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Abstract

Due to the tightening of the regulations on emitted sound and pollution in civil
aviation, new aircraft concepts were recently investigated. Well-known examples are
electric Vertical Take-off and Landing (eVTOL), aircraft equipped with distributed
propulsion systems, and drones. The increasing complexity of this new generation
of aircraft makes the accurate prediction of the aerodynamics and aeroacoustics
performance a more challenging task. Existing high-fidelity tools excel at predicting
such performance, but they require a high computational cost and time. More-
over, the current low-fidelity tools often show limitations when applied to complex
configurations such as the distributed propulsion systems. Then, the scientific
community is looking for new tools able to support every step of the design process
of the more quieter and sustainable aircraft.

In this work, the numerical framework based on the Vortex Particle Method (VPM),
FLOWUnsteady, was coupled with an in-house aeroacoustics solver using the Ffowcs
Williams- Hawkings analogy (FWH) for tonal noise and the Amiet approach fed with
Wall Pressure Fluctuation functions for broadband noise. The solver was validated
against high-fidelity numerical and experimental data, showing high accuracy with
a low computational cost. Finally, the framework was used to investigate the
interaction effect between adjacent propellers in different configurations.

The aerodynamic solver exhibits high agreement with high-fidelity numerical and
experimental data across a wide range of advance ratios for all configurations consid-
ered. The aeroacoustic solver accurately predicts the first Blade Passing Frequency
(BPF) for both isolated and distributed configurations with a low computational
cost. The accuracy decreases for observer angles in upstream and downstream
directions, but remains comparable to the high-fidelity data. Additionally, the
distributed propulsion effects on the tonal noise and trailing edge noise were inves-
tigated.

This work shows that FLOWUnsteady, coupled with the in-house aeroacoustic
solver, provides a valid alternative to the conventional low-, mid-, and high-fidelity
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methods, achieving a high accuracy to computational cost ratio. In addition, the
work shows that configurations with high aerodynamic interactions increase both
tonal and broadband noise in the far field, highlighting the importance of using
solvers able to capture unsteady aerodynamics from early stages of the design
process.
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Chapter 1

Introduction

1.1 Context and Motivation

The civilian aviation sector has recently begun to undergo a radical transformation
aimed at achieving high environmental sustainability. As outlined by the Advisory
Council for Aviation Research and Innovation in Europe (ACARE), the main ob-
jective is climate neutrality by 2050. In this context, noise emissions have assumed
a role of primary importance, no longer considered a secondary comfort factor, but
a fundamental design parameter directly linked to the public acceptance of the
aviation sector by citizens living near airports [1].

To reduce environmental pollution, the aviation industry is moving toward Urban
Air Mobility (UAM). A new class of aircraft, such as drones and Electric Vertical
Take-Off and Landing (eVTOL) vehicles, represents the main actors in this vision.
Although these technologies are promising for the future of aviation due to their low
environmental impact, being powered by electric motors and offering high efficiency,
they generate significant noise that can disturb urban populations. Therefore, their
use for applications such as package delivery, surveillance, or passenger transport
remains limited [2].

One of the most adopted solutions to reduce both climate and noise impacts is rep-
resented by Distributed Electric Propulsion systems (DEP). The aircraft equipped
with DEP shows various advantages in terms of propulsive and aerodynamic effi-
ciency as well as a potential reduction in the noise emitted thanks to the decoupling
between the power generation system and the propulsion system [3].

However, the introduction of DEPs leads to the emergence of totally new and not
fully understood aerodynamic interactions recently studied in [5]. The prediction
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Introduction

Figure 1.1: Vahana eVTOL aircraft from Airbus. Image taken from [4].

of these phenomena right from the preliminary design phase is essential to achieve
the 65% reduction in emitted noise outlined by ACARE’s Fly the Green Deal.

There are many different fidelity numerical methods used to predict rotor perfor-
mance, but only recently has their ability to predict aerodynamic interactions in
DEP configurations been investigated. Low-fidelity methods, such as Blade Element
Momentum Theory (BEMT) and Lifting Line Theory (LL), have demonstrated
reasonable accuracy in predicting performance under high-thrust conditions, but
fail at high advance ratios (J), where the flow around the blade becomes more
detached [6]. High-fidelity methods, such as Reynolds-Averaged Navier—Stokes
(RANS) simulations, can provide accurate predictions of propeller performance
when the wake is properly resolved. Steady (SRANS) and unsteady (URANS)
approaches show good agreement with experimental data over a wide range of
operating conditions. URANS, in particular, is more accurate when unsteady
phenomena are predominant, while SRANS remains suitable when such effects
are negligible. However, capturing the wake evolution and reducing numerical
dissipation requires refined meshes and significantly increases the computational
cost. Even higher-fidelity approaches, such as Lattice-Boltzmann (LB) and Very
Large Eddy Simulations (VLES), can better preserve vortex structures, but their
accuracy comes at the expense of extremely high computational resources [7].

A valid alternative to grid-based numerical methods are represented by Vortex

2
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Particle Methods (VPMs). The VPMs eliminate the need for generating a computa-
tional grid, thereby simplifying the simulation setup, reducing the setup time, and
mitigating the numerical dissipation typically introduced by grid-based methods.
Even if their ability to predict aerodynamic interaction has been relatively explored
[8], their aeroacoustic performance has been only marginally explored.

In this regard, this thesis presents the analysis of a variable fidelity numerical
framework based on the VPM, implemented in FLOW Unsteady, and its coupling
with an in-house aeroacoustic solver based on the Ffowcs Williams and Hawk-
ings analogy (FWH) for tonal noise and the Amiet approach for the broadband noise.

This framework aims to provide a valuable variable-fidelity tool to predict aerody-
namic and aeroacoustic predictions for advanced propulsion configurations such as
DEP systems.

1.2 Objective of the Thesis

Most of the available literature on the propellers’ aerodynamic and aeroacoustic
interactions [3], [5], [7], [9] focuses on the ability of the grid-based solver to capture
the generated complex structures. The VPMs have a relatively large available
literature that describes their ability to predict the aerodynamic interaction, but
little research describes their predictive capabilities in terms of emitted noise.

The objectives of this thesis are:

o Assess the aerodynamic capabilities of FLOW Unsteady by comparing its results
with high-fidelity numerical and experimental data.

o Couple the aerodynamic framework with a in-house aeroacoustic solver.

o Investigate the capability of the coupled framework to predict the variations in
tonal and broadband noise when an isolated propeller is placed in a distributed
configuration.

1.3 Methodology Approach

To validate the capabilities of the framework, the TUD-XPROP-S propeller was
used as a case study. It has been used for various experimental campaigns to
study the aerodynamic properties of propellers in isolated and distributed configu-
rations [10]. The experimental campaigns carried out on the TUD-XPROP-S make

3
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Figure 1.2: TUD-XPROP-S from Delft University of Technology. Image
taken from [10].

it the ideal candidate for the validation of the numerical framework.

All of the simulations were conducted at low Mach number and no non-lifting sur-
faces are modeled. The non-lifting surfaces are not currently modeled in FLOWUn-
steady, but it is expected that they will not significantly influence the aerodynamic
and aeroacoustic characteristics of the configurations. Therefore, in this work, the
interaction effects between acoustic waves and surfaces were not taken into account.

Different advance ratios J were explored in order to characterize the averaged
aerodynamic performance in terms of thrust, torque, and propulsive efficiency. Due
to the availability of high-fidelity data, the detailed aerodynamic analysis and the
aeroacoustic simulations were conducted at an advance ratio J = 0.80.

1.4 Outline of the Thesis

The thesis is divided into chapters that follow the chronological order of the work
so as to allow the reader to understand the process step by step.

The first chapter introduced the context of the research, focusing on why a numeri-
cal tool able to predict the emitted noise with a low computational cost is needed.
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The second chapter will introduce the fundamental theoretical background behind
the conventional prediction of the aerodynamic performance of a propeller.

The third chapter will introduce the theoretical background needed to understand
how FLOWUnsteady works and the execution logic behind the solver.

The fourth chapter will introduce the theoretical background needed to understand
the aeroacoustics of a propeller. In the end, the chapter will focus on the numerical
model adopted and how the aeroacoustic solver works.

In the fifth chapter, the simulations will be validated against the high-fidelity
numerical and experimental data in order to assess the accuracy and reliability of
the framework.

The sixth chapter presents the conclusion of the work while giving recommendations
for future research.



Chapter 2

Basic Principles of the
Propeller Aerodynamics

The aerodynamics of propellers is one of the most investigated topics since the first
airplanes. To date, although less used than turbofans in civil aviation, they repre-
sent a potential solution to the pollution problem thanks to their high propulsion
efficiency.

The complexity of predicting the flow field around a rotor blade stems from the un-
steady interactions between the blades, their wakes, and nearby structures such as
nacelles and fuselages. In the early stages of aircraft design, propellers are typically
analyzed using low-fidelity solvers to identify suitable preliminary configurations.
Once the geometry is defined, it is then validated with high-fidelity solvers, such
as RANS or LES, to achieve a more accurate understanding of its aerodynamic
performance.

In this chapter, the main methods for solving propeller performance are shown in
order to get the reader familiar with the basic knowledge of the propeller field.

2.1 Propeller Performance Parameters

The performance of a propeller is not described by the thrust or by the torque
exerted, but by non-dimensional parameters that allow comparison between different
propellers. The adimensional parameters are derived directly from the Buckingham
7w theorem. Firstly, it is necessary to consider the physical variables that most
influence the propeller’s performance. They are:

o Propeller’s diameter D
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Inflow velocity Vi

Fluid density p

Fluid dynamic viscosity u

Angular speed n

Speed of sound a
Carrying out the analysis, the following non-dimensional parameters will be found:

e Advance Ratio

Voo

J=—

Dn

e Reynolds Number

D2

Re = pn

W

e Mach Number D
v P

a

These three variables set the performance of a generic propeller.

For describing a propeller’s performance, it is usual to use the non-dimensional
form of thrust 7" and torque Q.

T
C
"7 pniD?
Q
@ pn?D>5
Another interesting variable is the efficiency:
Cr
n=J=
Co

Cr represents how much the blade is loaded, Cg represents how much energy is
needed for the rotation of the propeller, and efficiency 7 describes how much energy
is converted into thrust.

The link between the thrust coefficient Cr, the torque coefficient Cg, and the
efficiency 7 is defined by a functional form as f = f(J, Re, M'). These functions
are typically presented in diagram form. Some examples are shown in figures 2.1,

7
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Figure 2.1: Thrust Coefficient Cr versus advance ratio J of the XPROP
geometry. Experimental data from Reference [11]
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Figure 2.2: Torque Coefficients C versus advance ratio J of the XPROP
geometry. Experimental data from Reference [11]
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Efficiency n
N w

O 1 1 1 1 1
0.4 0.6 0.8 1 1.2 14

J

Figure 2.3: Propulsive efficiency n versus advance ratio J of the XPROP
geometry. Experimental data from Reference [11]

2.2 and 2.3.

The performance parameter Cr and Cg can be referred to as the inflow velocity
also:

T
Ty = ——
© T e R2
o (2.1)
Oe = ol

Where ¢o = 0.5p00|Vao|? is the dynamic pressure.

2.2 Mathematical Models For Propellers

In this section, several approaches for evaluating propeller performance are pre-
sented, ranging from the simplest methods to the most advanced and accurate
ones.
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2.2.1 Actuator Disk

In the actuator disk model, the rotor is seen as a one-dimensional, permeable, and

infinitesimal disk. In this model, the disk represents a pressure discontinuity in the
field.

Figure 2.4: Actuator disk scheme.

Using as reference the figure 2.4, suppose that the flow is stationary, incompressible,
frictionless, and no external forces act on the stream tube. Applying the momentum
equation and the definition of force:

T =SAp

T =m(Vy—Vy) = pSVa(Viy — V)

Where i is the mass flow rate, T  is the thrust, p is the fluid density, V,, is the
velocity at the exit section of the streamtube, and S is the disk surface. Considering
the previous hypotheses, it is possible to apply Bernoulli for both the upstream
and downstream tube:

1
Ap = 5p(V2 - V2)

10
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Equaling the two thrust formulations and substituting the jump pressure disk
velocity in the disk section is derived:

1
Defining the velocity increment as:

Vi=Ve+uy
Vi = Voo + Uy

The two velocity increments are related by the following relationship 2uy = u,,.
Then defining the axial induced velocity factor as a = ug/V., the final thrust
formulation is obtained:

T =2pSVZ(1+a)a

This theory is very simple and takes into account a few parameters. The theory
is valid for little velocity increments, then little contraction of the stream tube.
Higher contraction of the stream tube can cause instabilities on the shear layer.

The theory does not take into account radial variation or any other induced veloci-
ties. The disk actuator model can be extended by considering a tangential induced
factor and a radial variation of the parameters as schematized in figure 2.5.

The equations for the thrust and torque are:

dT = dmV,2a
dQ = drivrQr2d’

Where @ is the tangential induced velocity factor and r is the radial coordinate.
In this extended version, the fluid flow near the propeller is better resolved, but it
does not take into account the possibility that the wake can contract.

11
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Figure 2.5: Extended actuator disk scheme.

2.2.2 Blade Element Theory

For designing a propeller, engineer must know not only the thrust and torque
exerted, but also the specific blade’s geometry. The Blade Element Theory (BEM),
differently from the actuator disk, takes into account the blade geometry effects
on the propeller performance by considering the blades composed of 2D radial
elements as shown in figure 2.6.

Neglecting the radial component of the velocity, the blade element can be analyzed

12
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Figure 2.6: Element of the BEM.

as a two-dimensional airfoil. The kinematic properties, and then the Reynolds
number also, will vary with the radial coordinate. In this regard, the aerodynamic
coefficients must be computed for each blade element.

Using the figure 2.7 as reference, it is possible to derive the thrust and torque
formulation:

dT = ;p {(QT)Q + VOQO} (Cycos(¢) — Cysin()) edr

dQ = ;p [(Qr)2 + VOZO} (Cysin(¢) + Cycos()) erdr

Where the lift coefficient C; = f(Re(r), a(r)), the drag coefficient Cy = f(Re(r), a(r))|
and the chord ¢ = f(r). Defining B as the number of blades and R as the propeller’s
radius:

R
T:B/ aT
0

0=5["dw
13
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”a’ dL ///
”” -’
——————————— -,
n 1 //’ a
X dT .2
1\ //
[ s W
1\ .7 ﬁ
1\ -,
1 “ /// d) I/OO
L\ dO/r >
< Y = &
\ -
\ // Qr
dD 2

Figure 2.7: Scheme describing the forces and the velocities exerted on a
blade element in the Blade Element Theory.

2.2.3 Blade Element Momentum Theory

The Blade Element Momentum Theory (BEMT) combines the actuator disk model
and the BEM theory. The actuator disk model is used to compute the axial and
tangential velocities, while the BEM theory is used to consider the blade’s geometry
effects. The method proceeds in an iterative manner. First, an initial guess of the
induced velocities must be made; then, using the BEM, the thrust and torque will
be computed.

In order to solve the iterative process, the formulations arising from the two theories
must be equalized.

14
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Figure 2.8: Scheme describing the forces and the velocities exerted on a
blade element in the Blade Element Momentum Theory.

dT = 4rpV2a(l + a)rdr Actuator disk thrust

dQ = 4mpVoeQad' (1 + a)r’dr Actuator disk torque
1

dT = (Cjcos(¢p) — Cysin(¢)) BipWQCdr BEM thrust
1

dQ = (C;sin(¢) + Cqcos(¢)) BipWQCrdr BEM torque

The solution of the problem gives a, a’ and ¢. The values of the induced factors
will be used for the next iterations.
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1
‘= [ 4sin?(9) 1 _q
o' (Creos(¢) — Casin(¢))
a = !
B [ 4 sin(¢) cos(¢) ] 1
o' (Cysin(¢) + Cycos(¢))
tan(¢) = m

Where ¢’ = Be/2nr is the local solidity of the rotor.

2.2.4 Reynolds-Avaraged Navier-Stokes

The Reynolds-Averaged Navier-Stokes equations (RANS) are a class of methods
that solve the Navier-Stokes equation decomposed into a mean component and
a fluctuating component. Actually, when the RANS are solved, only the mean
component is integrated, while the fluctuating part is modeled with a turbulence
model such as Spalart-Almaras, k — w, and k — €.

Even though the RANS approach is one of the most widely used methods, it
requires complex pre-processing and validation of the turbulence model to ensure
that the chosen setup is appropriate. The fluid domain must be chosen accurately
as a function of the flow regime in order to prevent changes in boundary conditions.
The computational grid should be refined in regions where the gradients are higher,
such as the boundary layer, and the overall refinement should be high enough to
sufficiently reduce the discretization error.

However, RANS represents the most used methodology in industrial design. It can
be used for both conceptual design and detailed design due to the high number
of models available.The cost is higher compared to low-fidelity methods, but it
remains feasible. It should be noted that this approach is valid for high Reynolds
number flows.

2.2.5 Large Eddy Simulation

The Large Eddy Simulations (LES) are a class of methods that filters the Navier-
Stokes equations. The idea of this approach derives directly from the energy
cascade theory. LES directly resolves the turbulence scales up to a given dimension,
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imposed by the filter, while the smaller ones are modeled.

The characteristic length of the filter is related to the computational grid dimension,
and meeting the required accuracy for resolving the relevant turbulent scales leads
to a rapidly increasing computational cost for high-resolving simulations. LES
are high-fidelity methods that, however, find limited applications in the industrial
world due to their very high computational cost.
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Chapter 3

Theoretical Background for
FLOW Unsteady

The changing in the aircraft industry leads to a new concept of aircraft such
as drones and eVTOL. These aircrafts are characterized by strong aerodynamic
interaction between wakes and structural elements. The available low-fidelity tools
struggle to resolve all the scales at which aerodynamic interaction occurs; therefore,
the need for new frameworks for aircraft design is increasing.

Recent advancements in high-performance computing, such as the introduction of
Graphics Processing Units (GPUs) and efficient acceleration algorithms like the
Fast Multipole Method (FMM), have renewed interest in Vortex Particle Meth-
ods (VPMs). Extensively studied by Winkelmans [12], the VPM represents a
Lagrangian approach to solving the vorticity form of the Navier-Stokes equations.
In this formulation, the vorticity field is discretized into particles, known as vortons,
which are convected and diffused throughout the domain.

Unlike traditional grid-based solvers, the VPM does not require the generation
of a computational mesh, thereby avoiding numerical diffusion and preserving
the vortex structures in the wake with high fidelity. This property makes the
method particularly appealing for simulating complex vortex-dominated flows.
Consequently, VPMs have found applications in various fields, including wind farm
analysis [13] and, from an aeronautical perspective, the study of propeller-driven
aircraft [14].

In this chapter, the basics of the reformulated Vortex Particle Method (rVPM) are
introduced following [15]. The main characteristics and current applications will be
briefly described in order to give the reader basic knowledge on the FLOW Unsteady
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framework. Finally, the procedure for coupling arbitrary methods with the VPM is
outlined from a coding point of view.

3.1 FLOWUnsteady

FLOWUnsteady is a variable-fidelity tool that can be used to couple the rVPM
with other methods. The necessity to combine the rVPM with other methods relies
on its inability to match the boundary conditions imposed by the immersed bodies.

3.1.1 Reformulated Vortex Particle Method

The Vortex Particle Method (VPM) is a meshless approach for solving the vorticity
form of the Navier-Stokes equations. The application of this method in aeronau-
tics is limited by its inherent numerical instability when the spatial resolution is
increased [15]. Alvarez [16] developed a new set of governing equations to overcome
this issue. These equations are directly derived from the Navier—Stokes vorticity
equation filtered by a LES filter.

Consider the vorticity form of the Navier-Stokes equations. By denoting the
filtering operation with an overbar and applying it to the equation, the following
expression is obtained:

ow;  _ 0w, ou;

— _'_ Ui —— = .
(925 JaZL’j wj@acj

oT}, | 0T,

+ VV%?@ —
8xj 8Ij

(3.1)

where T}; is the subfilter-scale vorticity stress, 07;;/0x; is the contribution arising
from the advective term, and 97};/0x; represents the contribution arising from
vortex stretching. The particle velocity u, computed for the pth particle, is given

by:

dx
ditp = u(zp)

where x,, denotes the position of the pth particle.

To represent the vorticity field as a set of discrete particles, the Dirac delta function
d(x) is introduced:

w(x,t) ~ ZI‘p(t)é(a: —xp(t)) (3.2)

p
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where I', denotes the vortex strength. Equation 3.2 describes a discrete vorticity
field that is nonzero only at the particle positions. The overall vorticity can thus
be considered concentrated in discrete point particles. Applying the filter operator
1 the Dirac delta collapses the integral, yielding the filtered vorticity field:

W(w,t) Y Ty(t)Co, (@ — zp(t)) (3.3)
p
1
where (,, () = —¢ <|a3||> is the filter kernel of width ¢ and radial basis (.
o o

The parameter o, referred to as the core size or smoothing radius. The filtering
operation spreads the vorticity in space, making it continuous again. This process
is equivalent to a LES approach [8]. Substituting Eq. 3.3 into Eq. 3.1, after some
algebra, yields the governing equation for the evolution of the vortex strength:

dr ~  Cd

= T Vutwy) — (T V)] BT, - By (64

Where, E,;, accounts for the effects of vortex stretching, Cy is a dynamic coefficient
in the subfilter-scale vortex stretching model, and I',, is the unit vector of the
vortex strength.

Assuming that the core size o evolves over time, and following [8], the following
expression is obtained:

dcff:‘@ [Ty Vu(z,) - T (3:5)

Finally, combining Eqs. 3.5, 3.4, and 3.1.1, the governing system of equations for
the rVPM is obtained:

IThe filter operator of a field ¢ is defined as ¢ = [*_@(y)(, (@ — y),dy
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dz, B

o ’u,(ch) (3.6)
(3.7)

() ey (T V)] T, (3.8)
(3.9)

= O Ve = ST Vyuta) T, - o Ba(ey). @10
(3.11)

dw 9—
<dt>viscous - Vv “ (312)

Equations 3.6-3.12 define the governing system of the reformulated Vortex Particle
Method (rVPM) in Lagrangian form. The viscous term is explicitly considered in
Eq. 3.12.

Equation 3.6 governs the evolution of the particle position @,, which moves with
the local velocity u(x,). Equation 3.8 describes the time evolution of the particle
core size o,, while Eq. 3.10 governs the evolution of the vortex strength I',. Finally,
Eq. 3.12 models the viscous diffusion of vorticity. It should be noted that the first
three equations describe the inviscid dynamics of the flow. The main advantage
of rVPM over the classical Vortex Particle Method lies in its additional degree of
freedom, the particle core size, which allows the conservation laws of mass and
momentum to be satisfied more accurately.

There exist different schemes that can solve the viscous part of the flow, such as
The Random Walk Method, the Core Spreading Methods and the Particle Strength
FExchange. In the rVPM implemented in FLOW Unsteady, the viscous diffusion
is solved through the Core Spreading method. Viscous diffusion must be taken
into account when the flow is dominated by large low Reynolds number regions
or in the case of a bluff body immersed in the flow field. In fact, viscous effects
are at the origin of vorticity creation for bluff bodies, and, in the case of intense
vortex stretching, the viscous effect provides the only mechanism for dissipating
the small-scale energies [17]. The bar on w denotes the filter operation that makes
rVPM a Large Eddy Simulation version of the VPM.

From the vorticity field, it is possible to reconstruct the velocity field as follows:
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1 T —x,
U=—— o (@ —xp) —————— x T 3.13

471.21;9@( P)Hm_mp”g p ( )
That is the inverted form of the relationship w = V x u. g, is a regularizing
function associated with the filter kernel (,. In literature, there are several kernels
that could be used, but some of them could present a singularity as » — 0. In
order to avoid the singularity, regularized kernels were developed. An example of a

regularized kernel is the high-order algebraic kernel by Winckelmans and Leonard.

S GG s

5 72 *5/2
Ao KU > + 1]

As we can see from the functional form of this kernel, as » — 0 there are no
singularities.

Bound vorticity

The vorticity field must be fed by the physical phenomena that can create vorticity
in the fluid domain. Such phenomena could be the presence of a bluff body, the
motion of rotors, or the lift generated by a wing. In order to immerse the vorticity
generated by solid boundaries, the filtered vorticity field is decomposed into a free
vorticity and a bound vorticity.

w = (:’free + Whound-

The bound vorticity not only creates new vorticity, but also influences the evolution
of the free vorticity. This vorticity generated by the bound vorticity could be shed
in different ways, such as the viscous diffusion in the boundary layer or shed at the
trailing edge of the slender bodies. In the last case, no flow separation is taken into
account, but the effect of the flow separation could be captured from the airfoil
tables [15].

The way in which wpeunq 18 computed defines how the boundary condition is
introduced in the LES domain. Currently, the Actuator Line model (ALM) and
the Actuator Surface Model (ASM) are implemented in FLOW Unsteady. These
two models are described in the following paragraphs.

3.1.2 Actuator Line Model - Rotor Model

FLOWUnsteady takes into account the effect of the rotors with an ALM. The ALM
discretizes the blade in blade elements, which are 2D airfoils. Each blade element
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Vorticity field Actuator models

Wrree Wpound

!

Governing equation

Figure 3.1: Block scheme of immersed vorticity

is characterized by aerodynamic coefficients computed by the panel solver XFOIL
developed by Drela [18] or known from experimental data.

The accuracy of the blade element method is entirely dependent on the underlying
aerodynamic data; it can account for viscous and compressibility effects only if they
are incorporated into that supplied data[15]. Eventually, the lift and drag curves
are treated to capture three-dimensional phenomena and post-stall extrapolations
[19].

Then, during the simulation, the fluid domain is resolved and the effective Angle of
Attack O (AoA) is computed at the quarter-chord position of each element. The
effective angle of attack is used with the tabulated data to determine the sectional
liftt and drag coefficient. Subsequently, a tip and hub correction was applied in
order to take into account the tip and hub effect. In FLOW Unsteady, a modified

Prandtl loss function is used [15].
l(Rmtor)tl . 1] "
B r
2

2
Ftip = ; COos ! (eXp(_ftip)) ) ftip ==

B KR;}))M ) 1]

2
Fiup = = cos ™" (exp(—fuun)),  fiip =
hup = — cOS (exp(—faub)) s fip |sin(fe) |
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Where tq,ts,t3,h1,ho, and hs are tunable parameters. B is the number of blades,
r the radial position of the element, and Ry, and Ry, are the hub and tip radii.
The tunable parameters cannot be determined through a predefined analytical
criterion; instead, their values are selected through an iterative process of numerical
simulation and empirical expertise. Eventually, the normal and tangential forces
are computed as follows:

cn = FlipFrunCr Sin(Oesr) — cq cos(Oesr)

¢t = Fiip Fruncr coS(Oe) + ¢ sin(beg)

Where ¢; is the lift coefficient, ¢4 is the drag coefficient, and 0.5 is the effective
angle of attack. In order to compute these parameters, FLOW Unsteady calls the
module CCBlade. CCBlade is a robust Blade Element Momentum (BEM) solver
implemented in FLOW Unsteady and developed by Andrew Ning [20].

'a
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&57;
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\, AN \ Ve
e ) / @ Lifting-surface particles
\g' by~ / 4 ® Trailing circulation
\\o N Unsteady loading
V\. / Blade element

Figure 3.2: Rotor’s particles used in ALM. Figure extracted from refer-
ence [21]

Once the loadings are known, they are introduced in the vorticity domain by means
of the Kutta-Joukowski theorem:

Voca
I'= ‘ 12 thubﬂlpa

Where Viea is the effective velocity seen by the element blade at the quarter-chord
position and ¢ is the chord length. Note that the effective velocity is computed
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by CCBlade also. The bound vorticity captures the blade circulation computed
by the Kutta-Joukowsky theorem, while the shed particle convects the vorticity
related to the unsteady loading. Both shedding frequency and core size determine
the spatial resolution of the wake.

Actuator Line Model Aerodynamics data

Force calculation — Airfoils

Kutta-Joukowski
theorem

Immersed vorticity

Figure 3.3: Block scheme of the Actuator Line Model.

3.1.3 Actuator Surface Model - Wing Model

Any other complex surface cannot rely on the ALM, as this method does not prop-
erly enforce the coupling between the flow and the body. The inherent non-physical
nature of the ALM results in an artificial penetration of the flow through the body
surface. In many engineering applications, however, the no-flow-through condition
must be rigorously satisfied, which makes the ALM unsuitable for bodies other
than rotors, for which the resulting error is generally negligible.

The Actuator Surface Model (ASM) is introduced in FLOW Unsteady for the bodies
that are not well represented by ALM. The no-flow-through condition is obtained
by imposing a zero velocity normal to the surface.

The wing is discretized into wing element along the spanwise direction. Each wing
element is composed of a bound vortex at the quarter-chord position and two
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trailing bound vortices extending to the trailing edges (AA’, and BB').

B
A

- B’
Al

cp

Figure 3.4: Scheme of a wing element of a swept wing in the ASM.
Image taken from [8].

In order to immerse the vorticity field induced by the presence of the wing, the
circulation on the wing elements must be computed. The velocity induced by the
i-th element is computed with the vortex filament approximation as:

where G is defined by the geometric information.
The local velocity is computed at the conventional control point defined at the
three-quarter-chord position of each wing element. The local velocity is the sum of
self-induced velocity, the kinematic velocity due to the motion of the wing, and the
LES velocity computed from the rVPM.

ufocal(t) = uwing<wép; t) + ’u’ii(in (t) + uLES<w2p7 t)

Now the no-flow-through condition can be applied, leading to:

uwing<wip, t) ’ Iﬁ’l = _(ufﬂn<t) + uLES(wéw t)) ’ ﬁl (315)
Now, calculating the self-induced velocity as Uying(x) = >-; I'/Gi(x) and replacing
it in eq. (3.15):

Y TiGi(m) - 7 = —(ujg, (1) + urss(z,, 1)) - 7

The (3.1.3) is a system of equations of dimension N, where N is the number of wing
elements. When the unknown I'; are found, the vorticity can be immersed in the
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LES domain.

The ASM spreads the vorticity computed from the circulation I'; chordwise in order
to obtain a more physical flow. Then, the strength of the vortex sheet is calculated
as

v(x/c) =Tig(x/c), with /O:O g(z/c)dr =1

In order to satisfy Kelvin’s theorem, at the same time, the trailing circulation is
spread onto a vortex sheet as

sefe) = [ ar

The circulation distribution adopted is pressure-like distribution. For more details,
read the Reference [8].

The overall force exerted on the wing is composed of three main terms: the
aerodynamic force, the viscous force, and the unsteady-circulation force. The
aerodynamic force is computed by means of the Kutta-Joukowski theorem as
follows:

F; = pug,, x I'C
where £ is the length of the lifting line segment.
The viscous force can be computed by looking up the aerodynamic table. In the

model, it is possible to choose whether to compute the drag coefficient from the
local AoA or through the lift coefficient.

The force due to the unsteady change in circulation is computed as follows:
_dr
~ Pt
where A is the area of the wing element.

Fs An

3.1.4 Framework Execution Logic

FLOWUnsteady is a framework that couples the rVPM with other computational
methods such as the Vortex Lattice Method (VLM) and the Blade Element Mo-
mentum Method (BEM). The coupling with those methods is done by means of
a particular function called runtime function. At each step, the runtime func-
tion executes some prescribed commands given by the user. The execution logic
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is summarized in the block scheme presented in figure 3.5. In the figure the
runtime function() are represented as a circular path in the block scheme.

The first block executed during the calculation is the rVPM solver. In this block,
the embedded particles are calculated; they are convected, diffused, and stretched.
Subsequently, the first runtime function is called.

At this point, the dynamics of the body must be computed. First of all, the
forces and the moment are calculated at the Center of Gravity C'G' of the body.
Subsequently, the linear velocity V' and the angular velocity €2 of the body are
calculated. If any prescribed kinematic by the user was given, it will be used
instead of the calculation previously mentioned.

When the dynamics are known, the circulation must be solved. To do this, an-
other runtime_function() is called. In this function, solvers such as CCBLADE
for BEM or Vortex Lattice Method for VLM are called for computing the circulation.

When all these steps are done, the solver checks if the maximum time is reached.
If it is not, then all the calculations are repeated. If it is, the computation stops.

The block system that composes the framework makes it very easy to modify. In
fact, if you want to change the models in the aerodynamic solution, you only have
to change the runtime _function() that gives the circulation value. The kinematic
step and the VPM solver are not related to the code that resolves the circulation
over the body. In Figure 3.5, the runtime function() is represented as a circular
path in the code.
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Inputs

Compute forces on CG

VPM sol
! sotver Compute V and Q
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BEM solver
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Solve circulation
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Figure 3.5: Block scheme showing the execution logic of FLOW Unsteady.
The figure shows the main steps linked in chronological order by arrows.
The runtime_function() are represented by the circular path. Exempli-
fied version of the block scheme of the official documentation.

29



Chapter 4

Physics and Modeling of the
Propeller Noise

Recent developments in the aeronautical world have led to increasingly stringent
certification regulations. In particular, due to the evolution of propulsion systems,
the increase in air traffic, and the introduction of new generation aircraft concepts,
the noise emitted could become one of the main disturbances for the civilian popu-
lation [1].

The propulsion system represents one of the main sources of noise generated by an
aircraft. The prediction of such noise is possible by means of the Ffowcs- Williams
and Hawkings theory, based on the Lighthill’s analogy and some empirical correla-
tions.

In this chapter, the fundamentals of the Ffowcs Williams and Hawkings theory
are presented, followed by an explanation of how it can be applied to predict both
tonal and broadband noise generated by a propeller.

4.1 Physics of Sound

What people know and perceive as sound are nothing more than mechanical waves
propagating in a medium. Physically, the mechanical waves are generated by
a small perturbation in the field, such as a displacement of solid surfaces or a
displacement of the medium itself. When the perturbation is generated, a little
compression and rarefaction happen in the near region. Due to the elasticity of
the medium, the particles compressed by the perturbation tend to return to the
rest position due to the lower pressure, but with an overshoot. The particles’
movements can be seen as the well-known spring motion. A schematic view of the
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particles’ field is shown in figure 4.1.
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Figure 4.1: Instantaneous view of the particles and the pressure varia-
tions. Figure extracted by Reference [22]

Tthen, sound exists because of the elastic properties of the medium which allow
particles to fluctuate around a rest position and transfer momentum from one
particle to another.

The idea of the sound as a propagating mechanical wave has been useful in many
engineering fields, including aeroacoustics. One of the most important applications
of this idea is the Lighthill’s acoustic analogy.

The Lighthill’s analogy reformulates the Navier-Stokes equations as an inhomoge-
neous wave equation.
92 o ) 92 p/ a2ﬂj

Where T;; is Lighthill’s tensor, p' = p — ps is the density fluctuation.

31



Physics and Modeling of the Propeller Noise

The right side of the equation is treated as a source term. On the left side, there
is a wave operator for the density fluctuation as the dependent variable. It is
important to note that Lighthill’s analogy has no approximation, but it is an exact
reformulation of the Navier-Stokes equations.

Ffowces Williams and Hawkings generalized Lighthill’s analogy to include not only
the free stream generated noise, but also the noise generated by moving boundaries.
This generalization represents a fundamental equation in the field of aeroacoustics,
as it enables the calculation of noise generated by moving objects, such as propellers.

4.1.1 Ffowcs-Williams and Hawkings

The Ffowces-Williams and Hawkings (FWH) analogy is a generalization of the
earlier Lighthill analogy. Lighthill’s analogy is based on the exact equations of fluid
flow, without making any assumptions about the flow regime. Ffowcs-Williams
and Hawkings extended Lighthill’s result to account for moving surfaces within the
domain by using generalized derivatives and incorporating the effects of surface
motion [23].

Using the method of Green’s functions, the final result from this theory, applied to
an impenetrable and moving surface, is the following:

(@ nE T o | & v
Pl tes ™ 1ol @ o b | Tnfel 30y | . V13

Li ig PijT;
|| oo Ot /sy l477|:c[(1 — MT)]T—T* dS(z) (4.2)

PocVin
8t/ (47T|$||1—M|> d5(2)

where 7* is the emission time, M, is the source Mach number of the source in the
direction of the observer, c., is the speed of sound in the propagation field, p;;
is the stress tensor, T;; is Lighthill’s stress tensor, S is the impenetrable moving
surface with unit vector n;, V; is the velocity and x; and x; are spatial coordinate.

The first integral is defined as a quadrupole term source; it is the sound radiated

by the turbulence and flow distortion. At low Mach, this term has the lowest
magnitude with respect to the other sources.
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The second integral is a dipole source term; it is the sound radiated by the load-
ing on the surface. It has a magnitude of an order greater with respect to the
quadrupole term.

The third term is defined as a monopole source; it is the sound radiated by the
fluid displacement due to the body motion [23]. For low Mach number flows, it has
the highest magnitude with respect to the dipole and quadrupole sources.

Each term takes into account the Doppler effect by means of the term 1 — M,.
Increasing the relative Mach number increases the signal frequency due to a higher
magnitude of the time derivative.

4.1.2 Mechanisms of Noise Generation in Rotors

The motion of a rotating and moving rotor in a fluid flow generates two types
of acoustic signals. The first one is known as tonal noise and the second one is
broadband noise.

The tonal noise is mainly caused by the periodic nature of the rotating motion
of the rotors. It is recognizable by the characteristic signature defined by a high
intensity focused on the Blade Passing Frequency (BPF) and its multiples. The
BPF is defined as the product of the number of blades Ny,q4.s and rotation speed
n: BPF = Nyqages - n. Physically, the BPF defines how many times an observer
sees a blade during a single revolution. The tones at the multiples of the BPF are
generated by the unsteady interaction between the blades. In figure 4.2a is shown
an example of a harmonic signal.

The broadband noise, differently from tonal noise, is characterized by an energy
content spread over a large range of frequencies. It is mainly generated by blades’
interaction with turbulence. There are many interaction phenomena that can
generate broadband noise such as trailing edge noise, vortex ingestion noise, and
haystacking. Due to its stochastic nature, it is very difficult to predict it. An
example of a broadband signal is shown in figure 4.3. Sometimes it is called self-
generated noise because it is generated by the strong change in boundary condition
due to the interaction between the blade and the blade’s turbulence boundary
layer.

For low Mach number flows, the effects of turbulence or fluid volume displace-
ments are small, so the main source of noise is represented by the loading noise.
The loading noise is generated by the time variation both in magnitude and in
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(b) Spectrum signal of a tonal noise.

Figure 4.2: Example of a tonal source signal. Extracted from Reference
[24].

direction of the loading on the blades. Typically, the steady component of the load-
ing generates noise due to the change in direction of the drag and thrust components.

34



Physics and Modeling of the Propeller Noise

Amplitude

L
r

Time

(a) Generic signal from a broadband noise source.

A

Spectram .
level

Frequency

(b) Spectrum signal of a broadband source.

Figure 4.3: Example of a broadband source signal. Extracted from
Reference [24].
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4.2 Aeroacoustic Framework

The in-house framework developed combines two sub-routines. The first sub-routine
computes the two components of the tonal noise with a time-domain approach,
while the second one computes the broadband noise in terms of trailing edge noise
with a frequency domain method.

The tonal noise solver was developed in [25]. Its code utilized the FWH theory
following the procedure described in [23]. Two hypotheses were considered: the
observer is placed in the far field, and the surface integrals are calculated on the
blade surface planform.

The broadband noise solver was developed by Belleli F. The code utilized is a
follow-up to the one presented in Reference [26]. Its routine uses an Amiet Approach
fed with a Wall Pressure Fluctuation function. The routine comprehends a leading
edge back-scattering as well.

4.2.1 Tonal Noise

The tonal solver computes the loading noise and the thickness noise.

’ xX; 1 0 Dijn;
t L= d 4.
(p (l‘a ))loadmg |ZB| o ot S |fl7T|$|(1 — MT)]T:T* S(Z) ( 3)
(@, ))ictness = 2 / PV | () (4.4)
p ) thickness ot S, 47T|£13||1 — Mr| . .

Retarded Time

Each component of the tonal noise requires the accurate computation of the blade’s
element position. The coordinate system is represented in figure 4.4. In order to
compute the exact position of the rotors, firstly the rotor geometry parameters
must be provided. For each rotor, the module that creates the geometry requires:
the hub and tip radii, the position of the center of gravity of the rotor, number
of rotors, number of blades, and the phase shift for each blade. Subsequently, by
means of the kinematic module, the rotors are translated and rotated in space
according to the maneuver. The kinematic module requires for each rotor the linear
velocity of the center, the rotation speed on x5 and x3 axes, and the rotation speed
of the rotor. One should note that it is possible to define different maneuver stages,
each of them characterized by different velocities. In this work, only one maneuver
stage is needed.
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Figure 4.4: Coordinate system [23].

When the position of the blade elements is computed by the previous module, the
retarded time equation can be solved:

x —y(T

)
Coo

Where @ is the observer position, y is the element location, ¢ is the observer time,

and 7 is the emission time. Due to the non-linearity of the equation, it is solved by
an iterative method.

=0 (4.5)
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Once the retarded time is known, it is possible to compute the tonal noise contri-
bution by means of the solver module.

Loading Noise

To compute the loading noise, the blade’s surface is approximated by its projection
in the rotor’s plane as schematized in figure 4.5.

Blade planform
Y®(R @) with area X

X, x3 plane

yOUR, @)

Blade shape
with area S

Figure 4.5: Scheme of blade planform [23].

Defining the surface loading as fi = ([pij7jlupper — [Pij7jliower) and substituting
into the loading pressure terms 4.3:

2 10 fi(z.7)
|&| coo Ot Iy | Am|x|(1 — M,)

(V' (2, 1) )1oading = ] dX(z)

Following the procedure in Reference [23], the approach of Farassat is used in order
to address the difficulty in calculating the surface loading as a function of the
retarded time. The Farassat approach consists of shifting the spatial derivatives to
source time. The result is:

, s o, ok
(p (a:,t))mdmg ~ Coo /Eo [47T|33i|2(1 — M,)? {(97' + (1—M,) or H . d¥(z)
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Where ¥ is the whole blade planform. The blade loading and the relative Mach
number derive directly from the aerodynamic solution. Following the same approach,
the derived formulation is:

Thickness noise

The thickness noise is computed exactly as the loading noise, but with a different
source term.

, 9 V-Vh
(p (CC, t))thickness = [ P

ot Js, | 4mr|1 — MT|]T:T* d>(2)

One should note that the thickness noise does not depend on the blade thickness h,
the fluid density poo, and its velocity V. Other airfoil’s geometric parameters, such
as camber and angle of attack, are not taken into account in this formulation. As
done for the loading noise, the formulation based on Farassat’s approach will be
used for simplifying the evaluation of the integrand at the correct retarded time.

*

, 1 9 19 1 o
(p (X7t))thickness = zk:pooAVk [(1—]\&)87‘ ((1_]\47”)67— <47TT|1_]\4T|>>‘|

y=y(®

Finally, introducing the far field approximation, the final formulation for thickness
noise is derived:

-k

1 Lo 3 (]
drr \ (1 — M,)* or2 (1 —M,)5 \ Or

y=y®

(p/(X7 t))thickness = ZpooAVk
k

4.2.2 Broadband Noise

The broadband solver is based on the information given in Reference [27].

The Broadband solver resolves a boundary value problem in an idealized case by
means of the Amiet Approach. Firstly, suppose that the airfoil is a semi-infinite
flat plate.

The model starts with the classic assumptions of Lighthill, who supposed that the
total pressure satisfies the following equation:

1D%p o 0Ty

cpi VP

Where the Lighthill’s tensor is approximated by T;; ~ pu;u;. The coordinate
system is defined by x; positive in the direction of the flow, x5 in the direction
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Figure 4.6: Schematic of trialing-edge noise generation. Figure extracted
by Reference [27].

normal to the plane, and x3 the spanwise direction. If the surrounding fluid has a
steady uniform flow, then the boundary conditions are:

Jp
—1 =0 <0
0x2 ’ =
T2
Ap =0, 1 >0
xo=0

The first boundary condition enforces the no through-flow, while the second one
supposes the existence of a flat vortex sheet extending in x; direction with a
constant o = 0.

Using the Amiet approach, the final formulation for the Power Spectral Density
Spp 1s:

wxsb

S2) = (520, ) 211y )1 (0),

2meyo;

Where £ is the radiation integral, ®,, is the Wall Pressure Fluctuation model
(WPF), [, is the spanwise correlation length, L is the span-wise semi-chord ratio,
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and b is the semi-chord. The equation takes into account both the pressure side
and suction side contributions.

Blade

v

Figure 4.7: Coordinate system of the Amiet Approach for propellers.

In order to compute the power spectral density, some steps must be accomplished.
The first one is to calculate the wall pressure function ®,,, the second one is to
compute the radiation integral £, and the last one is to compute the spanwise
correlation length [5.

The wall pressure function used in the solver requires the boundary layer’s pa-
rameters. In this work, they are computed by XFOIL, the panel solver developed
by Drela [18]. Some parameters are not directly computed by XFOIL, such as
the gradient pressure dp/dz and the boundary layer thickness d, so that they are
calculated as:

172
5—0(3154+ 2 |4
<3 5+ =+ )
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(Cilp = 1 pUg%

r 2 dx

Where 6 is the momentum thickness, §* is the displacement thickness, and H =
0*/6. The derivative involved in the computation of the pressure gradient can be
approximated by a finite difference; in this work, a central difference was used.
Finally, once the boundary layer’s parameters are known, the wall pressure spectra
can be calculated as:

o () a(wFS)°

w) =
" [i((WFS)e + d|° + [(fRT)(WFS)]"
The coefficients, function of the boundary layer’s parameters, are shown in the

appendix A. In the broadband module, were implemented: Goody, Rozenberg,
Kamruzzaman, Catlett, Hu, and Lee models.

(4.7)

The spanwise correlation length can be computed in its default form or regularized
form as:

Ue :
lo(w) = o’ no-regularized
wo*\?
U Ue (4.8)
lo(w) = o 1 —exp 00 | ( regularized

The constant 0.09 represents an additional degree of freedom in the models, and
its appropriate value must be calibrated for the specific case under investigation.

U,.=dU (4.9)

Where b and o/ are arbitrary parameters.

The radiation integral is computed following the procedure described in Reference
[28]. The mathematical model uses three-dimensional gusts for simulating the
incident aerodynamic wall pressure scattered. The solution for the radiation integral
is:

o 0 ,
(K Ky) = [ f(X)e “dX,  with f = fi + fe
-2
Where f; is the main term, f5 is the leading-edge backscattering correction, and K3
and K denote the streamwise and spanwise aerodynamic wavenumbers, respec-

tively. The values of the constants are reported in Appendix B.1. The functions f;

42



Physics and Modeling of the Propeller Noise

and f5 depend on the type of gust considered, which is defined by comparing the
spanwise wavenumbers with a frequency parameter. For a supercritical gust, i.e.
|Ks| < KM/[3, the main term and the leading-edge backscattering correction are
given by:

/_ 02 F(X)eCXax

62@'0 B

. {(1+z‘)e—22'0 B_OE*[Q(B—C)]—(1+i)E*[2B]+1}

1o |
o /_ B0 X dx

— MR (14 0) B (k)]

— P Li[D+ K+ Mp — k|G
While for a subcritical gust,i.e. |Ky| < KM/3, are:

[ R0 eXax

) _6;?9 {6_2% ;m/gf)—mq’o([%(“(%/ So) — ik)]'/?) — °([12041]"/%) + 1}

[ B0 erax

_ e—;iB]H, {A,(eyB[l —erf (\/E)] —1)+ \/E (I_(+ (M - g) ﬂ) (I)O(\/Z\/?}

Where E* is the complementary complex error function [28]. The procedure is not
straightforward, and for this reason, the mathematical steps are not reported in
this work. However, it is important to know that the model has some restrictions;

in fact, the blade tip effects are ignored, and the blade is considered as an isolated
airfoil.

Once the power spectral density was calculated, supposing that all the blades are
equal and that they have the same time history during the revolution, the power
spectral density of the rotor is:

s =X o [ (“12) syteutwatvnan

W

Where B is the number of blades, w, = w(1+4 M sin(f) sin(¢))), and v is the angular
coordinate.
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Chapter 5

Validation of the Coupled
Framework

In this chapter, two different configurations are validated from both aerodynamic
and aeroacoustic perspectives. The purpose of this section is to assess the capa-
bilities of the coupling between FLOWUnsteady and the in-house aeroacoustic
solver. First, the aerodynamic predictions of FLOWUnsteady are validated against
available experimental and numerical data, seeking a balance between accuracy
and computational cost. Next, the performance of the aeroacoustic solver is eval-
uated by validating noise directivity and spectra with numerical results. Finally,
the results obtained for the isolated propeller and the distributed propeller are
compared against both numerical and experimental data, in order to determine
whether the solver can capture the unsteady interactions generated in this specific
configuration.

5.1 Simulations Setup

The rotor selected for the validation is the TUD-XPROP-S 30, a six-bladed rotor
with a diameter of 203.2mm. At r = 0.7Ry),, the blade pitch angle is set to
Bo.7r,, = 30°, while the corresponding chord length is co7g,, = 15.5mm. The
distributed configuration consists of three adjacent XPROP-S 30 rotors arranged
with a tip-to-tip spacing of d/R = 0.04, as illustrated in Figure 5.2.

The inflow conditions are kept constant and uniform throughout the simulations:
the inflow angle of attack is set to oy = 0°, and the inflow velocity is 30ms!.
Since FLOWUnsteady currently does not account for the presence of nacelles,
these are excluded from the simulations, as shown in Figure 5.1. The freestream

properties are defined as follows: density p = 1.225kgm—3, dynamic viscosity u =
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1.79 x 10°kgm™'s, and speed of sound c,, = 342.35ms~!. To reproduce the
zig-zag trip condition [9], the turbulent transition was imposed on the suction side
of the airfoil at x/c = 0.1 in the XFOIL polar calculation.

(a) Frontal view of the TUD-XPROP-S. (b) Blade of TUD-XPROP-S.

Figure 5.1: Geometry of the isolated propeller TUD-XPROP-S.

In the simulations, viscosity effects were neglected, and Winckelmans’s kernel was
adopted with a core overlap factor of 1.3. To reduce computational cost in the
aeroacoustic analyses, particles were canceled every ten time steps at a distance of
five rotor diameters downstream of the rotor plane.

As reference, in figure 5.2 is reported the distributed configuration. In both simula-
tions, the = axis is normal to the rotor plane and in the direction of the inflow. d/r
is the tip-to-tip distance in the distributed configuration. The dashed line denotes
the survey plane for the wake of both simulations.

The BEMT calculations were performed with the solver developed by Goyal [29].
The solver was fed with the polar generated by the wrapper integrated in FLOW Un-
steady framework.
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d
—=0.04
r

12R x

Figure 5.2: Distributed configuration. The dashed line indicates the
wake survey plane.

5.2 Isolated Propeller

5.2.1 Aerodynamic Analysis

In this section, the performance of FLOW Unsteady is assessed by comparing its
predictions with experimental data [30], BEMT calculations, and VLES numerical
results [9]. The investigated advance ratio range extends from J = 0.80 to J = 1.35.

As a first step, the revolution convergence of the time-averaged integrated per-
formance of the isolated XPROP-S-30 rotor was examined. As reported in Table
5.1, FLOWUnsteady achieved a relative error of 10~> within three revolutions.
The corresponding convergence trend during the iterations is illustrated in Figure
5.3a. Given the large number of simulations and the rapid convergence, only six
revolutions were simulated. Moreover, in this analysis, 72 time steps per revolution
were employed to reduce computational cost while preserving accuracy. The solver
parameters are summarized in Table 5.2.

Figure 5.5 presents the averaged performance of the isolated-propeller configuration
compared with experimental data and BEMT results. The thrust predictions from
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Table 5.1: Number of revolutions required to reach convergence with a
relative tolerance of 1075,

Parameter Revolutions to convergence

Tc 2.65
Qc 0.88
n 1.26

Table 5.2: Solver parameters for advance ratio analysis.

Parameter Value
Blade elements 50
Revolutions 6
Particles per step 1
Number of particles under 200.000
Time step per revolution 72

CPU time 8 CPU hours
Wall-Clock time 0.25 hours

both FLOWUnsteady and BEMT show good agreement with the experiments
across the entire advance ratio range. The maximum absolute error is limited, with
FLOWUnsteady reaching 6.15% and BEMT 5.65%. A similar trend is observed for
the torque coefficient. In terms of propulsive efficiency, however, the discrepancy
becomes more significant at higher advance ratios, where the error increases to
75.19% for FLOWUnsteady and 62.26% for BEMT. Despite this, both solvers
predict comparable efficiency levels, suggesting that the discrepancy may be linked
to the common set of airfoil polars used as input. The underestimation of thrust
at high advance ratios by the solver appears to be the main source of error, likely
due to limitations of XFOIL in predicting the aerodynamic coefficients of the blade
airfoils [6].

Table 5.3: Absolute maximum errors for BEMT and FLOW Unsteady
solvers.

Solver 1. Q. Ui

BEMT 5.65% 6.50% 62.26%
FLOWUnsteady 6.15% 1.64% 75.19%
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Figure 5.3: (a) Convergence of the three performance parameters. (b)
FLOWUnsteady, BEMT and experimental thrust setting at different
advance ratios. (c) FLOWUnsteady, BEMT and experimental torque

coefficient at different advance ratios. (d) FLOWUnsteady, BEMT and
experimental propulsive efficiency at different advance ratios.

To gain deeper insights into the rotor aerodynamics, the number of simulated revo-
lutions and the time steps per revolution were increased for the case at J = 0.80.
This advance ratio was selected to allow direct comparison with the results reported
in [9]. Moreover,the number of time steps per revolution was set to 180 in order to
match the temporal resolution of the simulations of the same reference. The solver
parameters are summarized in Table 5.4.

The thrust loading profile predicted by FLOWUnsteady at J = 0.80 tends to
overestimate the blade loading, as also evident from the integrated values shown
in Figure 5.5. BEMT results provide a closer match to the VLES thrust profile;
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Table 5.4: Solver parameters for detailed analysis.

Parameter Value
Blade elements 50
Revolutions 25
Particles per step 1
Number of particles under 280.000
Time step per revolution 180

CPU time 240 CPU hours
Wall-Clock time 7.5 hours

however, they still exhibit a peak of comparable magnitude to that predicted by
FLOWUnsteady. This similarity can be attributed to the common airfoil polars
employed. The FLOWUnsteady profile displays a different trend near the hub
region, which could be related to inaccuracies in the hub-tip correction parameters.
Nevertheless, the radial location of the peak predicted by FLOW Unsteady shows
better agreement with VLES compared to BEMT. These observations are consistent
with the findings of Goyal et al. [6]. The difference in the peak position between
BEMT and FLOWUnsteady likely stems from wake resolution effects, as BEMT
does not account for momentum swirl and wake contraction or other tip effects [6].
The values are summarized in table 5.5

80
60 -
£
E, 40 [ y o
£ 20 e
F s—v—‘?’/
0r --FLOWUnsteady
~BEMT
VLES+LBM (Zarri et al., 2023)
_20 1 1 1 1 I I I |
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r/ R

Figure 5.4: Blade Loading comparison of the three solvers with both
FLOWUnsteady tripped and no-tripped solution.
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Table 5.5: Peak thrust distribution values and their corresponding radial
positions.

Method Peak Thrust [N/m] r/R at Peak
FLOWUnsteady 77.8131 0.8375
BEMT 77.8204 0.8039
VLES+LBM (Zarri et al., 2023) 65.5976 0.8438

Figure 5.5b shows the axial velocity comparison. The FLOW Unsteady predictions
follow a similar trend across the solutions, but consistently overestimate the values,
in agreement with the overprediction observed in the thrust loading results. At the
blade tip, the axial velocity exhibits a behavior similar to that reported by Alvarez
[8] in his convergence study, where increasing the particles shed per revolution
improved the resolution of the tip vortex and, consequently, the velocity profile. In
the present case, a higher number of particles per revolution is therefore required
to achieve a more accurate resolution of the vortex structures near the tip.

45
1.6
402
El . 1.4
s
3L’
Dl
d —--FLOWU. |§
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1 0 L 0.4 0.6 0.8 1
y/R . . .
y/R
(a) (b)

Figure 5.5: (a) Phase-locked velocity magnitude in the survey plane
of the FLOWUnsteady tripped simulation. (b) Comparison of the
normalized axial velocity of the FLOWUnsteady tripped, no.tripped
solution and the VLES solution.
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5.2.2 Aeroacoustics Analysis

In this section, both tonal and broadband noise predictions for the isolated propeller
are analyzed. Following Reference [9], the acoustic data is sampled at 33218 Hz and
the tripped solution is used. The observer is positioned at a distance of r = 10D
from the propeller center. The Power Spectral Density (PSD) is computed using
Welch’s method and filtered with a Hanning window, corresponding to a bandwidth
of Af =97.34Hz. The far-field PSD is defined as:

Spp(f) = 101og <Pi?(f)>

ref

where p,.; =20 pPa is the reference pressure. The Sound Pressure Level (SPL) and
Overall Sound Pressure Level are computed as:

fmaI
ref ref v Jmin

Figure 5.6 illustrates the directivity of the first Blade Passing Frequency (BPF)
of the tonal noise, computed in the X7 plane. The upstream and downstream
directions correspond to 180° and 0°, respectively. The results show good agreement
with VLES/LBM simulations, capturing unsteady behavior in both directions. On
the rotor plane, FLOWUnsteady accurately predicts the PSD associated with
thickness and steady loading noise. Additionally, FLOW Unsteady captures the
unsteady fluctuations along the axis of rotation, albeit with slightly higher ampli-
tudes compared to VLES/LBM, likely due to the lower dissipation characteristic
of the Vortex Particle Method (VPM).

Figure 5.7a presents the PSD in the rotor plane of the isolated propeller. The
first Blade Passing Frequency (BPF) is well predicted, while higher harmonics are
not accurately captured. These visible higher harmonics are likely due to the low
numerical dissipation of the Vortex Particle Method (VPM) solver. Figure 5.7b
shows the PSD along the propeller’s axis of rotation. Neither solver predicts tonal
peaks at BPF in this direction, consistent with propeller noise theory [31], but both
display broadband content arising from unsteady fluctuations. The overprediction
at low frequencies, also attributable to the low dissipation of the VPM, is evident, as
the in-house solver predicts higher PSD levels. At high frequencies, the broadband
content is not captured in any direction, as this portion of the spectrum is modeled
by the tonal module of the in-house solver. The VLES/LBM solver exhibits errors
in tonal content at frequencies below the first BPF due to the computational grid,
an issue not present in the coupled solver. Despite the missing higher harmonics,
the coupled solver accurately predicts the first BPF, with a deviation of 1.16dB
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Figure 5.6: SPL directivity of the first BPF of the isolated rotor on XZ
plane.

and 2.50dB in the rotor plane and along the rotation axis respectively.

For the broadband noise analyses, several combinations of Wall Pressure Fluctua-
tion functions were explored in order to find the better one. The analyses were
conducted only for the upstream direction, in which the broadband content is
dominant due to unsteady fluctuation. The Corcos model is kept as default with
b=1, o =0.9 and the boundary layer’s parameters are extracted at z/c = 0.99.

Figure 5.8 presents the trailing-edge noise of the isolated propeller obtained us-
ing different WPF functions. The broadband module was fed with the effective
velocity and effective angle of attack computed by FLOWUnsteady. The data
were post-processed with a phase-locked approach in order to take into account
the unsteadiness during the revolution. The best agreement with the VLES data
is achieved with Rozenberg on the Suction Side (SS) and Kamruzzaman on the
Pressure Side (PS). This outcome can be explained by the underlying formulations:
Kamruzzaman’s model is derived from measurements in both zero and adverse
pressure gradient flows, while Rozenberg’s is specifically developed for adverse
pressure gradients, which is consistent with the typical aecrodynamic loading on
a propeller blade. When Rozenberg is applied on the PS, the prediction remains
reasonably accurate, although some discrepancies arise at low frequencies. This
behavior may be attributed to the fact that the PS flow is predominantly governed
by an adverse pressure gradient, but also includes a small region characterized
by zero pressure gradient[7], which is not represented in Rozenberg’s formulation.
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Figure 5.7: (a) Power Spectral Density of the tonal signal of the isolated
propeller in the rotor plane. (b) Power Spectral Density of the tonal
signal of the isolated propeller in the rotation axis.

Nevertheless, it is worth noting that the other WPF models also provide a fairly
good agreement with the numerical results.

Figure 5.9 shows the combined spectrum obtained by summing the tonal and
broadband contributions with Rozenberg’s model for the SS and Kamruzzaman’s
model for the PS. The results exhibit good agreement with the VLES/LBM
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Figure 5.8: Broadband analyses at different WPF functions for the

isolated propeller.

prediction, although the tonal component tends to slightly overpredict, while the
broadband contribution is slightly underpredicted. Nevertheless, the Overall Sound
Pressure Level (OASPL) matches well with the VLES/LBM reference. The OASPL
predicted by the coupled framework is 40.43 dB, which differs by 5.35dB from the
VLES reference value of 45.78 dB.
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Figure 5.9: Predicted sprectrum for the isolated propeller.
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5.3 Distributed Propellers

For the distributed propulsion analyses, the same parameters used in the isolated
propeller simulation are utilized.

5.3.1 Convergence Analysis

For the distributed configuration, no convergence data are available in the literature.
Therefore, a convergence analysis was performed considering the following parame-
ters: number of time steps per revolution Ng.ps, number of sheds per revolution
Ngped, and number of blade elements N,;. It should be noted that temporal and
spatial convergence are coupled. To decouple them, the procedure suggested by
Alvarez [8] was adopted. The metric used for the analysis was the thrust coefficient
Te. Three simulations per parameter were carried out, and the results were fitted

with a function of the form Te = (T¢)extr where p is the convergence’s order.

b
+ W)
Te was computed as the mean of the thrust setting of the three propellers.

Figure 5.10a shows the convergence as a function of the number of blade elements,
ranging from 15 to 50. A non-monotonic behavior is observed, consistent with the
findings of Alvarez for the isolated propeller. This behavior may be attributed
to numerical noise introduced by the spline used to generate the blade geometry.
The error relative to the extrapolated finest solution is 4.66%, corresponding to an
approximate order of accuracy of p ~ 1.

Figure 5.10b presents the convergence as a function of Ngj.q, which exhibits a
monotonic behavior. For the finest solution, the associated error is 6%, with a low
order of accuracy of p ~ 0.4.

Figure 5.10c shows the convergence as a function of Ng.,s, which also displays
monotonic behavior. The error associated with the finest solution is 8.46%, corre-
sponding to an order of accuracy of p ~ 0.267. These results indicate that additional
simulations with higher resolution are required to perform a more accurate analysis
of the convergence order.

5.3.2 Aerodynamic Analysis

In this section, the aerodynamics of the distributed propeller configuration are
investigated. First, the aerodynamic performance at different advance ratios is
analyzed and compared with the isolated propeller results. Then, a more detailed
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Figure 5.10: (a)Convergence of the thrust setting as a function of the
number of blade elements. (b) Convergence of the thrust setting as a
function of the number of shed particles.(c) Convergence of the thrust
setting as a function of the number of time steps.

analysis is carried out to examine if the coupled framework is able to capture the
aerodynamic interactions present in this configuration. The number of time steps
per revolution and the number of revolutions are kept the same as in the isolated
case, owing to the rapid convergence of the aerodynamic parameters. Table 5.6
reports the convergence results. However, it should be noted that the relative error
is higher in this case, as the solution never decreases below 107°. In the table 5.7
are shown the solver parameters and the computational cost.

Table 5.7 summarizes the solver parameters adopted in the simulations. Figure 5.11
compares the aerodynamic performance of the isolated propeller with that of the
central propeller in the distributed configuration. As can be seen, aerodynamic
interference does not significantly affect the time-averaged performance of the
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Table 5.6: Number of revolutions required to reach convergence with a
relative tolerance of 3-107°.

Parameter Revolutions to convergence

Tc 2.32
Qc 0.32
n 2.17

Table 5.7: Solver parameters for advance ratio analysis of the distributed
configuration.

Parameter Value
Blade elements 50
Revolutions 6
Particles per step 1
Number of particles under 610.000
Time step per revolution 72

CPU time 30 CPU hours
Wall-Clock time 0.94 hours

propeller. To further investigate these findings, the simulation resolution was
increased, as summarized in Table 5.8.

Table 5.8: Solver parameters for advance ratio analysis of the distributed
configuration.

Parameter Value
Blade elements 50
Revolutions 25
Particles per step 1
Number of particles under 865.000
Time step per revolution 180

CPU time 834.13 CPU hours
Wall-Clock time 26.1 hours

Figure 5.12 shows the unsteady fluctuations of the distributed configuration in
comparison with the isolated case. A more detailed analysis reveals that the central
rotor has a slightly lower mean thrust than both the isolated and the lateral rotors.
However, the fluctuations of the central rotor are about twice those observed for
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the lateral ones, with deviations from the mean of 0.56% and 0.28%, respectively.
These results confirm that, although the mean performance in the distributed
configuration is not significantly altered, the unsteady fluctuations are amplified
compared with the isolated case. All these findings are consistent with the results
reported in Reference [9], although the mean values tend to be overpredicted,as
already observed for the isolated case.

| 0.6
1 N —=—Single rotor —mTIsolated
\\_ : Three rotors Middle
k 0.4
= 0.5 <
0.2+
0 : 0 ="
0.8 1 1.2 1.4 0.8 1 1.2 1.4
J J
(a) (b)
1.
=05 ||-=Single rotor \‘
Three rotors \
0 _
0.8 1 1.2 1.4
J
(c)

Figure 5.11: (a) Thrust setting comparison between the isolated pro-
peller and the middle one in the distributed configuration. (b) Torque
coefficient comparison between the isolated propeller and the middle
one in the distributed configuration.(c) Propulsive efficiency setting
comparison between the isolated propeller and the middle one in the
distributed configuration. .

Figure 5.13b shows the phase-locked thrust difference between the central propeller
and the isolated one. The interaction physics are consistent with the findings of
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Figure 5.12: Comparison of the time history of the thrust of each
propeller.

References [9] and [5]. In particular, the central propeller experiences a reduction
in thrust as its blade approaches an adjacent propeller, followed by a subsequent
increase. As noted in Reference [5], this effect would be symmetric and therefore
does not significantly affect the time-averaged thrust. However, examining Fig-
ure 5.12, it can be observed that this symmetry is lost for the central propeller, a
feature not evident in the phase-locked plot. This behavior is due to a reduction in
the averaged thrust of the central propeller, which appears to be overpredicted with
respect to the VLES results. The averaged normalized thrust is Tyiqare/Tiso = 99.6.
This value is similar to the one obtained by Alvare et al. in Reference [32].More-
over, when compared to the findings of Reference [9], FLOW Unsteady seems to
overestimate the amplitude of the thrust fluctuations on the rotor.

Figure 5.13a presents the phase-locked difference in thrust for the lateral propeller
compared to the isolated case. In this scenario, the lateral propeller reduces its
thrust when the blade approaches the tip of the adjacent propeller’s blade. It is
important to note that this occurs once per revolution, whereas for the central
propeller, the interaction occurs twice per revolution. The magnitude of the dif-
ference is larger than that reported by Zarri et al. [9], which can be attributed to
their study considering a configuration with blades phased differently, resulting in
reduced unsteady interactions.

Figure 5.14 depicts the vortex structure in the wake of the middle propeller. The
figure shows that the vortices persist behind the rotor without merging, consistent
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Figure 5.13: Phase-locked thrust setting difference between propellers
of the distributed configuration and the isolated propeller. Comparison
with result in Reference [9],

with the experimental observations by de Vries et al. [30] and the numerical
results of Zarri et al. [9]. A similar trend is observed in the slipstream evolution:
FLOWUnsteady also predicts that the vortex structure is deformed due to the
proximity of the adjacent propellers.

61



Validation of the Coupled Framework

bl

Figure 5.14: Vortex structure of the middle propeller of the distributed
configuration.

Figure 5.15a reports the normalized axial velocity. Overall, the prediction is sat-
isfactory; however, due to the relatively low number of blade elements, the tip
vortices are not accurately captured [8]. Figure 5.15b shows the time-averaged ve-
locity magnitude at 1.2R downstream of the rotors. The characteristic deformation
induced by the proximity of adjacent rotors is clearly visible. Although the solution
is not fully refined, the physical trends are correctly reproduced, as also observed
in References [9] and [30]. In particular, the distributed configuration exhibits a
symmetric pattern near y/R = 1.04, corresponding to the distance between the
propellers. The induced field from the side propellers reduces the maximum velocity
and enlarges the wake, capturing the expected aerodynamic interactions.
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Figure 5.15: (a) Comparison of the normalized axial velocity with the
VLES results in Reference [9] and the isolated case. (b) Averaged
magnitude velocity in a plane 1.2R downstream from the propeller.

5.3.3 Aeroacoustic Analysis

In this section, the performance of the coupled framework is explored on predicting
tonal and broadband noise of a distributed configuration. The results will be
compared with the VLES/LBM results in Reference [9]. The acoustic analyses
were conducted with the same parameters as the isolated case.

Figure 5.16 shows the directivity in the X Z plane of the first BPF for the middle
rotor in the distributed configuration. The results are in good agreement with the
VLES/LBM simulations, capturing the noise generated by the unsteady interaction
of the propellers. The directivity is accurately predicted in the region close to
the rotor plane, where the steady loading noise and thickness noise are dominant,
while small discrepancies appear near the axis of rotation, where the unsteady
fluctuations are dominant. These differences can be attributed to the unresolved
tip vortices. The maximum error occurs at 30° and 60°, with a value of 19.56 dB.

Figures 5.17a and 5.17b present the PSD on the rotor plane and along the rotation
axis, respectively. On the rotor plane, the coupled framework predicts the spectrum
up to the third BPF with an error of 5.6dB/Hz. Along the rotation axis, the
first BPF is well captured, whereas the higher harmonics exhibit larger errors.
Nevertheless, the presence of tonal peaks can still be observed, indicating that the
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Figure 5.16: Directivity of the first BPF of the middle rotor.

spectrum is no longer purely broadband. These tonal components are also present
in the VLES results and have been attributed to the tip-on-tip interaction observed
in the aerodynamic analysis [9].

Figure 5.18 shows the trailing-edge noise of the middle propeller obtained with
different WPF functions for an observer located along the rotation axis. Rozen-
berg for the suction side (SS) and Kamruzzaman for the pressure side (PS) again
provide the best agreement, even in the distributed configuration. This outcome is
consistent with the previous aerodynamic results, where FLOW Unsteady did not
predict significant changes in the aerodynamic performance. Similarly, the overall
broadband noise from the VLES/LBM simulations [9] does not exhibit substantial
variations, supporting the predictions of the coupled framework. The OASPL
predicted by VLES/LBM is 67.45dB, while the coupled framework yields 64.79 dB,
corresponding to a deviation of 2.66 dB. Figure 5.19 presents the combined tonal
and broadband spectra for an observer on the rotation axis. The broadband com-
ponent is calculated with Rozenberg for the SS and Kamruzzaman for the PS.

A deeper analysis of the acoustic pressure predicted by the tonal module is re-
ported. As shown in figures 5.20a and 5.20b, the acoustic pressure measured in
the rotor plane follows a sinusoidal trend consistent with the VLES/LBM solution
[9]. However, some high-frequency oscillations are not captured, which is likely
related to unresolved tip vortices or turbulent phenomena in the wake. Along
the rotation axis, as shown in figures 5.20c and 5.20d, the time history does not
reproduce either the absolute pressure level or the amplitude of the oscillations,
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Figure 5.17: (a) Power Spectral Density of the tonal signal of the middle

propeller in the rotor plane. (b) Power Spectral Density of the tonal
signal of the middle propeller in the rotation axis.

-50

and it also fails to capture the high-frequency content. This explains why, although
the framework correctly predicts the increase in emitted noise with respect to the
isolated case, it underestimates the SPL along the axis. In this direction, the domi-
nant noise-generation mechanism is the unsteady loading induced by the tip-on-tip
interaction [9]. Therefore, a finer spatial resolution could improve the prediction of
both high-frequency oscillations and overall magnitude. It should also be noted
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Figure 5.18: Broadband analyses at different WPF functions for the
middle propeller of the distributed configuration with an observer placed
in the rotation axis.
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Figure 5.19: Predicted sprectrum for the middle propeller of the dis-
tributed configuration with an observer placed on the rotation axis.

that the nacelles are not modeled in the present configuration; therefore, possible
rotor—nacelle interactions are not captured, which may contribute to discrepancies
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with the reference data.
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Figure 5.20: (a) Acoustic pressure on the rotor plane. (b) Acoustic
pressure fluctuation on the rotor plane. (c) Acoustic pressure on the
rotation axis. (d) Acoustic pressure fluctuation on the rotation axis.

Figure 5.22 compares the trailing-edge noise emitted by the middle propeller with
that of the isolated configuration. It can be observed that the high-frequency
spectrum is not influenced by the propeller arrangement, as both curves follow the
same trend and exhibit similar magnitudes. A similar behavior is also visible in
the very low-frequency region. Slight differences appear in the mid-low frequency
range, where a noticeable jump is present. However, this difference disappears
when other WPF functions are considered. In fact, the comparison of the trailing-
edge noise with different WPF functions, also reported in figure 5.22, shows that
the broadband content remains largely unchanged, especially at high frequencies.
Kamruzzaman applied to the SS generates a pronounced peak at low frequencies,
whereas on the PS, when combined with other WPF functions, it reduces the peak
level. The physical explanation for this behavior requires further investigation with
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high-fidelity numerical tools. Due to the fact that trailing-edge noise for a propeller
is more evident at high frequencies, these results suggest that it is possible to study
the trailing-edge noise of a propeller in a distributed configuration starting from the
isolated configuration. However, these results need to be confirmed by additional
simulations with higher spatial and temporal resolution.

301
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Figure 5.21: Comparison of the trailing edge noise emission on the
rotation axis.
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Chapter 6

Conclusion and Future
Works

This chapter discusses the main conclusions of the work carried out, along with
possible directions for future developments.

6.1 Conclusion

The first goal was to assess the capability of FLOW Unsteady in predicting aero-
dynamic quantities in specific test cases. The single-propeller configuration was
investigated in this work (as well as in others), and the results confirm that
FLOWUnsteady provides accurate predictions, in many cases comparable with
experimental and VLES data. The solver achieves good convergence at a relatively
low computational cost, with only minor discrepancies with respect to high-fidelity
methods. Similar behavior is observed for the distributed configuration. For both
cases, the main difficulty was related to the tuning of the hub—tip correction param-
eters, but accurate results were obtained nonetheless. These discrepancies could
likely be mitigated by increasing the refinement of the blades and wake.

The second goal was to couple FLOWUnsteady with an in-house aeroacoustic
framework. The coupled approach shows good agreement with high-fidelity nu-
merical data, predicting the OASPL with good accuracy. Some discrepancies
are visible from the second BPF onwards, likely due to small-scale interactions
at the blade tips that are not fully resolved. The directivity is well captured,
particularly in the rotor-plane direction, where the sound pressure levels closely
match the VLES results. Along the axis of rotation, some discrepancies appear due
to an underprediction of the unsteadiness. Broadband noise was analyzed using
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different wall-pressure fluctuation (WPF) models: although each led to slightly dif-
ferent sound pressure levels, many provide a good match with the high-fidelity data.

The third objective was to investigate whether the coupled framework can capture
the differences between isolated and distributed configurations. FLOWUnsteady
successfully reproduced the increase in tonal components along the rotation axis
predicted by high-fidelity data. Errors remain small—within the third BPF on the
rotor plane and within the first BPF along the axis. The directivity shape shows
good agreement with high-fidelity data, with discrepancies along the axis of rotation
similar to those already observed in the isolated case. Broadband noise, on the
other hand, does not show significant differences between isolated and distributed
configurations, in line with high-fidelity predictions.

Overall, the objectives were achieved, and the coupled framework proved to be
a reliable tool for predicting both aerodynamic and aeroacoustic performance of
distributed configurations in preliminary design stages. It combines low computa-
tional cost with good agreement across different noise components when compared
to high-fidelity methods.

6.2 Future Work

To further improve the reliability and applicability of the coupled framework,
several developments are recommended:

o The integration of a panel method into FLOW Unsteady to account for the
aerodynamic and aeroacoustic interactions with non-lifting surfaces such as
fuselages and nacelles.

e The definition of clear criteria for setting the FLOW Unsteady parameters
such as the hub-tip correction. Possible approaches include the use of machine
learning algorithms or the creation of a dedicated database.

o The enhancement of the aeroacoustic framework by reducing the simplifying
assumptions currently adopted. In particular, the implementation of subrou-
tines capable of handling generic bodies such as wings, fuselages, and nacelles
would increase its generality.

o A more detailed investigation of the influence of resolution parameters on the
solution is required.
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Appendix A

Wall Pressure Function

The models behind the wall pressure spectra used in this work are described here.
The chapter is based on Reference [27].

A.1 Goody

The Goody’s model was developed by fitting the experimental results in zero
pressure gradient flow. It correctly scales with the middle and high frequencies,
and it was demonstrated that it is the most accurate for zero pressure gradient

flow [33].
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Table A.1: Parameters of the Goody Model.

Parameter Value / Definition

a 3
b 2
c 0.75
d 0.5
e 3.7
f 1.1
g —0.57
h 7
7 1
U,
SS =
T2 0
)
FS —
Ue
v/u?
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A.2 Rozenberg

The Rozenberg’s model is an extended version of Goody’s model. It takes into
account the effects of the adverse pressure gradient also. It must not be used for
favorable pressure gradient flows.

Table A.2: Parameters of the Rozenberg Model.

Parameter Value / Definition

a 2.82 A? <6.13 ATOT d>e (420 + 1)
b 2.0

c 0.75

d 4.76 (12)" " [0.375(3.7 + 1.56.) — 1
e 3.7+ 1.50.

f 8.8

g —0.57

h min<3, \/% + 4)

i 4.76

55 ng*
Fs f]
Gl

74



Wall Pressure Function

A.3 Kamruzzaman

The Kamruzzaman’s model is well suited for highly loaded boundary layers. Its
coefficients are derived from measurements on airfoils at different angles of attack
and Reynolds numbers.

Table A.3: Parameters of the Kamruzzaman Model.

Parameter Value / Definition

a 0.45(1.75 (IT128*)™ + 15
b 2
c 1.637
d 0.27
e 2.47
f 1.15
g 7
h 7
1 1
59 ng*
s T
m
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A.4 Catlett

The Catelett’s model is another extension of the Goody’s model for adverse pressure
gradient flows.

Table A.4: Parameters of the Catlett Model.

Parameter Value / Definition

a 3+ exp 7-98(5A*Re&§ )0-131 107
b 2
c 0.912 + 20,9(@5362.05)2.76
d 0.397 + 0.328(Ba- Re%3)031
e 3.872 — 1.93(B5R€g-05)0.628

f 2.19 — 2.57(B3; Re§ ) 224

g —0.5424 + 38.1(pBs H02)*11
h 7.31 + 0.797(Ba- Re%3)0-0724
v 1

o5 Tgeé

FS 5

Gl
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A.5 Hu

The Hu’s model is developed for both adverse pressure gradient and favorable
pressure gradient flows.

Table A.5: Parameters of the Hu Model.

Parameter Value / Definition

a (81.004 .10~58107 " RepH—-0.35 | 2.154) 107
b 1
1.6
c 1.5 (1.1691n H + 0.642)
d 10—5.8-10_5R69H—0.35
e 1.13

0.6
(1.169 In H+0.642)

f 7.645
g —0.411
h 6
1 1
Ur
SS ﬁ
0
FS —
Ue
RT U0
v
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A.6 Lee

Lee’s model was developed by observing the trends and limitations of the other
wall pressure functions exposed. This model works for zero pressure gradient and
relatively low favorable pressure gradient. It is an extension of Rozenberg’s model.

Table A.6: Parameters of the Lee Model.

Parameter Value / Definition

a max(areg, (0.256, — 0.52) arey)
b 2
c 0.75
max (1, 1.5dre, ), B < 0.5
d
dRoz; B.>0.5
e 3.7+ 1.5,
f 8.8
g —0.57
h min(3, 0.139 + 3.10434, ) + 7
i 4.76
Ue
55 T2 0*
6*
FS —
Ue
RT O/Ue
v/u2
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Appendix B

Radiation Integral

B.1 Terms of Radiation Integral
In this section, the coefficients for the radiation integral are presented.
Sg = 2t + B%(a3 + 23)

E@p:;g%mz@@—wmg

po v K
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= iz
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Radiation Integral

B.1.1 Supercritical gust
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B.1.2 Subcritical gust
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