
D
el

ft
U

ni
ve

rs
it

y
of

Te
ch

no
lo

gy

Numerical Predictions of
Airfoil Acoustics with
Inflow Turbulence
MT54035 MT MSc Thesis
G.J. Dekkers





Thesis for the degree of MSc in Marine Technology in the specialization of Ship Hydromechanics

Numerical Predictions of
Airfoil Acoustics with

Inflow Turbulence
By

G.J. Dekkers
Performed at

Maritime Research Institute Netherlands
(MARIN)

This thesis (MT.23/24.030.M) is publicly available in accordance with the general conditions for
projects performed by the TU Delft.

To be defended publicly on June 10 2024.

Company Supervisors
Responsible supervisor: Dr. Artur Lidtke
Daily supervisors: Dr. Artur Lidtke, Dr. Thomas Lloyd, Dr. Fernanda dos Santos

Thesis Exam Committee
Chair/Responsible professor: Prof. Dr. Gabriel Weymouth
Staff member: Prof. Dr. Thomas van Terwisga
Staff member: Dr. Bernat Font
Company member: Dr. Artur Lidtke

Author details
Author: Gert Dekkers
Studynumber: 4902718

Cover: The cover image is adapted from Yelmanov [1]
Style: TU Delft Report Style, adapted by Daan Zwaneveld and Gert Dekkers

An electronic version of this thesis is available at https://repository.tudelft.nl/

https://repository.tudelft.nl/




Abstract

The interaction of a turbulent flow with the leading edge of a foil is one of the dominant noise sources
for many engineering applications, including aircraft wings, (wind) turbine blades, and non-cavitating
marine propellers such as those found on tidal turbines, naval vessels and submarines. Incorporat-
ing a better understanding of the turbulence intensity on the far-field radiated noise in the early design
phases can help reduce low-frequency broadband noise that is harmful to humans and (marine) wildlife.
A simple framework, such as that proposed by Amiet, can provide fast predictions once validated for
more complex problems. The current work assesses numerical predictions on far-field radiated noise
by the leading edge of a NACA0008 airfoil for varying turbulence intensities. The flow is simulated
within ReFRESCO, a partially averaged Navier-Stokes solver in which turbulence is generated using
a synthetic inflow turbulence generator. Inflow turbulence and predicted far-field noise by the Ffowcs
Williams-Hawkings formulations are experimentally and numerically validated, showing that the pro-
posed method can generate realistic turbulence, pressure data on the foil surface and associated far-
field noise. Variation in the turbulence intensity shows an unwanted change in the integral length scale,
which did not seem to affect the far-field radiated noise. In agreement with Amiet, a linear increase in
turbulence intensity leads to a near quadratic increase of the radiated noise for a receiver directly above
the foil. A rapid change in scaling is seen for receivers more closely aligned with the flow direction both
up- and downstream of the foil, for which the far-field noise scales with the turbulence intensity to the
sixth power. Variations in the turbulence intensity between 4 % and 16 % dominate over a change in
the integral length scale from 30 mm to 65 mm.
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1
Introduction

Noise pollution from ships, wind turbines and aircraft has been know to impact both people and wildlife
negatively [2]–[4]. While, for example, noise control onboard ships has been properly regulated [3],
awareness has also been raised for underwater radiated noise (URN) [5]. It is the low-frequency
broadband noise component, which can travel over large distances, that is mostly relevant for (ma-
rine) wildlife, impacting their natural mating and hunting behaviour [2], [4]. The low-frequency noise is
dominated by the interaction of a body with a turbulent inflow. Examples of engineering applications
where this dominates are wind turbine blades [6], aircraft wings, turbine blades [7], (air)foils [8] and pro-
pellers [9]. The latter mainly applies to non-cavitating propellers, such as for naval or research vessels
or in the wake of a submarine [10]. Even for a cavitating propeller, the non-cavitating low-frequency
noise source can dominate if the turbulence intensity is sufficiently high [11].

The main phenomenon that radiates low-frequency noise from the mentioned engineering applica-
tions is the impingement of turbulent structures on the foil’s leading edge. The turbulence distortion
generates pressure fluctuations on the surface of the foil, thereby radiating sound to the far-field [11].
Understanding this turbulence-body interaction is, therefore, key to predicting far-field noise and options
to mitigate it. Initial research on leading edge noise focussed on incompressible gusts for flat plates
[12], [13]. This was extended to compressible gusts at an angle [14] and later to two-dimensional gusts
[15], [16]. The framework as presented by Amiet [17], who proposed a formulation to calculate the
far-field radiated noise, is still being used nowadays due to its simplicity. However, these works all fell
short in modelling the influence of the foil in the turbulent flow, i.e. they assumed flat plate conditions.
One of the first methods that improved on this included the rapid distortion theory to calculate the ve-
locity around bluff bodies [18].

Studies in the early 2010s tried to assess the effects of geometric properties of the foil, such as
the leading edge radius, thickness, camber, chord length, curvature and angle of attack on the far-field
radiated noise [19]–[22]. Airfoil camber, angle of attack and chord length were reported to have a minor
effect on the leading edge radiated noise. The geometric properties forward of the maximum thickness,
thus describing the leading edge, were found to influence the generated sound more [22]. Since the
geometric properties of the foil on far-field noise have been well documented, this work will focus on
the inflow turbulence. This adheres to the current trend that designs for the mentioned applications
are often made based on requirements other than noise pollution. Noise prevention is thus overlooked,
whereas noise mitigation by studying inflow turbulence parameters is more useful.

Recent works readily studied turbulence parameters on far-field noise. Bowen et al. [23] studied
the far-field radiated noise experimentally by placing grids for turbulence generation in a wind tunnel.
They reported increased far-field noise for increased turbulence intensity and integral length scale. No
attempt was, however, made to separate the effects of these turbulence parameters. Additionally, mea-
surements close to the leading edge were impossible due to the finite size of the measurement probes.
This is similar to what is reported in the works by Dos Santos et al. [24], Botero-Bolívar et al. [25]
and Dos Santos et al. [26]. In those works, the turbulence intensity was altered by increasing inflow
velocity, and hence, an increase in integral length scale was achieved as well. It becomes clear that the
literature lacks research into a change in turbulence intensity, without altering or accounting for other
flow variables such as the inflow velocity in the results.

1
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To address this research gap, the current work will focus on a pure increase in turbulence intensity on
the far-field radiated noise by the leading edge of an airfoil. If separation is not possible an attempt will
be made to attribute the resulting far-field noise to the different turbulence parameters. Results will be
compared to the scaling for turbulence intensity as proposed by Amiet [17], which could promise to be
useful in early design phases if validated for more complex problems. This work aims to establish the ef-
fect of turbulence intensity on far-field radiated noise and, accordingly, to show whether the predicted
increase by Amiet is correct. These combined goals give insight into scaling laws of far-field noise
based on the inflow turbulence (turbulence intensity) such that estimates of far-field noise increase or
decrease can be made in the initial stages of the design. A numerical framework will be adopted to
achieve this goal. Lidtke et al. [27] have readily shown that realistic turbulence can be generated that
allows for the prediction of far-field noise. Additionally, both Piccolo et al. [28] and Ribeiro et al. [29]
have shown promising results for numerically predicted far-field noise from airfoils.

1.1. Research question and structure of the report
The main research question that will be answered in this report is:

How do different turbulence intensities in generated inflow turbulence affect the numerically predicted
magnitude and directionality of airfoil leading edge noise, and how does this compare to the scaling

proposed by Amiet?

To answer this question, several steps are taken. A review of the literature is divided into two parts. The
first part of the literature, Chapter 2, discusses relevant noise mechanisms from an airfoil. Additionally,
it presents the expected effect of the turbulence intensity and integral length scale on leading edge
radiated noise. The latter is discussed in case an unwanted change of integral length scale is induced
for varying turbulence intensity. It will also present methods from the literature that can be used to
quantify the turbulence intensity and integral length scale. The second part of the literature review,
Chapter 3, shows the advantages of using computational fluid dynamics over experiments. Several
turbulence modelling approaches will be presented, together with their (dis)advantages. Requirements
for artificial turbulence generation will be given based on a review of experimental turbulence generation.
Accordingly, several methods to generate turbulence artificially will be described. At last, two methods
for far-field noise prediction will be presented.

Next, in Chapter 4, themethodology for simulating inflow turbulence and predicting far-field noise will
be presented based on arguments from the literature review. Several post-processing tools used in the
chapters hereafter will also be discussed. A concise verification study regarding mesh resolution and
spanwise domain size will also be presented. Chapter 5 presents results for the extensive validation
of the methodology as proposed in Chapter 4. Based on the validated methodology, results for cases
with varying turbulence intensity will be presented in Chapter 6. The discussion and interpretation of
the results will also be given in that chapter.

Chapter 7 summarises the main steps and findings regarding turbulence generation, turbulence
simulation, far-field acoustics and comparisons to the Amiet framework. At last, Chapter 8 presents
several recommendations for further research.

1.2. Contributions
Besides this master thesis report, a closed exam (defence) and a public presentation, a part of the
work is also documented in a paper (extended abstract) titled “Quantifying the effect of turbulence
intensity on turbulence-interaction noise of an airfoil using scale-resolving simulations”. This paper
will be submitted to the 26th Numerical Towing Tank Symposium (NuTTS’24), which will take place in
October 2024 in Duisburg, Germany. For more information on the conference, the reader is referred
to their website. The current draft of the paper can be found in Appendix A. The draft is based on
information found within this work but may be altered after handing in the final version of this report.
The paper, as well as this report, have been written by G.J. Dekkers. All other authors (mentioned in
the paper) will only partake in the paper once the MSc Thesis has been handed in and graded.

https://www.uni-due.de/imperia/md/content/inam/nutts24std.pdf


2
The airfoil as a noise generator in

turbulent inflow

This chapter will describe the airfoil as a noise generator in a turbulent flow. Section 2.1 will describe
basic airfoil noise mechanisms. Section 2.2 will present more details on the influence of the turbulence
intensity and integral length scale on the leading edge radiated noise. Finally, Section 2.3 will present
several methods to calculate the turbulence intensity and integral length scale, as they vary in literature.

2.1. Airfoil noise mechanisms
Noise generation from airfoils is typically divided into cavitating and non-cavitating induced noise. Cav-
itating noise, the collapse of a bubble creating a shockwave, is stated to be the dominant noise source
for marine propellers, especially at higher velocities [9]. Improvements often focus on increasing the
speed at which cavitation occurs, thereby delaying the cavitation-induced noise. On the other hand,
there is non-cavitating induced noise, which is dominant in non-cavitating applications. Apart from
non-cavitating marine propellers, such as those for navy and research vessels, other applications are
hydrofoils, rudders, wind turbine blades, rotor blades or turbine blades [6]–[8]. Even for cavitating ma-
rine propellers the non-cavitating induced noise can be dominant if the turbulence intensity of the inflow
is sufficiently high [11, p. 139–143], showing the significance of research into non-cavitating induced
noise.

Non-cavitating induced noise can be further divided into two categories based on the characteristics
of the sound pressure spectrum [30, p. 75–76]:

1. Tonal noise is the noise generated by the interaction of the foil with the periodic incoming flow.
This mechanism is also called self-noise.

2. Broadband noise is the noise generated by the interaction of the foil with (random) fluctuations in
the flow field. This mechanism is also called interaction noise.

The current work will only focus on the broadband noise component generated by the foil. This broad-
band component is generally induced at one of two locations, either at the leading edge or the trailing
edge. Figure 2.1 shows these two components for an airfoil in a turbulent inflow. Trailing edge noise is
generated at the rear of the foil. The sound is radiated either by the interaction of the boundary layer
with the foil leading to pressure fluctuations on the surface of the foil; the separation of the flow from
the foil at angles of attack where stall occurs; the vortex shedding at the trailing edge due to bluntness
leading to pressure fluctuations in the flow and on the trailing edge of the foil; the interaction between
the upper and lower surface flows when they rejoin at the trailing edge creating vortices and hence
pressure fluctuations in both the flow and on the trailing edge; or a combination of these [8], [30, p. 75–
76], [31], [32]. Since the current work only focuses on leading edge radiated noise, these mechanisms
must be removed from or quantified in the results. It will become clear in Section 5.3 how this will be
done.
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Figure 2.1: Airfoil in a turbulent inflow showing leading edge and trailing edge noise production mechanisms [11, p. 140].

Leading edge radiated noise is generated at the front of the foil. It is generated when a turbulent inflow
impinges on the airfoil’s leading edge, creating unsteady pressure fluctuations on the surface of the
airfoil and, hence, sound. These unsteady pressure fluctuations follow from the energy-containing
eddies spreading their energy from the flow direction into the other two directions. This is done most
efficiently in the vertical direction since the surface of the foil extends less in that direction compared
to the spanwise direction. This was already implied by Figure 2.1, but Figure 2.2 also shows this
(exaggerated) dipole shape. The efficiency at which the distortions on the leading edge occur will
be discussed in the next section. However, a second mechanism can induce sound at the leading
edge: the complex flow coupling close to the leading edge. Not only do the eddies induce an unsteady
pressure on the foil, they can also interact with the incoming turbulence by the (back)scatter from the
leading edge. Similar to the rejoining of the boundary layers at the trailing edge of the foil, this can
create vortices and, thus, unsteady pressure fluctuations in front of the foil. This, in turn, can then
affect the unsteady pressure fluctuations on the surface of the foil, indicating the complex coupling of
the flow and the foil [9], [11], [30]. Now that the main airfoil noise mechanisms have been introduced, it
is key to discuss the expected efficiency at which the leading edge mechanisms work based on different
turbulence parameters. This will be done in the next section.

Figure 2.2: Noise directivity patterns for airfoil leading edge radiated noise in a turbulent inflow. The flow is from left to right
and the leading edge is at the origin. Adapted from Doolan et al. [11, p. 142].
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2.2. Turbulence intensity and integral length scale on radiated noise
Turbulent inflows for the previously named applications can be generated in many ways. Turbine and
rotor blades can experience inflow turbulence from the wind, boundary layer effects from the ground
[33] and wake effects from other blades. Marine applications will often only experience effects induced
by the boundary layer of the ship or the wake of appendages. The efficiency at which these inflows
generate noise at the leading edge of a foil not only depends on the operating point of the application
but also on the parameters that define the inflow turbulence. Two main parameters defining the turbu-
lent inflow are the turbulence intensity (TI) and integral length scale in the direction of flow (Λf ).

The turbulence intensity is directly linked to the magnitude of the generated sound. The turbulence
intensity is associated with the level of fluctuations compared to the velocity. From Section 2.1, it be-
came clear that the eddies direct their energy away from the flow direction and (mostly) into the vertical
direction. If the turbulence intensity is higher, these eddies will contain more energy, allowing them
to redistribute more energy to the other directions. This, in turn, leads to bigger unsteady pressure
fluctuations on the foil and thereby radiated sound. It was proven by Bowen et al. [23] that turbulence
interaction noise significantly increased with increasing turbulence intensity. However, within that re-
search, the effect of the integral length scale was not decoupled from the turbulence intensity. Intended
or not, most works found in the literature suffer from this problem [25], [26]. In this work, an attempt
will, therefore, be made to split the effect of the intensity and integral length scale from one another.

Additionally, often research is performed into the effect of the increase of velocity fluctuations which
is not necessarily an increase of turbulence intensity. Likewise, with the increase in integral length
scale, bigger velocity fluctuations are often achieved by increasing the inflow speed. While the fluc-
tuations indeed increase, the turbulence intensity can stay similar due to the proportional increase of
inflow speed [24]–[26]. The literature lacks research into the effect of solely changing the turbulence
intensity on leading edge radiated noise, hence signifying the added value of this work.

A similar line of reasoning can be followed for the integral length scale. The integral length scale falls in
the first of three wavenumbers of the energy spectrum: the energy-containing range. Figure 2.3 shows
the three-dimensional energy spectrum in which a wavenumber is defined as 2π/l with l the length
scale. As the name states, the energy-containing range contains the largest flow structures and en-
ergy. These structures have the largest effect on the magnitude of the radiated noise since they carry
more energy than smaller structures. Moving to larger wavenumbers results in going into the inertial
subrange, representing the change from the macrostructure (integral length scale) to the microstructure
(Taylor microscale) by energy cascade. Finally, it moves into the dissipation range, where the energy
from the microstructure is dissipated (into heat) [34, p. 182–195], [35, p. 190–192]. Throughout this
work, the integral length scale input is kept constant to solely study the effect of turbulence intensity. It
has readily become clear that such a separation is difficult, if not impossible, and later on it will become
clear if the separation was successful.

Works on leading edge radiated noise for a change of integral length scale are also scarce. Initial
works focussed on modelling the incoming turbulence as a gust. These methods failed to include the
effect of the foil, i.e. they assumed flat plate conditions [12], [14], [16]. Improvements over time were
made, and several works investigated limited ranges of integral length scales [25], [26], [28], [29]. Con-
clusions about the effect of the integral length scale on the radiated sound are difficult to make since
all of these works experience the problem of increased fluctuations and/or inflow speed, making it hard
to quantify the actual effect of the integral length scale compared to the other turbulence parameters.
Bowen et al. [23] have shown that the behaviour of the flow near the leading edge depends on the eddy
size. They stated that smaller flow structures are broken up near the leading edge, whereas larger ones
distort and tend to become more two-dimensional rather than break up. This is in line with the Rapid
Distortion Theory (RDT) where the larger structures indeed show behaviour similar to vortex stretching
[35, p. 153, 240–244]. This is also confirmed by the acoustic pattern around the leading edge, which
was readily visible in Figure 2.2. At low frequencies (bigger length scales), the noise directivity is a
pure dipole since the turbulence has time to distort around the leading edge. Higher frequencies (small
length scales) do not have this time and tend to break up with sound mainly being produced in the
direction of the flow leading to the cardioid pattern [11, p. 139–143]. As stated, the integral length scale
input is kept constant throughout this work. Suppose it changes by changing the turbulence intensity.
In that case, a scaling method will be investigated to either remove the effect of the length scale or to
investigate it separately, showing added value to the literature.
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Figure 2.3: Three-dimensional energy spectrum showing the three ranges in association to the wavenumber based on the
integral length scale (κe) and the Taylor microscale (κd) [35, p. 191].

2.3. Computational methods for turbulence intensity and integral
length scale

In literature, several methods exist to calculate the turbulence intensity. The baseline for all these
methods is dividing the root-mean-square fluctuating velocity component(s) by a mean velocity. These
components follow from the Reynolds decomposition of a signal, which states that an instantaneous
quantity ϕi(t) can be split into the average over time ϕi plus an instantaneous fluctuation ϕ′i(t). In
this way, the velocity fluctuations can be defined as u′i(t) = ui(t) − ui where i indicates the velocity
component. As stated, the mean component is taken over time such that

ui = lim
T→∞

1

T

∫ T

0

ui(t)dt. (2.1)

The time element from the velocity fluctuations can be removed by taking the root-mean-square of the
signal, giving the standard deviation of that signal at location x

σui
(x) = ui,rms(x) =

√
ui(t)′2. (2.2)

Here x is defined as the location vector with x = (x, y, z) and the mean is again taken over time [35,
p. 75–77]. From this, the most common definition of the turbulence intensity, based on all velocity
components, becomes [35, p. 128]

TI(x) =

√
1
3 · (u2rms + v2rms + w2

rms)

u2 + v2 + w2 . (2.3)

It should be noted that all of these components are a function of the location vector x, but for clarity,
these dependencies have been removed from the equation.

Although this formulation captures all three velocity components, it is unnecessary for the current
problem for two reasons. First, even though there will be velocity fluctuations in all three directions, a
mean velocity will only be created in the streamwise (x) direction signifying that v = w = 0m/s. Second,
the turbulence within this work will be mainly isotropic such that urms = vrms = wrms, meaning that
Equation 2.3 can be simplified to

TI(x) = urms

u
. (2.4)

This method is also proposed by Hinze [36, p. 4]. It will be used mostly throughout this work since it
only requires the measurement of the mean velocity in the streamwise (x) direction, thereby relaxing the
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requirements set for experimental data without losing accuracy on the calculated turbulence intensity,
assuming that the turbulence is indeed isotropic. If experimental results do not present fluctuations
in all three directions, the statement of isotropy should be checked in another way. An alternative to
Equation 2.4 is to replace the local mean speed u by the set inflow velocity Uinf . This makes it easier
to evaluate the turbulence intensity close to the leading edge since the local mean tends to zero, ren-
dering infinite values for the intensity otherwise.

Similar to the turbulence intensity, several methods exist to calculate the integral length scale. The
integral length scale of the turbulence can be calculated by applying either a spatial or time correlation.
The spatial correlation relies on the simultaneous measurement of the velocity fluctuations at two points
x1 and x2 in the flow. The integral length scale in the flow direction Λf can then be calculated as

Λf =
1

u′2
·
∫ ∞

0

R11(r)dr1, (2.5)

with R11 the two-point correlation based on a pure longitudinal change of the separation vector r

R11 = u′1(x1)u′1(x2). (2.6)

This method, as proposed by Nieuwstadt et al. [35, p. 188–192] is, however, not preferred since it
does not allow for length scale computations close to foil due to the need for a separation vector. That
separation vector cannot exist due to the presence of the airfoil wall. Additionally, since the separation
vector relates the turbulence at two points, it signifies that turbulence must be homogenous between
those two points. And although homogenous isotropic turbulence is required within this work, it does
not have to be throughout the whole domain. Especially close to the turbulence generation point, the
turbulence may very well be inhomogeneous, which is not allowed for in this method. The integral
length scale from the two-point correlation is, therefore, not a suitable method.

A similar method based on a time correlation instead of a spatial correlation removes this need for
homogeneous turbulence and can be applied anywhere within the domain. Explained in more detail
in Pope [34, p. 65–69] and Nieuwstadt et al. [35, p. 183–186], they state that the integral length scale
can be calculated from

Λf = u · T = u ·
∫ ∞

0

ρ(τ)dτ. (2.7)

Here u represent the mean local streamwise velocity and T the integral timescale. The latter describes
the time over which significant correlation exists and is thus a measure of the macrostructure and as-
sociated integral length scale. For Equation 2.7 to be true, the Taylor hypothesis for frozen turbulence
must hold, stating that based on an Eulerian measurement the time it takes for an eddy to advect past
the measurement point must be much shorter than the time it takes for the eddy to change size, i.e.
the turbulence is frozen [35, p. 194–195],[37]. This allows the integral timescale to be multiplied by
the mean local velocity by which the eddy is advected. Similar to the spatial correlation, this has the
downside of being less accurate for rapidly changing eddies which is likely to occur close to the tur-
bulence generation point. Nonetheless, according to Pope [34, p. 65–69] and Lin [38] this hypothesis
provides accurate results as long as u2rms << u2. Within this work u2rms was always at least one order
of magnitude smaller than u2 at locations where interest is shown in the integral length scale.

The integral timescale from Equation 2.7 follows from the integration of the normalised autocovari-
ance such that

T =

∫ ∞

0

ρ(τ)dτ =

∫ ∞

0

R(τ)

u′2
dτ =

∫ ∞

0

u′(t1)u′(t1 + τ)

u′2
dτ. (2.8)

Indeed, here it becomes clear that the integral timescale is only a function of the difference in time and
not space, with τ = t2 − t1. From Equation 2.8 it also obvious that for τ = 0 s, the autocorrelation
becomes 1, i.e. ρ(0) = 1. All properties that the autocorrelation must adhere to are [35, p. 184]

i : ρ(0) = 1,

ii : |ρ(τ)| ≤ ρ(0) = 1 ∀t,
iii : ρ(τ) = ρ(−τ),
iv : ρ(τ) → 0 for τ → ∞.

(2.9)
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Properties i to iii are often not problematic, property iv however is. Both Bowen et al. [23] and Ribeiro
et al. [29] show that the autocorrelation indeed goes to zero for an infinite time lag but that it additionally
starts to oscillate around zero. The associated side effect is that the integral from Equation 2.7 cannot
be performed until infinity. A possible solution, also adapted by Ribeiro et al. [29], is to find the first
zero-crossing of the autocorrelation. This method works if property iv is satisfied based on a smoothly
decaying curve. This is also not always the case since the autocorrelation could oscillate around a
non-zero value before reaching zero. An example of this, and the oscillating behaviour around zero,
is given in Figure 2.4. Indeed, one can observe the small fluctuations around a non-zero value that
the orange line experiences for 8 · 10−3 < τ < 3 · 10−2 s. Even though this seems small, it leads to
an approximate 60 % bigger length scale at the two different positions. Ribeiro et al. [29] associate
this unwanted behaviour with the autocorrelation being more susceptible to short measurement times,
more often found in simulations.

Figure 2.4: Autocorrelation at two positions in the domain from a numerical simulation. Autocorrelation is determined based on
Equation 2.8 [29].

Both Trush et al. [39] and Nandi et al. [40] propose different methods that might overcome the non-zero
oscillating problem:

1. Fitting of a power spectral density model such as the Von Kármán model. The main assumption
here is that the chosen model can describe the turbulence spectrum, which does not necessarily
have to be true. Additionally, even if that assumption holds, this method is susceptible to the
chosen frequency range over which the fit is applied. This method is, therefore, not preferred for
this work.

2. Finding the peak of the power spectral density function such as that shown in Figure 2.3. The
integral length scale follows from the frequency where the power spectral density reaches its
maximum. This method is also not preferred since spectral figures often do not show a clear
peak thereby being susceptible to the user defined maximum.

3. Integrating Equation 2.7 until the value of the time lag where the autocorrelation reaches the
critical value of 1/e (rather than zero). This is also not preferred since it severely underestimates
the integral length scale for cases where the oscillatory behaviour does not occur.

4. Integration of best-fit curves for the autocorrelation. The accuracy of this approach heavily de-
pends on the chosen function for fitting. Nandi et al. [40] proposes to use a one-term exponential
decay function. Several functions for fitting have been investigated within this work to determine
which describes the autocorrelation most appropriately; the most accurate one will be described
in more detail in Section 4.3.



3
Computational fluid dynamics,

turbulence generation and acoustics

This chapter will present several topics regarding numerical approaches for investigating leading edge
radiated noise. The chapter will start by describing the added value of computational fluid dynamics
(CFD) and give a description of turbulence modelling approaches in Section 3.1. Next, in Section 3.2,
several turbulence generation mechanisms will be discussed based on requirements from experimental
approaches. Finally, Section 3.3 presents two acoustic analogies that can be used to predict far-field
radiated noise.

3.1. Numerical approaches for turbulent inflow acoustic problems
One of the biggest decisions within CFD is the choice of the turbulence modelling approach. Before
going into that choice, a short evaluation will be given as to why simulations (CFD) have added value
to experiments.

3.1.1. CFD versus experiments
Experiments have proven useful for centuries but the development in computational power has changed
the use of computational fluid dynamics (CFD) from a research area into a powerful tool. The term CFD
encompasses a wide spectrum of numerical models which can solve complex fluid problems [41], [42].
There are many advantages and disadvantages coupled to the use of CFD. A few of those, most related
to this work, will be presented below:

• CFD methods are often used since they can save costs compared to experiments. There is no
need for physical prototypes, arranging a test location or acquiring expensivemeasurement equip-
ment. On the other hand, CFD simulations take a lot of man hours to set up and computational
time can be expensive, so a trade-off has to be made [43].

• CFD simulations allow for the mapping of flow parameters throughout the whole domain, merely
being limited by the storage capacity of a computer. This allows for better understanding and
visualisation of flows (by coherence, correlation, etc.). Experiments are often limited by the num-
ber of measurement devices, such that flow measurements are only possible at one location or a
repetition of experiments must be performed, as was done in Dos Santos et al. [24]. This is sup-
ported by the fact that measurement equipment has a finite size and shape, thereby influencing
flow parameters making concurrent measurements difficult. Measurement devices in simulations
have no weight, dimension, etcetera thereby not influencing the flow.

• Also noted by Dos Santos et al. [24], is the calibration of measurement equipment, which induces
an uncertainty in the measured parameters. CFD requires no such calibration, thereby returning
exact results from the solver with machine precision. On the other hand, uncertainty is introduced
into the solver by choosing methods to discretize the Navier-Stokes equations or other simplifi-
cations. To assess these uncertainties, in-depth verification and validation is needed based on
experimental results [42].

9
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• Noise measurements in experiments are sensitive to background noise from people, the wind
tunnel or other sources. Section 3.2 will describe this problem in more detail. A CFD simulation
does not suffer from background noise. Additionally, noise measurements are often only feasible
above the foil to prevent interaction between the flow and measurement equipment.

• At last, flow measurements in experiments is limited to feasibly reachable places. Take, for ex-
ample, the finite size of the probes in Dos Santos et al. [24], which, due to their size, could be
placed no closer than 3.5 mm to the leading edge. CFD measurements do not have this problem
since probes do not possess physical quantities such as size and weight as introduced before.

In short, CFD simulations have numerous reasons to be preferred over experiments. Care should,
however, be taken to ensure that the pros (abundance of measurement data) outweigh the downside
of CFD (possible increased costs). Another downside is the simplifications adapted to make the CFD
computation viable. One of these simplifications, arguably the most important one in this work, is the
choice on how to model the turbulence as will be discussed in the next section.

3.1.2. Turbulence modelling in CFD
One of the most important choices for simulating turbulence problems is the model that will be used
to represent the turbulence. It already became clear in Section 2.2 that turbulence cannot be charac-
terised by one specific value. Turbulence is rather a division of energy over different length scales, see
Figure 2.3. There are two ways to capture the turbulence at different length scales [42, p. 347–349]:

• Resolving the turbulence is to solve the discretized Navier-Stokes (NS) equations for a specific
length scale.

• Modelling the turbulence is to implement an alternative simplified model approximating the turbu-
lence at a specific length scale.

Themost accurate method would be to resolve all turbulent length scales up to the smallest scale where
energy is contained in the eddies, i.e. the Kolmogorov scale. The turbulence model that does this, is
called direct numerical simulations (DNS). DNS resolves the NS equations for all length scales and is
thus only dependent on the (controllable) discretization errors. It is the most accurate representation
of a flow field that can (currently) be achieved with CFD. For a DNS to be effective, it must capture
both the biggest and smallest length scales. This means that the domain must be sufficiently large to
capture bigger length scale, whereas the mesh1 must be small enough to capture small length scales
accurately. Both requirements lead to an increase of computational costs and although such detailed
flow information can be useful, it is excessive for the analysis performed in this work. Especially since
80 % of the energy is contained in the energy-containing range as depicted in Figure 2.3 [44, p. 197].
The increased computational time and abundance of unnecessary resolution makes that DNS is not a
suitable turbulence model for the current work [42, p. 350–363], [44, p. 211–217], [45].

A less computationally expensive turbulencemodel is the Reynolds-AveragedNavier-Stokes (RANS)
method. RANS assumes that an instantaneous quantity can be split into a mean quantity and a fluctuat-
ing quantity, similar to that introduced in Section 2.3. It then averages the NS equations, resulting in the
loss of the fluctuating component. Removal of these eddies implies that the flow is steady, which is not
the case for turbulent flows. The loss of this energy, together with the randomness of the turbulence,
will lead to large errors in the outcomes of any parameters other than mean values. This method is,
therefore, not suitable to model the turbulence in this work [42, p. 363–365], [44, p. 197–200], [45].

A more suitable method would be one that partially resolves and partially models the turbulence. These
methods are called scale-resolving simulations (SRS), i.e. resolution of the turbulence is performed up
to a certain length scale. An example of such a method is the large eddy simulations (LES). Within
LES the NS equations are only resolved for the largest eddies, thereby reducing the computational
cost compared to DNS and increasing the accuracy compared to RANS. It, however, models the effect
of the smaller eddies below the mesh limit by applying a sub-grid scale (SGS) [42, p. 366–369], [44,
p. 199–210]. The choice of sub-grid scale determines the accuracy of the turbulence model for smaller
length scales. Implicit LES (iLES) does not require the choice for a SGS, but bases it on the numerical
truncation error. Numerical dissipation in iLES determines the effects of the unresolved eddies [46].

1A ‘mesh’ refers to the computational mesh used for the CFD simulation (in literature often referred to as a grid). A ‘grid’ within
this work refers to the grid used to generate turbulence, explained in more detail in Section 3.2.
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The mechanisms and effects of the three introduced methods so far are summarised in Figure 3.1.

(a) Averaging behaviour of the instantaneous velocities [47]. (b) Resolving and modelling mechanisms, adapted from Tu et al.
[48].

Figure 3.1: Mechanisms of DNS, RANS and (i)LES for flow velocity and eddy size.

Although practical, LES suffers from the requirement of finer meshes and possibly smaller time steps
for high Reynolds number flows. Especially in the near-wall region, finer meshes are needed if it is
required that LES resolves eddies in the near-wall region as well [45], [49]. Liefvendahl et al. [50]
have shown that wall-resolved LES can need two to four orders of magnitude more cells to capture
the boundary layer accurately compared to wall-modelled LES. The latter still needs much more cells
compared to RANS as well. Additionally, Liefvendahl et al. [51] state that RANS allows for much
longer (anisotropic) cells in the boundary layer since mean flow quantities are only determined. This is
beneficial for the current work, since resolution of the boundary for leading edge noise is not required.
The only assumption being made here is that the effect of those eddies does not propagate upstream.

The most suitable method for the current work would, therefore, combine LES and RANS. The
detached eddy simulations (DES) framework initially proposed this. Within this method, the near-wall
region is treated by RANS, whereas LES is applied to the bulk of the flow. The ‘grey area’ between the
two methods proved problematic unless the switch was abrupt. Otherwise, the region could contain
too little resolved turbulence, thus biased towards RANS, resulting in a loss of accuracy. Or too little
modelled turbulence, thus biased towards LES leading to expensive computations. This phenomenon,
driven by the mesh design, was called the modelled stress depletion (MSD) [52, p. 62]. The delayed
detached eddy simulations (DDES) framework improved on this, but likewise to DES still suffered from
the log-layer mismatch (LLM) [53]. The LLM, describing the deviation of the wall-shear stress from
reality, was reportedly solved by another improved method conveniently named the improved delayed
detached eddy simulations (IDDES) [52, p. 63], [42, p. 417–419],[45]. The IDDES framework seems to
be the most favourable method for the current work since it applies LES in the bulk of the flow, whereas
it switches to RANS in the boundary layer. LES could also be applied if sufficiently refined meshes and
associated computational time are allowed but that is not the case for the current work.

3.2. Turbulence generation in CFD
Another key parameter in both experiments and simulations (CFD) is the generation of the inflow tur-
bulence. Before presenting several methods to generate turbulence within simulations, it is first key to
establish the methods by which turbulence is usually generated within experiments. These methods
can then be used to define criteria for simulation-generated turbulence.

3.2.1. Turbulence generation in experiments
Within experiments, turbulence is often generated by placing a passive grid in the contraction of a wind
tunnel as depicted in Figure 3.2a. The flow over each bar induces a turbulent wake behind the bar.
These wakes then interact with one another to create a turbulent field. Roach [54] was one of the first
to present guidelines on using grids to generate inflow turbulence. It was stated that the turbulence
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parameters of nearly isotropic turbulence by passive grids mainly depend on the geometric properties
of the grid, such as those displayed in Figure 3.2b. Additionally, it was proven that scaling laws exist,
which can define the decay of the turbulence intensity in the wake of the grid. Care must be taken
to place the grid sufficiently upstream to ensure that the turbulence decay has levelled out, indicating
homogenous turbulence. More recent works confirmed these scaling laws and the ability of passive and
multi-scale grids to generate isotropic turbulence downstream of the grid [55]–[57]. The simplicity and
robust inflow of the grid-generated turbulence make it a suitable method for experimental turbulence
generation.

(a) Generated noise and need for beamforming arrays for different grid placements. Turbulence is
generated by a flow in the positive x-direction.

(b) Geometric definitions of the grid.
Turbulence is generated by a flow

perpendicular to the plane.

Figure 3.2: Geometrics and placement effect of passive turbulence grids. Both figures are adapted from Bowen et al. [58].

Bowen et al. [58] also confirmed this and additionally performed research into the placement of the
grid within the contraction of the wind tunnel, see Figure 3.2a. They highlighted one key downside
to grid-generated turbulence: the self-noise production. The grid itself also produces noise based on
the geometric properties but, more importantly, based on the placement within the contraction of the
tunnel. They have proven that grids with a high contraction ratio between the grid and the nozzle outlet
area produce the least self-noise with a compromise on the isotropy of the turbulence. The difference
between self-noise can be as much as fifteen decibels when comparing the black and blue cases from
Figure 3.2a. Additionally, they have proven that the highest self-noise sound production from the grid
can be almost as big as the noise generated by a NACA00012 airfoil. This makes it hard to distinguish
between grid self-noise, airfoil-radiated noise and possibly background noise from the wind tunnel as
well. CFD simulations are not sensitive to background noise, showing their added value to experiments.

One solution to distinguish the airfoil radiated noise from the grid self-noise is by applying an acous-
tic beamforming array. This was applied in works by Dos Santos et al. [26] and Geyer et al. [59], who
have both shown that accurate measurements of leading edge noise are possible while excluding other
noise sources, such as the grid self-noise, background noise but also trailing edge noise. An additional
uncertainty (one decibel according to Dos Santos et al. [26]) is added to the analysis. Applying an
acoustic beamforming array is thus a suitable method, but it is not preferred due to the many complex
steps required for the process and the added uncertainty.

An alternative to grid-generated turbulence, which produces less sound, is turbulence generated by a
rod in the flow. The grid of Figure 3.2b is replaced by a rod (cylinder) with its longitudinal axis in the
spanwise direction as depicted in Figure 3.3. This method works similarly to grid-generated turbulence,
but now there is only one ‘bar’ with which the uniform inflow can interact. Several key differences with
grid-generated turbulence, however, occur:

1. The turbulence generated in the wake of the rod is due to the shedding of vortices named the Von
Kármán vortex street. Disadvantageous to this Von Kármán similarity is that it is highly periodic.
Only if the Reynolds number is sufficiently high can true turbulence with a high shedding frequency
be created [11, p. 124–126],[35, p.39]. This problem is not present for grid-generated turbulence
since the turbulence mixes much more in the wake of the grid.
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2. On the other hand, there is also an advantage to this periodicity. The self-noise from the rod is
only centred around this shedding frequency, whereas grid self-noise is present over the whole
frequency range [60]. The problem of self-noise is thus not fully removed, but this method makes
direct noise measurements much easier when compared to grid-generated turbulence.

3. The wake generated by the rod is expanding in the vertical direction [61], i.e. the y-direction
in Figure 3.3. Dos Santos et al. [26] reported this problem and stated that placing the rod up-
stream further ensured the foil was fully in the turbulent wake. This problem is similar to the grid
placement for levelling out the turbulence decay to homogeneous turbulence.

4. At last, Figure 3.3 presents a velocity decay in the wake of the cylinder. Both Shih et al. [61]
and Liu et al. [62] prove that there is not only a decay of the streamwise velocity in the wake but
that there is also an increase of velocity fluctuations for the streamwise and vertical directions
compared to grid-generated turbulence. This is a key reason why rod-generated turbulence is
not preferred if isotropic turbulence is required since the velocity fluctuations differ per direction.
It is, however, preferable if direct noise measurements are required without the need for complex
beamforming arrays.

Rod-generated turbulence has been used in recent works to predict airfoil radiated noise by Dos Santos
et al. [24], [26]. They have shown viable methods with favourable outcomes regarding acoustic data.
As stated, rod-generated turbulence does, however, display anisotropic behaviour. This method is,
therefore, not preferred when choosing a turbulence generation mechanism for the simulations.

Figure 3.3: Example of a turbulent wake from a cylinder with flow in the positive x-direction. Adapted from Nieuwstadt et al.
[35, p. 108].

3.2.2. Requirements for artificial turbulence generation
The previous section is used to set requirements for turbulence generation within CFD. Additional re-
quirements for the turbulence generation from the CFD perspective can also be set. The following is
required from the turbulence generator within the simulations. The method should [63]–[65]:

1. be varying on scales down to the set filter scale (both spatially and temporally);
2. be compatible with the Navier-Stokes equations. Meaning that the solver (simulation) must sup-

port the turbulence rather than destroy it after it is generated;
3. ‘look like actual turbulence’ such that it is similar to grid-generated turbulence. Therefore:

• the turbulence must decay throughout the domain;
• the turbulence must be divergence-free;
• the turbulence must be isotropic (after a development length);
• the eddies must interact in a physical manner, contain energy and possess realistic struc-
tures up to the desired scale scale.

4. be compatible with the proposed scale-resolving simulation turbulence models from Section 3.1.2,
i.e. IDDES, LES and RANS (the latter if the choice is made for the IDDES framework);

5. be such that the approach is cheap (low computational time);
6. be easy to implement and adjustable for new inlet conditions and desired turbulence properties,

i.e. the turbulence intensity and integral length scale.
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Requirements 1 and 3 follow directly from the turbulence generated within experiments described in
the previous Section 3.2.1. Properties 2, 4, 5 and 6 are requirements from a computational perspective,
some of which are needed for the actual turbulence and others for user-friendliness. These require-
ments can be used to evaluate the different generation methods which will be proposed in the next
Section 3.2.3.

3.2.3. Precursor and synthetic turbulence generation
Present turbulence generation methods for CFD, regardless of whether they satisfy the conditions of
Section 3.2.2, can be divided into precursor and synthetic methods. Precursor methods use an auxiliary
simulation that is either run beforehand or simultaneously with the main simulation. The generated
turbulence over a solid boundary on a plane in the auxiliary simulation is introduced at the inlet of the
main simulation. Figure 3.4 describes the three concepts associated with this method. Turbulence for
the main simulation can either be created in an auxiliary simulation (a), in an auxiliary simulation which
rescales its data (b) or in the main simulation for which internal mapping is applied (c). An obvious
downside to this method is the computational costs associated with running an auxiliary simulation, as
well as possible storage costs if that simulation is run beforehand. The latter will increase substantially if
different inflows are needed and even more if turbulence up to the smallest length scales (Kolmogorov)
is required. The setup of these simulations also plays an important role in generating the turbulence,
where tuning can take a lot of time if the user is not familiar with the turbulence quantities. Auxiliary
simulations do not have to be carried out on the same Reynolds number as the main simulation since
the turbulence can be scaled, after which it can develop throughout the main computational domain.
This is both advantageous and disadvantageous since it increases the application space while requiring
increased computational time due to increased domain. Furthermore, the inlet size has to be kept the
same between the auxiliary and main simulation, making it hard to generate turbulence for a wide range
of (complex) applications. The biggest advantage of this method is that it possesses realistic turbulence
characteristics, correlation and energy spectral levels since a genuine simulation of turbulence is run.
[63]–[68]

Figure 3.4: Recycling (a), rescaling (b) and internal mapping (c) precursor turbulence generation methods [68].

Synthetic methods, on the other hand, generate turbulence by applying mathematical expressions
based on constraints on a plane. This plane can either be on or close to the inlet. These semi-random
deformations of the flow field generate turbulence. The simplest method to do so is by applying white
noise on the velocity signal at the plane. Although simple, this method is easily destroyed by the
solver while also not containing many realistic turbulence characteristics. Other more sophisticated
methods exist, such as Fourier techniques, principal orthogonal decomposition analysis, digital filtering
methods and eddy methods. The reader is referred to the work by Lloyd [68], who performed an in-
depth literature study for the different methods. The main advantage of these methods is the low
computational time and storage space since an auxiliary run is not required. Additionally, all of these
methods can be applied to a wider range of applications since the input parameters can be tuned
based on the domain, inlet size and application. The downside to this method is, however, the need for
a development length for the turbulence to acquire realistic turbulence properties. Additionally, one has
to have knowledge of the (developed) turbulence characteristics to choose suitable input parameters.
Tuning of this method is, however, significantly faster when compared to precursor methods since long
simulations can be avoided. [63]–[68]
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A summary of the different arguments for precursor and synthetic methods based on different properties
is shown in Table 3.1. These arguments will be used in Chapter 4 to define the turbulence generation
within the methodology used in this work.

Table 3.1: Performance of precursor and synthetic turbulence generation methods. The numbers in brackets refer to the
requirements from Section 3.2.2. The colours indicate poor (red), moderate (orange) and good (green) performance.

Property Precursor Synthetic
Compatible with solver Yes (2,4) Yes, apart from white noise (2,4)
Turbulence realism Realistic (1,3) Less realistic, needs to develop (1,3)
Divergence free Yes (3) Depends on method (3)
Tuning Time consuming (6) Straightforward (6)
CPU cost High (5) Low (5)
Memory cost High (5) None (5)
Location of generator At the inlet (6) Anywhere (6)

3.3. Acoustic analogies for leading edge radiated noise
Within this work, so-called acoustic analogies are used to predict the far-field sound. These acoustic
analogies assume that the generation and radiation of the sound are two separate phenomena for
which separate calculations can be made. Acoustic analogies are preferred over directly computing
(resolving) the sound waves due to the high associated costs. Resolving the acoustic waves requires
much finer and bigger meshes than necessary for the turbulence modelling. According to Peng et al.
[52, p. 65–66] resolution of sound waves can require a mesh that is nine times finer than required for
the turbulence dependent on the direction of radiation. Since acoustic wave propagation outside of the
noise generation part within the main flow is well understood and modelled by linear wave equations, it
is wasteful to extend this much finer mesh to far-field receivers [69], [70]. Within this work, two acoustic
analogies will be used: the theory by Amiet as explained in Section 3.3.1 and the Ffowcs Williams–
Hawkings theory explained in Section 3.3.2.

3.3.1. Amiet
Amiet proposed a framework to predict the far-field acoustic power spectral density caused by the
leading edge of an airfoil in a subsonic uniform flow as a function of the turbulence characteristics. For
an in-depth derivation of the equations, the reader is referred to the original work by Amiet [17] and
the work by De Santana [71]. According to Amiet, the one-sided power spectral density of pressure
fluctuations (and hence sound) for an observer at (xo, yo, zo = 0) for a flat plate in uniform inflow as a
function of frequency is:

Gpp(xo, yo, zo = 0, f) = 4π2

(
2πfyoρ(c/2)

c∞σ2

)
Uinf

d

2
|L(xo, kx)|2ΦvK

vv (kx). (3.1)

Here c∞ is the speed of sound, σ2 = x20 + (1−M2)(y20 + z20) a measure of the position of the observer,
kx = 2πf/Uinf the streamwise wavenumber and L the aeroacoustic transfer function. The latter is
derived in more detail by De Santana [71, p. 154–168]. Amiet makes several assumptions to derive
this far-field spectrum:

1. The observer is stationary and directly above the foil at mid-chord and midspan (x0 = 0.5 · c and
z0 = 0);

2. The foil is modelled as a flat plate of infinitely large span (d→ ∞) and negligible thickness (t→ 0);
3. The incoming gusts are modelled as two-dimensional upwash velocity gusts;
4. Turbulence is modelled by assuming the isotropic Von Kármán spectrum ΦvK

vv (kx). Additionally,
the turbulence is assumed to be frozen.

Assumption one merely limits the application of Amiet to one specific stationary observer. It is expected
that assumption two also confirms this due to the removal of effects induced by the realistic geometry of
a foil. Additionally, these induced effects are not considered while modelling the turbulence spectrum
by assumptions three and four. Assumption three is likely to induce a bias towards low-frequency large



3.3. Acoustic analogies for leading edge radiated noise 16

gusts, whereas the far-field noise due to high-frequency smaller turbulence is most likely less accurately
predicted. This is supported by assumption four, which states that the turbulence spectrum is modelled
based on the Von Kármán (vK) spectrum such that

ΦvK
vv =

4

9π

u2rms

k2e

(kx/ke)
2

[1 + (kx/ke)2]
7/3

, (3.2)

which is known for being less accurate at higher frequencies. Here ke =
√
π

Λf

Γ(5/6)
Γ(1/3) is the wavenumber

of the largest eddies and kx = 2πf/Uinf the streamwise wavenumber. Besides the transverse velocity
spectrum, Von Kármán is also well known for its one-dimensional streamwise velocity spectrum ΦvK

uu ,
which states that
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. (3.3)

It can be used as a reference to validate the numerical results to check for isotropic turbulence. From
Equation 3.3 it also becomes clear that for high frequencies the Von Kármán spectrum follows a -5/3
power law in kx (and thus in f ). This power law and Equation 3.3 will be used later on in this work.

Dos Santos et al. [26] and Santana et al. [72] both try to improve the high-frequency prediction by
implementing a turbulence model that is more accurate being based on the Rapid Distortion Theory
(RDT). Additionally, they both improve the RDT and vK spectra by taking turbulence parameters in the
distorted region close to the leading edge rather than in the mean flow at infinity or from the inflow
conditions. Both show improved results (for higher frequencies) by adapting the RDT with distorted
turbulence quantities, thereby improving the downsides of assumptions two to four. Although of lesser
importance for this work, since the scaling of Amiet will be used, it is useful to see recent advances in
the work of Amiet showing its usefulness to current engineering problems. The latter part of assumption
four, the frozen turbulence, merely states that the generated turbulence (either by grid or rod) should
have decayed towards a steady state. In short, assumption four requires the turbulence to be homoge-
nous and isotropic.

It should become clear from the analysis above that, although quick since little computational time
is needed, Amiet is heavily dependent on the chosen input parameters and spectra. Additionally, it
lacks the interaction of the turbulence with the foil, making it less accurate for acoustic receivers other
than the intended one at midspan and mid-chord. A more sophisticated approach is desired to more
accurately predict the far-field noise based on the inflow and interactions with the foil without having to
resolve the sound waves. In the next section, such an approach will be introduced.

3.3.2. Ffowcs Williams-Hawkings
A more sophisticated approach, without the need to resolve sound waves, is proposed by Ffowcs
Williams-Hawkings (FW-H). The reader is referred to the original work [73] and the works by Glegg et
al. [70] for a detailed derivation of the framework. The FW-H framework assumes a surface close to
or on the body for which it propagates the pressure fluctuations to arbitrary receiver locations. These
receiver locations can be outside of the computational domain, signifying the usefulness of FW-H when
compared to directly resolving the sound waves and to experimental measurements, which are often
only possible above the foil. The acoustic analogy from FW-H can be written as the sum of six terms.
Five of which are defined on the surface and one accounting for the volume term outside of the surface.
The far-field radiated pressure (and hence noise) p′ for an acoustic receiver at any arbitrary location
r = (xo, yo, zo) then becomes [49]:

4πp′(r, t)H(f) =

∫
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Here H(f) is the Heaveside function for the FW-H surface defined by f , un the velocity in the surface
normal direction, ur the velocity in the sound radiation/receiver direction, y the location of the generated
fluctuations on surface f , n̂ the surface normal vector and r̂ the normal vector in the direction of the
acoustic receiver. Integration for the surface-dependent terms is performed over the surface as denoted
by
∫
S
[...]dS. Each term is evaluated at the retarded time τ . This signifies that, although small, there is

a difference between the generation moment of the sound and perception of it. Equation 3.4 is the full
representation for the FW-H formulation. The actual formulation depends on the chosen surface type,
see Figure 3.5. Note that these are merely examples of surfaces that can be chosen. Many sizes and
shapes are possible. In general, one has to choose between a porous or solid data surface:

1. A porous data surface (PDS) encompasses the solid body and a part of the flow around it. The
advantage of this method is that it also considers pressure fluctuations in the flow that can be re-
garded as noise sources. A clear example is the shedding of vortices from the (blunt) trailing edge
of an airfoil as described in Section 2.1. The associated downside is that hydrodynamic structures
(turbulence) may be wrongfully recognised as noise sources. This can happen upstream (close
to the ITG) or downstream of the airfoil. Additionally, close to the domain’s boundaries, the flow
can induce pressure fluctuations by interacting with the boundaries. Both Ribeiro et al. [74] and
Lidtke et al. [49] report this problem. The latter removed the up- and downstream end caps of the
porous surface to minimise these hydrodynamic-induced noise sources. The PDS also requires a
finer mesh within the whole data surface to calculate the pressure fluctuations on the data surface
accurately. This leads to increased computational costs if high-frequency resolution is required.

2. A solid data surface (SDS) encompasses only the solid body or a part of it, i.e. the surface over-
laps with the solid surface of the simulation. The clear advantage of this method is the removal of
the hydrodynamic-induced noise sources. The downside is the loss of rightfully recognised noise
sources in the flow. This is acceptable since, for leading edge noise, these are less efficient than
the interactions on the foil [30, p. 75–76]. Compared to a porous surface, the solid surface only
needs refinement of the mesh near the solid boundary (assuming that the turbulence is well cap-
tured upstream of the foil), thereby saving computational costs. For a solid boundary at rest (only
movement of the flow), Equation 3.4 reduces to the near-field dipole and far-field dipole terms.
The other terms drop out since the normal velocity to the body must be zero for a stationary body,
such that u̇n = un = 0m/s. This agrees with the fact that non-linear terms can only be created by
the movement of the body in the flow relative to the observer, similar to the well-known Doppler
effect The quadrupole volume term is also lost since no volume containing turbulence structures
is present.

The FW-H framework has been adapted in many lines of research. Several works regarding non-
cavitating applications have shown accurate results based on the FW-H analysis indicating the use-
fulness of FW-H for the current work [29], [74]–[76]. This concludes the description of the turbulence
models, turbulence generation and acoustic analogies. The methodology, where decisions will be
made based on the previous analysis, will be given in the next chapter.

Figure 3.5: Examples of choices for the porous data surface (PDS) and solid data surface (SDS) for the FW-H analysis.



4
Methodology

Within this chapter, the methodology for the simulations and post-processing tools will be presented.
Section 4.1 will present the numerical solver and acoustics analogies and accordingly Section 4.2 will
describe the turbulence generation method. The integral length scale computation will be discussed
in Section 4.3. Section 4.4 will give a detailed description of the domain, mesh and numerical setup
used for the simulations. Several post-processing tools used throughout this work will be presented in
Section 4.5. Finally, Section 4.6 will present a concise study into the verification of the mesh and the
spanwise domain size.

4.1. Fluid flow solver and acoustic analogies
Numerical simulations are performed using the open-usage finite volume code ReFRESCO developed
by MARIN (Maritime Research Institute Netherlands) [77]. ReFRESCO is a widely used tool both
verified and validated for numerous industry applications [78], [79]. It solves the unsteady incompress-
ible Navier-Stokes and mass continuity equations using a finite-volume and time-implicit framework.
ReFRESCO allows the use of both structured and unstructured meshes as well as turbulence and
cavitation models. To ensure mass conservation, a pressure-velocity coupling based on the SIMPLE
scheme is used, where at every timestep the non-linear system is linearised using Picard’s method.
Recent works with methodologies comparable to the current show satisfactory results regarding the in-
flow and radiated noise of a propeller [49] and cylinder [27], both have thoroughly validated the current
setup.

A scale-resolving simulation (SRS) framework is adapted for which the biggest length scales are
resolved, whereas the effect of the smallest length scales is only modelled. The change between
resolving and modelling is determined by the improved delayed detached eddy simulation (IDDES)
framework, which employs the k − ω model, resulting in a switch between LES and RANS based on
the turbulent length scale [80], [81]. This method was chosen based on a trade-off between accuracy
and computational costs, also explained in more detail in Section 3.1.2. LES is applied in most of the
domain, whereas the method switches to RANS in the boundary layer. The ill-resolving of the boundary
layer is found acceptable since no boundary layer analysis is conducted and since the acoustics and
turbulence parameters are only determined upstream or close to the leading edge of the foil.

Acoustic analogies are used to predict the far-field noise of the foil, both explained in Section 3.3.
The numerical code written for the Amiet acoustic analogy is validated with the algorithm used by Dos
Santos et al. [26]. Both codes give identical outputs for identical inputs. The outcomes of the Ffowcs
Williams-Hawkings (FW-H) acoustic analogy will be validated within this work, but several works with
similar methodology have readily shown promising results [28], [29], [49], [52, p.59–76]. A solid data
surface will be used to remove spurious disturbances in front of the foil and to reduce computational
time. Additionally, the solid surface allows for the separation of leading and trailing edge induced noise
by defining it for a part of the foil. The ReFRESCO solver allows for parallel computation of the FW-H
equations for specified receiver locations, thereby minimising additional computational time.

18
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4.2. Turbulence generation
A synthetic method is preferred over precursor methods due to the low computational time and the
simple tuning for different turbulence intensities. The reduced realism of the turbulence in synthetic
methods can be overcome by applying a sufficient development length for the turbulence. Turbulence
in the simulations will be generated using the synthetic digital filtering approach as originally proposed
by Kim et al. [82]. Based on this work, velocity fluctuations were inserted at the inflow. This caused the
solver to try to correct the mass imbalance through the pressure equation since the continuity equation
was no longer satisfied. This led to the creation of instabilities and pressure fluctuations, which affected
the solution in the whole domain [65]. Thework by Jarrin et al. [83] improved this by applying the velocity
fluctuations on a defined plane within the flow. Still this method suffered from two problems. First, the
velocity fluctuations were still being destroyed by the solver. Second, the build-up of fluctuations at
every timestep could mean poorer convergence of the solver. The solution was to apply body forces
based on the velocity fluctuations on the flow instead of the velocity fluctuations themselves.

This setup, as implemented in ReFRESCO by Lidtke et al. [27] and Klapwijk et al. [84], uses a
Cartesian plane generated at the desired point in the flow (not necessarily the inlet) with its normal
vector in the direction of the flow. At each outer loop (timestep), random numbers rm,l,i with zero
mean and unit variance are generated on this plane. The indices refer to the m-th and l-th position on
the plane for the i-th velocity component. Spatial correlation is ensured using exponential correlation
function whereas temporal correlation is assumed by implying

Ψi(t) = Ψi(t−∆t)exp

(
−π∆t

2T

)
+ ψi(t)

[
1− exp

(
−π∆t

2T

)]
. (4.1)

This formulation ensures temporal correlation between the current and previous timestep. Here the
integral timescale is calculated from the intended integral length scale and the velocity taken at the
initialisation of the generator, such that T = L/ui. This is similar to the method proposed in Section 2.3.
These spatially and temporally correlated numbers are converted to velocity fluctuations u′i based on
input Reynolds stresses and are in turn transformed into body forces by using

Fb,i =
ρui(ui + u′i − ui)

LITG
· b. (4.2)

Here Fb,i is the body force in the i-th direction, ui the mean velocity taken at the initialisation of the gen-
erator in the i-th direction, u′i the desired instantaneous velocity fluctuation and ui the instantaneous
velocity. One can recognise the Reynolds decomposition in the numerator of Equation 4.2. In this case
if the instantaneous velocity fluctuation (u′i) is readily achieved at that point (ui − ui = −u′i) the body
force term iterates towards zero, thereby improving the convergence behaviour of the solver. LITG and
b indicate the thickness in the flow direction over which the body forces are spread and an amplifica-
tion factor used to achieve faster convergence to the desired fluctuations. The generated body forces
are added to the momentum equation at every non-linear loop. The input Reynolds stresses, amplifi-
cation factor and thickness were tuned by running empty domain simulations until desired turbulence
characteristics and values were achieved.

4.3. Integral length scale computation
As introduced in Section 2.3, several ways exist to compute the integral length scale even for the time
correlation. The zero-crossing method proposed by Ribeiro et al. [29] and the integration of best-fit
curves will be used within this work. Both methods rely on calculating the integral length scale based on
Equation 2.7. Two key differences between themethods can be noted. The zero-crossingmethod takes
the maximum integration time as the first time lag where the autocorrelation ρ(τ) reaches zero. The
fitting method, on the other hand, takes the full time lag. Second, the zero-crossing method integrates
the correlation as proposed in Equation 2.8. The fitting method, however, integrates the best-fit curve
over the whole time lag. That best-fit curve is defined based on the one-term exponential decay function
with the addition of a tangent hyperbolic to capture the initial behaviour of the correlation better. This
combination of functions, together with their coefficients, was determined based on an analysis of the
errors for the different options. The final curve for fitting the correlation was determined as

ρfit(τ) = exp
(
−a · τ0.4

)
·
(
(1− tanh(b · τ0.6)

)
. (4.3)
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Here, a and b are fitting coefficients that are determined by the curve-fit procedure from the scipy.optimize
library in Python. The proposed best-fit curve satisfies all of the requirements set in Equation 2.9.
Both procedures are validated by applying them to experimental data. Experimental data is provided
by Dos Santos et al. [85], who performed velocity measurements at different streamwise positions by
hot-wire anemometry. Evaluation of the data is performed at one position in the domain. Similar dura-
tions of the time signal to that of the simulation are chosen to reflect the shorter time signals often found
in numerical data. The results for the zero-crossing and fitting method for the experimental data can be
seen in Figure 4.1a. Two observations can be made. First, due to the fluctuations in the length scale
of both methods, it is hard to talk about ‘the’ integral length scale. To make comparison easier, the
means of both methods are also displayed in the legend of the figures. Second, quite often, the fitting
method overestimates the length scale. This is due to the fluctuating behaviour of the autocorrelation
as previously introduced. To partially solve this problem, the fitting procedure was altered to not fit up
to the zero-crossing but up to the time lag where ρ(τ) = 0.2. These improved results can be seen in
Figure 4.1b.

(a) Autocorrelation fitting performed until ρ(τ) = 0. (b) Autocorrelation fitting performed until ρ(τ) = 0.2.

Figure 4.1: Experimental zero-crossing and fitting method for the integral length scale calculation. Fitting the autocorrelation is
performed until zero (a) and 0.2 (b). The mean value of the integral length scale for both methods is displayed in the legend.

Figure 4.2: Experimental autocorrelation and fitting of the
autocorrelation until ρ(τ) = 0.2. The returned integral length

scale of both methods is displayed in the legend.

The partial fit shows more accurate results also
reflected by the mean value. As a reference, the
integral length scale as reported in Dos Santos
et al. [85] is 49.6 mm. The partial fitting method
overestimates the integral length scale by 5.8 %,
while the full fitting procedure overestimates it by
10.5 %, showing a significant improvement. The
zero-crossing method is similar for both figures,
underestimating the integral length scale by 4.9
%. This is likely due to the limited duration of the
autocorrelation taken, which in the experiments
could be as much as one hundred times longer.

To verify that the fitting procedure works, it is
key to visualise a fit. A fit based on the partial fit-
ting procedure can be seen in Figure 4.2. Excel-
lent overlap between both methods is found for
10−5 < τ < 3 ·10−3 s. From τ ≈ 3 ·10−3 s the reg-
ular autocorrelation (zero-crossing method) fluc-
tuates. The fitting method removes this by smoothly decaying to zero. The differences between the
methods is clearly depicted in the integral length scales, as shown in the legend. The zero-crossing
procedure overestimates the length scale of 49.6 mm [85], whereas the fitting method underestimates
it by approximately the same amount. It seems that the fitting method is a bit more conservative for the
integral length scale. On the other hand, the zero-crossing procedure overestimates it.
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4.4. Domain, mesh and numerical setup
A side view of the numerical setup showing the domain, inflow turbulence generator (ITG) position,
boundary conditions and acoustic probes can be seen in Figure 4.3. The coordinate system with x
in the flow, y in the vertical and z in the spanwise directions has its origin midspan at the (intended)
leading edge of the foil. The boundary conditions of the sides of the tunnels are periodic to prevent
interactions between them within the domain as much as possible. These boundary conditions are at
−0.33c and 0.33c, making the total width 0.67c = 200 mm. This size was chosen to minimize computa-
tional time while allowing the turbulence to develop naturally. The current setup is able to capture at
least eight times the length scale in the spanwise direction, which should suffice to overcome strong
interactions with the boundaries. Additionally, RANS is applied in the boundary layer which does not
allow for generation of (bigger) structures on the surface of the foil. Pressure and acoustic data on the
surface of the foil should, therefore, also not be influenced by the chosen span size. This will, however,
be investigated in Section 4.6.2. Dampening boxes (DB) are placed upstream of the ITG and down-
stream of the foil to prevent reflections from the inlet and outlet. Inflow turbulence is generated not over
the full height of the domain to prevent strong interactions with the top and bottom boundary conditions
and to save computational time. The acoustic receivers are placed at 1.5 m in a circle around the airfoil
at every two degrees with the array’s centre at midspan and half of the chord, i.e. (x, y, z) = (0.5c, 0, 0).
The angle defining the placement of the probes is θ with θ = 0 degrees in the direction of the trailing
edge.

Figure 4.3: Side view of the numerical setup. All distances are visualised based on the chord of the NACA0008 airfoil (c = 300
mm). The domain extends fourteen chord lengths behind the trailing edge of the foil. The acoustic receivers are shown every

ten degrees while they are placed every two degrees in the simulation.

The computational mesh was kept constant throughout the different simulations. Mesh coarsening was
adapted in front of the ITG and behind the foil. Mesh refinement was applied around the foil, and addi-
tional refinement was applied at both the leading and trailing edges to accurately capture high frequency
pressure and acoustic data. The choices resulted in a mesh with approximately 15.6 million cells for
the no-foil simulations and 9.3 million cells for the simulations with the foil. A render of the mesh with
the foil can be seen in Figure 4.4. A similar mesh was used for the no-foil turbulence tuning simulations.



4.4. Domain, mesh and numerical setup 22

All simulations were run with a fixed time step of ∆t = 3.55 × 10−5 s, or based on the inflow velocity
and chord of the foil ∆t∗ = 3× 10−3. Simulations with a bigger timestep showed unsatisfactory results
regarding the resolution of the turbulence and the Courant number. The chosen fixed time step resulted
in amaximumCourant number below fifteen for the highest turbulence intensity case. This was deemed
acceptable since such high values only occurred sporadically near the foil. Simulations of both the
empty domain (without the foil) and with the foil showed the same order of convergence for the L2 and
L∞ norms for all variables. For all simulations convergence of the L2 norm of at least order 10−5 were
obtained. The L∞ norm performed slightly worse for all cases being at least of order 10−4. These were
deemed acceptable for the analysis performed in this work.

Figure 4.4: Rendering of the mesh with the foil. The slice is taken at midspan of the foil. The orange line depicts the ITG.

Figure 4.5 shows a visualisation of a simulation with the foil present. The empty flow domain, without
the foil, is similar to the one depicted in Figure 4.5 apart from the foil. The spanwise vorticity is made
nondimensional by the chord and the set inflow velocity. Turbulence is generated on a plane with its
normal in the flow direction, visualised directly above the definition of the coordinate system. One
can also observe the natural decay of the turbulence throughout the domain, which is required from
an experimental point of view; see Section 3.2.2. This also highlights the need to simulate the empty
domain to accurately tune the turbulence parameters to desired values at the (intended) leading edge
without being influenced by the foil.

Figure 4.5: Instantaneous spanwise vorticity as a visualisation of the numerical cases. The slice is taken at midspan of the foil.
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4.5. Post-processing tools
Within this work, several typical post-processing tools are used. How these are used will be explained
in the following sections.

4.5.1. Transient scanning analysis
To remove start-up effects from the simulations, a transient scanning analysis (TSA) will be adapted
based on the work of Brouwer et al. [86] implemented as function in Python. The TSA is strong in
identifying possible start-up and end effects which do not stand out in a visual inspection of the signal.
Assuming that the random standard uncertainty of the mean value at the first-order replication level is
equal to the standard deviation of the mean (u1 = sm), the TSA calculates the cumulative u1 with

u1 =

√
1

T

∫ T

0

(
1− τ

T

)
Cxx,biased(τ)dτ, (4.4)

where Cxx,biased is a biased estimator for the autocovariance. The biased autocovariance increases
the stability of the calculation by forcing the outcome of Equation 4.4 to be positive. The biased auto-
covariance follows from an estimate of the unbiased autocovariance such that

Cxx,biased(τ) =

(
1− |τ |

T

)
· Cxx(τ). (4.5)

The unbiased autocovariance is defined from the Fourier transform of the one-sided autospectral den-
sity function Sxx(f), better known as the Wiener-Khinchine relation as explained in more detail in
Brouwer et al. [87]. A signal is said to be stationary if the trend of the u1 − T plot on a log-log scale
follows a slope of minus one. Any other slope should be deemed non-stationary. Brouwer et al. [86]
show an application of the TSA removing the start-up effect of a signal.

4.5.2. Spectral analysis
Spectral analysis of a signal gives insight into a parameter at one point in the flow as a function of
frequency. Spectral analysis within this work are performed by the Scipy Welch algorithm in Python
[88]. A 50 % overlap was used between each of the segments in which the traces were subdivided,
resulting in the power spectral density (PSD) of the signal. For clarity, these evaluations are smoothed
by using a one-third octave bandwidth top hat filter. To do so, frequency bands are established with
centre frequency fc having a separation of one-third octave (21/3) with 1 kHz defined as the baseline
centre frequency. The original PSD is integrated within each frequency band, after which it is corrected
to the desired narrowband spectrum. Within this work, this method of a one-third octave bandwidth
top hat filter is referred to as the mean decidecade band power density of the signal. Both the PSD
and mean decidecade band power density are often depicted on a decibel (dB) scale using reference
values for the velocity and pressure, in this work set to uref = 1 m/s and pref = 2 · 10−5 Pa.

Spectra can be integrated to retrieve values represented by the entire time signal. An example is
the integration of the spectrum of the wall pressure fluctuations, which results in the RMS of the wall
pressure. Integration bounds will always bementioned in the text, and integration will only be performed
for mean decidecade band power density spectra to avoid integration of highly oscillatory signals.

4.5.3. Acoustic correction for span
To validate the acoustic results, the numerical data will be compared to experimental data. Both data
sets are for the NACA0008 foil with similar dimensions apart from the span. To make a fair comparison
between the data sets, a correction for the radiated noise from the foil based on the span has to be ap-
plied. Corrections are often based on the pressure magnitude squared coherence (γ2) in the spanwise
direction. Giret et al. [89] propose a correction based on the work of Kato et al. [90], who assume that
the coherence function has the shape of a boxcar function, such that

SPLγ(f) =


SPLsim (f) + 10 log10

dexp
dsim

, Lγ(f) < dsim

SPLsim (f) + 20 log10
Lγ(f)
Lsim

+ 10 log10
dexp
Lγ(f)

, dsim < Lγ(f) < Lexp

SPLsim (f) + 20 log10
dexp
dsim

dexp < Lγ(f).

(4.6)
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Here, the corrected value SPLγ(f) as a function of the frequency is based on the outcome of the FW-H
prediction SPLsim(f) plus an additional term. The additional term is determined by comparing the span
of the experiment dexp and simulation dsim to the coherence length Lγ(f). Simulations are preferably
made in such that the coherence length, for the frequencies of interest, will always be smaller than the
span of the foil, thereby forcing the correction to the incoherent version (first line) of Equation 4.6.

Several methods exist to calculate the coherence length. Kato et al. [90] proposed to take the co-
herence length as the spanwise spacing where the root of the magnitude squared coherence function√
γ2 drops to the critical value of one half. This method is crude and will result in a coherence length

smaller than the span of the foil. It is also desired to include the coherence for values smaller than the
proposed critical value of one half. This method will therefore not be used in this work.

The second method is based on Von Kármán [68, p. 35], estimating the coherence length as

Lγ(f) =
8Λf

3

[
Γ(1/3)

Γ(5/6)

]2
(kx/ke)

2

(3 + 8(kx/ke)2)
√

1 + (kx/ke)2
. (4.7)

Downsides to this method are the assumption by Von Kármán that the turbulence must be isotropic and
the dependence on the integral length scale. The latter is more problematic since it requires an exact
value of the integral length scale, which (as will become clear later on) is hard to predict accurately.
This method will be used but it will become clear that this is a very conservative estimate.

The third and most promising method is also based on
√
γ2. The coherence length is computed as

Lγ(f) =

∫ d

0

√
γ2(f,∆d)d∆d, (4.8)

where the coherence is calculated between points spaced by ∆d with the reference at midspan [26].
This method accounts for the development of the coherence below the one half critical value.

In all of the above calculations, themagnitude squared coherence is calculated by themethod proposed
in Glegg et al. [91] such that

γ20,i(f,∆d) =
|ϕpp(0, i)|2

ϕpp(0, 0)ϕpp(i, i)
. (4.9)

Here ϕpp(0, 0) and ϕpp(i, i) represent the PSD of the pressure fluctuations at the midspan reference
location and location i, calculated as explained in Section 4.5.2. The cross-spectrum ϕpp(0, i) is calcu-
lated by the Scipy signal csd command in Python, using the Welch algorithm as introduced before.

4.5.4. Statistical uncertainty estimates
Within this work, two types of uncertainty estimates are performed. The first uncertainty estimate is
a direct result of the TSA from Section 4.5.1. Equation 4.4 readily calculated the standard random
uncertainty of the mean. For a 95 % confidence level, this value can be multiplied by the coverage
factor of 1.96 to get the expanded random uncertainty of a signal [86], such that

U95,m = k% · u1 = 1.96 · u1. (4.10)

This expanded random uncertainty is not a measure of the errors induced by the simulation but merely
a measure of the uncertainty of the mean with respect to the signal (after applying the TSA).

The second uncertainty estimate is made for the spectral analysis as introduced in Section 4.5.2.
The uncertainty, assuming a 50 % overlap and k% = 1.96, can be calculated in decibels as

U95,dB = 10log10

(
1± 1.96√

2BT

)
, (4.11)

with B the spectrum bandwidth in Hz and T the length of the signal in s [49]. The actual uncertainty is
the average of the lower and upper bounds that are returned by this method. If the lower bound calcu-
lation is not possible when the log becomes negative, the upper bound is taken as the total uncertainty.
Similar to the expanded uncertainty of the mean, this analysis does not say anything about the errors
of the simulations. It merely gives the uncertainty induced by calculating the PSD from a finite signal.
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Uncertainty estimates for the numerical simulations, such as round-off, discretization and iterative un-
certainties, have not been made in this work [92]. Lidtke et al. [49] commented on this by noting that
the total uncertainty is the root sum square of all uncertainties. Similar to their work, the uncertainty
proposed in Equation 4.11 is in the order of decibels, meaning that other uncertainties must be of the
order of 100 % to become dominant. It is, therefore, assumed that the statistical uncertainty from
Equation 4.11 is dominant and that quantification of other uncertainties is unnecessary.

4.6. Verification of mesh resolution and spanwise domain size
Two studies have been performed to verify the choice for the mesh refinement in Section 4.6.1 and the
choice of the spanwise domain size in Section 4.6.2.

4.6.1. Mesh resolution
A concise mesh resolution study was conducted to show the effect(s) of the mesh resolution on the
numerical results, if present. Table 4.1 shows the mesh used within this work (medium), as well as a
coarser and finer mesh. Wall-normalised first cell sizes were calculated from the wall shear stress τw,
such that y+ =

y1·
√

τw/ρ

ν . Table 4.1 shows both the maximum value found for each case as well as the
average and the standard deviation around the average.

A clear link between the maximum y+ value and the mesh refinement can be observed. This link
is, however, not that obvious in the average value of y+ over the foil. This is explained by the sporadic
higher values of y+ only found near the leading edge, see Figure 4.6. The maximum value found near
the leading edge has little to no influence on the average value of y+ taken over the whole foil. This is
supported by the small standard deviation around the mean, as shown in Table 4.1. A more elaborate
mesh resolution study should also entail bigger refinements of the (first) cells near the boundary of the
foil. However, since RANS is used in the boundary layer, it is of lesser importance to investigate it
since no turbulent scales will be resolved. It is, however, key to verify that the y+ values for the chosen
mesh are sufficiently small. Peng et al. [52, p. 59–76] have shown accurate results for y+ ≤ 1.5 while
Lidtke et al. [27] place the boundary for accurate results slightly lower with y+ ≤ 1. Note that the
latter used partially averaged Navier-Stokes (PANS) equations for which they state that normalised
first cell sizes can be bigger (than one) since only a part of the turbulence is resolved. This aligns with
the previous statement that RANS resolves none of the turbulence, thereby allowing for (even) higher
normalised first cell sizes. The slightly higher sporadic values near the leading edge are, therefore,
deemed acceptable, indicating that all three meshes suffice based on the y+ values.

Table 4.1: Parameters of the three numerical mesh refinement study cases.

Parameter Symbol Case 1 Case 2 Case 3
Label figures N.A. Coarse Medium Fine
Cell size in the x-direction ∆x [mm] 4.52 3.39 2.27
Maximum y-plus y+max [-] 1.75 1.65 1.56
Average y-plus y+avg [-] 0.421 0.419 0.417
Standard deviation y-plus
around the average y+std [-] 0.011 0.012 0.012

Figure 4.6: Distribution of instantaneous y+ values over the foil for the numerical medium mesh case.
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Note that the only change made between runs is the refinement of the meshes. No other changes are
made to the simulations, as well as inputs for the turbulence generation. From Section 4.2, however,
it became clear that the body forces are spread over a distance LITG. Although the distance itself is
not changed, the number of cells within that distance will. The way in which the ITG is programmed
should compensate for this by increasing or decreasing the body forces when necessary. Small de-
viations might occur, likely closer to the ITG, although the actual refinement of the mesh is expected
to dominate over this. Figure 4.7 shows the mean decidecade band power density of the streamwise
velocity component at two different positions in the domain with the foil present. The choice to include
the foil in the mesh resolution study was made to also assess the effects of the mesh resolution on
pressure data on the surface of the foil. Figure 4.7a shows the mean decidecade band power density
close to the ITG, i.e. the ITG is located at x/c = −2.17. Results match well for f < 1500 Hz. Any
results at the lowest frequencies are difficult to assess due to the relatively short signal used for the
PSD calculations. The coarsest mesh loses energy more rapidly than the finer cases, which aligns with
a coarser mesh’s inability to resolve smaller eddies and, thus, higher frequencies. For f > 1100 Hz the
results, as expected, do not overlap. This effect can be seen more clearly in Figure 4.7b, which shows
the PSD closer to the leading edge. At that point, the turbulence has developed through the domain,
which means that, according to Section 2.2, energy from the lower frequencies has decayed to higher
frequencies. The coarse mesh readily starts to underpredict the energy levels from f ≈ 600 Hz. The
medium and fine meshes, however, overlap reasonably well until f ≈ 1400 Hz.

(a) x/c = −2. (b) x/c = −0.2.

Figure 4.7: Mean decidecade band power density of the streamwise velocity component at two chordwise positions and
midspan for the three numerical cases.

Figure 4.8 shows the mean decidecade band power density of the wall pressure at two different po-
sitions on the foil surface. These spectra are indicative of the mesh resolution effects close to/on the
foil. Both spectra show poor overlap for f < 200 Hz. For f > 200 Hz, the overlap in Figure 4.8a is
much better up to the mesh cut-off frequencies. Comparison of the medium and fine meshes, however,
shows a higher mesh cut-off than predicted from the inflow turbulence spectra, indicating that the fre-
quencies from the two types of spectra are not directly linked. This is supported by the unexpected
effect that all three meshes overlap well for f > 200 Hz in Figure 4.8b. There does not seem to be a
distinct mesh cut-off frequency when moving further along the foil chord. This is partially induced by
the chosen methodology, which switches to RANS close to the surface of the foil. RANS averages
the results over time, thereby making them less dependent on the actual fluctuations and, according
to the results, the resolution of the mesh. That can, however, not be the only effect since Figure 4.8a
does show a difference while RANS is also applied there. Another effect is that further down the foil,
the pressure fluctuations become less dependent on upstream inflow conditions. The coarsest mesh
in Figure 4.8b does underpredict the wall pressure for f > 1000 Hz, indicating that only the medium
and fine mesh are mesh converged for high frequencies. Similar results are also found for the far-field
acoustic data compared to the pressure data.

The differences in Figures 4.7 and 4.8 (especially at lower frequencies) are considered acceptable
such that the medium mesh used throughout this work is mesh converged.
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(a) x/c = 0. (b) x/c = 0.5.

Figure 4.8: Mean decidecade band power density of the wall pressure at two chordwise positions and midspan for the three
numerical cases.

4.6.2. Spanwise domain size
A similar study was also conducted to show that the span is sufficient to capture the inflow turbulence,
pressure on the foil and far-field acoustics. Effects of the domain size in the spanwise direction are
evaluated by running a larger domain. Since RANS is used near the foil, it is expected that differences
will only be minor, assuming that the turbulence is well resolved upstream. Two cases are compared:

1. A case with a span of d = 0.67c = 0.2m. This has readily been used in the mesh resolution study
called “Medium”. It will also be used in Chapter 5 for validating the methodology and in Chapter 6
as one of the results, called “C2: TI=11.4%”.

2. A case with a span of d = c = 0.3 m. This simulation is exactly the same as the other one, with
only the span being 1.5 times bigger.

Inflow turbulence is again evaluated close to the ITG and closer to the foil, see Figure 4.9. The two
runs agree well close to the ITG (Figure 4.9a). This is to be expected since the turbulence has not been
able to develop and, therefore, has not interacted with the boundaries much. If the limited span indeed
influences the simulation, such an effect should be better visible closer to the foil. Figure 4.9b, however,
also shows a near perfect overlap between the two cases for f > 60 Hz. For 25 < f < 60 Hz a clear
difference in energy levels (up to 7 dB) is visible. This could indeed be induced by the limited span,
but for f < 20 Hz the results again overlap. It is, therefore, more likely that this is merely induced by
the duration of the signal. The excellent overlap in both figures shows that the turbulence is accurately
captured by the domain with a span of d = 0.67c. Additionally, any deviations at lower frequencies
(bigger length scales) do not propagate to higher frequencies and thus do not influence the results.

(a) x/c = −2. (b) x/c = −0.2.

Figure 4.9: Mean decidecade band power density of the streamwise velocity component at two chordwise positions and
midspan for the two numerical cases.
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Figure 4.10 shows the mean decidecade band power density of the wall pressure directly at the leading
edge, as well as further downstream. Again near excellent overlap is found between the two simulations
for both chordwise positions. This signifies that no larger structures are generated on the boundary of
the foil, which readily became clear from the mesh resolution study. It also shows that the pressure
fluctuations on the foil aremerely dependent on the accuracy with which the turbulence is resolved. This
again shows that the mesh resolution study with limited change in y+ values over the foil is accurate.
The slight difference at lower frequencies can very well be explained by the change in span. Although,
as argued before, those lower frequencies are not useful due to the short signal and additionally do not
propagate to higher frequencies. Figure 4.10 is taken at midspan. Similar results are, however, found
when moving closer to the boundaries of the domain. Indicating that the effects of the boundaries are
indeed not present rather than being dampened out when moving along the span of the foil.

(a) x/c = 0. (b) x/c = 0.5.

Figure 4.10: Mean decidecade band power density of the wall pressure at two chordwise positions and midspan for the two
numerical cases.

To finalize the spanwise domain size study, the far-field acoustic data is compared. Comparison of
this also gives insight into the applied correction based on the span, as explained in Section 4.5.3.
Figure 4.11 shows the far-field noise at θ = 90 degrees, see Figure 4.3. Both simulations have been
corrected based on the span to match the experimental span as will be presented in the next chapter.
Again near perfect overlap is found for 100 < f < 2500 Hz. This not only supports the statement
that the results are not influenced by the limited span, but it also shows that the correction applied in
Section 4.5.3 is trustworthy. The difference for f > 2500 Hz is numerical noise and will be disregarded
in this work. To conclude, the chosen span for the remainder of the simulations d = 0.67c does not
influence the results. Additionally, the method to correct for the limited span shows reliable results.

Figure 4.11: Power spectral density of the far-field noise for the two numerical cases at θ = 90 degrees. Numerical cases are
corrected based on their span.



5
Validation

Within this chapter, themethodology as proposed in Chapter 4 will be thoroughly validated. Sections 5.1
and 5.2 will validate the turbulence generation for the empty domain (without the foil) and the domain
with the foil, respectively. Next, the coherence and pressure data will be validated in Section 5.3. Fi-
nally, the validation of the acoustics will be presented in Section 5.4.

A comprehensive overview regarding the validation case input parameters for both the numerical
simulation and experiments can be found in Table 5.1. Throughout this chapter, validation data regard-
ing the inflow turbulence without the foil is used from Dos Santos et al. [85], which was made available
by the authors. In that work, velocity measurements are performed in an empty wind tunnel by hot-wire
anemometry for a turbulent inflow generated by a grid represented by the parameters given in Table 5.1.
Validation data regarding the inflow turbulence with the foil present, pressure and acoustics are made
available by the authors from Dos Santos et al. [26] and Ribeiro et al. [29]. For more information about
these measurements, the reader is referred to these works and to Dos Santos et al. [60]. The next
section will start by validating the inflow turbulence generated when the foil is not present in the domain.
Note that any references within Section 5.1 to x/c = 0 and ‘midspan’ refer to the intended leading edge
of the foil, i.e. the location in the empty domain where the leading would be if the foil was present.

Table 5.1: Parameters of the investigated numerical and experimental cases for validation.

Parameter Symbol Numerical
simulation

Experiment
grid [85]

Experiment
rod [26], [29]

Label figures N.A. C2: TI=11.4% Exp. Grid Exp. Rod
Foil type [m] N.A. NACA0008
Foil chord [m] c 0.3
Foil span [m] d 0.2 0.7
Foil leading edge radius [mm] rLE 2.1
Foil maximum thickness [mm] tmax 24

Turbulence generation N.A. Synthetic body
forces, Section 4.2

Grid, see
Section 3.2.1

Rod, see
Section 3.2.1

Turbulence intensity [%]
At x/c = 0 in empty domain TI = urms/u 11.4 12.3 N.A.

Inflow velocity [m/s] Uinf 25.26 30 25 and 30
Acoustic data N.A. Yes No Yes

29
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5.1. Inflow turbulence without the foil
The first step for the validation is comparing the inflow turbulence, without the foil, to experimental
results. To remove the initial start-up effects of the simulation, a transient scanning analysis (TSA) is
performed as was explained in Section 4.5.1. The results of the TSA for the numerical validation case
can be seen in Figure 5.1. It becomes clear that the TSA removes an initial transient in the velocity
signal, which is not visible to the naked eye. Mean and root-mean-square (RMS) values are calculated
based on the results from the TSA. Velocity, fluctuations and acoustics show less response to the
outcome of the TSA, whereas the integral length scale experiences more influence from the removed
results. To make a comparison between simulations possible, the outcome of the TSA is overruled for
the integral length scale computations. For those computations, the discarded time is set at 0.284 s.
This includes the time it takes for the turbulence to move through the domain from the ITG to the
(intended) leading edge and, additionally, at least one hundred flowthroughs based on the intended
integral length scale (50 mm).

Figure 5.1: Numerical results of the transient scanning analysis applied to the local streamwise velocity u at x/c = 0 and
midspan. The dashed part of the signal is flagged as the initial transient and is removed from the results.

The outcomes of the TSA can be used to quantify the velocity fluctuations and turbulence intensity over
the domain. Here the velocity fluctuations can be defined as u′i = ui − ūi where i indicates the velocity
component. This will return the velocity fluctuations over time. To remove the time element, the root-
mean-square of the fluctuations is calculated which can be compared to experimental data. Figure 5.2a
shows the root-mean-square of the three velocity fluctuations compared to experimental results. Note
that experimental results are only present for urms. Experimental results have been scaled to correct
for the difference in inflow velocity as seen in Table 5.1. Results are scaled by the ratio of inflow
velocities, i.e. u′exp,scaled = u′exp ·

Uinf,sim

Uinf,exp
. Figure 5.2a shows a clear peak of the fluctuations just after

the ITG. Close to the ITG, the decay of the fluctuations is steep, whereas this slope decreases over
the domain. This is desired to ensure that the turbulence has fully developed to a homogeneous state.
From x/c ≈ −0.5 onwards, there is a good agreement between numerical and experimental results.
The overlap between the three numerical fluctuations in Figure 5.2a is indicative of isotropic turbulence.
The difference visible in the detailed view, less than ten percent, is deemed acceptable.

A similar analysis of the results holds for the turbulence intensity (TI) as shown in Figure 5.2b. As
explained in Section 2.3, there are several ways to calculate the turbulence intensity. The one chosen
here is based on the mean local streamwise velocity and RMS of the velocity fluctuations, such that
TI = urms/u. Again, there is good agreement between numerical and experimental results with a
minor difference close to x/c = 0. The good agreement in Figure 5.2 signifies that the ITG has been
accurately tuned so that the turbulence can develop to its intended state and that further results can
be compared.
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(a) Root-mean-square of velocity fluctuations urms ( ), vrms

( ) and wrms ( ).
(b) Turbulence Intensity (TI) based on local mean streamwise velocity.

Figure 5.2: Velocity fluctuations (a) and turbulence intensity (b) over the domain at midspan for the numerical validation and
experimental (urms) [85] cases. The vertical orange line represents the location of the inflow turbulence generator (ITG).

Experimental data is scaled for (a) to match the inflow conditions of the simulation.

Figure 5.3 shows the mean local streamwise velocity over the domain normalised by the inflow velocity.
A clear dip in velocity is visible after the ITG, but the simulation recovers this deficit immediately. The
velocity decays slightly throughout the domain, but the deviations from unity are small enough (less than
two percent) to state that the turbulence intensity is dominated by the change in velocity fluctuations.
Additionally, one can observe that the numerical results show less scatter than the experimental results.

Figure 5.3: Mean streamwise velocity component over the domain at midspan for the numerical validation and experimental
[85] cases. The y-axis is normalised by the set inflow velocity.

As remarked before, Figure 5.2a already indicated that the generated turbulence is isotropic. To confirm
this statement, the relations between velocity fluctuations over time can be plotted. Figures 5.4a and
5.4b show the relations between u′v′ and u′w′ over time, respectively. For clarity, the fluctuations
have been plotted for every five time steps rather than every single one. No clear visible correlation
between the sets is found, supporting the previous statement of isotropic turbulence. To confirm this
conclusion, the Pearson correlations and associated p-values are calculated. Table 5.2 shows the
Pearson correlations and p-values for the numerical validation case at x/c = 0 and midspan. The
correlation values for both relations (u′v′ and u′w′) indicate no clear linear correlation. Additionally,
the low p-value indicates a statistically significant correlation, meaning that the calculated Pearson
correlations are trustworthy. It can thus be concluded that the turbulence is isotropic at the intended
leading edge of the foil.
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(a) Relation of u′v′. (b) Relation of u′w′.

Figure 5.4: Relations of velocity fluctuations at x/c = 0 and midspan for the numerical validation case. The circle is plotted as
a reference representing isotropic behaviour for which the Pearson correlation goes to zero.

Table 5.2: Pearson correlation and p-values for the numeric validation case. Correlation and p-value are shown for u′v′ and
u′w′.

Case Pearson correlation
u′v′ [-]

p-value
u′v′ [-]

Pearson correlation
u′w′ [-]

p-value
u′w′ [-]

C2: TI=11.4% 6.37E-02 1.96E-02 -3.74E-02 1.67E-02

Figure 5.5 shows the power spectral density (PSD) of the local streamwise velocity component cor-
rected to a decibel scale at x/c = 0 and midspan, i.e. Φuu = 10 · log10(ϕuu/u2ref ) with the reference
displayed in the graph. The spectral analysis is based on the method explained in Section 4.5.2. Again,
a scaling of the experimental data is adopted. The frequency axis is scaled based on the local Strouhal
number, which in turn depends on the local velocity and integral length scale. The power spectral
density of the velocity is scaled by analyzing the Von Kármán spectrum for isotropic turbulence, repre-
sented by Equations (4), (5) and (8) in Ribeiro et al. [29]. The scalings for the frequency and spectral
level of the experiment then become:

fexp,scaled = fexp ·
ūsim
ūexp

· Λf,exp

Λf,sim
, (5.1)

ϕuu,exp,scaled = ϕuu,exp ·
ūexp
ūsim

· Λf,sim

Λf,exp
·
(
urms,sim

urms,exp

)2

. (5.2)

The mesh cut-off frequency in Figure 5.5 is estimated by dividing the convection velocity of the eddies
by the average cell size along the stagnation line. The convection velocity is estimated as 60 % of the
inflow velocity. Additionally, a factor of eight is introduced, which represents the minimum amount of
cells that is needed to resolve the integral length scale accurately. Such that fcut = 0.6·Uinf

∆x·8 ≈ 1100 Hz.
Note that this is twice as conservative as the estimate proposed by Peng et al. [52, p.65]. Since the
mesh cut-off frequency is merely an indication, no improvement in its estimation was made. A compar-
ison with experimental spectra will more accurately determine the mesh cut-off frequency.

Figure 5.5a shows the PSD from the Welch algorithm. It is hard to make remarks about the overlap
with the experimental data, but two observations can readily be made. First, for f > 1000 Hz the
numerical spectrum drops significantly signifying that the simulation (the mesh) cannot support energy
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levels above that frequency. This is in line with the estimated mesh cut-off frequency. Second, for
f < 100 Hz, the numerical spectrum shows less fluctuating behaviour, indicating that the time signal
is too short to describe that frequency range accurately. This is, however, acceptable since the length
scales within both the simulation and experiment are an order of magnitude smaller than these lowest
frequencies. Additionally, the mesh resolution and domain size studies in Section 4.6 have shown that
low-frequency differences do not propagate to higher frequencies.

Comparison to the experimental spectrum can be made by comparing the mean decidecade band
power density as shown in Figure 5.5b. The uncertainty is estimated based on Equation 4.11. For f <
50 Hz the numerical spectrum occasionally under-predicts the spectrum compared to the experimental
outcome. This is likely associated with the length of the time signal, resulting in too little energy for these
frequencies. For 50 < f < 1400, the numerical spectrum over-predicts the experimental spectrum by a
maximum of five decibels. Similar decay behaviour is found when comparing the numerical spectrum
to the experimental spectrum in this frequency range. Similar to the conclusion based on Figure 5.5a,
the numerical spectrum significantly under-predicts the experimental spectrum for f > 1400 Hz. This
aligns with the estimated mesh cut-off frequency, although that estimate seems too conservative.

This line of reasoning also holds when comparing the numerical results to the Von Kármán spectrum.
Additionally, both the Von Kármán spectrum and f−5/3 power law are indicative of isotropic turbulence.
Reasonable agreement between the slope of the numerical spectrum, power law and Von Kármán
spectrum can be seen for 150 < f < 1400 Hz. In general, a reasonable agreement within +/- 5 dB
between the numerical, experimental and Von Kármán spectra is found for 60 < f < 1400 Hz.

(a) Narrowband spectrum with a frequency resolution of 1 Hz. (b) Mean decidecade band power density, Von Kármán (vK, see
Equation 3.3) and uncertainty bands.

Figure 5.5: Power spectral density of the streamwise velocity component at x/c = 0 and midspan for the numerical validation
and experimental [85] cases. The experimental frequency and spectrum have been scaled according to Equations 5.1 and 5.2.

The final part of the empty domain validation is to compare the integral length scale. The zero-crossing
and fitting procedures have been presented in Section 4.3. The results for the numerical validation and
experimental cases can be seen in Figure 5.6. The experimental data within the figure has not been
calculated using the method proposed in this work but is taken directly from Dos Santos et al. [85] who
applied the zero-crossing method. Several observations can be made. First, throughout the whole
domain, there is always a difference between the two numerical results, with the zero-crossing method
being larger than the fitting method. This is to be expected since it became clear from Section 2.3 that
the fitting procedure is mostly accurate if the decay behaviour of the correlation is smooth. Since the
length scale representation in Figure 5.6 is a mean over time, the differences between the two methods
will stack, resulting in possibly large disagreements. The fitting method is thus more conservative than
the zero-crossing since it disregards any fluctuating behaviour of the autocorrelation below 0.2.

One can also see a clear drop in the integral length scale over the ITG. This is an expected effect
since the length scale is calculated based on the correlation of the velocity fluctuations in the stream-
wise direction. Since there is no turbulence in front of the ITG, the velocity fluctuations will be correlated
for a longer time as there is nothing to disturb them, leading to bigger (unrealistic) values. In turn, this
also explains the tendency of the integral length scale to increase in size over the domain. This be-
haviour is present in both the numerical and experimental results, while the latter increases less.
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When comparing the numerical data to the experimental data, one can see that the results do not
match well. First, the overall level of the numerical and experimental results do not match. Especially
the fitting method deviates a lot from the experimental values, which was readily explained by it be-
ing too conservative. Nonetheless, close to the intended leading edge (x/c = 0), the zero-crossing
method also predicts values smaller than those within the experiments. No scaling has, however, been
implemented for the experimental data in Figure 5.6. One theory is that the integral length scale scales
with the magnitude of the velocity fluctuations. If that scaling is applied, the integral length scales from
the experiment shifts downwards, for which the overlap between numerical and experimental results is
much better. Nonetheless, the zero-crossing method still significantly overestimates most of the exper-
imental results. More accurate control over the length scale is desired, but it will be proven later that
this is not feasible with the current setup.

Second, the experimental data shows much less fluctuating behaviour over the domain. This is
a direct effect of the duration of the signal used for the integral length scale computation. Since the
numerical signal is rather short, the autocorrelation is hard to predict for larger values of the time lag,
being one of the main reasons why the fitting method was proposed in this work. Indeed, the fitting
method shows less fluctuations in the length scale over the domain, but it also seems to be too con-
servative. To gain more accurate control over the length scale, a possible solution is to increase the
simulated time. This was, however, not feasible within the limited time of the project.

Figure 5.6: Integral length scale over the domain at midspan for the numerical validation and experimental [85] cases. Fit and
zero refer to the fitting and zero-crossing methods, respectively. Experimental data is taken as presented and is not scaled nor

recalculated.

An alternative was to perform a study on the different input parameters that the inflow turbulence gen-
erator (ITG) takes to study the effects of those on the integral length scale. The study consisted of
studying different parameters of the ITG that could influence the integral length scale generation and
determination. As became clear from Section 4.2, the ITG takes only a few input parameters. A de-
scription of these, together with their impact on the integral length scale, are discussed below:

• The size of the ITG in the spanwise and vertical directions were not investigated since these were
fixed by the size of the domain.

• The thickness of the ITG over which the body forces are spread. An increase of thickness resulted
in an increase of the integral length scale. This feels natural since the integral length scale has
more cells (thickness) to reach its desired level. The downside to this increase is the associated
increase of body forces for the velocity fluctuations to reach the desired value, which leads to an
unwanted increase of computational time due to slower convergence.

• The amplification factor showed little effect on the integral length scale. From Equation 4.2 it
became clear that it only amplifies the body forces to speed up the convergence to the desired
velocity fluctuations. A slight increase in the integral length scale was observed for an increase in
the amplification factor. The downside to this method is the associated increase in fluctuations.
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• The input Reynolds stresses were not altered since those predominantly determine the achieved
velocity fluctuations. It was key to alter the integral length scale without impacting the turbulence
intensity such that they could be evaluated seperately from one another. It will become clear later
on whether the chosen Reynolds stresses also influenced the integral length scale.

• The input value for the integral length scale had, strangely enough, only a small impact on the
calculated integral length scale. A doubling in the input value led only to a small increase of the
value retrieved during post-processing.

• The mesh refinement, although technically not an input of the ITG, showed a decrease of the
integral length scale for a finer mesh. Differences were, however, too small to accept the large
increase of computational time.

Control of the integral length scale through a change of ITG size, ITG thickness, amplification factor,
Reynolds stresses and mesh refinement is not desired since these also induce a change of other
turbulence quantities. The integral length scale showed little to no response to a change of its input
value. It is likely that the body forces, as calculated from Equation 4.2, are not able to control the length
scale accurately. Additionally, none of the methods above improved the behaviour of the integral length
scale over the domain. This seems to remain dominantly influenced by the duration of the simulations.
More accurate control was desired, but it was unavailable for the current setup. For this work the length
scale has been left untouched, whereas a change due to the Reynolds stresses will be quantified. For
future works, it is recommended that effort be put into the implementation of a different turbulence
generation method, which allows more accurate control over the integral length scale.

5.2. Inflow turbulence with the foil
Validation of the inflow turbulence with the foil present is performed similarly as for the no-foil case. One
key difference is that numerical data is compared not only to grid-generated experimental data but also
to rod-generated experimental data. This choice has been made to investigate the decay behaviour
of different parameters when approaching the leading edge for different turbulent generation methods
and, hence, turbulence statistics. To allow for a fair comparison, all of the data is normalised by values
upstream, which are not yet affected by the presence of the foil. Due to the normalisation, none of the
data has to be scaled. Note that any reference to x/c = 0 and ‘midspan’ now refer to the leading edge
of the foil. The coordinates of this location are the same as in Section 5.1.

The first parameter to investigate is the mean velocity in the streamwise direction. Normalisation is
taken at the point where the mean velocity of the numerical validation case reaches a plateau, as seen
from the leading edge. This was established to be at x/rLE = −47. Normalisation for the experimental
results is taken at the point closest to the established point. The results for the normalised mean
streamwise velocity can be seen in Figure 5.7a, with a detailed view closer to the leading edge in
Figure 5.7b. Please note that the x-axis is now normalised by the radius of the leading edge. For
reference, the ITG is located at x/c = −2.17 → x/rLE = −310.

(a) Normalisation taken at x
rLE

= −47. (b) Detailed view of (a), normalisation taken at x
rLE

= −47.

Figure 5.7: Normalised mean local streamwise velocity over the domain at midspan for the numerical validation and
experimental [26] cases. The y-axis is normalised by the streamwise velocity at the specified location in the sub-caption.
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Excellent overlap between numerical and both experimental data sets is observed. Only close to the
leading edge, x

rLE
> −5, does the grid-generated inflow decay slightly faster. The difference is too

minor for it to be important and is likely induced by the uncertainty of the normalisation procedure that
is used. Normalisation is taken at x

rLE
= −47, but from Figure 5.7a it becomes clear that there is

no data point for the grid-generated turbulence at this point. The closest points for that case are at
x

rLE
= −27 ∧ −52, with the latter being outside of the x-axis limit. The second point is, however, taken

for normalisation since it is closest to the desired point. Since the mean streamwise velocity is slightly
higher there, it leads to a bias in the normalisation shifting the data downwards. This effect is most
dominant for data closest to the leading edge. Data normalisation could have been improved, but the
excellent overlap readily validates the results.

A similar analysis can be conducted for the RMS of the velocity fluctuations. One key difference is the
decision at which point the normalisation is taken. This is kept the same as for the mean streamwise
velocity rather than performing the same plateau analysis again. Two reasons can be given for this
choice. First, this allows for a fairer comparison with the decay plot of the mean velocity. Second, the
RMS of the velocity fluctuations do not reach a plateau as was readily seen in Figure 5.2a showing
the fluctuations without the foil present. Since the turbulence is decaying throughout the domain, it is
impossible to pinpoint the start of a constant plateau. To overcome this, the normalisation point was
chosen to be kept constant.

The results for the normalisation of the RMS of the streamwise velocity fluctuations and a detailed
view close to the leading edge can be seen in Figures 5.8a and 5.8b, respectively. Again, excellent
overlap between numerical and experimental data is found for all positions up to the leading edge. Only
a small difference occurs for−47 < x

rLE
< −15. This is a consequence of the turbulence that is naturally

decaying throughout the domain, regardless of the fact if the foil is present or not. Figure 5.2a already
showed that the decay is slightly more for the numerical case than for the grid-generated experimental
case. This additional decay leads to a slight shift of the RMS normalised values in Figure 5.8a. The
difference disappears when moving towards the leading edge, where the effect of the foil starts to
dominate over the natural decay behaviour. Excellent overlap between numerical and experimental
data is also found close to the leading edge as visible in Figure 5.8b.

(a) Normalisation taken at x
rLE

= −47. (b) Detailed view of (a), normalisation taken at x
rLE

= −47.

Figure 5.8: Normalised root-mean-square velocity fluctuations over the domain at midspan for the numerical validation and
experimental [26] cases. The y-axis is normalised by the value at the specified location in the sub-caption.

Figure 5.9 shows the results for the normalisation of the integral length scale when moving to the
leading edge. Two different positions for data normalization have been chosen. The first aligns with
the previous analysis, i.e. at x/rLE = −47. From that point of normalisation, it becomes clear that the
overlap between numerical and experimental data is poor. This is likely the effect of the normalisation
value chosen for the integral length scale. After the normalisation, the integral length scale from the
numerical data still keeps its normal behaviour of increasing throughout the domain before it starts to
decrease due to the interaction with the leading edge. The big spread of experimental data in Figure 5.9
for −50 < x/rLE < −30 also makes it hard to pick a specific point for normalisation as well.
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From Figure 5.9a it becomes clear that the integral length scale for the rod-generated turbulence case
also does not decay before x/rLE = −20, i.e. the normalised value fluctuates around one. A second
point of normalisation is, therefore, chosen at x/rLE = −20. This is much closer to the leading edge,
such that the effect of the foil dominates over the natural tendency of the integral length scale to increase.
Indeed, Figure 5.9b shows much better overlap between numerical and experimental data both for
values close to the leading edge, as well as further upstream.

(a) Normalisation taken at x
rLE

= −47. (b) Normalisation taken at x
rLE

= −20.

Figure 5.9: Normalised integral length scale over the domain at midspan for the numerical validation and experimental [26]
cases. Only data from the fitting method is presented. The y-axis is normalised by the value at the specified location in the

sub-caption. Experimental data is taken as presented and is not scaled nor recalculated.

5.3. Coherence and pressure
Validation of acoustics can only be performed once both the pressure and coherence data have been
evaluated. The outcomes of this section will, amongst other things, determine the acoustic correction
and the definition of the FW-H surface.

From the methodology, see Section 4.5.3, it became clear that there are three methods to calculate the
coherence length as input for the acoustic correction for the limited span of the simulation. The method
proposed by Kato et al. [90] is deemed too crude and will not be used. The second method is based
on Equation 4.7, which calculates the coherence length based on the Von Kármán model. Although
dependent on frequency, it is sufficient to look at the maximum of that method. If that maximum is
smaller than the span of the simulation, the acoustic correction will always remain purely incoherent,
i.e. the top line of Equation 4.6. The maximum coherence length estimated by this method, for Uinf =
25.26 m/s and Λf = 0.04 m (see Figure 5.6), is 0.039 m. This is indeed smaller than the span of the
simulation (dsim = 0.2m), signifying that for all frequencies, the correction will remain purely incoherent.
There are, however, several downsides to this method:

• It does not account for local turbulence distortion (over the chord of the foil), i.e. the input param-
eters are reference values taken from the empty domain;

• It does not account for influences of the boundary conditions, i.e. it does not account for the actual
properties of the flow.

• It assumes isotropic turbulence, which is not true for turbulence distortion near the leading edge.

The third method should rule out all of these assumptions by calculating the coherence length based
on the magnitude squared coherence from the pressure, as presented in Equations 4.8 and 4.9 re-
spectively. The coherence (being the root of the magnitude squared coherence) for several chordwise
positions can be seen in Figure 5.10. The reference for the coherence ϕpp(0, 0) is calculated at midspan
z/d 1

2
= 0. For clarity, only half of the span is shown since the other half showed similar results. The

contour line depicts the critical value of γpi,pi = 0.5, as proposed by Kato et al. [90]. Some noise can be
seen in the figures, especially for higher frequencies. This noise could have been removed by applying
a sliding window, but for the current analysis that was unnecessary.
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Several observations based on these figures can be made. First, it becomes obvious that there is a
front representing the increase of the coherence. This front is already visible at x/c = 0, after which it
moves to higher frequencies when going further down the foil. The associated effect is that for those
frequencies, the coherence length also (wrongfully) increases. The increase of coherence is a combi-
nation of the averaging behaviour of RANS near the foil and the drop in pressure (fluctuations) over the
foil. The latter will become clear later on in this section. This implies that Equation 4.6 should be not
only a function of frequency and span but also a function of the chordwise position. The current setup,
however, does not allow for a correction based on the chordwise position. For future work, it is recom-
mended to divide the FW-H surface into different strips along the chord of the foil. Then corrections
can be applied per strip accounting for the increasing coherence length over the chord of the foil. Note
that the Von Kármán estimate of the coherence length also does not account for this moving front.

To remove the effect of the increasing coherence (length), a lower frequency bound for the data
evaluation is chosen. This method is favourable since acoustic data will be evaluated from spectra as
well, and it removes a portion of the data for which the duration of the simulations is likely too short.
Additionally, it removes the need for assumptions on how to model the coherence within the front where
it does not go to zero. The choice of the lower bound should satisfy Lγ(f) < dsim ∀f such that the
spanwise correction is always incoherent and thereby applicable to all chordwise positions of the (later
determined) FW-H surface. From Figure 5.10 it becomes clear that the front has proceeded the furthest
for x/c = 0.5. If the lower bound is indeed chosen from Figure 5.10d, the statement Lγ(f) < dsim∀f will
always be true as long as it is proven that Lγ(flow) < dsim at x/c = 0.5 where flow represents the cho-
sen lower frequency bound. From Figure 5.10d, the lower bound is set a flow = 400 Hz. This is outside
of the front where the coherence is ill-defined. The requirement for the coherence length to be smaller
than the span is satisfied at that frequency. By using Equation 4.8 it follows that Lγ(flow = 400Hz) ≈
0.044m < dsim at x/c = 0.5. A more detailed analysis with probes between x/c = 0.05 (Figure 5.10c)
and x/c = 0.5 (Figure 5.10d) could result in a downwards shift of the frequency bound. It will, however,
become clear in Section 5.4 that lowering this bound is not feasible based on the acoustics validation.

(a) x/c = 0. (b) x/c = 0.0035.

(c) x/c = 0.05. (d) x/c = 0.5.

Figure 5.10: Spanwise coherence for different chordwise positions for the numerical validation case. The
reference for each coherence calculation is taken at midspan (z/d 1

2
= 0) and the y-axis is made

non-dimensional by the half span (d 1
2
). The black contour line represents γpi,pi = 0.5.
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For the frequency bound to hold, two requirements for this and future cases have to be satisfied:

1. The FW-H solid data surface (SDS) may not extend beyond x/c = 0.5 since after that point, the
lower frequency bound may not hold.

2. For other simulations the requirement Lγ(flow = 400Hz) < dsim at x/c = 0.5 should be verified.

Figure 5.10 does not present a clear upper bound for the frequency. Not included in the figure (f > 3000
Hz) is, however, a region where numerical errors heavily influenced the coherence. This is far above
the estimated mesh cut-off frequency and is therefore not visualised.

As stated before, the upper limit of the FW-H solid data surface (SDS) has to be chosen at a chordwise
position smaller than x/c = 0.5. Within this work, the upper chordwise limit of the SDS was determined
to be the position where the far-field noise was no longer directly influenced by the distortion of the
turbulence on the leading edge. To quantify this position, the root-mean-square of the wall pressure
can be evaluated. Figure 5.11 shows the RMS of the wall pressure at midspan over the chord of the
foil. There is an obvious peak near the leading edge of the foil due to the distortion of the turbulence.
The wall pressure decays when moving along the chord to a near-constant state. The position where
the leading edge no longer influences the wall pressure is determined to be at the point where the RMS
has levelled out. From Figure 5.11b this position was set at x/c = 0.2. This fits the requirement made
previously for the FW-H surface not to extend beyond x/c = 0.5. Additionally, such a choice would also
remove any unwanted noise sources associated with the trailing edge, as introduced in Section 2.1.

(a) Full chord. (b) Detailed view of (a) showing data closer to the leading edge.

Figure 5.11: Root-mean-square of the wall pressure over the foil at midspan for the numerical validation case.

This choice of FW-H data surface can be supported by evaluating the spectra of the wall pressure fluc-
tuations. To do so, these first have to be validated. Figure 5.12 shows the wall pressure fluctuations
spectra at midspan of the foil for two chordwise positions. Experimental data is shown for both grid
and rod-generated turbulence to establish differences between the two methods. Several observations
based on Figure 5.12a can be made. First, there is a clear difference between the three experimental
cases. For f > 120 Hz both rod-generated spectra show more energy than the grid-generated turbu-
lence. This is due to the higher velocity fluctuations in the wake of the rod compared to the grid for
similar inflow velocity. The peaks in the spectra for the rod-generated turbulence represent the shed-
ding frequency of the Von Kármán vortex street in the wake of the rod. Most energy will be created
at these frequencies, which will be cascaded to higher frequencies as explained in Section 2.2. This
shedding frequency represents the lowest frequency where energy is put into the system. This also
explains why, for 10 < f < 120 Hz, both rod-generated spectra contain less energy compared to the
grid-generated one. These mechanisms have readily been introduced in Section 3.2 and should, there-
fore, not come as a surprise.

Comparing the numerical and grid experimental data shows excellent overlap for 80 < f < 800
Hz. This overlap is straightforward since the turbulence has been tuned for a similar inflow velocity.
From f > 800 Hz the numerical data starts to underpredict the experimental data. This is somewhat in
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line with the mesh cut-off frequency. For f < 80 Hz, the numerical data significantly overpredicts the
experimental data. A possible reason could be the stronger interaction with the boundary conditions
at those lower frequencies. Larger coherent structures likely tend to interact more with the boundary
conditions than smaller structures. Figure 5.10b indeed shows that for f < 80 Hz the coherence no
longer reaches zero, indicating coherent structures larger than the computational domain. Figure 5.12b
confirms this suspicion by showing that the numerical spectrum now overpredicts the energy at most
frequencies. This aligns with the movement of the coherence front to higher frequencies when moving
along the chord of the foil, see Figure 5.10. The overprediction will likely lead to an increased sound
pressure level at the different receivers as well. The choice for a lower frequency bound based on the
coherence will slightly improve on this, but as visible in Figure 5.12b, energy is still spread to higher
frequencies as well. Contradicting this statement are the results from Section 4.6.2 that did not indicate
this effect. It could, however, still be the case that the variation in spanwise domain size is still too small
to quantify this effect accurately. It is, therefore, recommended for future work to further address this
low-frequency difference (by increasing the span size of the domain).

(a) x/c = 0.0035. (b) x/c = 0.007.

Figure 5.12: Mean decidecade band power density of the wall pressure fluctuations at midspan for different chordwise
positions for the numerical validation and experimental [26] cases. Experimental data is not scaled.

Finally, to support the data surface for the FW-H analysis, Figure 5.13 shows the numerical spectra of
the wall pressure fluctuations for different chordwise positions. Close to the leading edge, the energy
levels are similar over the whole frequency range. What stands out is that, for movement along the
chord, the energy levels first increase after which they start decreasing. This behaviour aligns with
the development of the wall pressure RMS values very close to the leading edge, as is visible in the
detailed view of Figure 5.11b. The energy levels drop rapidly afterwards when moving along the chord
of the foil. A big drop is especially seen when moving from x/c = 0.05 to x/c = 0.5. This aligns with the
significant drop in wall pressure RMS values as visualised in Figure 5.11b. The choice for the FW-H
surface was made such that it no longer ‘felt the influence of the leading edge’. Figure 5.13 confirms
the choice for x/c = 0.2 by showing that energy levels have dropped significantly. Again, more probes
between x/c = 0.05 and x/c = 0.5 could have improved this choice even further, but for the analysis
made in this work this was deemed sufficient.

The significant drop in wall pressure fluctuations along the foil also aligns well with the increase of
coherence, as was found in Figure 5.10. A significant drop in pressure fluctuations makes it ‘easier’
for RANS to average the result. An averaged result will evidently show a coherence value tending to
one. This explains the moving front in Figure 5.10, the combined effect of the pressure fluctuations and
RANS on the coherence, and it again signifies the need for a lower frequency bound as well as a solid
definition for the FW-H surface. Both of those were given within this section.
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Figure 5.13: Mean decidecade band power density of the wall pressure fluctuations at midspan for different chordwise
positions for the numerical validation case.

5.4. Far-field acoustics
Finally, the far-field acoustics, as generated by the airfoil’s leading edge, can be validated. Remember
Figure 4.3, which showed the placement of the receivers relative to the foil. Receivers are placed at
every two degrees in a circle around the foil. The circle has a radius of 1.5 m, with its centre at mid-
chord and midspan. The angle θ defines the angle of the receiver. The receiver downstream is defined
as θ = 0 degrees, which is in line with the trailing edge of the foil. The receiver upstream, in line with
the leading edge of the foil, is located at θ = 180 degrees. Experimental validation data is only present
for θ = 90 degrees, whereas numerical data is available for the receivers at θ = 30, 60, 90, 120, 150
degrees. Numerical data is taken from Ribeiro et al. [29] who performed a similar analysis for leading
edge generated noise. They simulated the flow using the lattice-Boltzmann method (LBM). The turbu-
lence is generated by modelling a grid in the flow with a set inflow speed of Uinf = 25 m/s. The similar
inflow speed makes direct comparison possible. Experimental data is only available for rod-generated
turbulence as grid-generated turbulence generated too much background noise, as was described in
Section 3.2.1. Evaluations regarding far-field noise are made based on spectral analysis as described
in Section 4.5.2 rather than directly computing RMS values from the data. This method is preferred
since it allows validation over the frequency range and the opportunity to base the far-field noise on a
desired frequency range and, hence, adhere to the lower frequency bound readily set.

Figure 5.14 shows the far-field noise spectra for an receiver at θ = 90 degrees. Several observations
can be made. The vortex shedding frequency for the rod, which was visible in Figure 5.12, is also
present in the far-field noise spectra at similar frequencies, indicated by 1. It becomes clear that a lot of
energy is emitted at this shedding frequency, which is also partially spread to other nearby frequencies.
These frequencies are thus irrelevant since the associated coherent turbulent structures are absent in
the numerically-generated isotropic turbulent flow. Section 3.2.1 stated that the shedding frequency
could be beneficial since it does not emit noise over the full frequency range, but from Figure 5.14 it be-
comes clear that this is not the case. Additionally, any data outside the bounds indicated by 2 and 4 is
to be disregarded since the wind tunnel background noise dominates the signal outside these bounds.
Experimental validation data is therefore only available for higher frequencies (400 < f < 2500 Hz),
which is deemed adequate since the lower bound for integration was readily set at flow = 400 Hz.

When comparing the numerical data to either of the experimental cases, poor overlap is found for
10 < f < 400 Hz. The shedding frequency of the rod readily explained this. For 600 < f < 2000 Hz the
overlap between the numerical and Uinf = 30 m/s rod case is very good. However, it is unexpected
since the turbulence parameters differ for rod-generated turbulence compared to grid-generated turbu-
lence (for which numerical tuning was performed). Section 3.2.1 already introduced these differences,
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namely the velocity, fluctuations, isotropy and integral length scale. The deficit in velocity and increase
of integral length scale in the wake reduce the far-field noise according to Equation 3.1, whereas the
increase in fluctuations increases the far-field noise. It is hard to quantify how these exactly scale the
data, but the overlap of data in Figure 5.14 might not be entirely wrong.

The numerical data does, however, show the same trend observed from the experimental data
regarding the high-frequency decay of the far-field noise. Independent of the experimental case, the
slope of the numerical spectrum is similar to that of the experiments, indicating that the solver can accu-
rately capture the high-frequency decay, disregarding the exact levels. This is sufficient for the current
work since the scaling based on the four cases is going to be evaluated rather than exact levels. For
f > 2000 Hz does the numerical data start to decay faster compared to experimental results, where the
latter might already be influenced by the wind tunnel background noise. The upper bound for acoustic
integration is set at fhigh = 2000 Hz based on the overlap shown in Figure 5.14. This is almost twice
as high as the estimated numerical mesh cut-off frequency, which seems too conservative for acoustic
data. The difference is likely induced by the input used to calculate the cut-off frequency. The cut-off
frequency was estimated from the average cell size between the ITG and the foil in the empty domain.
Since mesh refinement is adopted near the leading edge and in the boundary layer, as explained in
Section 4.4, the mesh cut-off frequency is likely higher at those positions. It could, however, also be
possible that turbulence at certain frequencies also induces pressure fluctuations at higher frequencies.
The current results, however, do not allow an investigation into this hypothesis.

Figure 5.14: Power spectral density of the far-field noise for the numerical validation, LBM [29] and experimental [26] cases.
Data is for a receiver at θ = 90 degrees. The numerical validation case is corrected for the limited span, and the

experimental/LBM data is not scaled. The numbers signify the rod-shedding frequencies (1), lower and upper bounds of
experimental acoustic data (2, 4) and the estimated numerical mesh cut-off (3).

The numerical validation data can also be compared to the numerical data based on the LBM as pre-
sented by Ribeiro et al. [29]. Both data sets show excellent overlap for 10 < f < 1500 Hz after which
the LBM data deviates more from the current methodology. This is to be expected since both are for
equal inflow velocity and turbulence generated by a grid. The deviations for f > 1500 Hz show that
the current methodology can better capture the high-frequency decay behaviour when compared to
experimental trends. The LBM result shows that the solver can also capture the low-frequency trend,
which could not be done from experimental data. They also show that the lower bound for integration
(flow = 400 Hz) is acceptable.

Key takeaway is that the current methodology can accurately capture the high-frequency trend of
far-field noise for 600 < f < 2000 Hz as observed from experimental data. Additionally, the current
setup is accurate for 10 < f < 1500 Hz compared to LBM simulation data. For f > 2000 Hz, does the
numerical data start to decay faster compared to experimental results, where the latter might already be
influenced by the wind tunnel background noise. Based on the experimental and numerical validation
data, the frequency bounds for sound pressure level integration are set at 400 < f < 2000 Hz.
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Figure 5.15 shows the sound pressure level as integrated from the far-field noise power spectral densi-
ties (such as that in Figure 5.14) between the lower and upper bounds as determined before. From the
figure it becomes clear that limited validation data is available. At θ = 90 degrees, the overlap between
three of the cases is perfect. This is, however, not expected since those three cases did not show
perfect overlap in Figure 5.14. This highlights the importance of evaluation based on the integration of
the PSD rather than taking the RMS of the pressure fluctuations. Key takeaway from comparing the
numerical and experimental cases in Figure 5.15 is, therefore, that the acoustics at θ = 90 degrees are
similar with a maximum difference of approximately six decibels

Comparing the numerical case to the LBM case shows less overlap for θ = 30, 60, 120, 150. It should
first of all be noted that this data is taken directly from the paper by Ribeiro et al. [29]. Since other data
covers the taken data, small errors could be induced by interpolating the data. Additionally, it was
readily known that the LBM does not predict the high-frequency decay of the spectra well. Since the
higher frequencies are more likely to direct noise downstream, see the cardioid in Figure 2.2, it makes
sense that the SPL from the LBM is biased towards the trailing edge. Within that work, they also took
the FW-H surface as the whole foil such that the dipole would be biased towards θ = 0 degrees as well.
The combination of these should explain the discrepancies in Figure 5.15.

Figure 5.15: Sound pressure level for different receivers for numerical validation, LBM [29] and experimental [26] cases. fl
and fh signify the lower and upper bound for the SPL integration, respectively.

To conclude, within this chapter the turbulence parameters with and without the foil have been validated
showing similar values to experimental data. Coherence and pressure data have been validated and
were used to determine the lower bound of PSD integrations as well as the upper bound for the FW-H
surface. The numerical results seem to overpredict the wall pressure when moving along the chord
of the foil, resulting in increased noise predictions. The latter has been validated by comparison to
experimental and numerical data such that the numerical method is accurate within six decibels. More
importantly, based on both validation sets, it has been proven that the numerical methodology captures
both the low and high-frequency trends of the far-field pressure fluctuations well. This is most important
for the comparison in sound pressure level that will be made for different turbulence intensities in the
next chapter.
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Results of turbulence intensity cases

This chapter will present the results of four numerical cases with different turbulence intensities, of
which one was readily used for the validation in Chapter 5. The chapter will have a similar structure
to the previous chapter. First, in Section 6.1 a short description of the four cases will be given. After-
wards, the results of the turbulence intensity on the turbulence statistics without and with the foil will
be presented in Sections 6.2 and 6.3, respectively. Results on coherence and pressure will be given
in Section 6.4. Finally, the effects of turbulence intensity on the leading edge radiated noise will be
shown in Section 6.5.

6.1. Turbulence intensity cases description
Four cases with different turbulence intensities are investigated. All cases follow the methodology
as presented in Chapter 4. The only difference is the Reynolds stresses that are used as input in
the controls of the inflow turbulence generator (ITG). The change of Reynolds stresses results in a
change of body forces according to Equation 4.2. All other parameters of the ITG (integral length
scale, amplification factor, thickness and size) were kept the same. Reynolds stresses were tuned
in the empty domain until desired values were achieved at the intended location of the leading edge.
Table 6.1 gives an overview of the four cases that will be evaluated in this chapter.

Table 6.1: Parameters of the four numerical turbulence intensity cases.

Parameter Symbol Case 1 Case 2 Case 3 Case 4
Label figures N.A. C1: TI=13.5% C2: TI=11.4% C3: TI=7.6% C4: TI=4.1%
Foil type N.A. NACA0008
Foil chord [m] c 0.3
Foil span [m] d 0.2
Foil leading edge radius [mm] rLE 2.1
Foil maximum thickness [mm] tmax 24
Turbulence generation N.A. Synthetic body forces, see Section 4.2
Turbulence intensity [%]
At x/c = 0 in empty domain TI = urms/u 13.5 11.4 7.6 4.1

Inflow velocity [m/s] Uinf 25.26

6.2. Inflow turbulence without the foil
Figure 6.1 shows a render of the four simulations without the foil present. The nondimensionalized
spanwise vorticity clearly shows a decrease aligning with the decrease in turbulence intensity. One
can also observe increased decay for the higher turbulence intensity cases, this will be highlighted
later on as well.

44
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(a) C1: TI=13.5%.

(b) C2: TI=11.4%.

(c) C3: TI=7.6%.

(d) C4: TI=4.1%.

Figure 6.1: Instantaneous spanwise vorticity as a visualisation of the four numerical cases with different turbulence intensities.
The slice is taken at midspan of the foil.
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Again, similar to the validation, the first step is to analyse the results of the inflow turbulence without
the foil present. The transient scanning analysis (TSA), as explained in Section 4.5.1, was applied to
all four cases. The results of the TSA for the streamwise velocity at the intended leading edge and
midspan can be seen in Figure 6.2. The TSA returns different start-up times for the four cases. The
lowest turbulence intensity, case C4, has the least start-up effects, whereas case C3 has the largest.
Cases C1 and C2 show similar start-up times. The results of the TSA are used throughout this chapter.
Similar to the validation chapter, it is only overruled for the integral length scale computation. There,
the discarded time is set at 0.284 s, which includes turbulence convection up to the (intended) leading
edge and at least one hundred flow troughs of the intended integral length scale (50 mm). The different
outcomes of the TSA will mainly impact the outcomes of the PSD for the low-frequency range and the
uncertainty estimates, as introduced in Section 4.5.4. The increase of local instantaneous streamwise
velocity in Figure 6.2 is already indicative of an increase in turbulence intensity.

Figure 6.2: Numerical results of the transient scanning analysis applied to the local streamwise velocity u at x/c = 0 and
midspan. The dashed part of the signal is flagged as the initial transient and is removed from the results.

The outcomes of the TSA are used to quantify the turbulence statistics. Figure 6.3a shows the RMS of
the three velocity components for each of the four cases. A clear peak in fluctuations is seen directly
after the ITG. The magnitude of the peak seems to be related to the Reynolds stresses prescribed on
the ITG. Case C4 has the lowest Reynolds stresses and accordingly the lowest peak in the RMS of
the velocity, whereas the opposite is true for case C1. This peak is then, in turn, linked to the decay
behaviour of the turbulence throughout the domain. Case C4 shows the lowest decay, whereas case
C1 decays rapidly after the ITG. The decay close to the ITG is not problematic as long as the decay has
levelled out when moving close to the intended leading edge (x/c = 0). Otherwise, the assumption of
homogenous turbulence needed for the integral length scale calculation will not hold. From Figure 6.3a,
and its detailed view, it becomes clear that cases C2, C3 and C4 have decayed sufficiently to become
homogenous. Case C1, however, is still decaying after reaching the intended leading edge. Although
slight, this will likely influence the results in the remainder of this section as well. For future analysis, it
is desired to either move the ITG further upstream or the foil further downstream.

From the detailed view in Figure 6.3a, it also becomes clear that the turbulence becomes less
isotropic when increasing the turbulence intensity. Cases C3 and C4 show good overlap at x/c = 0,
while cases C1 and C2 show less favourable results. Both cases show that wrms decays less rapidly
than vrms. Close to the ITG this is not seen, meaning that the development over the domain induces
these differences. The size of the domain in the flow (x) direction is much larger compared to the
vertical direction (y). The latter is, in turn, larger than the spanwise (z) direction. The relative sizes of
the domain aligns with the development of their respective velocity fluctuations throughout the domain.

Figure 6.3b present the development of the turbulence intensity over the domain. The turbulence
intensity is calculated based on the local mean and RMS of the streamwise velocity. This version,
over all three RMS components, was deliberately chosen since it became clear from Section 3.3.1
that the radiated noise mostly depends on the streamwise velocity fluctuations. Again, a clear peak
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close to the ITG is seen which follows from the peak in velocity fluctuations readily described. Decay
behaviour throughout the domain is also similar to what was described previously. The detailed view of
Figure 6.3b shows that the turbulence intensity has developed to a constant state, which is beneficial
for the acoustic analysis. The case labels as introduced in Table 6.1 were determined from Figure 6.3b
at x/c = 0.

(a) Root-mean-square of velocity fluctuations urms ( ), vrms

( ) and wrms ( ).
(b) Turbulence Intensity (TI) based on local mean streamwise velocity.

Figure 6.3: Velocity fluctuations (a) and turbulence intensity (b) over the domain at midspan for the numerical cases. The
vertical orange line represents the location of the inflow turbulence generator (ITG).

Figure 6.4 shows the development of the local mean streamwise velocity normalised by the set inflow
velocity (equal for all four cases) at midspan over the domain. All four cases experience a velocity
decrease or increase when going past the ITG. The relative size of this increase or decrease is again
related to the turbulence intensity. All of the simulations recover the velocity increase or decrease well
before reaching the intended leading edge, indicating that the turbulence intensity from Figure 6.3b is
dominated by the change in velocity fluctuations.

Figure 6.4: Mean streamwise velocity component over the domain at midspan for the numerical cases. The y-axis is
normalised by the set inflow velocity.

Figure 6.3a already gave some information about the isotropy of the cases. To further explore this,
the relations between fluctuations over time are analysed. Figures 6.5a and 6.5b show the relations
of the fluctuations u′v′ and u′w′ over time, respectively. For clarity, the fluctuations have been plotted
for every five time steps rather than every single one. What mainly stands out is that the spread of
the fluctuations significantly increases when the turbulence intensity increases. The two highest cases
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C1 and C2 seem to be stretched more in Figure 6.5b, signifying that the ratio wrms : urms is not 1:1.
This was readily visible in the RMS of the velocity fluctuations. Nonetheless, it is difficult to retrieve
correlations from Figure 6.5 visually, so the Pearson correlation has been calculated for each simulation.
Table 6.2 shows the Pearson correlations and p-values for the numerical validation case at x/c = 0 and
midspan. Although unexpected, all Pearson correlation values show no clear linear relation between
the fluctuations while still being statistically significant based on the p-values. This contradicts the
statement of isotropy from Figure 6.3a. The calculation of the Pearson correlation has, however, been
applied to the whole data signal returned by the TSA. It is, therefore, less likely to find correlations that
occur within short segments of the signal. The turbulence can, for example, be anisotropic for a part of
the signal which is dampened out in the Pearson correlation by taking the whole signal. Correlations
for shorter signals were not calculated since a comparison of the PSDs to the Von Kármán spectrum
will be made as well.

(a) Relation of u′v′. (b) Relation of u′w′.

Figure 6.5: Relations of velocity fluctuations at x/c = 0 and midspan for the numerical cases. The circle is plotted as a
reference representing isotropic behaviour for which the Pearson correlation goes to zero.

Table 6.2: Pearson correlation and p-values for the numerical cases. Correlation and p-value are shown for u′
v
′ and u

′
w

′ .

Case Pearson correlation
u

′
v

′ [-]
p-value
u

′
v

′ [-]
Pearson correlation
u

′
w

′ [-]
p-value
u

′
w

′ [-]
C1 1.67E-02 8.11E-02 4.85E-02 4.39E-07
C2 1.96E-02 2.42E-02 1.77E-02 4.23E-02
C3 6.37E-02 2.03E-06 -3.47E-02 9.65E-03
C4 -3.74E-02 5.79E-08 -2.16E-02 1.76E-03

The mean decidecade band power density and several other parameters for the numerical cases are
plotted in Figure 6.6. The uncertainty is estimated based on Equation 4.11. Several observations can
be made. First, cases C2 and C3 show big fluctuations for 10 < f < 70 Hz. Additionally, case C3
shows no data for 10 < f < 16 Hz. These effects are both induced by the rather short time signal used
to calculate the PSD and mean decidecade band power density. This is in line with the outcome of the
TSA as seen in Figure 6.2, where case C3 has a much shorter accepted signal resulting in the absence
of data for low frequencies in Figure 6.6. Although undesired, it does not influence the analysis of this
work since the high-frequency range is of interest.
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Second, all cases show increasingly poorer overlap with the Von Kármán spectrum for increasing turbu-
lence intensity. All cases show reasonable overlap with the Von Kármán spectrum for 60 < f < 200 Hz.
For f > 200 Hz the overlap becomes progressively worse for increasing turbulence intensity. This is
indicative of increased anisotropic turbulence, which is supported by the statements made previously.
It should, however, be noted that the Von Kármán spectrum is heavily dependent on its inputs. Both
the velocity and RMS of the fluctuations are well defined at x/c = 0, but the integral length scale is
known to be problematic. That is why a comparison to the f−5/3 power law is also valuable. All four
cases show similar slopes compared to the visualised power law for 250 < f < 1300 Hz, indicating that
all four cases show similar levels of isotropy.

Finally, the estimated mesh cut-off frequency is similar for cases C1, C2 and C3. Case C4, however,
loses energy about 300 Hz before the estimated mesh cut-off. The lower turbulence intensity should
(partially) induce this effect, but the difference between cases C4-C3 is much more than between cases
C3-C2, while the drop in turbulence intensity is similar. There is likely another effect which forces case
C4 to dissipate energy faster, or that causes less energy to be put into the system over the whole
frequency range in general. The latter is more likely since it was readily proven in Section 5.1 that the
high-frequency decay for case C2 is accurate compared to experimental values. All other cases (C1,
C3 and C4) show, apart from the energy levels, similar decay behaviour, making it more likely that too
little energy is resolved by case C4. More arguments for this hypothesis will be given later on.

Figure 6.6: Mean decidecade band power density, Von Kármán (vK, see Equation 3.3) and uncertainty bands of the
streamwise velocity component at x/c = 0 and midspan for the numerical cases.

Figure 6.7 shows the integral length scale over the domain at midspan for the four numerical cases.
Only the fitting method, as explained in Section 4.3, is included. This method has readily proven useful
by removing the highly fluctuating behaviour of the length scale while still predicting the integral length
scale accurately (although slightly conservative). The zero-crossing method showed similar results for
cases C1, C3 and C4. Case C2 showed bigger deviations, which has readily been adressed in the
previous chapter. From Figure 6.7, one can observe a coupling between the turbulence intensity and
the integral length scale. Close after the ITG the turbulence is not yet homogeneous, rendering the
length scale results unrealistic. The large integral length scales in front of the ITG are also unrealistic
since no turbulence has yet been introduced. The autocorrelation of such a signal will always be cor-
related for a long time since there are no distortions. Only from x/c > −0.5 is the turbulence (close
to) homogeneous for all cases. From there, one can observe an increase of the integral length scale
for increasing turbulence intensity. The zero-crossing method confirms these results. It was desired to
decouple the two as explained in Section 2.2. However, since Section 5.1 showed that more accurate
control over the length scale is not feasible, corrections should be applied to acoustic data to determine
the effect of the integral length scale on the generated sound.



6.3. Inflow turbulence with the foil 50

Figure 6.7 shows that cases C1, C2 and C3 rapidly decay after the ITG while further in the domain
the integral length scale increases. Case C4 contradicts this by decaying less rapidly close to the
ITG. It also does not increase throughout the domain, which all other cases do. This could be (one
of) the reasons why the spectrum in Figure 6.6 shows lower energy levels for that case. The integral
length scale at x/c = 0 for case C4 is approximately 22 mm. Assuming that eight cells are needed for
accurately resolving the length scale, a maximum cell size of 2.75 mm would be required. The average
cell size between the ITG and the intended leading edge is approximately two millimetres. Even though
the integral length scale can thus be resolved, it could still mean that the solver switches to modelling
the turbulence rather than resolving it for slightly smaller length scales. This aligns with the modelled
stress depletion, as introduced in Section 3.1.2, which is known to affect IDDES. This switch induces
less energy being put into the system. The low integral length scale can thus negatively affect the
energy levels captured by the solver. No attempt was made to solve the problem since it is a direct
effect of the lower turbulence intensity, showing a potential pitfall to the use of the current setup.

Figure 6.7: Integral length scale over the domain at midspan for the numerical cases. Only results from the fitting procedure
are visualised.

To conclude, four numerical cases with varying turbulence intensity have been introduced. The tur-
bulence intensity, and hence fluctuations, show realistic behaviour when moving from the ITG to the
leading edge. Unrealistic behaviour of the integral length scale due to inhomogeneous turbulence
is found close to the ITG. The lowest turbulence intensity case generates integral length scales for
which the solver likely switches from resolving to modelling these, thereby losing energy as input to
the spectrum. Spectra show realistic decay behaviour for higher frequencies, whereas data for the
low-frequency range is not trustworthy due to the limited signal duration. The next section will discuss
the inflow turbulence for the different cases when the foil is present.

6.3. Inflow turbulence with the foil
Figure 6.8 shows a render of the four simulations with the foil present. Similar to those shown before,
one can clearly observe a link between the nondimensionalized vorticity and the decay with the turbu-
lence intensity.

Analysis of the inflow turbulence with the foil present is conducted similarly as was done for the
validation case. Again, all data is normalised unless stated otherwise. The normalisation point is
taken at x/rLE = −47, which was proven to be the first point where the normalised velocity reached
a plateau as seen from the leading edge, see Section 5.2. Figure 6.9 presents the normalised local
mean streamwise velocity over the domain. All four cases show excellent overlap when approaching
the leading edge. Only a slight difference is visible in Figure 6.9b. That difference is likely induced by
the normalisation procedure, which takes a value depending on each case. The slight difference of u∞
at x/rLE = −47 likely induces the minor difference seen in Figure 6.9b.
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(a) C1: TI=13.5%.

(b) C2: TI=11.4%.

(c) C3: TI=7.6%.

(d) C4: TI=4.1%.

Figure 6.8: Instantaneous spanwise vorticity as a visualisation of the four numerical cases with different turbulence intensities.
The slice is taken at midspan of the foil.



6.3. Inflow turbulence with the foil 52

(a) Normalisation taken at x
rLE

= −47. (b) Detailed view of (a), normalisation taken at x
rLE

= −47.

Figure 6.9: Normalised mean local streamwise velocity over the domain for the numerical cases. The y-axis is normalised by
the streamwise velocity at the specified location in the sub-caption.

The results for the normalisation of the RMS of the streamwise velocity fluctuations and a detailed view
close to the leading edge can be seen in Figures 6.10a and 6.10b, respectively. Normalisation is taken
at the same position as the velocity normalisation to make a fair comparison between results. It can be
observed that there is little to no overlap between the four cases, apart from really close to the leading
edge. Cases C2 and C3 correspond well, whereas cases C1 and C4 deviate much more. Case C1
seems to feel the presence of the foil much earlier, which makes sense since it has much more energy
contained in its eddies approaching the leading edge. The exact opposite reasoning also holds as to
why case C4 can advect closer to the leading edge before being influenced by the foil. This hypothesis
is in line with the integral length scale as presented in Figure 6.7. Cases C2 and C3 have similar length
scales at x/c = 0 and, therefore, show similar decays for the RMS. Case C1 has a much bigger length
scale, which will ‘hit’ the leading edge from further upstream, thereby losing its energy earlier. Case
C4 has a smaller length scale and can thus advect closer to the leading edge before it must also lose
its energy.

It should, however, be noted that the experimental data from Figure 5.8a does not confirm this
hypothesis. The rod-generated turbulence has, compared to grid-generated, bigger integral length
scales and higher (streamwise) velocity fluctuations. Nonetheless, the decay behaviour of the stream-
wise RMS of the velocity fluctuations is the same for both cases while the current hypothesis predicts
that the rod-generated turbulence should decay earlier.

(a) Normalisation taken at x
rLE

= −47. (b) Detailed view of (a), normalisation taken at x
rLE

= −47.

Figure 6.10: Normalised root-mean-square velocity fluctuations over the domain for the numerical cases. The y-axis is
normalised by the value at the specified location in the sub-caption.
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Since the previous line of reasoning does not seem to (solely) hold, two other effects must also be
discussed. It has already been determined that for case C4 the turbulence might not be sufficiently
resolved. The poor resolution of the turbulence could be why less energy is put into that solution. This
could also affect the decay of the RMS, such that a lower energy content can move closer to the leading
edge. It is hard, if not impossible, to separate this effect from the effect previously introduced (assuming
that it is present). These two reasons could explain why case C4 can move much closer to the leading
edge before decaying.

Second, the faster decay of case C1 might be due to the natural decay of the turbulence intensity in
the domain. Figure 6.11 presents the turbulence intensity based on the inflow speed for three different
probes:

• Probe 1 is located on the stagnation line midspan of the foil. Its data points are exponentially
divided such that the distance between them decreases when moving closer to the leading edge.
It allows for data analysis close to the leading edge;

• Probe 2 is located on the stagnation line midspan of the foil. Its data points are linearly spread
such that the distance between them is equal. It does not allow for data analysis close to the
leading edge but is meant for data analyses in the bulk of the flow between the ITG and the foil;

• Probe 3 is located above the foil (y/tmax = 6.67) at midspan. Its data points are linearly spread
such that the distance between them is equal and the same as Probe 2. It allows for data analysis
in the freestream behind the ITG so that it does not feel the influence of the airfoil.

It becomes clear that for case C1 the turbulence is still rapidly decaying for probes 1 and 2, whereas this
effect is less for cases C2, C3 and C4. This natural decay will influence the normalisation of Figure 6.10.
To conclude the analysis of Figure 6.10, three combined effects play a part in the decay behaviour when
approaching the leading edge: the poor resolution of the turbulence for the smaller length scale (case
C4); the difference in integral length scale for all four cases; and the natural decay of the turbulence
intensity (case C1). The overall decay behaviour for the three cases looks good in combination with
these three effects and therefore no effort is made to separate or quantify these effects or to improve
the results.

Two more observations can be made based on Figure 6.11. First, there is a difference between the
turbulence intensity on the stagnation line (Probes 1 and 2) and above the foil in the freestream (Probe
3). This difference becomes larger for increased turbulence intensity. This is a logical effect based
on how the ITG has been defined. Body forces are uniformly prescribed on the ITG grid. Turbulence
generated from the centre of the grid has less space to decay energy to. Turbulence generated near
the top/bottom edge of the ITG can distribute its energy into the freestream where no turbulence is gen-
erated. Furthermore, the turbulence near the stagnation line is going to interact more with one another
than that near the edge of the ITG. These two effects will play a bigger effect for higher turbulence
intensities explaining the differences between the cases.

Second, the turbulence intensity levels on the stagnation line (Probes 1 and 2) do not match well with
the turbulence intensity levels in the empty domain, as seen in Figure 6.3b. Again, the results match
less for higher turbulence intensity cases. This is a direct consequence of the two runs performed on
different meshes. The cases without the foil have been performed on a finer mesh. The validation still
holds for the no-foil and foil cases since those have been performed separately. The main importance
is that any acoustic evaluation based on turbulence intensity should be performed with the turbulence
intensity taken from Figure 6.11.
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Figure 6.11: Turbulence intensity over the domain at midspan for the numerical cases. Probes 1 ( ), 2 ( ), and 3 ( )
have been defined in the text.

The final part of the turbulence evaluation for the four cases is to look at the integral length scale when
approaching the leading edge. Figure 6.12a shows the integral length scale from the fitting method
normalised at x/rLE = −20. Reasons for these choices have readily been presented in Section 5.2.
For x/rLE < −20 cases C2, C3 and C4 show similar tendencies. Case C1, however, substantially
deviates. Closer to the leading edge, x/rLE > −20, the four cases do show similarities, although
levels do deviate. What stands out most is that case C2 decays slower than case C3, although the
integral length scale upstream is bigger for case C2, see Figure 6.12b. This contradicts the reasoning
given earlier in this section, which stated that the RMS of the streamwise velocity fluctuation decays
faster for larger length scales.

Forging conclusions from the normalised values is difficult since there is also the natural behaviour
of the integral length scale throughout the domain. It is, therefore, also useful to look at the values which
have not been normalised, see Figure 6.12b. It again becomes clear that there is a coupling between
the integral length scale and turbulence intensity, although no clear formulation for this relationship can
be made based on Figure 6.12b. Furthermore, cases C2, C3 and C4 show realistic behaviour when
approaching the leading edge and further upstream. Case C1, however, presents strange behaviour
when moving further upstream. This also explains the difference in normalisation that was readily
found. It is possible that the decay of case C1 for x/rLE < −20 is due to the interaction with the
foil but the current results cannot confirm nor deny that hypothesis. Since more accurate control over
the integral length scale is not possible, see Section 5.1, the results are left as are. Similar to the
turbulence intensity, the integral length scale might differ due to the difference in meshes. Therefore,
any evaluation of acoustic data will be performed with the integral length scale from Figure 6.12b.

(a) Normalisation taken at x
rLE

= −20. (b) No normalisation to the data is applied.

Figure 6.12: ntegral length scale over the domain at midspan for the numerical cases. Only data from the fitting method is
presented. For (a) the y-axis is normalised by the value at the specified location in the sub-caption.
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6.4. Coherence and pressure
In Section 5.3 the scaling for the limited span was investigated. It was concluded that an acoustic
correction for case C2 can only be applied if the coherence length remains smaller than the span of
the simulation. Even though a correction does not have to be applied for the numerical cases to be
compared, it is desired to remove the low-frequency range for which it is known that Lγ > dsim. This
lower frequency range is likely interfering with the boundary conditions due to its large coherence length.
To make the comparison between cases fair, a singular lower bound for all cases is preferred. It was
readily proven for case C2 that a lower bound of 400 Hz is achievable. For this to be true for the other
cases, it was required that for all simulations the following requirement holds Lγ(flow = 400 Hz) <
dsim at x/c = 0.5.

Figure 6.13 shows the coherence at x/c = 0.5 for the four different cases. It becomes clear that the
coherence front reclines when going to lower turbulence intensities. Cases C2, C3 and C4 all show
acceptable coherence levels for flow = 400 Hz. Case C1, however, is on the verge of being in the
increased coherence front. Figure 6.14 shows the coherence for that case at x/c = 0.05, i.e. much
closer to the leading edge of the foil. Here the lower frequency bound is sufficiently high to be outside
the coherence front. Note that the FW-H surface is defined until x/c = 0.2, such that the true lower
bound should be chosen between Figures 6.14 and 6.13a. It is expected that this will result in the
coherence front having moved sufficiently, such that the lower bound flow = 400 Hz is acceptable. The
lower bound will, therefore, be kept at flow = 400 Hz for all four numerical cases.

(a) Case C1: TI=13.5%. (b) Case C2: TI=11.4%.

(c) Case C3: TI=7.6%. (d) Case C4: TI=4.1%.

Figure 6.13: Spanwise coherence at x/c = 0.5 for the numerical cases. The reference for each coherence
calculation is taken at midspan (z/d 1

2
= 0) and the y-axis is made non-dimensional by the half span (d 1

2
). The

black contour line represents γpi,pi = 0.5.
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Figure 6.14: Spanwise coherence at x/c = 0.05 for the numerical case C1: TI=13.5%. The reference for the coherence
calculation is taken at midspan (z/d 1

2
= 0) and the y-axis is made non-dimensional by the half span (d 1

2
). The black contour

line represents γpi,pi = 0.5.

Besides the lower integration bound, the size of the solid FW-H data surface is also kept constant, i.e.
up to x/c = 0.2. Figure 6.15 shows the RMS of the wall pressure at midspan over the foil. Several
observations can be made. First, the used definition of the FW-H surfaces captures the ‘effect’ of
the leading edge for all cases well. Only case C1 has not levelled out entirely. On the other hand,
cases C3 and C4 level out much earlier towards the leading edge. Both observations could result in
different definitions of the FW-H surface. The best way to overcome this problem, readily introduced
in Section 5.3, is to divide the FW-H surface into strips. The far-field noise of each strip can then be
calculated and the ‘effect’ on the total far-field noise can be determined. This will remove the impact of
the user-defined choice for the FW-H surface, assuming that the strip furthest downstream is chosen
such that the RMS of the wall pressure has levelled out for all of the cases. This adaption was not
possible within the current work. To keep the comparison between cases as fair as possible, it was
decided to retain the FW-H surface until x/c = 0.2 throughout the remainder of this work.

(a) Full chord. (b) Detailed view of (a) showing data closer to the leading edge.

Figure 6.15: Root-mean-square of the wall pressure over the foil at midspan for the numerical cases.

From Figure 6.15, it also becomes clear that there is a relation between the turbulence intensity and the
wall pressure. An increase in turbulence intensity leads to an increase in wall pressure (fluctuations).
There does, however, not seem to be a clear parameter for which this relation scales. The spectra
of the wall pressure fluctuations could explain the difference. Figure 6.16 shows the spectra for the
four cases at two locations along the foil. The difference between cases C1, C2 and C3 are in line
with the difference in turbulence intensity of those cases for f > 100 Hz, as shown in Figure 6.16a.
However, for f < 100 Hz the difference between those three cases no longer seems straightforward.
Cases C1 and C2 show similar energy levels, whereas case C3 significantly lacks energy. The energy
for lower frequency is likely overestimated for cases C1 and C2. The latter also became apparent
by comparison with experimental results, as done in Section 5.3. This overestimation of energy also
leads to increased levels of the wall pressure RMS. It was readily shown that the coherence increases
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when moving along the chord of the foil. For the line of reasoning to hold, it is expected that the wall
pressure difference between the four cases also increases. Figure 6.16b indeed shows this. Case C4
has dropped the most for f < 100 Hz, whereas the other cases show a lesser energy drop. This is
similar to the coherence levels which, further down the foil, are lower for the C4. This emphasises why
a choice for the lower bound of acoustic data integration is needed.

In Figure 6.16b it also becomes clear that the overall energy level for case C4 is much lower, even for
f > 100 Hz. This was readily attributed to the poor resolution of the turbulence for this case. It is likely,
based on the pressure on the foil, that the acoustics will, therefore, also be significantly underpredicted.

(a) x/c = 0.0035. (b) x/c = 0.05.

Figure 6.16: Mean decidecade band power density of the wall pressure fluctuations at midspan for different chordwise
positions for the numerical cases.

6.5. Far-field acoustics
At last, the acoustic results can be evaluated. Figure 6.17 shows the far-field noise spectra for the four
numerical cases for receivers at θ = 90, 180 degrees. Note that the y-axis have different limits for the
two figures. Several observations can bemade, most of which have readily become clear from previous
results. For θ = 90 degrees and f < 2000 Hz, cases C1, C2 and C3 show similar differences and decay
behaviour. Case C4 shows far-field energy levels much lower than expected, which is in line with results
previously shown. This also holds for θ = 180 degrees. For f > 2000 Hz cases C1, C3 and C4 all
level out, whereas case C2 keeps decaying further (before levelling out). It is likely that the mesh is not
able to resolve the turbulence for these higher frequencies, i.e. the estimated mesh cut-off frequency is
much lower. This highlights the importance of having an upper boundary for integration of the spectra
such that numerical noise is removed from the SPL levels. The lower bound for integration was readily
validated in the previous section. The upper bound, as determined in Section 5.4, of fhigh = 2000
Hz is acceptable for integration of all cases. Only case C4 shows slight undesirable levels near that
frequency. The energy levels are, however, much smaller for those frequencies (SPL < 0 dB), such
that integration of that portion of the signal does not influence the results. All other receiver angles
showed spectra with shapes and levels in between Figures 6.17a and 6.17b.

It is also valuable to compare the two different receiver locations. Two things stand out. First,
the shape of the spectra differs substantially. For θ = 180 degrees the spectra lose energy for lower
frequencies. This is in line with the theory as presented in Section 2.2 and Figure 2.2, which stated
that bigger length scales (lower frequencies) direct sound less efficiently in that direction. Second, the
differences between the cases in Figure 6.17b is much more than in Figure 6.17a. Additionally, case
C1 only loses about 10 dB, whereas case C4 loses 20 to 30 dB when moving from 90 to 180 degrees.
This contradicts the statement made about the dipole directivity. It becomes clear from the data that the
increase of turbulence intensity, by which energy is added to higher frequencies as well, dominates over
the decrease in integral length scale. In other words, cases C1, C2 and C3 drop less when moving from
90 to 180 degrees due to the increase in turbulence intensity. This aligns with the statements made
about case C4, which showed lower energy levels. Directional plots will, therefore, be biased towards
the dipole directivity for integration between 400 Hz and 2000 Hz, irrespective of the length scale.
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(a) θ = 90 degrees. (b) θ = 180 degrees.

Figure 6.17: Power spectral density of the far-field noise for the numerical cases at two different receiver locations. Numerical
cases are corrected for limited span.

Figure 6.18 shows such a polar plot of the SPL. Differences in levels are in line with the results readily
presented. The key takeaway should, again, be the much faster increase in SPL for receiver angles
that are more on the stagnation line, i.e. θ ≈ 0 degrees and θ ≈ 180 degrees. It should, however, be
noted that the choice of radial axis (dB) significantly influences the data representation in a polar plot.
It is, therefore, better to present the data in a different format.

Figure 6.18: Sound pressure level for different receivers for the numerical cases. fl and fh signify the lower and upper bound
for the SPL integration, respectively.

Figure 6.19 shows the sound pressure level for different receiver angles against the turbulence inten-
sity for the different numerical cases. The SPL values have been retrieved by integrating the mean
decidecade band power density, as explained in Section 4.5.2. The turbulence intensity for the four
numerical cases is taken from Probe 1 of Figure 6.11 at x/c = −0.2. This point represents the first point
upstream of the foil where the foil has not influenced the flow yet, such that this is ‘the true’ turbulence
intensity that the foil experiences. This is confirmed by Figure 6.9a, which shows that the mean local
streamwise velocity has barely started to decay at x/c = −0.2 → x/rLE ≈ −30. The Amiet curves
represent the predicted increase of SPL for an increase of urms. Equation 3.1 readily showed that the
power spectral density of the far-field pressure fluctuations increases quadratically for a linear increase
of velocity fluctuations, i.e. Gpp ∝ u2rms. Under the assumption that the turbulence intensity is not a
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function of the velocity, this can be rewritten to Gpp ∝ TI2. This was readily confirmed by Figures 6.4
and 6.9. Plotting such a relation on a log-log scale, as done in Figure 6.19, leads to a linear relation
since log(ab) = b · log(a). The starting points for the Amiet scaling are arbitrarily chosen and do not
represent an actual outcome of the Amiet theory.

Fits through the data are only performed for cases C1, C2 and C3 since it was readily proven that
case C4 contains errors induced by the solver. Fitting is performed using the curve-fit procedure from
the scipy.optimize library in Python. The baseline curve to fit was chosen as

SPL(TI) = a+ 10 · log10(TIb), (6.1)

where a and b are coefficients determined by the fitting procedure. For clarity, data is only presented
for the quadrant 0 ≤ θ ≤ 90 degrees. Similar results are, however, found for all three other quadrants.

From Figure 6.19, several observations can be made. First, it becomes clear that all receivers on a log-
log plot show a linear increase of SPL for a linear increase of TI. This is readily what Amiet predicted
as well. The efficiency, or slope, at which the increase happens is, however, heavily dependent on
the receiver angle. A receiver at θ = 90 degrees does see an increase of SPL, but only limited. On
the other hand, a receiver at θ = 0 degrees sees a much steeper increase of the SPL for the same
increase of TI. Table 6.3 presents the coefficients of the fits. These coefficients represent the value b in
Equation 6.1, thereby representing the relation SPL = f(TIb). Note that the coefficient as predicted by
Amiet, independent of the receiver angle, is b = 2. It can be concluded that the scaling, as introduced
by Amiet, is accurate for receiver angles closer to 90 degrees. The theory loses its usefulness for
receiver angles closer to the stagnation line. This aligns with Amiet’s assumption that the airfoil is a
plate of negligible thickness, thereby losing any interaction effect of the foil. These interaction effects
dominate for receiver angles on the stagnation line.

An uncertainty estimate of the numerical cases can quantify how accurate Amiet is. The uncertainty
interval is calculated based on Equation 4.11, which, integrated over the frequency, will give a total
uncertainty in decibels. The uncertainty for the numerical cases is 5.6 dB, meaning that the scaling as
introduced by Amiet is accurate within 5.6 dB for receiver angles close to 90 degrees.

Figure 6.19: Sound pressure level (SPL) against turbulence intensity (TI) at different receiver angles for the numerical cases.
The Amiet curve depicts the increase of SPL for a linear increase of TI. Dashed lines represent fits through the data points;
hollow data points are excluded from the fits. fl and fh signify the lower and upper bound for the SPL integration, respectively.

Table 6.3: Fitting coefficients and coefficient of determination R2 for different receiver angles.

Receiver angle θ [degrees] 0 10 20 30 40 50 60 70 80 90
Slope, fitting parameter b [-] 6.26 3.53 2.66 2.38 2.26 2.20 2.17 2.15 2.14 2.14
R2[−] 1.000 0.984 0.991 0.996 0.998 0.999 0.999 1.000 1.000 1.000
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The excellent fits in Figure 6.19 already indicate that the turbulence intensity is the dominant factor in
the leading edge radiated noise. The coefficients of determination in Table 6.3 support the accuracy of
these fits and this statement. To prove that the turbulence intensity is indeed dominant, an attempt is
made to remove its effect. The reason for this is that several other variablesmight also affect the far-field
radiated noise. One of these is the integral length scale, which is linked to the turbulence intensity as
was readily proven in Sections 6.2 and 6.3. Such a confound [93, p. 119] can indirectly also influence
the sound pressure level. Figure 6.20 gives an overview of different confounds that might influence
the far-field noise. One can see the relationship between the integral length scale and the turbulence
intensity, which might have an indirect effect on the SPL. The other way around may also be true, but
results from this work cannot prove that statement. Figure 6.20 also highlights the dependence of the
turbulence intensity and integral length scale on the mean local velocity. This should not be surprising
as both relations were readily indicated by Equations 2.4 and 2.7. Additionally Equations 3.1 and 3.4
show that the flow speed also has an effect on the far-field radiated noise. Figures 6.4 and 6.9, however,
showed that the difference in local mean speed is less than two percent at the (intended) leading edge.
The confound mean speed is, therefore, not of importance. The variable denoted by Q resembles any
other parameters (such as density, temperature, angle of attack, etc.) that have not been investigated
in this research and, hence, remain constant. These should not affect the outcomes of the procedure.

Figure 6.20: Relations between variables and their influence on the sound pressure level (SPL). Lines indicate a proven effect
( ) and a possible effect ( ). Q indicates all (constant) variables outside of this works scope.

McElreath [93, p. 119–164] proposes several methods to determine the effect of confounds. One is
to fix the confound (integral length scale), which was proven unsuccessful with the current setup. The
other is to perform a multivariate regression. Since the turbulence intensity and integral length scale
are the only variables that can influence the far-field noise (see Figure 6.20), it is sufficient to prove that
a change in SPL can be attributed to a change in turbulence intensity. This can be done by removing
the effect of the turbulence intensity and showing that the results do not change for a change in the
integral length scale. If so, the turbulence intensity is the only contributing factor to the SPL (at least in
the range of values evaluated in this work).

To do so, a scaling similar to Equation 6.1 is applied. The scaling assumes case C2 as the baseline
and scales all other cases based on the difference in turbulence intensity, which for equal velocities is
the same as scaling for the difference in urms. Data is thus scaled by

SPLcorrected = SPLsim + 10 · log10

((
TIC2

TICi

)b
)
, (6.2)

with i = 1, 2, 3, 4 representing the numerical cases and b the fitting coefficient from Table 6.3. This
correction thus scales case C2 by zero decibels, gives case C1 a negative scaling and cases C3 and
C4 a positive scaling. The scaled results, now plotted against the integral length scale Λf , can be
seen in Figure 6.21. The integral length scale for the numerical cases is taken from Figure 6.12b at the
same position where the turbulence intensity was taken, i.e. x/c = −0.2 → x/rLE ≈ −30. This was, of
course, kept constant to allow for a fair interpretation of the results.

Cases C1, C2 and C3 and associated fits indeed indicate that for all receiver angles, the turbulence
intensity is the dominant parameter for the SPL. If not, a trend should have been visible for the far-field
noise as a function of the integral length scale. The range of integral length scales within this work (30
to 65 mm) does not seem to affect the far-field noise radiated from the leading edge of an airfoil.
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It is, however, now valuable to also evaluate case C4. It has often been stated that the poor resolution
of the turbulence for case C4 should also impact the far-field noise by underpredicting it. Figure 6.21
shows that the SPL is indeed underpredicted for most receiver angles. On the other hand, for θ = 0, 10
degrees, the SPL is overestimated compared to the fits at those angles. This contradicts the previously
made statement, but it is in line with the theory as presented in Section 2.2 and Figure 2.2. There it was
explained that smaller integral length scales (hence higher frequencies) are more efficient in radiating
sound in the direction of the stagnation line. This might dominate for observers on the stagnation line
over the poorer resolution of turbulence by which less energy is put into the system. This could explain
the overestimation for θ = 0, 10 degrees, but it is impossible to say this for certain with the current range
of integral length scales tested. It is, therefore, recommended for future work to put more effort into the
separation of the turbulence intensity and integral length scale to accurately quantify the effects of both
on the far-field radiated noise. The current setup only allows for accurate analysis of the turbulence
intensity, as was done before. Additionally, future work should put effort into more accurate resolution
of smaller length scales by adapting finer meshes. Based on the results presented in this section, the
conclusion about the turbulence intensity being the dominant factor on the sound pressure level still
holds.

Figure 6.21: Sound pressure level (SPL) against the integral length scale (Λf ) at different receiver angles for the numerical
cases. Dashed lines represent fits through the data points; hollow data points are excluded from the fits. fl and fh signify the

lower and upper bound for the SPL integration, respectively.



7
Conclusion

In this work, an attempt was made to address the research gap regarding airfoil leading edge radiated
noise for varying inflow turbulence. To do so, a numerical framework within ReFRESCO was proposed
to simulate the interaction between freestream turbulence and the leading edge of a NACA0008 airfoil.
Turbulence was generated with a synthetic inflow turbulence generator (ITG). Turbulence was mod-
elled using the improved delayed detached eddy simulations (IDDES) framework employing the k − ω
model. This resulted in the solver switching between the large eddy simulations (LES) method in the
bulk of the flow, to the Reynolds-averaged Navier-Stokes (RANS) method in the boundary layer of the
foil. The Ffowcs Williams-Hawkings (FW-H) acoustic analogy with a solid data surface was used to
predict far-field noise.

The application of body forces to the flow by the synthetic ITG proved to be computationally cheap
and showed no adverse effects on requirements set for generated turbulence. The downside to this
method is the inherent coupling of the integral length scale to the applied body forces and, hence, tur-
bulence intensity. A study on the input parameters showed little to no control over the integral length
scale. This should be improved by modifying the ITG such that integral length scales are not prescribed
via body forces.

A new fitting procedure to the autocorrelation of the velocity fluctuations was proposed to calculate
the integral length scale in the flow direction. The fitting procedure was validated by computing the
integral length scale for experimental data. The fitting procedure can accurately predict the integral
length scale by a maximum error of six percent. Numerical results of the fitting procedure show more
deviation from other methods due to the much shorter duration of time signals within the simulation.

Inflow turbulence, as generated by the ITG, was validated by measurement data both with and with-
out the foil present. Turbulence in the empty domain agrees reasonably well with experimental data
regarding velocity fluctuations, turbulence intensity and energy spectra. The latter shows a maximum
difference of five decibels when compared to the experimental spectra. A difference in the integral
length scale is observed at the intended leading edge. This was deemed acceptable since more accu-
rate control was impossible with the current setup.

Inflow turbulence with the foil shows excellent overlap between numerical and experimental data
regarding mean velocity, velocity fluctuations and integral length scale when approaching the leading
edge. Coherence and pressure data are used to determine the data surface for the FW-H computation
and to set a lower frequency bound for acoustic data integration at 400 Hz. Coherence data shows
an increase in coherence length when moving along the chord. Close to the leading edge, the surface
pressure spectrum aligns well with experimental data for frequencies above 90 Hz, whereas lower fre-
quencies are substantially overestimated. Moving along the chord results in an overestimation of the
wall pressure spectra across the whole frequency range. The lower frequency bound partially resolves
this problem, but acoustics data is also overestimated. Sound pressure levels from the FW-H analogy
indeed show increased noise levels when compared to experiments. A good agreement of the far-field
noise decay is found for frequencies between 400 and 2000 Hz, which is much higher than what is
supposedly supported by the mesh.
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Tuning of the turbulence intensity cases was done in the empty domain until desirable values were
achieved. Turbulence intensity, with the foil present, varies between 4 % and 16 %. Results show an
increase in integral length scale for increased turbulence intensity, as well as less isotropic turbulence.
Since more accurate control over the length scale with the current setup was impossible, scaling of
the acoustic data is applied. Velocity spectra show that the turbulence for the lowest turbulence inten-
sity case is poorly resolved, leading to lower energy levels than expected. This is a direct result of the
lower integral length scale in combination with the mesh. Turbulence parameters approaching the lead-
ing edge are, apart from the mean velocity, strongly dependent on the natural behaviour through the
domain. Coherence and pressure data show favourable outcomes regarding the set lower frequency
bound and the FW-H surface.

Sound pressure levels (SPL) from the FW-H analogy increase less rapidly for receivers above the
foil (θ = 90 degrees). In contrast, receivers down- (θ = 0 degrees) and upstream (θ = 180 degrees)
of the foil experience a much steeper increase in SPL. A log-log plot of the SPL against turbulence
intensity (TI) confirms this statement. Amiet proposed a scaling for the SPL based on the turbulence
intensity of SPL = f(TI2), independent of the receiver angle. Numerical results of SPL show a similar
scaling to Amiet, namely SPL = f(TIb) with 2.66 ≤ b ≤ 2.14 for 20 ≤ θ ≤ 90 degrees with a numerical
uncertainty of approximately five decibels. The Amiet framework loses accuracy for observers up- and
downstream of the foil (θ ≈ 180, 0 degrees), for which numerical results predict the SPL to scale with TI
to the power of six, i.e. b ≈ 6. Scaling of SPL levels to remove turbulent intensity effects is performed.
Results show that the researched integral length scale range does not affect the far-field radiated noise.
This confirms that the change in turbulence intensity between 4 % and 16 % dominates over a change
in the integral length scale from 30 mm to 65 mm.



8
Recommendations

This chapter provides several recommendations for work that can be performed based on the results
presented in this report:

• Analysis of different foil geometries: It has been proven that the scaling for the turbulence
intensity on far-field noise aligns with that predicted by Amiet. Only for receiver angles closer to
the stagnation line does the scaling change rapidly. It would be most interesting for further works
to investigate if the scaling from this work also applies to other foil geometries. If so, it significantly
increases the robustness of such a scaling (in the initial design phase).

• FW-H strip analysis: It became clear that the correction applied to the acoustic data for the lim-
ited span is not only a function of the span and frequency but also of the coherence. Since the
coherence, and thus coherence length, increases over the chord of the foil, a correction should
be applied based on the chordwise position. The current setup, which used one solid FW-H data
surface, returns only one value to the far-field. In future work, it is proposed that the FW-H surface
be divided into equal strips along the chord. This allows for a correction to be applied at different
chordwise positions. Additionally, such a division in strips also allows for allocating far-field noise
sources to actual locations on the foil. This is likely a more accurate way to determine the actual
effect of the leading edge than taking the RMS of the wall pressure fluctuations.

• Improve artificial generation of turbulence (ITG): It became clear that the integral length scale
not only changed for a change in turbulence intensity but that all input parameters showed little
to no control over it. This is likely a consequence of the implemented method, which only allows
for the prescription of body forces. Further research should look into different turbulence gener-
ation approaches that can give the user more accurate control over the length scale. Ideally, an
approach is implemented in which the integral length scale can be separately altered.

• Improve low-frequency results: It became clear that low-frequency results are predominantly
influenced by the duration of the simulation and possibly the spanwise domain size, leading to
low frequencies results being inaccurate. Further work is proposed to make the computational
domain even wider and to let simulations run longer. Both should increase the reliability of the
results, especially at lower frequencies (assuming that validation sets for low-frequency sound
are available).

• Improve small length scale results: Results have shown that the energy of the lowest tur-
bulence intensity case was substantially lower than the other cases, while an equal spread in
turbulence intensity was realized. It is likely a consequence of the mesh together with the cho-
sen turbulence modelling approach (IDDES). To investigate smaller length scales (under the as-
sumption that a future ITG can generate those), a finer mesh or a different turbulence modelling
approach has to be selected.
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1 Introduction

Noise pollution from ships, wind turbines and aircraft has been known to negatively impact people and
wildlife. Even though noise control onboard ships has been strictly regulated, awareness has also been
raised for underwater radiated noise. It is the low-frequency broadband noise component, which can
travel over large distances, that is mostly relevant for marine wildlife, impacting their natural mating and
hunting behaviours. In the absence of cavitation such as for tidal turbines, naval vessels and submarines,
the low-frequency noise component is dominated by the interaction of the body with a turbulent inflow.
The inflow turbulence generates pressure fluctuations on and near the surface of the foil, thereby radiating
sound to the far-field. This turbulence-interaction phenomenon is not fully understood.

The framework by Amiet (1975) can be used to predict far-field turbulence-interaction noise for an
airfoil, which predicts that the far-field sound pressure level (S PL) is a function of the square of the
turbulence intensity (T I), i.e. S PL = f (T I2). Amiet’s framework, however, does not account for the
geometrical properties of the foil. This work presents the results of a numerical study to determine the
effect of the turbulence intensity on the far-field turbulence-interaction noise for a NACA0008 airfoil.
A comparison of the numerically predicted far-field noise to Amiet’s work is performed to evaluate
the accuracy of Amiet for different receiver angles. The Ffowcs Williams and Hawkings (1969) (FW-H)
acoustic analogy, which separates the generation and propagation of the sound, is adopted in this work
to predict the SPL. Validation of the inflow turbulence and generated sound are performed by comparing
one of the numerical cases to an experimental and numerical investigation for the same airfoil.

2 Methodology

2.1 Numerical method and turbulence generation
Numerical simulations are performed using the finite volume code ReFRESCO developed by MARIN in
collaboration with universities and other partners. It solves the unsteady, incompressible Navier-Stokes
and mass continuity equations using a finite-volume and time-implicit framework. ReFRESCO allows
the use of both structured and unstructured meshes as well as turbulence and cavitation models. Pressure-
velocity coupling based on the SIMPLE scheme is used, where at every timestep the non-linear system
is linearised using Picard’s method. The FW-H framework has been implemented as a run-time postpro-
cessing tool with a solid data surface aligning with the surface of the foil.

A scale-resolving simulation (SRS) framework is adapted, readily thoroughly validated in the work
by Lidtke et al. (2022). The change between resolving and modelling of the turbulence is made by the
improved delayed detached eddy simulations (IDDES) framework based on Gritskevich et al. (2012). It
employs the k − ω shear stress transport model, switching between LES and RANS based on the turbu-
lent length scale. A SRS approach is preferred due to its accuracy in the bulk of the flow (LES) and low
computational time near the foil (RANS), which is sufficient for the current work.

All simulations are run with a fixed time step of ∆t = 3.55 × 10−5 s, or based on the chord and set
inflow speed ∆t∗ = ∆t · Uin f /c = 3 × 10−3. Simulations with a bigger timestep showed unsatisfactory
results regarding the turbulence resolution and the Courant number, which remains lower than 15 for the
current timestep with high values only sporadically found near the foil.
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Turbulence is generated at the inflow turbulence generator (ITG) using a synthetic generation method
based on the work of Kim et al. (2013) and implemented in ReFRESCO by Klapwijk et al. (2020). At
each outer loop (timestep), body forces are applied at points (i) on a plane with its normal in the direction
of the flow. At each point, desired Reynolds stresses are converted to velocity fluctuations (u′i), which in
turn determine the body forces (Fb,i) according to

Fb,i =
ρui(ui + u′i − ui)

LITG
· b. (1)

Here, LITG is the thickness over which the body forces are spread in the flow direction, and b is the am-
plification factor used to assure faster convergence to the desired values. One can recognize the Reynolds
decomposition in the numerator of Eq. (1). In this case if the instantaneous velocity fluctuation (u′i) is
readily achieved at that point (ui−ui = −u′i) the body force term iterates towards zero, thereby improving
the convergence behaviour of the solver. This ensures low overhead within ReFRESCO.

2.2 Case description
Fig. 1 shows a side view of the numerical setup used. The coordinate system with x in the flow, y in
the vertical and z in the spanwise directions has its origin at the leading edge of the foil. The boundary
conditions of the sides are periodic to prevent interactions between them as much as possible, making
the total span d = 0.67c. Dampening boxes (DB) are placed upstream of the ITG and downstream of the
foil to prevent reflections from the inlet and outlet, respectively. Inflow turbulence is generated not over
the full height of the domain to prevent strong interactions with the top and bottom boundary conditions
and to save computational time. The acoustic receivers, for the FW-H computation, are placed at 1.5 m
in a circle around the airfoil at every two degrees with the array’s centre at midspan and half of the
chord, i.e. (x, y, z) = (0.5c, 0, 0). The angle defining the placement of the probes is θ with θ = 0 degrees
in the direction of the trailing edge. Table 1 presents a comprehensive overview of the inputs for the
four numerical cases investigated in this paper. These cases only differ in turbulence intensity; all other
inputs remain constant. A mesh resolution study has shown mesh convergence for the inflow turbulence,
wall pressure on the foil and far-field acoustics. Similar results are also found for a study in which the
spanwise domain size has been varied. For brevity, those results are not included in this paper. More
details, also about the setup, can be found in the work by Dekkers (2024).

Fig. 1: Side view of the numerical setup. All distances are visualised based on the chord of the
NACA0008 airfoil (c = 300 mm). The slice is taken at midspan of the foil.
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Table 1: Parameters of the four numerical turbulence intensity cases. Case C2 is used for validation.

Parameter Symbol Case 1 Case 2 Case 3 Case 4
Label figures N.A. C1: TI=13.5% C2: TI=11.4% C3: TI=7.6% C4: TI=4.1%
Foil type N.A. NACA0008
Foil chord [m] c 0.3
Foil span [m] d 0.2
Foil leading edge radius [mm] rLE 2.1
Turbulence intensity [%]
At x/c = 0 in empty domain

T I = urms/u 13.5 11.4 7.6 4.1

Inflow velocity [m/s] Uin f 25.26 (Rec ≈ 5.1 × 105)

3 Validation

Two separate sets of validation are performed. Validation of the inflow turbulence is performed to show
that the current setup can generate realistic homogeneous isotropic turbulence downstream of the ITG.
This was done in an empty domain (without the foil) to allow for more accurate tuning of the ITG.
Numerical results are compared to experimental results by Dos Santos et al. (2022), who applied grid-
generated turbulence. Fig 2a shows the turbulence intensity over the domain with a peak just after the
ITG. A clear decay after the ITG is visible, signifying the need for a development length for the turbu-
lence. From x/c = −0.5 onwards, there is a good agreement between numerical and experimental results,
signifying that the ITG has been accurately tuned so that the turbulence can develop to its intended state.

Fig. 2b shows the mean decidecade band power density1 of the streamwise velocity. Experimental
spectral levels and frequencies have been scaled based on the difference in inflow velocity, local velocity
fluctuations and local integral length scale. For f < 50 Hz the numerical spectrum is occasionally under-
predicted relative to the experimental spectrum. For 50 < f < 1400 Hz, an over-prediction of a maximum
of five decibels is observed. A similar slope of the numerical spectrum relative to the experimental spec-
trum and the power law with slope -5/3 is found in this frequency range. Both are indicative of isotropic
turbulence at this point in the flow. This aligns with the velocity fluctuations being equal for all three di-
rections. An under-prediction of the numerical spectrum relative to the experimental spectrum is observed
for f > 1400 Hz. This aligns with the estimated mesh cut-off frequency of fmesh =

0.6·Uin f
8·∆x ≈ 1100 Hz,

with ∆x the average cell size between the ITG and the foil. Generally, good agreement within +/- 5 dB is
found between the numerical and experimental spectra for 60 < f < 1400 Hz.

(a) Turbulence intensity at midspan in the direction of
flow.

(b) Mean decidecade band power density of the stream-
wise velocity at the intended leading edge and midspan.

Fig. 2: Numerical and experimental (Dos Santos et al. (2022)) results. Experimental data is scaled for (b)
due to a difference in inflow velocity, local velocity fluctuations and local integral length scale.

1This is a smoothing of the power spectral density (PSD) as calculated by the Scipy Welch algorithm in Python assuming a
50% overlap between the segment. Smoothing operations are performed using a one-third octave bandwidth top hat filter.
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Validation of the acoustics is performed based on experimental data by Dos Santos et al. (2023) and a
lattice-Boltzmann method (LBM) simulation by Ribeiro et al. (2023). Grid-generated data, such as that
of the turbulence in Fig. 2, is not available for far-field noise since the noise generated by the grid
itself was dominant over the foil turbulence-interaction noise. Only experimental data for rod-generated
turbulence is, therefore, used. Fig. 3 shows the noise spectra for a receiver at θ = 90 degrees. Data
outside the bounds indicated by 2 and 4 is to be disregarded since the wind tunnel background noise
dominates the signal outside these bounds. Any data around the rod-shedding frequency, indicated by 1, is
also irrelevant since the associated coherent turbulent structures are absent in the numerically-generated
isotropic turbulent flow. Experimental validation data is, therefore, only available for 400 < f < 2500 Hz.

For 600 < f < 2000 Hz the overlap between the numerical and Uin f = 30 m/s rod case is very good.
However, it is unexpected since the turbulence parameters differ for rod-generated turbulence compared
to grid-generated turbulence (for which numerical tuning was performed). The numerical data does,
however, show the same trend observed from the experimental data regarding the high-frequency decay
of the far-field noise. Independent of the experimental case, the slope of the numerical spectrum is similar
to that of the experiments, indicating that the solver can accurately capture the high-frequency decay,
disregarding the exact levels. Comparison of numerical data to LBM results shows excellent overlap
for 10 < f < 1500 Hz. This is to be expected since both are for equal inflow velocity and turbulence
generated by a grid. The deviations for f > 1500 Hz show that the current methodology can better capture
the high-frequency decay behaviour when compared to experimental trends. The LBM result shows that
the solver can also capture the low-frequency trend, which could not be done from experimental data.

Key takeaway is that the current methodology can accurately capture the high-frequency trend of
far-field noise for 600 < f < 2000 Hz as observed from experimental data. Additionally, the current
setup is accurate for 10 < f < 1500 Hz compared to LBM simulation data. For f > 2000 Hz, does the
numerical data start to decay faster compared to experimental results, where the latter might already be
influenced by the wind tunnel background noise.

Fig. 3: PSD of the far-field noise for the numerical, LBM (Ribeiro et al. (2023)) and experimental
(Dos Santos et al. (2023)) cases. Data is for a receiver at θ = 90 degrees. The numerical case is scaled
for the limited span. The dashed vertical lines signify the rod-shedding frequencies (1), lower and upper
bounds of experimental acoustic data (2, 4) and estimated mesh cut-off frequency (3).

4 Results and discussion

Four cases, with parameters as shown in Table 1, are evaluated. Fig. 4a shows the turbulence intensity
(T I) for the cases up to the leading edge. The higher T I cases are decaying more towards the leading edge,
whereas the lower ones are readily homogeneous. Furthermore, the turbulence intensities in the labels do
not match the values from Fig. 4a. The values in the labels are taken from the empty domains, which were
run on a finer mesh. This is not problematic since the no-foil and foil simulations are validated separately
and for different purposes. Any T I values in the remainder of this paper are taken from Fig. 4a.
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Fig. 4b shows the far-field noise spectra for the four cases at θ = 90 degrees. For f < 2000 Hz, cases C1,
C2 and C3 show similar differences and decay behaviour. Case C4 shows far-field energy levels much
lower than expected while the difference in intensity is similar between the cases, see Fig. 4a. From
results not shown in this paper, it became clear that there is a distinct coupling between the turbulence
intensity and the integral length scale. Case C4 has the lowest length scale, likely too small for the mesh
to resolve accurately thereby significantly underpredicting the energy levels.

(a) Turbulence intensity at midspan as a function of the
distance upstream of the leading edge.

(b) PSD of the far-fied noise at θ = 90 degrees. The
dashed line (1) is the estimated mesh cut-off frequency.

Fig. 4: Numerical results for T I and acoustics. Numerical data in (b) is scaled for the limited span.

Integration of a mean decidecade band power density gives the sound pressure level (SPL) in dB. Fig. 5
shows the SPL for the numerical cases at receiver angles 0 ≤ θ ≤ 90 degrees. The starting points for
the Amiet scaling (S PL = f (T I2)) are arbitrarily chosen and do not represent the actual outcomes of the
Amiet framework. Fits through the data are only performed for cases C1, C2 and C3 since case C4 likely
contains errors induced by the mesh/solver. Fitting is performed using the curve-fit procedure from the
scipy.optimize library in Python. The baseline curve to fit was chosen as

S PL(T I) = a + 10 · log10(T Ib), (2)

where a and b are coefficients determined by the fitting procedure. For clarity, data is only presented for
the quadrant 0 ≤ θ ≤ 90 degrees. Similar results are, however, found for all three other quadrants.

Fig. 5: Sound pressure level (S PL) against turbulence intensity (T I) at different receiver angles for the
numerical cases. The Amiet curve depicts the theoretical increase of SPL for a linear increase of turbu-
lence intensity. Dashed lines represent fits through the solid data points; hollow data points are excluded
from the fits. fl and fh signify the lower and upper bound for the SPL integration, respectively.
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A receiver at θ = 90 degrees does see an increase of SPL with the turbulence intensity, but only limited.
On the other hand, a receiver at θ = 0 degrees sees a much steeper increase of the SPL for the same
increase of T I. Table 2 presents the coefficients of the fits. These coefficients represent the value b
in Eq. 2, thereby representing the relation S PL = f (T Ib). Note that the coefficient as predicted by
Amiet, independent of the receiver angle, is b = 2. It can be concluded that the scaling, as introduced by
Amiet, is accurate for receiver angles closer to 90 degrees. The theory becomes less accurate for receiver
angles closer to the stagnation line. This aligns with Amiet’s assumption that the airfoil is a flat plate
of negligible thickness, thereby not considering the interaction of the turbulence with the airfoil. These
interaction effects seem to dominate for receiver angles on the stagnation line.

Table 2: Fitting coefficients based on the numerical fits for different receiver angles.

Receiver angle θ [degrees] 0 10 20 30 40 50 60 70 80 90
Slope, fitting parameter b [-] 6.26 3.53 2.66 2.38 2.26 2.20 2.17 2.15 2.14 2.14

5 Conclusion

The turbulence intensity effect on the far-field radiated noise for a NACA0008 airfoil has been addressed
in this work. Results from the FW-H acoustic analogy have been compared to the empirical formulation
by Amiet. The IDDES turbulence model, in combination with the inflow turbulence generator, has been
shown to produce an accurate representation of homogeneous isotropic turbulence upstream of the foil.
Reasonable results on far-field acoustics have been found, with agreement relative to experimental and
numerical values to within approximately five decibels. Predicted far-field noise levels have been shown
to follow the experimentally observed trends and exhibit the expected high-frequency decay behaviour.
Results show that the far-field noise scaling with the turbulence intensity proposed by Amiet holds for
receiver angles directly above the foil but the theory fails to predict the noise levels accurately for receiver
angles more closely aligned with the flow direction for an increase of intensity.

Future work should focus on further tuning/optimizing the current inflow turbulence generator to
allow separation of the turbulence intensity from the integral length scale. Also, more effort should be
put in the allocation of acoustic data on the surface of the foil by dividing the FW-H surface into strips.
This will ensure a better understanding of the turbulence-interaction phenomenon that generates the noise
on the leading edge of the foil. Finally, different foil geometries should be evaluated to see whether the
found scaling values also hold for other foil shapes.
References

R.K. Amiet (1975). Acoustic radiation from an airfoil in a turbulent stream. J. of Sound and Vibration, 41(4),
407–420.

J. Ffowcs Williams and D. Hawkings (1969). Sound Generation by Turbulence and Surfaces in Arbitrary Mo-
tion. Philosophical Transactions of the Royal Society of London. Series A, Mathematical and Physical Sciences,
264(1151), 321–342.

A.K. Lidtke, T. Lloyd, F.H. Lafeber, and J. Bosschers (2022). Predicting cavitating propeller noise in off-
design conditions using scale-resolving CFD simulations. Ocean Engineering, 254, 111176.

M.S. Gritskevich, A.V. Garbaruk, J. Schutze, and F.R. Menter (2012). Development of DDES and IDDES
Formulations for the k − ω Shear Stress Transport Model. Flow, Turbulence and Combustion, 88(3), 431–449.

Y. Kim, I.P. Castro, and Z.T. Xie (2013). Divergence-free turbulence inflow conditions for large-eddy simu-
lations with incompressible flow solvers. Computers & Fluids, 84, 56–68.

M. Klapwijk, T. Lloyd, G. Vaz, and T. van Terwisga (2020). Evaluation of scale-resolving simulations for a
turbulent channel flow. Computers & Fluids, 209, 104363.

G.J. Dekkers (2024). Numerical Predictions of Airfoil Acoustics with Inflow Turbulence. MSc Thesis TU
Delft, MT.23/24.030.M. Available at https://repository.tudelft.nl/.

F.L. Dos Santos, L. Botero-Bolivar, C. Venner, and L.D. De Santana (2022). Modeling the Turbulence Spec-
trum Dissipation Range for Leading-Edge Noise Prediction. AIAA J., 60(6), 3581–3592.

F.L. Dos Santos, L. Botero-Bolivar, C.H. Venner, and L.D. De Santana (2023). Inflow turbulence distortion
for airfoil leading-edge noise prediction for large turbulence length scales for zero-mean loading. The J. of the
Acoustical Society of America, 153(3), 1811–1822.

A.F.P. Ribeiro, F.L. Dos Santos, K. Venner, and L.D. De Santana (2023). Numerical study of inflow turbu-
lence distortion and noise for airfoils. Physics of Fluids, 35(11), 115112.

6


	Abstract
	Preface
	List of Figures
	List of Tables
	Nomenclature
	Introduction
	Research question and structure of the report
	Contributions

	The airfoil as a noise generator in turbulent inflow
	Airfoil noise mechanisms
	Turbulence intensity and integral length scale on radiated noise
	Computational methods for turbulence intensity and integral length scale

	Computational fluid dynamics, turbulence generation and acoustics
	Numerical approaches for turbulent inflow acoustic problems
	CFD versus experiments
	Turbulence modelling in CFD

	Turbulence generation in CFD
	Turbulence generation in experiments
	Requirements for artificial turbulence generation
	Precursor and synthetic turbulence generation

	Acoustic analogies for leading edge radiated noise
	Amiet
	Ffowcs Williams-Hawkings


	Methodology
	Fluid flow solver and acoustic analogies
	Turbulence generation
	Integral length scale computation
	Domain, mesh and numerical setup
	Post-processing tools
	Transient scanning analysis
	Spectral analysis
	Acoustic correction for span
	Statistical uncertainty estimates

	Verification of mesh resolution and spanwise domain size
	Mesh resolution
	Spanwise domain size


	Validation
	Inflow turbulence without the foil
	Inflow turbulence with the foil
	Coherence and pressure
	Far-field acoustics

	Results of turbulence intensity cases
	Turbulence intensity cases description
	Inflow turbulence without the foil
	Inflow turbulence with the foil
	Coherence and pressure
	Far-field acoustics

	Conclusion
	Recommendations
	References
	Paper for the Numerical Towing Tank Symposium 2024

