lighter
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and therefore more efficient.

This modification would remove the noise source mechanisms proposed in this work but
would become a rather trivial case if investigated compared with the current set-up as the
blade would become quasi 2-dimensional, bound between flat plates. This would likely
increase the strength of the horseshoe vortex around the tip and it would no longer be
driven away from the foil by the tip leakage flow. The horseshoe vortex would be likely to
remain attached to the suction surface and impact the trailing edge noise as it is shed from
the foil. The introduction of a rim which is installed within a channel in the duct creates
a complex flow in the fluid between the surfaces similar to that of a Taylor Couette flow
[153] [154], with unknown impacts on the noise generation. Therefore an assessment of the
effectiveness of this design modification would require the prediction of the trailing edge
noise. Furthermore, this would be a major design modification with many other factors to

be considered as discussed and so the rotating shroud will not be investigated here.

10.3 Comparison of a modified tip with the base case

10.3.1 Chosen design modification

This study has chosen to investigate the influence of introducing a fillet on the pressure side
edge of the tip in an effort to reduce the turbulence in the tip gap region. This modification
has been chosen as it is the most practical to retrofit to real propellers, as well as being
practical to implement using the current simulation methodology. It also has the benefit
of retaining a flat surface along the mean camber line of the blade tip, allowing direct
comparison of surface pressure taken from the same sampling location spectra as used in
Chapter 9. It is suggested that by filleting the pressure side edge of the foil tip, the vortex
seen on that edge in the case study can be reduced in strength, or given a sufficient fillet
radius, removed completely. If this vortex can be removed then the tip leakage flow should be
much smoother, with lower turbulence strengths and fewer and weaker coherent structures
being drawn through the tip gap. To use the trailing edge comparison, this would have the
effect of creating a much thinner boundary layer passing over the sharp tip edge on the
suction side, in turn reducing the scattering of these structures and therefore the radiated
noise to the far-field.

There are also potential negative effects of filleting the pressure side edge of the tip. The
smoother tip leakage flow will likely lead to higher flow velocities and therefore volumetric
flow rates through the tip gap. This will inevitably cause an increase in the strength of
the TLV. The increased tip leakage flow may also cause earlier separation of the TLV from
the foil, and drive it further away from the suction surface of the foil. It is expected that

regarding the noise produced this will have little effect, but may impact the performance of
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(a) Base case - square edges (b) Modified case - filleted pressure side edge

Figure 10.1: Comparison of the original and modified foil tip geometry.

the foil. The increased TLV strength could see an increased pressure drop at its core, and
thus impart a higher drag on the foil. Moving the trajectory of the TLV further from the
suction surface may reduce the vortex induced lift experienced by the foil, however, given
the increase in vortex strength, it is hard to speculate whether the lift will be positively or

negatively impacted.

It is recommended that further investigation should be carried out using a parametric process
to assess the required fillet size to achieve the desired reduction in the turbulent structures
within the tip gap. However, this study will focus on one modification, using a relatively
large fillet with a maximum radius of 30 % of the foil thickness (i.e. 30 mm). Figure 10.1
shows the geometry of the variable fillet used on this foil. To avoid any difficulties regarding
meshing the fillet was continued over the entire tip edge with the radius for the suction side
set to 0.5 mm, effectively making it a sharp edge given the grid size long the edge has a
maximum edge length of =~ 0.3 mm. This radius was gradually increased in the last 10 %
chord before the leading edge, where it was set to 5 mm. The radius was set to its maximum
dimension of 30 mm at the location of the maximum thickness of the foil, before reducing

back down to 0.5 mm at the trailing edge.

10.3.2 Comparison methodology

The comparison was made between the two chosen designs using the realistic reference case
used in Chapter 7 in both time averaged and time resolved simulations. The modified foil
was inserted into the same meshing domain used previously, with a 1% tip gap height, 10°
angle of attack. Due to the fillets on the tip of the foil the mesh resolution on the tip had to
be increased to capture the curvature smoothly. As before, the filleted foil was run using
a RANS solver initially, to provide a good approximation from which to initiate the LES

analysis. This RANS analysis will also be presented as the results of the RANS simulations
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Table 10.1: Performance comparison of modified and original tip design.

: RANS LES
Parameter Unit
Square Filleted Change [%] Square Filleted Change [%]
Cp -] 0.080 0.083 2.8 0.067 0.074 10.1
Cp, ] 1.318 1.329 0.8 1.488 1.457 -2.1
Lift:Drag -] 16.39 16.07 -2.0 21.70 19.69 -11.0
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Figure 10.2: Comparison of the performance coefficients for the original and modified tip
designs using both RANS and LES solutions.

have been shown in previous chapters to offer a good initial insight into the generation of

large vortical structures, and therefore can be used as an initial design methodology.

10.3.3 Performance

Due to the importance of the tip vortex in the lift and drag performance of the foil, as
discussed in Chapter 6, it is expected that the filleted pressure side edge of the tip will have
an impact on the performance of the foil with regards to force coefficients as well as noise.
Table 10.1 shows the effect of the modified tip shape on the forces of the foil for the RANS
and LES studies.

It can be seen that for both steady and unsteady simulations the drag increases for the
filleted foil compared to the square tipped foil. This is to be expected as the filleted pressure
side edge provides less resistance to the tip leakage flow, meaning the TLV in the filleted

case is expected to be stronger and therefore cause increased drag. It can be seen that for
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Figure 10.3: C), distribution at mid span for original and modified tip designs, calculated
using mean pressures from the LES simulations.

(a) Original - square tip (b) Modified - filleted tip

Figure 10.4: Pressure coefficient, C), plotted over the suction side of the foil. The leading
edge is on the left, trailing edge on the right, root is at the top and the tip and gap are at
the bottom of each figure. The colouring is 0 < —C), < 5 where 0 is white and 5 is black.

both tip designs the drag is lower in the LES solutions than those computed using RANS
which is expected as RANS often over predicts the drag of aerofoils, as discussed in Chapter
5.

It can be seen that the RANS analysis predicts a slight improvement of lift for the modified
tip, while the LES simulations predict a reduction in lift. It has been discussed in Chapter 6
as well as presented in the literature [67] that RANS solvers are likely to find great difficulty
in modelling the complex turbulence found in tip clearance flows such as this. It is expected

for the lift performance of the foil to decrease with the modified tip as the tip leakage flow
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-
(a) Original - square tip (b) Modified - filleted tip

Figure 10.5: Areas of localised flow separation shown using a contour of U, = 107° m/s
to identify regions with an upstream flow velocity.

is less restricted and therefore the pressure difference between the two sides of the foil is
reduced. This can be seen in Figure 10.3 as the magnitude of the pressure coefficient for the

modified tip is slightly reduced over the whole chord.

The fillet in this test case was chosen to be as large as practicable without causing other
discontinuities around the tip edge and so the maximum radius is ~ 30% of the maximum
thickness of the foil. The loss of aerodynamic performance observed in these results could be
reduced by optimizing the radius of the fillet around the foil, such that the separation vortex

on the pressure side edge is removed, whilst minimizing losses due to excess tip leakage flow.

10.3.4 Tip gap flow

Figure 10.6 shows the comparison of the original foil design against a foil with a large
fillet on the pressure side edge, using the iso-contour of Ay = 10° to define the presence of
strong vortex structures in the tip gap region, along with the instantaneous surface pressure
fluctuations coloured nominally between +10Pa by subtracting the mean surface pressure

from the instantaneous surface pressure at each face on the surface.

For the square tipped foil in Figure 10.6a, as discussed in Chapter 7 it can be seen that the
pressure side edge generates a small vortex which is held close to the edge. This vortex is
limited in size by the tip gap height and so as it reaches its physical limitation, the additional
energy being supplied by the tip leakage flow causes this vortex to break down into a sheet
of distinct structure which are drawn through the tip gap and feed the TLV. This TLV can
be seen to shed from the foil near the leading edge and quickly breaks down into a group of
structures which swirl within a larger vortex system. It should be noted for both figures in
Figure 10.6 that the criteria for the isocontour has been set deliberately high to only capture
the strongest vortex cores and the TLV remains present in both cases. It was hypothesised

in Chapter 7 that the key noise mechanisms in the tip gap region are due to the sheet of
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vortex structures as well as the pressure side edge vortex propagating along the edge and

being shed over the suction side edge near the trailing edge.

(b) Modified - filleted tip

Figure 10.6: The right hand figures show the instantaneous iso-contour surfaces of Ay = 10°
from LES simulations to demonstrate the difference in the coherent vortex structures
generated by different tip gap heights. Contours are coloured by w, to show vorticity direction
in the stream-wise direction. The left hand figures show the instantaneous fluctuating
component of the surface pressure, —10 < p’ < 10 Pa.

It can bee seen that the pressure side edge vortex discussed produces significant pressure
fluctuations, which convect along the edge towards the trailing edge of the tip. These
pressure fluctuations can be seen to eventually be shed over the suction side edge. The
effect of the shedding of other vortex structures through the tip gap can also be seen by the
colouring of the rest of the tip surface. These structures are drawn through the gap and

shed over the suction side edge, likely involving some scattering effects as they interact with



10.3. Comparison of a modified tip with the base case 151

T T 177 T T 177 T TTTT

801 —— Square | |

--- Filleted

D
[es}
[

/
#-

PSD (dB re 20pPa/VHz)
S
)
I

Ll Ll Ll
102 10 10*
Frequency [H z]

Figure 10.7: Comparison of surface pressure fluctuations for original and modified tip
geometries.

the edge.

The effect of the filleted pressure side edge can be seen in Figure 10.6b, showing the absence
of any coherent vortex structures within the gap. The Ay contour has shown the high level of
vorticity in the boundary layer over the fillet, similarly to the boundary layer being identified
on the leading edge of the foil as discussed in Chapter 6. The lack of structures within
the tip gap region is indicative of the steadiness of the tip leakage flow for the filleted case
compared with the square tipped case. This smoothed inflow through the tip gap is the
reason the TLV is seen to be stronger and more stable near the leading edge. Crucially, the
stable vortex on the pressure side edge is not present along with the absence of the vortex
structures in the tip leakage flow. The use of the filleted edge has removed the two features
thought responsible for noise generation in the tip gap region. The smoothing of the tip gap
inflow can be seen to have a significant impact on the pressure fluctuations observed on the
tip surface using the same colour scaling and post-processing technique as the square tipped
foil. This in turn implies that the pressure fluctuations which are shed over the suction side
edge are reduced, directly reducing the strength of any scattering mechanism which occurs
there.

Figure 10.7 shows the PSD of the surface pressure fluctuations on the tip surface, sampled
on the mean camber line at z/c = 75%, the same location used in Chapter 9 as well as in
similar experimental works [9] [76]. It shows that the magnitude of the surface pressure
fluctuations is significantly decreased across all frequencies by ~ 10dB, and the characteristic

peak is removed completely with a maximum reduction of > 30dB.
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(a) Original - pressure contour only

(b) Original - pressure contour overlayed with streamlines of planar velocity components

(c) Modified - pressure contour only

(d) Modified - pressure contour overlayed with streamlines of planar velocity components

Figure 10.8: Comparison of the relative pressure drop around the tip for the original and
modified tip along with streamlines of planar velocity components to illustrate the areas of
separated flow and large vortices.

Figure 10.8 shows the result of taking a slice through the domain in the yz-plane, orthogonal
to the mean flow direction, similarly to the analysis used in Figure 6.10. In this figure the

mean flow is directed into the page, with the pressure side of the foil on the left and suction
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Figure 10.9: Comparison of far-field noise predictions for original and modified foil tip
geometry.

side on the right, therefore, tip leakage flow is from left to right. The slices are all coloured
by relative pressure —100 < p < 15 Pa as shown by the legend in Figure 10.8a, with Figures
10.8a and 10.8c showing only the pressure contour on the surface and Figures 10.8b and
10.8d also showing the streamlines based on velocity components parallel to the slice. It can
be seen that for the square tip foil, the pressure side vortex causes a significant localised
pressure drop at its core where the filleted edge allows for a smoother inflow and, therefore,
no formation of a vortex structure and no localised pressure drop. The pressure side vortex
effectively reduces the tip gap height with regard to the tip flow velocity and reduces the
strength of the TLV, confirmed by the reduced pressure drop in the TLV core for the square
case compared with the filleted foil which sees a higher pressure drop in the TLV core.

It has been discussed that this work is neglecting the effects of cavitation, however, in
practice it is a phenomenon which always needs to be considered and the impacts of the
suggested design modifications will be briefly discussed here. In the introduction of this
thesis Figure 1.2 illustrated the issue of cavitation causing a limit on the operability based
on local hydrostatic pressure. Figure 10.8 shows that changing the tip of a propeller to
include a fillet on the pressure side edge could delay the onset of cavitation by reducing the
maximum pressure drop. The improvements shown regarding the suggested noise source
mechanisms as well as the benefits to cavitation risk would need to be balanced against the
demonstrated loss in propulsive performance discussed in this chapter. The implication of
smoothing the inflow is that the tip gap can be reduced even further without increasing

the risk of cavitation and regaining some of the lost performance. This is an interesting
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(c) Difference in surface pressure fluctuations on the suction
surface between modified and original tip designs. Negative
values show a reduction in surface pressure fluctuations due
to the tip design change.

Figure 10.10: Change in rms pressures on the suction surface due to the modified tip.

topic which would require further study and would ideally account for variables such as

manufacturing tolerances for marine propellers which may limit the reduction of the tip gap.

10.3.5 Far-field noise predictions

The far-field noise predictions generated using the FW-H analogy are shown in Figure 10.9
for the original and modified foil tips. It can be seen that for the modified tip case the low
frequencies show good agreement but the humps which were seen in the square tip case have

been removed. This could be due to the increase in tip gap flow and subsequent strengthening
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of the TLV drawing energy out of the boundary layer and reducing the strength of the
surface pressure fluctuations. Figure 10.10 shows the rms pressures on the suction surface
for the two cases along with the difference between the two designs. By taking the rms
pressures sampled from the modified tip surfaces and subtracting those from the original
foil reveals the effect of the tip design. Negative values therefore show areas with reduced

rms pressure due to the design modification.

10.4 Summary

A variety of potential design improvements have been suggested following inspiration from
literature for reducing trailing edge noise, as well as intuitive developments to reduce the
strength of the unsteady structures in the tip gap. A simple design modification was chosen
by introducing a fillet onto the pressure side edge and has been shown to remove the unsteady
structures in the gap along with the associated pressure fluctuations on the tip surface. The
filleted edge was chosen because it represented a case which allows direct comparison with
studies in previous chapters, it is easy to implement within the current methodology and

would be easy to retrofit to full scale propellers if necessary.

The comparison between the original and modified tip design showed a decrease in aerody-
namic performance, as would be expected due to increased tip leakage flow. The coherent
vortical structures in the gap were removed and the magnitude of the pressure fluctuations on
the tip surface were greatly reduced. The pressure spectra revealed a reduction of > 30dB at
the key frequency found in the previous chapter and previous studies found in the literature.
The removal of the coherent vortical structures in the tip gap also reduced the magnitude of

the pressure drop significantly, improving the cavitation performance.

The simple design modification presented has shown promise and is worthy of further
investigation to optimise the geometry and tip gap, such that lift and drag performance

losses are minimised while retaining the reductions in likely noise mechanisms.
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Chapter 11

Conclusions and future work

11.1 Conclusions

Noise mechanisms due to unsteady flow features

The flow in the tip gap region has been shown to contain features that are analogous to
trailing edge and forward-backward facing steps, both of which are known to be efficient
sources of noise. It has been discussed that in a marine environment the Mach number of
the tip of a propeller is very low, M = 0.03, therefore, the Mach number scaling of different
multi-pole sources implies that quadrupole sources such as those caused by the strong tip
leakage vortex and its interaction with the turbulent boundary layer are unlikely to be

dominant.

This is contrary to the proposed sources found in literature which focus on the breakdown
of vorticity in the free stream causing quadrupole sources [9] [49] [74]. The reason for the
different proposed noise mechanisms is in part due to the significance of the Mach number
scaling, as the literature is mainly focused on the noise generation of aerodynamic fans
where the flow speeds are higher and the sound speed is lower than the marine applications

of interest in this work.

Assuming that monopole sources are excluded due to the operational depth of the propellers
this investigation is based upon implies that the dipole sources caused by the scattering of
turbulent structures around solid surfaces is likely to dominate the far-field noise radiation.
In particular it is proposed that the strong turbulent structures observed in detail in this
work are likely to cause efficient scattering from the suction side edge. The varying of the
tip gap height varies the location that strongest structures are shed from which agrees with

the far-field measurements taken by Schneider et al. [74].

Furthermore, the reduction in the tip gap height was found to impact the whole span of
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the foil due to the reduced leakage flow. These effects included the generation of a thicker
boundary layer due to a higher adverse pressure gradient near the leading edge. This is
likely to impact the strength of the trailing edge noise which has been shown to increase in
strength with increased boundary layer thickness. In a marine context the increase pressure

drop observed on the suction side will affect the onset of cavitation.

In the case of an open propeller, it is likely that the tip vortex causes increased trailing
edge noise as it remains attached to the foil surface and is shed over the trailing edge. The
increased tip leakage flow observed even at relatively large gaps has been shown to drive
this vortex away from the foil surface and it is likely to be inconsequential regarding trailing

edge noise at practical tip gap sizes in ducted propellers.

Design modifications

The chosen design modification of introducing a fillet to the pressure side edge was shown to
completely remove the separation vortex which was observed on the pressure side edge of
the square tipped foil. The removal of this feature subsequently removed all of the coherent
vortex structures within the gap and therefore the surface pressure fluctuations on the tip
surface were greatly reduced, with the pressure spectra showing a reduction of > 30dB at
the characteristic frequency corresponding to a Strouhal number of ~ 0.2. The reduction of
the surface pressure fluctuations observed on the tip indicate the reduction in strength of
the turbulence passing over the suction side edge of the foil, therefore, reducing the strength

of the scattered acoustic waves which are likely to occur at that edge.

The modification was shown to have a negative impact on the lift and drag performance
of the foil which indicates a reduction in propulsive performance when considering the foil
being used in a ducted propeller. This was due to the reduced impingement of the tip
leakage flow by smoothing the inflow conditions, reducing the pressure difference between
the pressure and suction sides of the foil which reduced the lift by ~ 2% and strengthening
the tip leakage vortex which increased the drag by = 10%, thus decreasing the lift to drag
ration by ~ 11%.

The removal of the vortex structures from within the tip gap has been shown to significantly
reduce the localised pressure drops in that area, therefore reducing the likelihood of cavitation.
A combination of a reduced fillet radius, along with a further reduced tip gap height could

reduce the performance lost whilst maintaining the reduced strength of the noise sources.

Including no-slip boundary condition on the boundary surface

Chapter 7 introduced the use of the no-slip boundary condition on the surface above the foil

tip. It was shown that at the smaller tip gaps the drag coefficient seemed unaffected by the
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use of the no slip condition and with a constant offset in the lift coefficient at all but the
smallest gaps. However, Chapter 8 showed that the strong vortical structures in the tip gap
region produced in turn produced counter rotating structures due to the no-slip condition on
the boundary surface. It is concluded that the increased computational expense of including
the no slip condition on this surface is crucial to understanding the unsteady flow in the tip

gap region.

Suitability of incompressible flow solver for tip gap noise estimates

It has been shown that the far-field noise predictions made using the combination of
incompressible flow solver and acoustic analogy do not accurately capture the noise source
mechanisms proposed in this thesis. Furthermore, the literature has presented studies
which use this combination of techniques to try and predict noise generated by scattering
mechanisms such as trailing edge noise and leading edge noise due to turbulence ingestion
and compare specific design improvements. This technique should be used with caution for

the development of improved designs due to its limitations at high frequencies.

Noise mechanisms neglected in this study

In order to carry out this study a number of noise mechanisms which would be present in
realistic geometries have been neglected, as discussed in Chapter 1. It is therefore worthwhile
to revisit those neglected mechanisms and attempt to infer the impact that the recommended

design modifications may have on them.

Cavitation has been considered throughout despite the base assumption that the operating
depth of any realistic design would be sufficient to suppress its presence. However, it was
found that the suggested design modification was in fact likely to improve the cavitation
performance when compared with square tipped blades which are often found in ducted

propulsors.

Ducted propulsors require structural elements to support the duct which surrounds the
propeller. The necessary presence of these structures is often utilised in the form of stator
blades which generate lift using the swirling wake of the propeller to augment the total
thrust of the unit. This means that the inflow to the stators is highly turbulent and so
turbulence ingestion noise is inevitable on these blades. The proposed design modification
was found to increase the strength of the tip leakage vortex which will in turn increase the
turbulence which is ingested by the stators. The impacts of this should be considered along

side any benefits found in the reduction of noise from the propeller.
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11.2 Summary of contributions

Peer reviewed conference and journal articles

e A. Higgens, A. Lidtke, P. Joseph, S. Turnock, Investigation into the Tip Gap Flow and
its Influence on Ducted Propeller Tip Gap Noise Using Acoustic Analogies, In Journal
of Ship Research (under review) [1]

o A. Higgens, A. Lidtke, P. Joseph, S. Turnock, Investigation into the Tip Gap Flow
and its Influence on Ducted Propeller Tip Gap Noise Using Acoustic Analogies, In
Proceedings of the 32nd Symposium on Naval Hydrodynamics (2018) [3]

Conference proceedings

e A. Higgens, P. Joseph, S. Turnock, Improvements in the Methodology for Identifying
Noise Sources in Ducted Marine Propellers, In Proceedings of the 21st Numerical
Towing Tank Symposium - NuTTS 18 [2]

e A. Higgens, P. Joseph, S. Turnock, Investigation into the Tip Gap Flow and its
Influence on Ducted Propeller Tip Gap Noise Using CFD, In Proceedings of the 20th
Numerical Towing Tank Symposium - NuTTS 17 [4]

11.3 Future Work

The most important hypothesised noise mechanism in this work involves the scattering of
turbulence from the suction side edge of the foil in a similar mechanism to trailing edge noise.
It is possible to use a transfer function to use the surface pressure fluctuations near the
trailing edge to predict the far-field radiated noise accounting for the scattering mechanism.

This leads on naturally to a number of further studies:

Parametric analysis of tip gap height and foil fillet radius

Following on directly from Chapter 10, it has been shown that using a large fillet with a
maximum radius of &~ 30% of the thickness of the foil removes the turbulent structures from
the tip gap and consequently dampens the surface pressure fluctuations on the foil tip. The
use of such a large fillet has found a drop in the aerodynamic performance of the foil of
~ 11% combined with a reduced pressure drop in the tip gap region implying that with
a filleted edge the tip gap can be further reduced without impact the operability of the

propeller with regard to cavitation. A worthwhile further study would be the optimisation
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Figure 11.1: Suggested numerical domain for future study of simplified tip leakage noise
source highlighting the key dimensions which differentiate it from current forward-backward
facing step studies and important flow features to capture and investigate.

of the foil fillet radius and tip gap height to find a combination which results in the desired

reduction in noise source features with a minimal impact on the aerodynamic performance.

Compressible analysis of current geometry

The natural progression from the study in Chapter 9 would be to repeat the simulations in
a fully compressible solver. This would require a substantial increase in the mesh resolution
and could provide far-field noise predictions using the FW-H acoustic analogy, with close
attention paid to the noise mechanisms proposed in this work. This level of resolution is still
prohibitive compared with the computational power available to many and so a simplified

model may be the best first step in further anaylsis.

High resolution investigation of proposed noise mechanism

Figure 11.1 illustrates a simplified domain which could be used to numerically study the

primary noise source which has been hypothesised by this study where the grey areas show
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solid walls and the white is occupied by the fluid. The green arrow denotes the inlet and the
red arrow the outlet of the domain. Key dimensions are given by ¢, h and L, representing
the thickness of the foil, the tip gap height and the span of the foil respectively. Feature 1 is
the shedding of a separation vortex over the sharp edge which breaks into discrete structures
due to the restriction in the tip gap height. Feature 2 is the scattering of the turbulent
structures over the sharp edge of the backward facing step as acoustic waves. Feature 3 is

the tip leakage vortex and corresponding counter vortices.

The study of forward-backward facing steps currently focuses on steps with an aspect ratio
close to 1, where the height and length of the step are relatively equal and with unconstrained
flow above the step allowing large vortex structures to form relative to the geometry of the
step. The tip leakage flow around a propeller blade with a small tip gap near a boundary
surface presents a case with much higher aspect ratios than those presented in the literature,
as the span is roughly equal to the chord and, therefore, could be susceptible to acoustic
scattering down the back face of the step. Using the geometries used in the simulations
presented in Part III of this thesis, the ratios of the dimensions presented in Figure 11.1
would be L/t ~ 10 and L/h ~ 100. This arrangement allows for a reduced chord to be
investigated, further reducing the size of the domain and allowing a higher resolution of
computation to be applied such as wall resolved compressible LES or full DNS calculations
to investigate the relationship between the surface pressure fluctuations in the tip gap and
the far-field radiated noise.

A parametric variation of this geometry could be relatively easily implemented, varying the
length ratios discussed, as well as varying the angle of the edge to the incoming flow as the
tip gap flow is seldom orthogonal to the edges over which the turbulence is generated and

subsequently scattered.
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