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Abstract

This work presents an experimental and analytical investigation of the distortion of grid generated turbu-
lence and its relation to the aeroacoustics of a low Reynolds number propeller. The propeller has a chord
based Reynolds number of 10* < Re, < 10° and operates at an advance ratio of 0.225. The mean flow model
of Hough and Ordway (H&O) is used to compute the streamtube upstream of the propeller. This allows the
distortion of turbulence due to streamtube contraction to be predicted by means of Paterson and Amiet’s
distortion model. The distortion of turbulence by the leading edge of the blade is modelled with the asymp-
totic solution of Hunt. Amiet’s propeller turbulence ingestion noise model is used to couple the distorted
turbulence to noise. The models are validated by means of an experiment. A square bar grid with mesh size
0.1m and bar width 0.01m is placed upstream to generate turbulence. A load-torque cell measures the thrust
which serves as input for the analytical mean flow model. Using particle image velocimetry (PIV) and hotwire
anemometry the turbulence statistics upstream and up to the propeller plane are measured. PIV is also used
to measure the distortion of turbulence by the leading edge of the propeller blade. The experiment is done
in the TU Delft A-tunnel, where acoustic measurements are performed using a microphone array. Results
reveal that the model of H&O overpredicts the induced velocities and a correction has to be applied such that
the experimental results are matched. The analytical model and flow measurements show that the isotropic
turbulence is not distorted due to the contraction of the streamtube and isotropy is conserved. The turbu-
lence intensity and integral lengthscale do change and this is ascribed to the decay of turbulence behind a
grid. Turbulence is distorted by the leading edge and an increase of the turbulent upwash velocity of 25% is
observed. It is found that by using the decayed turbulence statistics, the tones at the blade passing frequency
harmonics are best resembled. The correction for the distortion by the leading edge does not improve the
predictions.
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Acronyms

eVTOL Electrical vertical take off and landing
UAV  Unmanned aerial vehicle
BPF  Blade passing frequency
OASPL Opverall sound pressure level
PIV  Particle image velocimetry
PSD  Power spectral density

RDT Rapid distortion theory

SPL  Sound pressure level

Greek symbols

B Blade twist [°]

Bpg  Prandtl-Glaeurt correction [-]
Kolmogorov microscale [m]
Gamma function [—]
Circulation [m?/s]

Azimuthal agnle [rad]

wl/U; [1/m]

Dynamic viscosity [Pa * $]
Del operator [—]

vorticity fluctuation[m?/s]

'_J/':Jd

E 4% >

w(k,x) Fourier vorticity gust[—]

Q Rotor rotational velocity [RP M]

w acoustic/turbulence frequency(rad/s]
Q Mean vorticity [1/s]

®,, Turbulence upwash spectrum [m°/s?%]
o Air density [kg/m?®]

o Geometric parameter [—]

T Turbulence integral timescale [s]
0 Observer angle [rad]

¢ Distance from leading edge [—]
Roman symbols

E Lagrangian strain tensor [—]

| Identity matrix [—]

< Lift response function [—]

o Mean turbulent velocity [m/s]

A\ Velocity vector [m/s]

B Blade number [B]

b blade semichord [m]

C Contraction ratio [—]

c Chord [m]

Co Speed of sound [m/s]

Cq Torque coefficient [-]

C; Thrust coefficient [-]

D Propeller diameter [m]

d blade span [m]

E(k)  Turbulence kinetic energy [m>/s?%]
E* Fresnell integral [—]

f Frequency [Hz]

J Advance ratio [-]

Jo Bessel function [-]

Nomenclature



vi

Nomenclature

q(k, x)
Q

Qr0
R

r
Tle

Re.
S(k)

Spp
T

Ttrace
Uso
Ua
Ua

U,

U,

Bessel function [—]
Wavenumber [m~1]

Largest eddy wavenumber [m~ 4
w/U, [1/m]

uB?ylo [1/mj

Characteristic body length [m]
Turbulence integral lengthscale [m]
Mach number [-]

rotational frequency [Hz]
Fourier velocity gust [—]

Torque [Nm]

Legendre function [—]
Propeller radius [m]

radial location [m]

Leading edge radius [m]
chordwise Reynolds number [-]
Sears function [—]

Power spectral density [dB/ Hz]
Thrust [N]

Streamline traceback time [s]
Free stream velocity [m/s]
Advection velocity [m/ s]

Disk velocity [m/s]

Radial velocity [m/ ]

Axial velocity [m/s]
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Introduction

1.1. Background

The use and development of unmanned aerial vehicles (UAVs) has experienced a rapid increase over the last
decades and the growth is expected to continue [1]. One of the major contributions to this growth is the
variety of applications for which these vehicles can be used. For example, UAVs can be used for inspection of
large structures that are hard to access such as offshore windturbines and on-land oil pipelines.

UAVs can also be used for real time monitoring of traffic or for surveillance purposes [64]. Yet another
application is the use of UAVs for parcel delivery. UAVs are in particular suitable to account for the first/last
mile delivery which is known to be the least efficient and most expensive part of parcel delivery [15]. The UAV
often needs to operate in confined areas with limited space for these applications. Therefore, the UAV has to
have vertical take-off and landing (VTOL) capabilities. The most popular choice for the propulsion of UAVs
to achieve this, are propellers and these are most commonly powered by electrical engines.

One of the aspects that can stall the rise of UAVs in urban areas is the noise hindrance experienced by
people. For example, the FAA, although not prescribing noise levels yet, has been investigating the psychoa-
coustics effects of UAVs [20]. The European equivalent, EASA, has already prescribed noise level requirements
[26]. Furthermore, NASA set out the Design Environment for Novel Vertical Lift Vehicles (DELIVER) to imple-
ment noise hindrance, amongst others, into a design framework.

These projects all highlight the importance of noise for eVTOL UAVs. It is therefore important to under-
stand the mechanisms of noise generation of these rotary wing vehicles.

1.2, Problem statement

For large rotorcraft, such as helicopters, the noise generation mechanisms have been thoroughly studied [17].
The same noise generating mechanisms apply to UAV propellers. However, it is important to realise that there
are fundamental differences between helicopter rotors and UAV propellers. That is, helicopter rotors typically
have 0.75R chord Reynolds numbers, Re., of ©(10%), whereas for UAVs 10 < Re, < 10° [80]. Hence, both
vehicles are operating in a different flow regime [65]. This indicates, for example, whether or not a laminar
separation bubble is found on the blade. The acoustic spectrum changes accordingly. Similarly, high-speed
impulsive noise, which is associated with transonic flow over the blade, is relevant for helicopters. UAVs will
not experience transonic flow and therefore this mechanism is not important.

Another noise generating mechanism is turbulence ingestion noise, which is one of the main noise sources
for helicopters [31, 39]. An UAV will undoubtedly encounter turbulence when operating in the urban envi-
ronment, as shown by Murray and Anderson [51]. The source can be atmospheric turbulence, but obstacles
such as trees or buildings have a turbulent wake as well, in which the UAV might operate.

Therefore, the aim of this study is to understand the flow physics associated with turbulence ingestion
noise for UAVs i.e. low Reynolds number propellers. It is known that the structure of turbulence, which can be
described by the turbulent kinetic energy distribution over turbulent wavenumbers, determines the emitted
sound. So, it is important to accurately model the turbulence that interacts with the blade. An incoming
turbulence field can be distorted by the streamtube of the rotor and by the leading edge of the rotor blade
before it interacts with the blade. Both effects are studied in this thesis. The importance of both distortion
mechanisms is assessed. An experimental campaign is set-up to shed more light on both mechanisms and the
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results are compared with an analytical model. The scope is limited to the most generic case of an upstream
isotropic spectrum.

1.3. Structure of report

This report is structured as follows: In chapter 2 the governing physics are described followed by a literature
review of the state of art of turbulence ingestion noise and turbulence distortion. Following, the research
objectives and research questions are posed. In chapter 3 the theoretical models are presented. Chapter 4
describes the test set-up to answer the research questions. The analytical model is analysed and the results
are presented and discussed in chapter 5. The report is concluded in chapter 6 and recommendations for
further study are given.



Literature survey

This chapter serves to introduce the various physical concepts of turbulence ingestion noise to the reader.
Then, state-of-the-art research is presented. The chapter is concluded with the set of research questions.

2.1. Propeller performance metrics

Given thrust T, torque Q, propeller diameter D, freestream density p and n, the rotational frequency in Hz,
the thrust and torque coefficients can be defined. A third quantity is the advance ratio J, which defines the
ratio between the freestream U, and the rotor tip speed.

T
T= —pn2D4 2.1
Q
CQ = W (2.2)
U,
J= n;’; (2.3)

The thrust coefficient is related to loading noise and is in general a function of the propeller design, /, Mach
number and Reynolds number. The freestream Mach number is the ratio of the freestream velocity divided by
the speed of sound cp. The Reynolds number symbolises the ratio of the inertial forces divided by the viscous
forces. See eq. (2.4) and eq. (2.5).

U,
M= —c°° (2.4)
0
UL
Re = PHxot 2.5)
u

The former is a measure for the compressibility of the flow, which dictates how, for example, pressure fluc-
tuations are propagated, see section 3.4. The latter indicates whether the flow is laminar or turbulent and
governs the type of noise generating mechanisms. For example, laminar separation bubble noise only occurs
at low Reynolds numbers [71, 75].

2.2, Turbulence

Turbulence is the random motion of vortical structures in rotational regions of flows [34]. These structures
are referred to as vortices or eddies. Turbulence is found in the wake of bodies moving through a medium,
but also in the atmospheric boundary layer.

A flow with turbulence can be characterised by the integral lengthscale L;’}, where m € x,y,zand i.j €
W,V,U. This is interpreted as the lengthscale in direction m of the fluctuation velocity components i, j.
Hence, the streamwise longitudinal lengthscale is denoted as L?,,. See fig. 3.3 for the coordinate system used
in this thesis.
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m

The integral timescale of these structures is related to the lengthscale as 7 = Z , where U, is the advective
velocity. This relation holds only if frozen turbulence assumption is valid, which is typically the case if the
turbulence intensity < 10% [34, 76]. The eddies of size L;']l. break down into smaller structures until molecular
viscosity becomes important. The smallest scale, 7;, is called the Kolmogorov microscale. In this way, the
energy of the largest structures is eventually dissipated into heat in a process called energy cascade.

The aforementioned turbulence intensity is another statistical quantity describing turbulence. It is de-
fined as the mean velocity fluctuation in a certain flow direction divided by the mean flow velocity. Hence, in

the z-direction this is 7-. Together with the integral lengthscale, the intensity is one of the key parameters to
describe a turbulence ﬁeld

A turbulence field is said to be isotropic if the turbulence intensities are equal in all three three directions.
Isotropic turbulence implies the following relation for the integral length scale L%, = L?,,, = L%,,/2. For the

microscales it implies n, =1y = n./+v/2. Furthermore, the rati 2
turbulence characteristics remain the same under arbitrary translations of the coordinate axis.

Von Karman [47] derived a semi-empirical relationship for the energy spectrum function E(k), see eq. (2.6),
which gives the kinetic turbulent energy as a function of turbulent wavenumber. This holds for a homoge-
neous turbulence field.

= rG6/6) u”  (kike)* -
T 9yaT(1/3) ke [1+ (k/ke)?]17/6 .

Here I'() is the Gamma function and the wavenumber of the largest eddies, k., is defined as

V7 T(5/6)
1%, T(1/3)

2.7)

e =

The turbulence integral lengthscale and turbulence intensity are the parameters that determine the shape
of the energy function. So, through these two variables it is possible to define a turbulence spectrum. The ef-
fect of each of these variables is depicted in fig. 2.1. Clearly, the whole spectrum shifts up i.e. more energy over
all wavenumbers if the intensity is increased. Decreasing the lengthscale increases the energy contained in
the higher wavenumber range. The Von Karmén spectrum accurately describes turbulence spectra in bound-
ary layers and wakes as well as behind turbulence generating grids [34, 60].

10_2—E
10_3-5
- E
& 4
& 107 5
= E
= ]
10753 — LZ,=0.02m, u’/U =0.05
LZ,=0.01m, u'/U = 0.05
10_6_: — LZ,=0.02m, u/U =0.1
100 101 102

k[m~!]

Figure 2.1: Von Karman energy spectrum for various combinations of lengthscale L7, and mean intensity u' as function of turbulence
wavenumber k. Mean flow velocity Uy, = 10m/s.

In 1938 Taylor stated "If the velocity of the air stream which carries the eddies is very much greater than
the turbulent velocity, one may assume that the sequence of changes in u at the fixed point are simply due to
the passage of an unchanging pattern of turbulent motion over the point.. "(Taylor [72], p478). This implies
that the eddies do not increase the velocity by which they are advected. This is only reasonable accurate for
fluctuations much smaller than the advection velocity - U— << 1. This is referred to as Taylor’s frozen hypothe-
sis. Using this hypothesis, the integral time- and lengthscale are related through the local velocity of the flow
at which the eddies are moving.
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2.2.1. Turbulence distortion

Turbulence distortion is of importance in the modelling of turbulence ingestion noise as it alters the incom-
ing turbulence spectrum and hence affects the unsteady loading, see section 2.3. Turbulence distortion in
the case of rotors happens due to the contraction/expansion of the streamtube depending on the operating
condition [37]. For propellers, the flow is accelerated and the upstream streamtube contracts. This stretches
the turbulent structures and changes their characteristics [50]. See fig. 2.2 for the representation of this pro-
cess. Generally, the change of turbulent eddies is accounted for using Rapid Distortion Theory (RDT). The
following is assumed in RDT, as described by Hunt [43].

u
Uoso

<<1,

WD

UaLIZm -

The first is Taylor’s frozen hypothesis. That is, eddies are advected with the mean flow and do not change
it. This is necessary to linearise the governing equations which serve as a basis for RDT. It also means that
the turbulence velocities do not transport the eddies. The second requirement states that the eddy turnover
time must be larger than timescale of the distortion. In other words, the eddy cannot be dissipated before the
distortion has happened. It has to be rapid’

The distortion of turbulence can have two origins. One is the change in mean flow streamlines caused
by a body, which will turn and stretch the turbulent eddies. The other mechanism is the blocking effect of a
body. This effect forces velocities on the surface to be zero and in order to conserve momentum, the velocities
parallel to the blocking surface must increase. Hence, the eddies are distorted. A more detailed explanation
is found in section 3.3.

U+u
e
¢>
= FUPRSEN—: 4

Figure 2.2: Graphical representation of the stretching of a turbulent eddy by streamtube contraction [23]. Uy, and u® denote the up-
stream axial and turbulent velocity, respectively. U and u represent the mean flow and turbulent velocity near the rotor, respectively.

2.3. Turbulence and loading noise

Turbulence is the unsteady random motion of vortical structures, as mentioned in section 2.2. Suppose such
a structure is approaching an airfoil as in fig. 2.3. As the airfoil is approached, the angle of attack of the airfoil
is changed due to the induced velocity . This changes the pressure distribution over the airfoil, which is
observed as noise.

In this way, the incoming turbulence is related to noise. Since turbulence is per definition an unsteady
phenomenon, it is a source of unsteady loading noise meaning it acts as a dipole. Depending on the operating
conditions of the propeller and the characteristics of the turbulence spectrum, either broadband noise, tonal
noise or a combination of the two is observed.
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Unsteady loading

% D555

Shed vorticity

Figure 2.3: A turbulent eddy gives rise to an upwash velocity. As the eddy reaches the leading edge, the upwash changes the angle of
attack which in turn changes the lift and drag forces. The pressure change is directly propagated as sound. This figure is a modified
version. Original version obtained from [69]

An important phenomenon observed in rotor turbulence interaction noise is haystacking [34]. Eddies of a
certain size can be cut by more than one propeller blade when advecting through the propeller plane. Then,
the same unsteady velocity fluctuation is seen by multiple blades. This is referred to as unsteady loading
blade-to-blade coherence. An eddy is cut at the blade passing frequency (BPF). Since the response of the
blades to this fluctuation is the same, the observed spectrum will not be strictly broadband anymore but
will show tonal peaks at multiples of the BPE The process of acoustic energy centring at the BPF harmonics
because a single eddy is cut multiple times is called haystacking and is depicted in fig. 2.4. A time signal and
spectrum for a small and large eddy are depicted in fig. 2.5. It can be seen that the larger eddy interacts more
often with the blades. Subsequently, the energy is centred around the BPFs.

The coherence between the loading of the blades depends on the operating condition and on the up-
stream turbulence spectrum. The first one is characterised by J. Typically, a lower advance ratio leads to a
larger streamtube contraction and vice versa. In turn, a larger contraction leads to more elongation of the
eddies. This increases the blade-to-blade coherence. This distortion process is described in more detail in
section 3.3.

Even when the turbulence is not distorted, the blade-to-blade coherence can be large. The size of the
eddies upstream can be sufficiently large such that a single eddy interacts with multiple blades [32, 33]. An
estimation of the turbulent frequency above which no coherence is found is given by eq. (2.8).

Figure 2.4: An eddy is convected with mean velocity U and is cut at ¢ = 0 on the left. At ¢ = ¢’ the blade has rotated and is still cutting the
same eddy. This leads to coherence in unsteady loading, and results in haystacking.
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Figure 2.5: Time signal and spectra from interactions of rotor blade with (a) a small eddy (b) alarge eddy. Alarger eddy leads to more blade
interactions, albeit with a changing amplitude. Hence, the centring of energy around the BPFs is observed. Retrieved from Aeroacoustics
of Low Mach Number Flows [34].

2.3.1. Broadband noise
The broadband part of turbulence interaction noise is caused by turbulent structures which are interacting
only once with the propeller blades. An estimation of turbulent frequency above which broadband noise is
expected is given by eq. (2.8).
_ QB+ Mo/ Mjg)
~ 2(1- Mycos(0)
Here, Q is the rotational velocity of the rotor in rad/s, B is blade number, M; and M, are the turbulence

rotational and advective Mach numbers respectively and 6 is the angle of the observer with respect to the
rotor plane [33].

(2.8)

2.4. State of the art

Sevik [63] was one of the first to investigate the effect of turbulence on the unsteady loading noise of a pro-
peller. A 10-bladed open-rotor was subjected to a stream with grid generated turbulence. At multiples of the
blade passing frequency humps in the spectrum were observed which could not be explained for homoge-
neous and isotropic turbulence. Sevik posed the hypothesis that these humps are caused by blade-to-blade
coherence of unsteady loading and referred to this phenomenon as haystacking. This effect is depicted in
fig. 2.6. It follows that the unsteady loading, and therefore the turbulence, has been modelled incorrectly.

In his model Sevik assumed the chord to be acoustically compact. For an integral lengthscale L%, of at
most 10.16c¢m (derived from mesh size, see Roach [57]), the 2.54cm chord can not be assumed acoustically
compact. Together with the incorrect turbulence model, it can explain the observed discrepancy between
experiment and theory.

-2

~ -~ " MEASURED”
RESPONSE
WITHOUT ~
GRID

| E S IO B R S e v, R
0 100 200 300 200 500 600
FREQUENCY (Hz)

dB re L1bin a I-Hz bandwidth

b.—6-inch grid mesh

F1GURE 8.—DPower spectral densily of the propeller response.

Figure 2.6: Results from Sevik [63]. Humps in the spectrum were observed while these were not expected
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Hanson [40] argues that the haystacking was caused by the elongation of turbulent eddies. The elongation
of turbulent structures is, in the case of propellers, rotors and fans, caused by the contraction of a streamtube.
An elongated eddy will interact more often with the blades, leading to a coherence in unsteady loading of
the blades. Hanson’s research focused on examining how the turbulence characteristics are related to the
features of the narrow-band noise spectra. The experimental results showed that the elongation of turbulent

Z

structures inside a rotor fan is significant with the ratio of streamwise to transverse lengthscale of IL‘?“ =400,
124

see fig. 2.7. This illustrated that the incoming, close to isotropic, atmospheric turbulence field was heavily

distorted and consequently became anisotropic.

TIME AND o
ATIITEH REVOLLTION
— CYLINDER WAKE

—INGESTED EDDY

TIME AND

REVOLUTIONS
REVOLUTION NUMBER

FIG. 12, Inlet distortion history using blade pressure signals,

Figure 2.7: Result from Hanson[40] where the black line illustrates an elongated eddy interacting with the rotor for a significant amount
of revolutions

Aravamudan and Harris [11] performed experiments with a 1.27m diameter helicopter rotor inside an
anechoic windtunnel where two turbulence generating grids were installed, each giving a different integral
length scale. The intensity of the turbulence was increased from 1.7% for the clean inflow conditions to 11.0%
and 6.25% with the grids installed. Their research focused on the broadband part of the noise spectrum
caused by turbulence. This essentially boils down to the part of the incoming turbulence spectrum which
would not lead to blade-to-blade coherence. It was found that the low-frequency (ranging up to 2000Hz)
broadband noise intensity depends on the rotor-tip velocity scaling with M‘t*i P The low-frequency noise

peak intensity scaled with the streamwise turbulence integral lengthscale as (L%,) 3. A numerical reasoning
was presented to assess the influence of turbulence intensity. Indeed, with increasing intensity, the noise

increases as well with 72, but this was not verified with experiments.

Hagen et al. [39] investigated the effect of ingesting atmospheric turbulence into an isolated tail rotor of
a helicopter. By correlating upstream turbulence to the turbulence experienced by the rotor they found that
the maximum stretching ratio of the eddies in streamwise direction is approximately nine. This indicates
anisotropic turbulence. Interestingly, they did not measure an increased overall sound pressure level when
the upstream integral length was increased. They speculate that above a certain eddy length, leading to a cer-
tain number of successive chops by the blade, the coherence will not increase significantly any more. It is said
that this threshold is around 80 chops for an eddy. Turbulence intensity was varied during the experiments as
well. It was found that the peaks of the of the spectrum increased at the lower blade passing frequency har-
monics and remained the same at higher harmonics. The broadband floor raised across the whole spectrum.
For the lower frequencies (up to 1000 Hz) this increase was 2d B. The broadband floor of the high frequencies
(1000Hz to 3000 H z) rose with 5dB.

Small scale turbulence was added to the atmospheric turbulence by means of a grid. The atmospheric
turbulence intensity was equal to 5%. The authors explicitly state that no measurements are available with
the grid in the flow. Nevertheless, the size of the eddies resulting from the grid can be estimated. That is, the
size will be comparable to the mesh size of the grid which was 7.6cm. Hence, the ratio of lengthscale to rotor
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diameter equals —f* = 55> =~ 0.035. Since the grid adds small turbulent structures with respect to the rotor

diameter most effect is observed in the higher frequency range, as can be seen in fig. 2.9. The small eddies are
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interacting with the blade with little or no coherence between the blades. These gave rise to the broadband
floor of the sound spectrum.

In fig. 2.10 the effect of thrust on the noise spectrum is depicted. It was found that as the thrust increases
by changing the pitch, the noise increases as well. This opposed the authors expectations as it was assumed
that the mean loading, and therefore thrust, does not influence turbulence ingestion noise. However, the au-
thors fail to address the fact that by increasing the blade loading, the steady tonal component of the spectrum
isincreased. This might explain the observed differences. Furthermore, the blade is operating under different
conditions and an increase in blade-self noise might be observed. For example, stall noise. This effect can
account for the increase in the broadband part of the spectrum.

100.

dB

) : H ; ;
T

0.0 500.0 1060.0 1500.0 2000.0 2500.0 3000.0

Frequency (Hz)

40,

Figure 2.9: Acoustic measurements with (dotted line) and without
(solid line) grid installed, as presented by Hagen et al. [39].

Figure 2.8: Test setup of experiment with turbulence grid installed,
as presented by Hagen et al. [39].
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Figure 2.10: The effect of thrust on the noise spectrum [39].

Paterson and Amiet [55] set out an elaborate experimental campaign to obtain noise data of a model heli-
copter rotor with turbulence ingested. The model rotor was first subjected to isotropic turbulence which was
generated by a grid inside a wind tunnel. Both vertical ascent and forward flight manoeuvres were simulated
in the wind tunnel by varying the windtunnel speed from 8m/ s to 23m/ s, respectively, whilst maintaining the
rotor rotational velocity Q = 360RPM. The effect of turbulence for the rotor in ascent became visible above
the second harmonic of the blade passing frequency. There the spectrum rapidly transforms into a smooth
broadband type for a smooth inflow. However, the spectrum with turbulence ingested remains quasi-tonal
up to the 20" harmonic (5000 Hz). Additionally, the noise level is approximately 104 B higher for frequencies
above the second harmonic indicating the importance of turbulence ingestion noise.

Moreover, the turbulence intensity was varied and it was found that the noise increases as the intensity
increases. The test conditions while varying the intensity were the same, except the tip speed which was
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changed with a factor 1.1. As the inflow became increasingly non-axial, i.e. the forward flight case, it was
observed that the tonal characteristic of the spectrum was damped.

Physically, this is a result of the azimuthal drift of an inflowing eddy leading to blade chops at irregular
time intervals. The drift reduces the blade-to-blade coherence of unsteady loading, hence a less tonal spec-
trum. On the other hand, the half harmonics of the BPF were found to increase and this was ascribed to
the drift phenomenon. The effect of blade pitch was investigated as well. Only a minor effect was observed.
The small differences were ascribed to the change of noise directivity while the microphones remained fixed.
Note that these findings oppose the ones of Hagen et al. who observed a significant increase in the amplitude
of the tonal components after changing the pitch.

Paterson and Amiet do not mention the effect of pitch on distortion. Changing the pitch of an airfoil will
affect the streamlines, both the mean flow streamlines which define the streamtube as well as the streamlines
in airfoil frame of reference. In turn, the distortion process is affected. This might explain the differences.

Scharpf and Mueller [61] investigated the effect of turbulence on a marine propeller using a wind-tunnel
setup. The authors expected to measure the stretching of eddies, but they did not found any evidence of this
process. At least, not at 6inches(= 15.2cm) in front of the rotor where the measurements were taken. It was
argued that the stretching occurs closer to the rotor. The grids used in the experiment generated turbulence
fields with similar integral length scales but a varying intensity. It was found that the increased intensity gives
rise to an increase in sound power level, as consistent with Paterson and Amiet [55]. The sound spectra were
predominantly of broadband nature.

No significant eddy stretching was observed, even not at just 15cm in front of the rotor. Additionally,

the integral length scale characterising the turbulence was around 0.34inches or 0.86cm. The ratio % =
% =0.034 < 0.1, is considered to be small [45] , although no real consensus regarding the terminology
is found in literature. Little blade-to-blade coherence is found as a single eddy will only interact with one
blade as it advects through the rotor plane. Therefore, these small eddies appear as random fluctuations to

the blade, which results in a broadband spectrum.

Up till now it has become evident that turbulent eddies can be distorted when approaching a rotor. The
stretching of turbulent eddies leads to more blade to blade coherence. Its implication can be significant,
for example the dependence of acoustic energy on the intensity as found by Scharpf and Mueller [61] and
Paterson and Amiet [55]. Or the occurrence of haystacks, as described by Sevik [63].

2.4.1. Experiments related to UAV propellers

To the best of the author’s knowledge only three experiments have been performed that characterise the
effect of turbulence ingestion on small-scale UAV propellers. Yauwenas et al. [77] conducted an experiment
where a propeller with a diameter of 30cm was subjected to a grid-generated turbulence field. Additionally,
the propeller was submerged in the wake of a cylinder shedding periodic vortices. The resulting spectra are
presented in fig. 2.11. It was observed that the tones at BPF 1 and BPF 2 remain unaffected by the turbulence.
However, the spectra of the flow with the cylinder wake had significantly more power at the third and fourth
harmonic. It was concluded that the wake of the cylinder lead to unsteady impulsive loads. The effect of the
turbulence grid is evident from BPF 10 to BPF 20 (3000 Hz to 6000 H z). Here, increased tonal behaviour was
observed when compared to the clean inflow conditions. The effect of the flow disturbances becomes evident
from the right picture in fig. 2.11 where the phase-averaged waveform is presented.

The second experiment was performed by Stephenson et al. [70]. Their experiment focused on showing
the effect of flow recirculation inside a closed anechoic chamber. The resemblance of the experiments for
small scale UAV propellers experiencing turbulent inflow noise is quite remarkable though. A 9.4 inch (=
23.8cm) diameter propeller was put inside an anechoic chamber and noise spectra were obtained before and
after the recirculation had established. Although the detailed characteristics of the flow were not measured,
it is for sure that the reingested flow is turbulent. The effect of recirculation and thereby turbulence ingestion
is depicted in fig. 2.12. The first blade passing harmonic appeared unaffected by the recirculation for all three
microphones. The largest differences were observed for the out of plane microphones, which indicates the
increase in loading noise which is ascribed to turbulence ingestion. Differences as large as 30d B are observed
at higher harmonics and the overall trend shows an increase in noise level. This effect is less, although still
present, for the in plane microphone.
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Similar results were obtained by Nardari et al. [52]. An UAV propeller was operated in an anechoic cham-
ber with Re, = 2.6  10°. This value lies within the range of relevant Reynolds numbers that was specified
previously. Along with the experiment a numerical effort was undertaken to investigate the effect of recir-
culation. Figure 2.13 shows the comparison of the simulations and the experiment. The tone at the first
harmonic is caused by steady loading and does not vary. It is observed that between the BPF 2 and BPF 30
the effect of recirculation is large. The increase in noise level is ascribed to unsteady loading, hence turbulent
inflow. It is interesting that the range of relevant BPF harmonics caused by turbulence has close resemblance
with what was observed by Yauwenas et al. [77] and also with Paterson and Amiet [55, 77]. In fig. 2.13 no
experimental result of the PWL spectrum before recirculation is presented, but the simulations predict a sig-
nificant contribution to the noise, as what was found by Stephenson et al. [70] and Paterson and Amiet [55].
Namely, that the contribution of blade self-noise is said to become the dominant noise source from BPF 30
onward.

2.4.2. Turbulence Distortion

Simonich et al. [66] and Amiet et al. [9] presented a model that is able to account for the effect of distor-
tion in the noise prediction. An upper limit for the size of distorted eddies is defined by the rotor diameter.
The lower limit is defined by the blade thickness. Their theory predicts the ingestion noise to be relevant
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for frequencies up to the 30" harmonic of the BPF after which self noise becomes more important. This is
consistent with the previously presented experimental results. The theory predicts higher noise levels when
a streamtube expands and the eddies are compressed. This leads to a higher upwash velocity as experienced
by the blade. The same conclusion was drawn by Batchelor and Proudman in their early work on turbulence
deformation [14]. The compression also tends to broaden the peaks. This is a result of the decreased like-
liness of an eddy being chopped by multiple blades. Conversely, when eddies are elongated by streamtube
contraction, the peaks are expected to become narrower and due to a lower upwash velocity the overall noise
reduces. This is illustrated in fig. 2.14. Here, it becomes evident that an elongation of the eddies (streamtube
contraction, contraction ratio C > 1) leads to an attenuation of the overall sound pressure level and a more
peaked spectrum.
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Figure 2.14: Effect of streamtube contraction on the acoustics (a) PSD (b) acoustic energy. The turbulence spectrum used in teh model
was intitially isotropic. C denotes the contraction ratio. Figure was presented by Amiet et al. [9].

Turbulence can also be distorted due to the presence of a body. More specifically, due to the leading edge
of an airfoil. De Santana et al. [60] investigated the interaction of turbulence with a NACA-0012 airfoil. Using
stereo PIV the turbulence intensity in front of the leading edge was extracted. A case study was performed

z
for the case of large turbulence with respect to the leading edge radius, Lr’l‘: = 10. The results are presented

in fig. 2.15. Here, ¢ = % represents the non-dimensional distance in front of the leading edge. Clearly, the
upwash component w’, which generates the unsteady loading, starts increasing from ¢ = 4. This is an impor-
tant result since it suggests that the upstream turbulence intensity does not correctly represent the upwash
fluctuations which interact with the airfoil.

The trend of the increasing upwash velocity fluctuation is in line with Hunt’s asymptotic theory [44]. How-
ever, the same theory states that the streamwise fluctuation u’ should decrease, which it does not. This ob-
servation is not addressed in the paper.

The authors combined the intensity measurements with a modified Von Karman spectrum to obtain a
better prediction of noise. The correction accounts for the decrease of upwash intensity at high frequency. In
fig. 2.16 it can be seen how the rapid distortion affects the sound prediction. Both the spectrum shape and
amplitudes have better agreement with the experimental results if rapid distortion is modelled. Especially,
for 1 < kc < 2. For the modified model it can be seen that for k¢ > 2 the noise is over predicted by = 5d B. This
is an improvement with respect to the original model, which overpredicts up to 20d B in that range.
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Figure 2.16: Comparison of spectra resulting original model and distortion modified model [60].

2.5. Summary

Turbulence ingestion noise has been researched extensively for helicopters, fans and marine propellers. Both
experimentally and analytically. Hanson [40] and Hagen et al. [39] amongst others have found that a given
turbulence field can be distorted by the propeller induced flow field. The flowfield stretches the turbulence
in streamwise direction thereby elongating the eddies. However, it does depend on operating conditions, for
example Scharpf and Mueller [61] did not measure a significant stretching of the turbulence.

The distortion of turbulence can lead to a more tonal noise spectrum, as found by Sevik [63]. That is,
elongated eddies cause coherence in the blade loading and observed noise. However, the size of eddies is
also important. Small eddies, of order blade chord, tend to increase the broadband component of the noise
in the higher frequency regions, as found by Hagen et al.[39].

Turbulence ingestion noise is the dominant noise source up to the 30’ BPE This was found experimen-
tally by Nardari et al. [52]. Factors that affect the noise are the turbulence intensity and integral lengthscale.
The noise scales quadratically with the former, as found by Aravamudan and Harris [11] and Hagen et al. [39].
Turbulence integral lengthscale is found to affect the noise as (lem)‘o'gg.

It has become evident how turbulence distortion prior to the rotor affects the noise by stretching and
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turning of eddies. However, De Santana [60] showed that distortion of turbulence caused by the presence of
a body can have a large influence on the noise spectrum as well. As far as the authors’ knowledge, this effect
has not been studied for UAV propellers.

2.6. Research goals and question
From the previous sections it became clear how noise is generated when turbulence interacts with a he-
licopter rotor or propeller. Moreover, it was found that the streamtube deforms the incoming eddies and
affects the resulting noise spectrum. The deformation process is described by rapid distortion theory. How-
ever, a more detailed investigation into the rapid distortion of turbulence showed that turbulence can also be
distorted due to the presence of a bluff body i.e. a leading edge.

To shed more light on the importance of these distortion mechanisms and their relation to acoustics, the
following research questions are answered in this thesis.

1. What is the distortion of an upstream isotropic turbulence spectrum due to the contracting streamtube
as the turbulence approaches a low Reynolds number propeller in low speed forward flight?

* What is the degree of isotropy at the rotor face? Isotropy implies that the ratio of streamwise to
traverse velocity fluctuations is unity. Downstream anisotropy means that this ratio has changed.
This does not happen when turbulence decays naturally in the flow. Hence, it can be deduced that
turbulence has been distorted.

* What is the change of the streamwise turbulence intensity at the rotor face compared to the up-
stream turbulence intensity? The streamwise component is the main component of the upwash
fluctuations in the blade frame of reference. A change of this component yields a change in observed
sound.

2. Does the neglecting of leading edge distortion in the analytical model lead to large discrepancies in the
computed and observed noise?

* How does the intensity of the turbulence upwash component evolve as it approaches the leading
edge? This is the main indicator if leading edge distortion is relevant as it governs the emitted noise.

 Can the difference in the observed noise be ascribed to the neglecting of the leading edge distor-
tion? This sheds light on the relevance of leading edge distortion in the analytical model.



Analytical model

The goal of this chapter is to describe the various analytical models used in this thesis. In fig. 3.1 the various
components of the complete model are depicted. First, the mean flow model is described in section 3.1.
Then, the analytical far-field noise model is presented in section 3.2. After which the theoretical foundations
of the distortion mechanisms are presented, see section 3.3. Lastly, in section 3.4 the lift response functions
are briefly explained. In fig. 3.1 the relation of the various models with respect to each other are depicted.

Mean flow Streamtube
bulence Far field
T rhvene > Lift response—» ar II
spectrum noise
Thrust Leadlng edge Q

Figure 3.1: Various components of the analytical model. Thrust follows from experiment.

3.1. Mean flow model

In order to have a fully analytical model to compute the noise, it is necessary to include a mean flow model.
The reason is that the mean flow in front of the propeller governs the distortion of turbulence before it in-
teracts with the blade. For this distortion mechanism, only the flow upstream is needed and not the details
of the flow around the blade. Therefore, a relatively simple actuator disk model developed by Hough and
Ordway [42] is used. It has been shown by Yin et al. [78] that such a model can accurately predict the mean
flow, at least to the same extend as an unsteady Reynolds Averaged Navier Stokes (URANS) simulation.

3.1.1. Variable circulation along the actuator disk
The actuator disk is an infinitesimal thin surface where flow discontinuities exist due to the exertion of a force
on the flow by a propeller or rotor. The disk might be viewed as a propeller or rotor with an infinite number
of blades. Hence, such a model represents the steady forces only and can therefore be used to determine the
mean flow.

By defining the circulation as function of radial position, I'(r), the information of each blade section is
taken into account. In other words, by allowing the circulation to vary, the blade shape and chord informa-
tion are implicitly modelled. Hough and Ordway [42] represented a blade by a distribution of circulation. Ad-
ditionally, a sheet of trailing vortices — % is shed as the flow moves with respect to the propeller, see fig. 3.2a.
The Biot-Savart law is used to determine the velocities induced by the system of vortices which states that the
induced velocity vector equals

dv = I dixr
Cdm |3’

where r equals the distance to an arbitrary point P from a filament of length dl. See fig. 3.2b.

(3.1)
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Figure 3.2: Representation of (a) the Hough and Ordway model and (b) the law of induction.

The function which describes the variable circulation is given as

105 71U Ud r r
I'(r)y=—— 1-— (3.2)
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and differentiating with respect to r yields
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Here, R denotes the total rotor radius, B the number of blades and Q the rotational speed. Finally, the disk
velocity is defined in eq. (3.4).
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It couples the total propeller (or actuator disk) thrust to the circulation. The above form for the circulation
matches closely the optimal distribution for minimum energy loss in the wake as defined by Goldstein [35].
Then the upstream induced axial and radial velocities at location (z, r) are given by eq. (3.5) and eq. (3.6).

105 —-Ugz
32 2mr3/2

Uz induceda(2, 1) =

\/_ / !/ !
f S 1—EQ7%(w)dr, >0 (3.5)
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Q;, denotes the Legendre function which, just as «’, is defined in appendix A. From eq. (3.5) and eq. (3.6) it is
noted that the induced velocity field does not depend on the blade number B. The only input parameters are
the upstream flow velocity, air density and rotor radius.

\/_ Qs ()dr'. (3.6)

3.2. Noise of airfoil in circular motion

The foundation theory of this thesis is laid out in appendix A. Amiet [4] developed a model to compute the
noise of an airfoil in a turbulent stream. The airfoil is assumed to move in rectilinear motion. This theory is
extended to the case of a rotor by assuming that at each instance the rotor blade can be seen as an airfoil in
rectilinear motion, and afterwards the results over the whole azimuth are averaged. The airfoil in rectilinear
motion and the derivation of the rotor are found in appendix A.
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Figure 3.3: Schematic overview of the coordinate system of the rotor noise theory.

Using the result of appendix A, the theory for an airfoil in circular motion, i.e. a propeller, is now pre-
sented. The model was developed by Amiet [7]. The idea is that a set of instantaneous spectra is averaged
over time. The instantaneous spectra come from the airfoil in rectilinear motion. In order to justify the av-
eraging of the spectra, it must be true that the timescale of the change in instantaneous spectrum is large
with respect to the time scale of that spectrum. In other words, an eddy must be completely cut by the rotor
blade before the blade has experienced significant rotation. This limits the acoustic frequencies that can be
modelled to the rotor rotational frequency, or w > Q [67] [68].

The power spectral density of a given frequency wg at observer location x = (x, y, z) equals

2n
Spp(x,w0) = 5 f (&%@)%Uamz@ Ky,wzbzwzzizoqauum, Ky,Kg)ZT”Zdy. (3.7)
2mJo  wo Ccoo v2uz

Here, B is the number of blades, w is the frequency at the blade and a%o is a Doppler factor. The blade its
semichord is denoted with b and d is used for the semispan. po and ¢y are used to denote the freestream
density and speed of sound, respectively. U, is the advective velocity (depending on radial location) and u?
the freestream turbulence intensity. y is the azimuthal angle and ¢ and Z are geometric parameters. Ky, K,
and A are related to w and the derivation of the parameters can be found in appendix A. The lift function £
is elaborated in section 3.4 and ® denotes the incoming turbulence spectrum. See fig. 3.3 for the coordinate
system used.

3.3. Rapid distortion theory

Rapid distortion theory is concerned with the description of the evolution of velocity and vorticity fluctua-
tions, u’and ' respectively, as they are transported with mean flow U with mean vorticity Q. The linearised
equation for the transport of vorticity is posed in eq. (3.8).

(6% +U- V' + W -V)Q+ U - V)o' =@ -VYU+(Q-V)u + (') (3.8)

The first simplification is to assume the mean flow is irrotational i.e. Q = 0. Furthermore, it is assumed that
the velocity fluctuations are small compared to the local mean flow, for this recall Taylor’s frozen hypothesis
in section 2.2. It implies that the vorticity fluctuations are transported only by the local mean flow, and not by
the velocity fluctuations. Therefore, the third term on the left hand side drops out. Along the same lines the
third term of the right hand side drops out as well. Essentially, it is assumed that on average the effect of the
fluctuating velocity u’ is much smaller than U even if at some times the effect of both terms is comparable.
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Note that the viscous terms are neglected as well, meaning the distortion is rapid enough such that viscous
dissipation can be neglected. These simplifications reflect the conditions posed in section 2.2.
This yields the following equation.

93L4 ".V)U (3.9)
Dt_w .

Where D% is the convective derivative associated with the mean flow. Eventually, the goal is to obtain the

solution for the velocity fluctuations. The solution is build up from various components, see eq. (3.10).

b yd (3.10)

u/ — u/O + u/
Where u® is the upstream velocity fluctuation, u™® is the contribution due to the blocking effect and u'? is
the contribution of the vorticity distortion caused by the mean flow. The blocking effect is best understood
as a consequence of the condition that the normal velocity at the body’s surface must be zero. That is, the
eddies can not pass through the body, hence the velocity fluctuations must change. The vorticity distortion
is understood as the stretching of vorticity lines. The stretching, according to Stokes’ theorem, changes the
vorticity and therefore the induced velocities.

It can be shown that the importance of the blocking and distortion component depends on the length-
scale of the flow, as presented in appendix A.9. The blocking component is dominant for large lengthscales
with respect to the body. The vorticity distortion component is governing the small scale distortion.

Itis important to realise that this thesis considers both mechanisms, but the respective distortion sources
are different. The first distortion is due to the streamtube contraction caused by the rotor. The second distor-
tion is caused by the leading edge radius. Both 'sources’ cause a change in turbulence velocity by vorticity dis-
tortion and by blocking. However, the importance depends on the lengthscale of turbulence. In the analysis,
small scales are assumed for the streamtube contraction. This means that vorticity distortion is considered
and not the blocking effect of the rotor. On the other hand, the scales that appear small to the streamtube
contraction, can be large with respect to the leading edge, see fig. 3.4. Then, the blocking effect becomes
dominant.

According to Britter et al. [18] and Hunt et al. [45] turbulence lengthscales are small with respect to the
characteristic body dimension L if L’% <= 0.55. Conversely, lengthscales are considered large if L%“ >=5.
Their findings are based on experimental results, and are adopted in this thesis. For ratios between these two
values, the behaviour is an intermediate of both asymptotes. That is, both the blocking effect and vorticity
distortion play a role.

(a). (b)

Figure 3.4: Qualitative representation of how an eddy small with respect to the streamtube appears large with respect to the leading edge
radius. (a) Eddy convected by mean flow and distorted by stream tube and the (b) distorted eddy approaching the blade’s leading edge.

3.3.1. Distortion due to streamtube contraction - small lengthscales
The distortion of turbulence caused by the streamtube contraction is valid for lengthscales smaller than the
sgale of the distortion. In this case, the distortion scale is of order rotor radius R. Hence, it must hold that
L% < 0.55. It is important to note that the mechanism below is not valid for lengthscales larger than the rotor
radius. However, this is of minor importance as eddies of that size will be seen by the blade as a change in
mean flow, rather than a unsteady fluctuation [2].

The analysis starts with the incompressible, inviscid flow assumption. One can then assume that vor-
tex lines follow material lines. Then, using Cauchy’s result the upstream vorticity Q can be related to the
downstream vorticity by eq. (3.11).
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Here, X; represents the upstream coordinates and x; the coordinates at the rotor face. Einstein’s summa-

tion convention for repeated indices is adhered to. The deformation terms ‘;—fi" are written in matrix form as

ineq. (3.12).
5X 86X 80X

Sx by bz
OXi _lov oY ov (3.12)
—|ox 6 0z :
oxj |5z sz oz
ox oy 0z

At this point, the necessity for the mean flow model presented in section 3.1 becomes evident. Namely, the
mean flow model generates the velocity field from which the streamlines can be computed by integration of
that velocity field. Then, a streamline which ends at the rotor is taken and the time for a particle to travel from
the end of the streamline to a distance of 3R upstream, Tyr4ce, is determined. It has then reached point X},‘
From the end of the first streamline, located in the rotor plane, a step of 6 x; for i € [x, y, z] is taken. This point
serves as the starting point for another streamline, and this line is traced back for the same time #;,4... The
upstream point of the new streamline X' is used to determine 4 X;. In that manner, the deformation matrix

is determined. For every tensor it should hold that Det(g—fj") = 1. In this way it is checked that the flow is

incompressible, which is required by strain theory.

Equation (3.11) is used to relate the upstream velocity and wavenumbers to the downstream velocity and
wavenumbers. This is what is essentially needed: The velocity ratio represents the change in magnitude
of the upwash fluctuations, and the wavenumber relation allows to trace back the energy contained by a
combination of wavenumbers.

First, the velocity and vorticity fields are described in terms of a Fourier gust component, see eq. (3.13)
and eq. (3.14).

qk,x) = Q(k) '™ (3.13)
w(kx) = Q(k)e’™ (3.14)

Using the relation w = Vu the following is derived.

Q=ikxQ (3.15)
Q=ikxQ/k* (3.16)

From here, eq. (3.17) and eq. (3.18) are derived.

kP oy b 6Xi
— =(eg)ilez)j— (3.17)
kU’ 3/1\*3 ]6Xj
E— —_ N kd
QU (k" = Q” (k% e (3.18)

Where Q7 is the magnitude of downstream velocity, and k%% the magnitude of the down- and upstream
wavevectors respectively. The other quantities are explained in appendix A, where a detailed derivation is
found.

Both eq. (3.17) and eq. (3.18) are used in the noise model. As explained, the power of the acoustic fre-
quency at an observer is determined by the turbulence spectrum. This spectrum is defined undistorted up-
stream of the rotor. Now, the values Ky, K, and K are defined in the blade frame of reference. To determine
the kinetic energy, and in particular of the upwash component, it must be known what the upstream values
of those wavenumbers were and the corresponding energy.

Here, the equations eq. (3.17) and eq. (3.18) come into play. The former describes how the wavenumbers
are deformed given a deformation tensor, and the latter describes how the turbulence intensity is changed as
itis a ratio. The upstream wavenumbers and intensity ratio are plugged into eq. (2.6) to determine the kinetic
energy of the upwash fluctuation.
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3.3.2. Finite deformation theory

The deformation matrix in eq. (3.12) describes the deformation of a fluid volume. From the deformation
matrix it is possible to derive the principle strains, which is the elongation/compression in the three major
directions x, y and z. For this, the Lagrangian strain tensor E is determined using eq. (3.19).

1 T
E=_(F'F-D (3.19)

Here, F = dX’

ielx,yzlis computed using eq. (3.20), where A, is the i’ eigenvalue [54].

a4 _ A 3.20)

dSQ

The rotation along the axis in i-direction, 6\ is determined using eq. (3.21) for which i # j # k and
i,k,jell,2,3].

is the deformation tensor and I is the 1dent1ty matrix. Subsequently, the strain 5> d in direction

2E; k
V1+2Ejj\/1+2Ex

0 =—asin( (3.21)

3.3.3. Distortion due to the leading edge - large lengthscale

As stated, turbulence can be distorted by two mechanisms. For the streamtube, the vorticity is distorted due
to the turning and stretching of material lines. Now, this effect is dominant for lengthscales small with respect
to the distortion scale. Eddies affected by the streamtube contraction are an order of magnitude smaller than
the streamtube diameter. For the case of distortion caused by the leading edge, the distortion scale is of the
order of the leading edge radius.

Hunt [43] described an analytical solution for the large lengthscale analysis to obtain the turbulent veloc-
ity fluctuations. The solution holds for a two-dimensional bluff body. The streamwise and normal velocity
fluctuations, u’ and v’ respectively are related to the upstream velocity fluctuations by & = r—’lce andn= ?ye’ see
Zamponi et al. [79], in eq. (3.22) and eq. (3.23)

M} ug, + M(loz)vloo (3.22)
0) ./ 0)
M, u, + My, Vi, = (3.23)
where
_ =9 -p? 20-8)n
0) _ (1-&)%+n?)? (1-&)%+12)?
My = ety L -t (3.24)
(A-5)2+17)? (A-O7+17)?

At the stagnation streamline of the bluff body it yields eq. (3.25a) and eq. (3.25b).

u'=ul (1- (3.25a)

_t
(1-¢)2

vV=vl 1+ (3.25b)

1
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In this asymptotic limit, analogous to the small lengthscale, momentum is conserved. That is, a decrease in
streamwise fluctuation leads to an increase in normal velocity fluctuation.

From the above, it is expected that the streamtube contraction will lead to a decrease in upwash fluctu-
ation as seen by the blade. Conversely, the leading edge distortion will increase the upwash velocity. The
relative importance of both effects is not known. This holds only if the turbulent lengthscales are small with
respect to the rotor radius and large with respect to the leading edge radius.

The analytical expression for leading edge distortion is valid along the stagnation line only. Therefore,
the true behaviour of the eddies, and therefore turbulent upwash velocity, might not be accurately described.
The analysis also considers a 2-dimensional flow, where the propeller blade is a 3-dimensional object. So, the
momentum exchange might also include a third component in the spanwise direction which will influence
the results. Another point of attention is the fact that the streamwise velocity of the blade segment varies
along the span such that the most outboard part operates above M = 0.3. It is not known, what the effect will
be of the invalidity of for example the incompressible flow assumption near the tip.
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3.4. Lift response function
In order to model the far-field noise it is important to know how an airfoil responds to a gust. The cou-
pling function, known as the lift response function, has been described by Amiet [9] and is repeated here.
It is assumed that the incident disturbance is advected with the freestream velocity. For the case of a rotor,
the freestream velocity is composed of the rotor’s angular velocity and the radial location of the segment,
and the flow velocity upstream of the rotor. A natural division is made between two regimes. Those are
the low-frequency regime, where the flow is treated as incompressible i.e. the gust reaches the trailing edge
instantaneously when interacting with the leading edge. The other regime is the compressible regime or
high-frequency regime, where there is a phase difference between the leading and trailing edge interaction.
Suppose an airfoil with chord ¢ is moving at Uy, and the speed of sound is c.,. Suppose the frequency
of incoming turbulence is wg, then the phase shift is Co:’ff,m between the pressure at the leading and trailing
edge. For incompressible flow, c, tends to infinity. So essentially, there is no phase difference. But, for high
frequencies (in the limit towards infinity), this is not true anymore. In general, for an acoustic wavenumber k
the criterion for incompresssible flow is given by eq. (3.26).

<1 (3.26)
1+M
This is equivalent to requiring the blade to be compact, see Aeroacoustics of Low Mach Number Flows [34].
Hence, there is need to treat low and high frequencies differently.
The effective lift for low frequencies is given by eq. (3.27)

LKy, Ky, M) = ﬁLS(Kx*)ein*f‘Mw) Uo(ux/o)—i(axlo)]  fp<0.4 (3.27)
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where, S(k) is the Sear’s lift response function, Jo and J; are Bessel functions and f (M) = (1 - Bpg)In(M,) +
Bpg!n(1+ PBpg) —In(2). The overbar states a normalisation by semichord b. 5 is the Prandtl-Glaeurt correc-
tion factor. A more lengthy description can be found in appendix A.

The high-frequency response takes into account two terms: First, the interaction and scattering at the
leading edge, %), is determined. An additional factor, accounting for the scattering at the trailing edge, %>
is calculated. These solutions were determined numerically by Amiet using the Schwarzschild theorem. The
problem is treated as leading edge scattering on a semi-infinite plate independently of the trailing edge scat-
tering of another semi-infinite plate. A velocity potential is determined using the boundary conditions at the
leading edge which are the no penetration condition and zero-velocity potential. This solution is superim-
posed on the solution found at the trailing edge. The exact details of the lift response derivation are out of
this thesis’ scope. For a more detailed explanation on this topic the reader is referred to the PhD dissertations
of De Santana [25] or Christophe [21].

The resulting lift response functions are given by eq. (3.28) and eq. (3.29).

V2

L1 (Ky, Ky, M) = _ E*(2E)e'=? (3.28)
1V Ke(1+ Myo)Ey
o eiEz
gZ(nyKyyM) = —
TE1V2n Ky (1 + My)

o 2 —i25;
iQ-e 254+ Q-0 = (‘](4_9/M — E* 2fi(Moo! My + x/0))) g>=0.4 (3.29)

a (o]

E* symbolises a Fresnell integral, 2 = fi{(Myo/ My — x/0), Zp = A+ A(M, —x/o)—mnl4. M, represents the

advective Mach number and M3, = M5, — 5, K3/ Kz.

3.5. Hypothesis

Based on the analytical models above, the following hypothesis are formulated. These will be compared with
experimental data to check the validity of each model.

Hypothesis 1. The mean flow model of H&O accurately predicts the mean flow upstream of the propeller.
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Approach. Only the thrust and freestream velocity are required as input for the model. The thrust follows
from load measurements and the freestream velocity is determined using a hotwire. The predicted flow field
is compared with planar PIV and hotwire measurements.

Hypothesis 2. The turbulent velocity fluctuations are sufficiently small such that they are only advected with
the local mean flow, and do not change it.

Approach. This is the equivalent of Taylor’s frozen hypothesis and is used in RDT. It is verified by means of

. . U
hotwire measurements if UL <<1.
o0

Hypothesis 3. The distortion of turbulence by the streamtube contraction and leading edge occur sufficiently
rapid.

Approach. The second assumption of RDT is that the distortion is rapid i.e. UL:LI;'{M << 1. Here, H is the
characteristics body dimension. The lengthscales are determined by calculating the temporal autocorrelation
of the hotwire signal and integrating the correlation curve. The characteristic body dimensions are the rotor
radius R and leading edge radius r; ;..

Hypothesis 4. The turbulence lengthscale is small with respect to the propeller radius and large with respect
to the leading edge radius.

Approach. Temporal (hotwire) and spatial (PIV) data is used to determine the lengthscales upstream and
close to the propeller, respectively. It is checked if L’# <=0.55and % >=5.

Hypothesis 5. The observer is located in the far-field, where Amiet’s theory is valid.

Approach. For this to hold kr = ZT” r >> 1, see Aeroacoustics of Low Mach Number Flows [34]. Here, r is the
distance to the observer and A and k the acoustic wavelength and wavenumber, respectively.



Experimental set-up

This chapter explains the propeller model and flow conditions. The measurement apparatus together with
the test set-up are presented as well.

4.1. Windtunnel, model and flow conditions

The experimental campaign was carried out at the anechoic windtunnel in the TU Delft low speed aerody-
namics lab. The windtunnel has a circular nozzle with a diameter of 0.6m. The freestream velocity at the
nozzle has been characterised with a Pitot tube. The freestream velocity equals Uy, = 9m/s and the propeller
is operating at advance ratio J = 0.225.

To generate turbulence a grid has been placed at the nozzle exit, see fig. 4.2b. This grid has a mesh size G of
100mm and is composed of aluminium rods with a square cross section of s> = 100mm?. The distance from
the grid to the propeller equals 1.00m, or 10G. The angle between the propeller plane and flow in z-direction
equals 90°. This has been verified with an inclinometer with 0.01° accuracy.

The propeller has a diameter D of 30cm and adopts a NACA-4412 profile along the whole span. The design
has been based on an APC 9x6, diameter of 9” and pitch of 6”. The maximum chord equals ¢4 = 3.4cm and
the maximum twist angle f,4x = 43.6°, see fig. 4.1. The aluminium alloy propeller has been manufactured
with a CNC machine with 0.4 to 0.8um Ra finish and the blade has been covered with non-reflective paint. A
dynamical balancing procedure has been performed to remove mass unbalances in the propeller.
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Figure 4.1: Propeller based on APC 9x6 (a) sketch of propeller (b) blade twist and chord distribution along radius (c) circulation distribu-
tion compared with Goldstein’s optimum.

The propeller is powered by a LMT 2280/34 brushless inrunner. The motor is attached to an ATI-Mini40
torque/loadcell which measures loads in the z-direction up to 60N (0.75% accuracy), and in the x- and y-
directions up to 20N (1% and 1.25% accuracy, respectively). The resolution is 1/100N in the z-direction and
1/200N in the x and y direction. The torque can be measured accurately up to 1Nm in all three directions
with a resolution of 1/8000 Nm. The rotational speed is monitored by a US Digital EM1 encoder combined
with a US Digital Disk-1 transmissive rotary encoder disk.

23
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The motor-loadcell configuration has been shielded by a circular nacelle to minimise noise sources other
than the propeller, see fig. 4.2c. The nacelle is supported by a ¢ = 70mm chord NACA-0012 wing. Zig-zag tape

has been placed at 0.2¢ in order to ensure a turbulent boundary layer on the supporting wing and mitigate
tones associated with a laminar boundary layer.

|
@ ®) ©

Figure 4.2: Components of setup. (a) Full set-up (b) schematic representation of grid where G = 0.1m and s 0.01m (c) motor loadcell
configuration.

4.2, Acoustic measurements

An array containing 25 G.R.A.S. 40 pH free-field microphones is installed to perform the far-field acoustic
measurements. The frequency response equals +1d B, the frequency range is from 10Hz to 20k Hz and the
maximum output 135dB. The reference pressure is 20uPa and the microphones have an integrated CCP
preamplifier. These microphones are located at 4D distance away from the propeller centre in the y direction,
see fig. 4.3. The microphones are aligned vertically and extend from 8G downstream, to 10G upstream of the
propeller. Microphone signals are recorded for a total of 20s at 51.2kHz. The data is segmented into Welch
blocks with 50% overlap, resulting in a frequency resolution of 10.67 Hz.

Microphone
array

8G

1
Microphone 13
number i

12G |

Figure 4.3: Schematic representation of microphone array and set-up. G =0.1m.
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4.3. Particle image velocimetry

The flow is seeded with particles using a SAFEX Twin Fog generator, with SAFEX-Inside-Nebelfluid. The av-
erage diameter of the seeding particles is 1um. A Quantel EverGreen200 Double-Pulse Nd:YAG laser is used
to illuminate the flow with 200mJ per pulse and 532nm wavelength. One LaVision sCMOS camera with
2560 x 2160 pixels is used to capture the particles. A Nikon lens with 200mm focal length at a f-stop, f, of 8 is
used for the measurements. The resulting field of view is 25x25mm?. The flow at the leading edge has been
measured at r/R = .4 of the blade. A total of 2000 double-framed, phase-locked images has been acquired at
afrequency of 14.8 Hz.
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Figure 4.4: Schematic representation of planar PIV setup for phased-locked measurements. cg g = 30mm.

Aplanar PIVis performed to measure the upstream velocity and turbulence, see fig. 4.5. A second LaVision
sCMOS camera is added to enlarge the field of view. The same lenses as for the phased-locked measurements
are used. In this set-up f; = 11 and the resulting total field of view of the two cameras is 400x260mm?. At
=~ 14Hz a total of 1500 images is acquired. This set-up can be seen in fig. 4.5. The images are processed using
LaVision 10.1.0. A summary of both set-ups can be found in table 4.1.
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Figure 4.5: Schematic representation of planar PIV setup for inflow measurements. R = 150mm.
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Parameter Streamtube Leading edge
PIV method Planar Planar

Frame type Double-Frame | Double-Frame
Lens focal length 200mm 200mm

f 11 8

Field of View ~ 400x260mm? | = 25x25mm?
Aquisition frequency 14Hz 14.8Hz

Pulse separation delta t 70 s 6—7us
Spatial resolution ~1.62mm ~0.14mm
Number of recordings 1500 2000

Number of effective recordings | 250 150

Final interrogation window 48x48px? 12x12px?

Table 4.1: Summary of PIV set-up

4.4. Hotwire anemonetry
A 5um diameter, 1.25mm long platinum plated, tungsten wire manufactured by Dantec Dynamics (Type P11,
Ry = 3.4, R; = 0.5, ayp = 0.36) is installed on a remotely controlled 2D traversing system, see fig. 4.6. The
probe is controlled by a constant temperature bridge. Hotwire measurements are performed at a sampling
frequency of 51.2k Hz for a duration of 10s, except for the line closest to the rotor, where the measurement
time equals 30s. The hotwire was oriented such that the streamwise velocity is measured.

Figure 4.6: (a) Overview of hotwire set-up including 2D traversing system. (b) Hotwire measurement locations denoted with 'x’ and PIV
FOV for reference. (c) Close-up of hotwire probe at z/R = 0.07.
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4.5. Measurement uncertainty

Temperature drift of the freestream is one of the dominant sources contributing to the uncertainty associating
with hotwire measurements [16, 22]. This is because the heat transfer, which is the governing principle of
a constant temperature hotwire system, is directly proportional to the temperature difference between the
flow and sensor. Other errors are related to the calibration, for which a Pitot tube was used. Moreover, a curve
fitting procedure is followed during the calibration which induces an error. The total measurement error of
the velocity is considered to be 3% for the hotwire, see Jorgensen [46].

The data of PIV measurements contains uncertainties coming from both random and biased components.
The former encompasses errors in the cross-correlation, about 0.1px as described by Westerweel [74], and
the convergence of the statistics as %, see Sciacchitano [62]. Here o, is the standard deviation of the velocity
component and N the number of images. An example of biased errors is peak locking, which happens if the
particle image diameter d; < 1px. Conversely, if d; >> 1px, then the individual particle images overlap and
resolution is lost. A compromise between the two effects is d; = 2px. For the streamtube and leading edge
images d; equals 2.3px and 2.6px, respectively, meaning that they have a relatively low impact [56]. Hence,
it is assumed that the random components are the dominant contributors to the uncertainty for both flow
cases.

4.5.1. RPM variability

The RPM for the first two seconds are plotted in fig. 4.7 and is representative for the remainder of the mea-
surement duration. The mean values of the RPM are 7997, 8002 and 7998 RP M for the clean inflow, turbulent
inflow and motor only, respectively. The corresponding standard deviations are 14.6, 37.8 and 13.8RPM.
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Figure 4.7: RPM variability for 1) clean inflow 2) turbulent inflow 3) motor only.

There is no variation in mean RPM between the clean and turbulent inflow case. However, the observed
relatively large fluctuations for the turbulent case (up to 100RPM) can have an effect on the acoustic spec-
trum as it is unsteady loading. Hence, the difference in spectra between turbulent and clean inflow can not
be fully ascribed to the turbulence interacting with the blade. The effect of RPM variation on BPF 1 has been
shown by Grande et al. [38]. A variation of 0.4 —0.65dB at J = 0.24, depending on the microphone location,
was found.

The fluctuations of RPM explains why the effective recordings for the leading edge case is so low. Namely,
a variation in RPM will change the blade’s location in the image and therefore these images can not be used
to compute the flow field close to the leading edge as it is essentially a different flow case.






Results & discussion

The aim of the chapter is to describe and discuss the experimental results. First, the thrust measurements
are discussed in section 5.1. Following are the mean flow and turbulence statistics in section 5.2. Both the
thrust and mean flow velocity serve as input for the mean flow model, which is validated in section 5.3. The
mean flow model predicts a streamtube which is used to analytically model the distortion of turbulence in
section 5.4. Distortion caused by the leading edge is discussed in section 5.5, where the asymptotic theory
of Hunt [43] is validated with experiments. The results are used in section 5.6, where the experimental and
analytical spectra are presented and compared. In section 5.7 the hypothesis of the analytical model are
assessed on their validity.

5.1. Thrust

The evolution of thrust coefficient over time is plotted in fig. 5.1. The load measurements were started after
the rotor was operating sufficiently long to assume that steady conditions were established. The C; measure-
ments have been filtered using a moving average in order to improve readability. The thrust coefficients were
measured for three cases: 1) Turbulence generating grid installed 2) Clean inflow 3) Turbulence generating
grid installed with hotwire probe in flow. The first two cases are used to check if the grid changes the thrust of
the propeller. This affects the steady loading noise of the blade and needs to be quantified in order to isolate
turbulence ingestion noise. The latter case is used to assess the influence of the hotwire on the thrust. It is
assumed that the influence of the hotwire is largest at the distance most close to the rotor and when the probe
fully spans the blade radius. This corresponds to (z/R = 0.07,r/R = 0) in fig. 4.6b and fig. 4.6c. Therefore, this
location is used during the thrust measurements.

Over the course of the measurement time the thrust coefficient increases 0.38%, 0.27% and 0.18%, and the
measured mean C; equals 0.1097, 0.1109 and 0.1114 for the grid, no grid and grid with hotwire, respectively.
The mean C; increased with 1.5% when the hotwire was ingested fully into the flow. The mean C; of the clean
inflow case is 1% higher than for the turbulent inflow case.

The thrust is calculated using eq. (2.1), where D = 0.3m, p = 1.225kg/m® and n = 133.3 Hz. It follows that
Texp = 19.4N. This is the value that is used to calculate Uy in eq. (3.4) and the propeller induced velocities
upstream in order to validate the analytical mean flow model.

29
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Figure 5.1: Thrust coefficients as function of time for the 1) turbulent inflow 2) clean inflow 3) turbulent inflow with hotwire at 0.07z/R
upstream and /R =0.

5.1.1. Discussion

The observed increase of C; over time is ascribed to temperature drift of the loadcell during the measure-
ments. The maximum observed temperature increase of the loadcell was 5.2°C. A maximum gain error of
0.5% can therefore be expected, as provided by manufacturer ATI [12]. Similar observations for a closed
motor-nacelle-loadcell (fig. 4.2¢) structure have been made by Van Arnhem et al.[73].

The effect of placing the hotwire in the flow is marginal. Moreover, the flow intrusion is largest at the
specific location. When placing the hotwire more outboard and upstream, there is less disturbance of the
flow as a smaller part of the radius is operating in the disturbance caused by the hotwire. Moreover, the flow
has more time to recover when further upstream. Therefore, it is assumed in the subsequent sections that the
propeller induced flow field does not change when performing the hotwire measurements.

5.2, Mean flow characterisation

To calibrate the windtunnel a Pitot tube was used. This was done without the grid present. The freestream
flow characteristics are acquired at 3R upstream of the propeller plane using the hotwire, as depicted in
fig. 5.2. Neither the average flow velocity nor the turbulence intensity is homogeneous in radial direction.
The axial velocity ranges from ~ 8m/s to = 10m/s from inboard to outboard. The average velocity U = 9m/s,
hence Uy is set to 9m/s. The turbulent velocity ranges from 0.74/m to 0.95m/s with an average of 0.85m/s
yielding a turbulence intensity of 9.3%
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Figure 5.2: Radial distribution of mean flow and turbulence intensity at z/R = 3.0. Us, =9m/s

5.2.1. Upstream turbulence spectrum
The upstream turbulence spectra are defined at z/R = 3 in correspondence with the analytical model of
Amiet. For every location, the integral length scale is determined using eq. (5.1).

L%, =(7f0 Puu(T)dT (5.1)
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Puu is the correlation coefficient resulting from normalising the time delay autocorrelation. The conversion
from time to spatial domain rests on Taylor’s frozen hypothesis, see section 2.2.

In fig. 5.3 the turbulence spectra are depicted for different radial positions. As reference, the one-dimensional
Von Karmén spectrum (V.K,, red line) is plotted with representative input parameters. At all radial locations
the spectra exhibit the characteristic f~>/3 slope. Furthermore, the spectra can be accurately modelled using
the Von Kdrmaén turbulence spectrum, albeit with different parameters. The results are tabulated in table 5.1.
There is a difference in statistics along the radial positions, indicating that the upstream turbulence field is
nonhomogeneous at z/R = 3. That is, the average turbulence integral lengthscale equals 0.022m and the
average turbulence velocity is 0.85m/s .
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Figure 5.3: Upstream (% = 3) turbulence spectra at (a) r/R = 0,0.2,0,4 (b) r/R = 0.6,0.8,1.0. Ux =9m/s, Af =5Hz. Von Kdrméan
spectrum with L7, = 0.022m and u/ = 0.85m/s.

r/R o o2 |04 |06 |08 |10
L%, [m] | 0.021 | 0.032 | 0.022 | 0.016 | 0.018 | 0.02
u'[m/s] | 0.86 | 095 | 0.81 |0.74 | 076 | 0.84

Table 5.1: Turbulence statistics measured at z/R = 3.

5.2.2. Discussion

The observed non-homogeneity of the mean flow and turbulence intensity can be explained using empirical
results of Roach [57]. Namely, at a distance of 3R upstream of the propeller (5.5G downstream of the grid) the
turbulence field is not yet fully developed to an homogeneous field. Instead, a distance of at least 10G down-
stream of the grid is required for a homogeneous turbulence field. Also in this case it remains the question if
true homogeneity is obtained, as elaborated upon by Ertung et al. [24].

The upstream homogeneous and isotropic spectrum, as required by Amiet’s noise model, is modelled
using the average lengthscale and turbulence intensity in the remainder of the thesis. However, as depicted
fig. 5.3, this only approximates the average. The radial variance is not taken into account. This means that at
radial locations with values below average it is assumed that there is more energy and vice versa for locations
with the parameters larger than the average. A consequence is that the modelled turbulence contains more
energy at the outboard locations r/R = 0.4,0.6,0.8 and 1.0. The overestimation can have a significant effect
as the outboard locations have a larger contribution to the noise of the propeller.

The windtunnel speed was set at 8m/s using the calibration without the grid present. But using this
setting, Uy, was found to be equal to 9m/s for the turbulent inflow case. This can be explained by the fact
that the grid, with a porosity of 81%, blocks the flow and hence it is accelerated . So besides the turbulence
that is added to the flow, the mean flow is increased as well. Hence, J;jeqn = 0.2 whereas J;,, = 0.225. This
can explain the observed differences in C; as described in section 5.1. The effect of the change in J on steady
loading and thickness noise is discussed in section 5.6.
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5.3. Validation of mean flow model

As explained in section 3.3, the mean flow model of Hough and Ordway (H&O) is used to analytically predict
the distortion of turbulence by the streamtube contraction. The comparison of the axial velocities predicted
by model with the experimental results is depicted in fig. 5.4. When the measured thrust, Texp = 19.4N, is
used as input thrust T' (T/ Texp = 1), the model overpredicts the velocities as measured by the PIV and hotwire
systems across the whole radius. The difference between the model and hotwire and PIV at0.4r/R, z/R = 0.07
equals 41% and 49%, respectively.

In order to have a better correspondence between the predicted induced velocities and the measured
velocities, the thrust used as input in eq. (3.4) is adjusted. By lowering the thrust, the induced velocities are
lower and a more representative analytical flow field is obtained. The value of T such that T/Tey, = 0.52
yields the predictions that corresponds best to the PIV results at r/R = 0.4. The reason to match the predicted
and measured velocities at this location is that most elongation, hence distortion, is expected there.

Hough and Ordway’s model rests on the assumption that the blade is loaded according to Goldstein’s
optimal distribution such that energy loss in the slipstream is minimised. However, the blade used in the
experiment has not been designed as such, see fig. 4.1c. It can be seen that for Goldstein’s optimum the
maximum circulation is found at = 0.7r/R. The blade has this optimum at 0.6r/R. Furthermore, Goldstein
assumes that the blade is loaded from hub to tip. For J = 0.225, the inboard part of the propeller blade is in
stall and will not contribute to the thrust.

zZ/IR=1.8 zZ/R=10.3 z/[R =0.17 z/R = 0.07
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Figure 5.4: Comparison of hotwire, PIV and analytical model. Uy, =9m/s.

5.3.1. Streamtube contraction

In fig. 5.5a the analytically (H&O) computed streamlines are compared with the experimental streamlines
derived from the PIV measurements. The streamlines are computed up to z/R = 2.0 instead of z/ R = 3.0 due
to the limited field of view of the PIV set-up. This poses no limitations on the analysis as the analytical model
with T/T,y, = 1 predicts the streamtube radius to be ~ 1.41R whereas at z/R = 3.0, which is the upstream
location considered in Amiet’s model, the streamtube radius = 1.44R. For the computation that matches the
experimental results, i.e. T/ Ty, = 0.52, the difference between z/R = 2 and z/R = 3 is 0.01R. The upstream
streamtube radius at z/R = 2 is = 1.15R, which follows from the PIV measurements. This indicates a contrac-
tion ratio of C = 1.3. This is closely approximated by using T’/ Ty, = 0.52 in the analytical model. Namely, the
streamtube radius at z/R = 2.0 equals 1.19.
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Figure 5.5: (a) Comparison of streamlines approaching different radial locations. (b) Effect of symmetrical contraction on the energy
ratios of the turbulent velocity fluctuations, as predicted by Batchelor and Proudman [13].

5.3.2. Discussion

The fact that the propeller’s circulation distribution over the radius differs from Goldstein’s optimum can
explain why the predicted maximum axial induced velocity is located at /R = 0.6 and that the PIV measure-
ments show this location to be r/R = 0.4. Besides, the streamlines show only marginal curvature. This means
that velocity fluctuations originally in z-direction, remain dominant in z-direction. This is quantified using
the deformation tensor. Using eq. (3.21) the rotation along the y-axis at 7/R = 0.4 is determined to be = 12°
using PIV measurements, and = 14° using T/ T,y, = 0.52. As a consequence, the largest measurable distor-
tion theoretically occurs at this location. That is, the vorticity lines are stretched most in streamwise direction
and the orientation differs only slightly. This means that the decrease in velocity fluctuation in streamwise
direction is largest.

As stated, the input thrust was modified in order to better match the measured PIV velocity profile. A
similar modification was deemed necessary by Robinson [58]. Given the significant differences between the
experimental results and the model of Hough and Ordway, it is evident that this model is not suitable to
predict the upstream mean flow for low Reynolds number propellers.

Moreover, the adjusted thrust does still not fully resemble the measured axial velocity profile. It was used
to match the location where most elongation is expected. It can be seen in fig. 5.4 that the axial velocity at the
outboard and inboard locations are still overpredicted. Therefore, the model is overpredicting the amount of
distortion at those locations.

The observed differences between the hotwire and PIV measurements are ascribed to the measurements
uncertainties of both techniques. Moreover, an additional error is introduced when the locations of the two
techniques are matched.

5.4. Turbulence distortion due to streamtube contraction

In section 5.3.1 the theoretical and experimental streamtubes have been presented. As explained in chapter 2,
the stretching and turning of vorticity lines alters the turbulence velocity fluctuations. For a symmetrical
contraction, i.e. the off-diagonal terms of the deformation tensor are zero, the ratio of turbulent velocity

—_— —_— 2
fluctuations after (uﬁlz) and before (u;f) the contraction, y; = (u:fz),-, is a function of the contraction ratio C.
u

The theoretical result of Batchelor and Proudman [13], which is \?alid for isotropic turbulence, is presented in
fig. 5.5b, where i € [x, y, z].

Since the theory holds for symmetrical contraction, it is instructive to assess the streamlines which remain
relatively straight. This is the case for the inboard radial location r/R = 0.4, which rotates along the y-axis with
~ 12° as discussed in section 5.3. Therefore, that location is used in the subsequent analysis.

Using eq. (3.19) and eq. (3.20) the contraction ratio at r/R = 0.4 is determined to be C = 1.3 for the
streamtube derived from the PIV data. The corresponding value for y,, which represents the squared ra-

!
tio of the streamwise velocity fluctuations, is equal to 0.8. Consequently, the ratio (”:7)Z ~ 0.9. Similarly,
u
b
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5.4.1. Experimental results

To assess the distortion of turbulence, the evolution of turbulence integral lengthscales and the turbulent
velocities in z and x direction is determined. The turbulent velocities follow straightforwardly from the set
of PIV vector images. The procedure to calculate the former is briefly explained. L;’}, where m € [x, y,z] and
i,j € [u,v,w] is defined in its most general form in eq. (5.2).

Lﬁ:ﬁ R;j(m)dm (5.2)
The definition of the spatial correlation function R; j(6m) is reproduced from Hinze [41], see eq. (5.3).

im)jm+dom)

RijOm) = S mom)

(5.3)

The (...) symbolises the time average quantity and i* = \/ (i — i)2. Itis often impractical to use a large upper
bound in eq. (5.2) as the PIV field of view is limited. Instead, the lengthscales are estimated by determining
ém such that R;j(6m) = 1/e = 0.37. The same approach has been used by Romano [59], Falchi et al. [27],
Nguyen et al. [53] and Matozinhos et al. [49]. The above procedure is illustrated in appendix B. The time
averaged quantities are determined by using a phaselocked subset containing N = 250 images. This subset is
retrieved from the original, non-phaselocked, set of N = 1500 images.

At z/R = 1.8 the ratio % ~ 1 regardless the radial location as depicted in fig. 5.6. This is characteristic for
isotropic turbulence. For every radial location, a linear trendline is added to capture the evolution of the ratio
in a straightforward way. This, however, does not imply that the evolution is linear itself.

The ratios of %’ are found to remain approximately constant as the rotor is approached at all radial loca-
tions except r/R - 0.0. There, a stronger decrease is observed.
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Figure 5.6: Evolution of the ratio of streamwise to traverse mean velocity fluctuation ' and v/ at (a) r/R =0,0.2,0,4 (b) r/R = 0.6,0.8, 1.0.
Linear trendlines depicted with dash dotted line.

The evolution of the streamwise and traverse velocity fluctuations at /R = 0.4 are plotted in fig. 5.7a.
Both u/ and v’ are found to decrease from z/R = 1.8 to z/R = 0.2. Moreover, the velocity fluctuations remain
of equal magnitude. Similarly, the lengthscales L, and L%, remain of equal magnitude and both increase
as the rotor is approached, see fig. 5.7b. The evolution of intensities and lengthscales are in good agreement

with the empirical results of Roach [57] describing turbulence decay behind a grid.
w Ly

Both ’::: and £, are unity for isotropic turbulence. At z/ Rj 1.8 both ratios are approximately equal to 1.
These ratios are conserved up to z/R = 0.2 and z/R = 0.35 for % and i’;“ , Tespectively.
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Figure 5.7: Evolution at r/R = 0.4 of (a) streamwise and traverse velocity fluctuations and (b) lengthscales at. Uso =9m/sand cp g =2cm.
Empirical relation of Roach [57] is included.

Figure 5.8 shows the spectrum measured at the equivalent location most closest to the rotor in fig. 5.7. The
peaks at the BPE which are normally present, are removed using a notch filter such that the energy at the BPF
and harmonics follows the trend of the surrounding frequencies. The integral under the remaining spectrum
is computed to retrieve the turbulence intensity, see eq. (5.4) and recall the definition of E in section 2.2.

= fo Efrurp)d frurs (5.4)

In essence, the process of removing the spectral data at the BPF and harmonics is phaselocking in the
spectral domain. From this procedure it follows that u//Us = v/0.297/9 ~ 0.061 which is in fair agreement
with the PIV results. The integral lengthscale is estimated from PIV results because the blade passing cannot
be removed from the hotwire time signal. The experiments match reasonably well with the Von Kdrmén
spectrum (orange dashed line), as seen in fig. 5.8.
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Figure 5.8: Hotwire spectrum compared with the Von Karman spectrum at 7/R =0.4, z/R=0.2. Uso =9m/sand A f =5Hz. Von Kdrman
inputs are the u’ =0.59m/s and L%, = 0.028m.

5.4.2. Discussion
i: is found at r/R = 0 in the experiments. This opposes theory, as the axial velocity
was found to be lowest alf[ that location. Hence, the vorticity lines undergo the least stretching. In fact, as the
rotor is approached, the axial velocity decreases close to the rotor due the the blocking of the nacelle. The
compression of vorticity lines theoretically leads to an increase of Z‘:: In the acoustic framework, however,
this observation is of little importance as there is no turbulence interaction noise at 7/R = 0.0.

The decrease of u’ at r/R = 0.4 is in line with rapid distortion theory as there is stretching of the vorticity
lines in streamwise direction. Analogously, an increase of L? , is expected from RDT. However, the fact that

7 L . - . . . . . .
%’ and 7%* remain equal to 1 indicates that isotropy is conserved. Besides, still a good fit is observed with
12 vv

The largest decrease in
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the Von Kédrman spectrum. This means that the distribution of turbulent kinematic energy over the turbulent
frequencies does not change. The spectrum is expected to change when turbulence is distorted [28].

The evolution of the standard deviations and lengthscales at r/R = 0.2,0.6,0.8 and 1.0 are similar to what
has been presented for r/R = 0.4. This claim is bolstered by the fact that at those locations the ratios pre-
sented in fig. 5.6b do not undergo a significant change. This implies that the turbulence spectrum remains
isotropic across the radial locations as the rotor is approached. So there is no distortion of turbulence due to
streamtube contraction.

The decay of the streamwise and traverse turbulence intensity, as well as the increase of the respective
lengthscales, are in line with the evolution of turbulence behind a grid as described by Roach [57] and Ertung
[24]. This means that natural decay of turbulence plays a role. This violates one of the assumptions underly-
ing rapid distortion theory. Therefore, when modelling the distortion of turbulence by the streamtube of an
UAV propeller, one must take into account that the distortion is not rapid enough.

It is acknowledged that a set of N = 300 images is preferred for fully converged flow statistics. However, it
was not possible to increase the number of images in the subset without losing confidence in the data. That
is, the number of images in the subset could be increased. However, this means that there is more difference
in the physical location of the blade between the images. This artificially increases the standard deviation of
the velocity in the images, especially near the rotor plane, as it is then assumed that different flow situations
are the same.

5.5. Turbulence distortion due to leading edge

During the acquisition the blade will not always be exactly at the same location. This increases the standard
deviation but does not represent the physical situation, as described previously in section 5.4.2. In order to
minimise the difference between the location of the blade between the images and gain confidence in the
flow statistics, the set of 2000 images is processed. A subset of N = 150 images is retrieved. The images are
taken at r/R = 0.4. In addition to J = 0.225, another flow case is analysed at / = 0.3. In both cases Uy, =
9m/s. The argument for this is that the asymptotic solution presented in section 3.3.3 yields a function for
the distortion depending on the leading edge radius along the stagnation streamline. In other words, the
distortion of turbulence due to the leading edge along the stagnation streamline does not depend on relative
velocity. Hence, the second flow case simply provides additional data on the distortion.
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Figure 5.9: (a) Mean velocity field and (b) standard deviation. J = 0.3, Uy = \/U% + (Qr)2, Uso = 9m/s, /R = 0.4, ul = Vu'2 + w'2,
NACA-4412 airfoil in black.

In fig. 5.9, the mean velocity and standard deviation fields are given for / = 0.3 at /R = 0.4. Due to the
laser arrangement, there is a shadow on the suction side. On the pressure side there is the more inboard part
occupying the image. Both effects lead to areas in the image where the in focus particles can not be detected.
These areas are denoted with 'Shadow’. In both plots, the stagnation line is plotted. In order to choose this
line, a mean velocity field is determined. The stagnation streamline is chosen as the line which approaches
the leading edge, and does not curve around it.

The cut-off line represents the location up to which the standard deviation is assumed to be correct. As
can be seen in fig. 5.9b, close to the leading edge of the measurements are corrupted. This is ascribed to the
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effect of blade movement which affects the vectors most close to the leading edge.

To determine the velocity fluctuations in the blade frame of reference, u’t, w;, the velocity fluctuations
u', w', are transformed using eq. (5.5), where § = 27° is based on fig. 4.1. This value for § aligns the veloc-
ity fluctuations in the direction parallel and perpendicular to the chord. This is done in order to remain in
agreement with Amiet, of which a flat plate at zero angle of attack is the foundation.

u? = uZsin(p)? + w2cos(p)? - 2cos(P)sin(p)u'w' (5.52)

w’2 = w?2sin(B)? + u2cos()? +2cos(B)sin(B)u' w' (5.5b)

/

The experimental and analytical ratios x; = =" and xy = =
u t,00

5.10. u' 00 and w' f,00

are determined by averaging the first 50 points of the respective quantlty along the stagnation streamline.

In both cases x ., which represents the upwash as experienced by the blade, follows a similar trend. From
x/rj, = —7.5 it starts to increase up to the cut-off line which lies at x/r;, = —2 for both cases. The value for
both cases is x; = 1.25. The increase is faster than expected from theory, and for that purpose eq. (3.25a) and
eq. (3.25b) are modified with a factor @ = 0.5 as in eq. (5.6a) and eq. (5.6a).

1

k=04 T om) (5.62)
1

'Ky = (1 - m) (56b)

For J = 0.225, xy, increases slightly, but no clear trend can be identified. The behaviour of x, for J = 0.3 is
different. Indeed, it first decreases to 0.9 after which it starts to increase again.
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Figure 5.10: Evolution of x ; and x . Experiment compared with original and adjusted asymptotic solutions of Hunt [43] at (a) J = 0.225

and (b) / = 0.3, where Uy =9m/s.

5.5.1. Discussion

The factor a = 0 5 in eq. (5.6a) and eq. (5.6b) can be interpreted as the doubling of the leading edge such
that{* =¢a = 2” It is known that boundary layers effectively increase a body’s dimension [10]. However,
it is unlikely that the boundary layer doubles the leading edge radius. Namely, near the stagnation point of a
cylinder it thin enough to be neglected, as explained by Britter et al. [18]. At this point there is no evidence of
a physical reason other than a better match with the experiments and it should be interpreted as such. Nev-
ertheless, it demonstrates that the value ' should be modified in the definition of the Von Kdrman spectrum
eq. (2.6). This hypothesis is tested in section 5.6.

The correspondence with theory as shown by «x,, albeit with a modification, does not hold for x,. From
asymptotic theory it is expected to decrease. The trend of a stronger increasing upwash and a marginally
increasing streamwise turbulent velocity has been observed by De Santana et al.[60] as well, see fig. 2.15. It is
noted that their results are for a steady, symmetrical airfoil at zero angle of attack. This might indicate that the
measured effect is truly the distortion of turbulence. However, measurements with clean inflow at the same
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RPM should be performed using the propeller in order to isolate turbulence distortion from unsteadiness of
the set-up. Moreover, the results of x, are within 10% of the upstream value at x/rj. Since measurement
uncertainty is related to \/LI/T], itis not possible to make definite statements about xy. In terms of acoustics it is
of lesser importance how w} behaves as it is the upwash component u} that predominantly alters the loading
of the blade.

Due to the uncertainty of the velocity very close to the leading edge, there is uncertainty in the deter-
mination of the stagnation line. Therefore, the standard deviation of a set of 10 possible stagnation lines is
determined. For each line the value of x, is appended. The standard deviation of the value for x is found
to be 0.01, or 1% which is acceptable. Note that the standard deviation is dimensionless as x ; represents a
ratio. Upstream of the leading edge, /o, and w's, are of virtually equal magnitude. This bolsters the claim
that isotropy is conserved up to the rotor plane.

5.6. Acoustics

The acoustic spectra are plotted in fig. 5.11 for microphone number 25. This is the microphone most per-
pendicular to the rotor rotational plane (x-y plane). Here, the turbulence ingestion noise is expected to have
the largest effect, as has been shown analytically by Amiet [7] and experimentally by Simonich et al. [67]. The
data from microphone 25 is used to validate the noise model in section 5.6.1 and to assess whether or not the
findings on the distortion of turbulence improve the prediction.
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Figure 5.11: Acoustic spectra measured at microphone 25. J;;,,p = 0.225, J;1pqn = 0.2 and Q = 8000RPM. Markers are added for clarity
purposes.

To isolate the aerodynamically generated noise it is necessary to characterise the contribution of the mo-
tor, the windtunnel and the grid. The two background noise spectra, denoted by bkg in fig. 5.11, show that
the presence of the grid adds 104 B from BPF 0.1 to BPF 8. At higher BPE the spectra quickly coincide. The
minimal signal to noise ratio of the background noise in the windtunnel for clean inflow is equal to 5d B and
found in the low-frequency range. At BPF 0.5 the ratio is 20d B and increases for higher frequencies. The
signal to noise ratio for the turbulent flow case behaves similar as for the clean inflow case. The minimum
signal to noise ratio found in the low-frequency range is 10d B for this case.

The motor spectrum shows a tone of 30dB at BPF 0.5, which is characteristic for such a spectrum as it
resembles the (motor) rotational frequency Q. Analogously, at BPF 1.5, a tone of 49dB is present. At BPF 2
and BPF 3, tones of 50d B and 604 B are measured. These tones are related to the number of poles Npje5 = 2.

This is a characteristic feature of brushless motors with harmonics of % [48]. In the high-frequency
range, between BPF 30 and BPF 40, a series of spikes, associated with electrical motor noise, is present. At
BPF 2 the signal to motor noise ratio (SNR) is 18d B and 8d B for the turbulent and clean case, respectively. At
BPF 3 the SNR is 2d B for the turbulent and —3d B clean inflow case. The minimum SNR in the high-frequency
range equals 6d B for the clean inflow and 8d B for the turbulent inflow.

The respective background noise for turbulent inflow and motor noise are subtracted from the measure-
ments at microphone 25 denoted with prop;,,», see fig. 5.11. The tone at BPF 1 is the same for both inflow

cases. The tones at BPF 2 to BPF 20 are consistently higher for turbulent inflow, with a value of 104B, and
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also broader. Moreover, the peak tones decrease with increasing BPF harmonic. Only BPF 4 does not fit this
trend.

In order to appreciate the difference between the clean and turbulent inflow, the effect of the change
in freestream velocity from 8m/s to 9m/s on steady loading and thickness noise is assessed. The velocity
difference between the clean and turbulent inflow case is ascribed to the blocking of the grid, as explained
in section 5.2. By means of a blade element momentum theory based noise model, the steady loading and
thickness components for the propeller are computed at Jg ;4 = 0.225 and J¢jeqn = 0.2, where Q = 80007 pm.
In this specific case, J¢,;q = 0.225 refers to the the freestream velocity only. No turbulence has been imposed
on the flow in the steady simulation. A detailed description of the code is given by Casalino, Grande, Romani
etal. [19]. The tonal and broadband spectra computed at the equivalent microphone location 25 are depicted
in fig. 5.12a and fig. 5.12b, respectively.

It is evident that the difference of both the steady tonal and broadband components between the two
velocities are small. Hence, the differences in SPL between the turbulent and clean inflow conditions, respec-
tively propyy,,rp and propjeqn, in fig. 5.11 are ascribed to turbulence ingestion noise.
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Figure 5.12: Steady noise simulation at microphone 25 of (a) tonal noise SPL and (b) broadband noise PSD. Q = 80007 pm, ]g”-d =0.225
and J;jeqn = 0.2. A set of points is marked with a circle and cross respectively for clarity purposes.

5.6.1. Analytical

In section 5.4 it was found that the there is almost no distortion of turbulence due to the streamtube contrac-
tion. The change in turbulence intensity and integral lengthscale is ascribed to natural decay of turbulence
behind a grid. In addition, the results in section 5.5 suggest a 25% increase of the upwash fluctuation’s magni-
tude which is a consequence of turbulence distortion caused by the leading edge. To assess the importance of
both distortion mechanisms, the analytical model of section 3.2 is used. The modifications only concern the
turbulence intensity, which serves as input for the turbulent spectrum. The steady noise predictions depicted
in fig. 5.12 are added on top of that.

Based on those findings four cases, tabulated in table 5.2, are assessed. Case 1 defines the input as orig-
inally done by Amiet at z/R = 3.0. Case 2 models the same upstream turbulence spectrum, but now the
distortion tensors following from H&O using T/ T,x, = 0.52 are used to get insight on the theoretical effect.
Case 3 uses the decayed spectrum as input for the noise model. The increase of turbulence intensity due to
the leading edge is added on top of that in case 4. If the denoted tensor is 'none’, then the distortion is not
modelled.

Case |1 |2 |3 |4

lem [m] 0.021 | 0.021 | 0.28 0.28
w'[m/s] | 085 | 085 | 059 | 059
LE factor | 1 1 1 1.25
Tensor None | Cys2 | None | None

Table 5.2: Parameters used in analytical noise simulation.
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Figure 5.13: Experimental spectrum measured at microphone 25 for J = 0.225 compared with analytical solution (a) case 1 and case 2 (b)
case 3 and case 4.

The turbulence ingestion noise is modelled up to BPF 20. After that, the prediction decays rapidly. This
poses no problem as airfoil self noise becomes dominant from there on, see fig. 5.12 or Amiet [6].

In fig. 5.13a the experimental spectrum with the background noise subtracted for the turbulent inflow is
compared with the analytical model. It can be seen that the model underpredicts BPF 1 with 3.5 and 4dB
respectively for case 1 and 2. The former overpredicts BPF 2 with 2d B where the latter is on point. Both cases
overpredict the remainder of the tones up to BPF 20. Moreover, from BPF 5 onward, there is no difference
between the predicted peak tones. The throughs, or the lows of the SPL, at the BPF half harmonics however,
are substantially lower for case 2.

The predictions for cases 3 and 4 are presented in fig. 5.13b. The first BPF is underpredicted with 4.5dB
and 2dB for case 3 and 4, respectively. At BPF 2, the differences are 1.7dB and 3.7dB. Both modelled cases
are in reasonable agreement with the experiment from BPF 3 up to BPF 6, except at BPF 4. From BPF 7 to
BPF 20, the predictions of case 3 are more accurate than those of case 4. A maximum difference of 2.5dB is
observed between case 3 and experiment in that range. The throughs at all half harmonics are overestimated
by at least 84 B for both cases.

For all modelled cases, the width of the peaks at the BPF and harmonics are broader than what is mea-
sured experimentally.

5.6.2. Discussion

The motor noise is measured without freestream velocity and propeller. Therefore, it does not fully represent
the motor noise. As described by Finley [29], the winding and mechanical noise should not increase by adding
loads. The electromagnetic noise, however, does increase as more current is required to achieve the same rpm
under loading. This induces a stronger magnetic field, hence stronger vibrations. Moreover, the interaction
between the nacelle configuration and motor changes due to the propeller. Whether or not the latter effect
adds or dampens the measured noise is not known for this experiment.

The low SNR at BPF 3 indicates that the spectra prop¢jeq, and props,,p are compromised by the motor
noise at the location of microphone 25. Hence, the aeroacoustic noise can not be distinguished from the
motor noise at BPF 3. Therefore, this tone is discarded from the analysis.

In fig. 5.11, it can be seen that at BPF 1 there is no difference between the turbulent and clean inflow case.
This is confirmed by fig. 5.12, where the tone at BPF 1 is equal for both flow cases. This suggests that the
steady loading and thickness noise are dominant at BPF 1, as expected. From BPF 2 onward the contribution
of turbulence ingestion noise becomes clear. The tones up to BPF 20 are consistently higher for turbulent
inflow, as is the broadband part of the spectrum up to BPF 40. This is in line with what has been found
by Hagen et al. [39] and Amiet [6] for helicopters. However, Yauwenas et al. [77] did not find this distinct
difference between both the tonal and broadband part of the spectrum for an UAV propeller. The tone at BPF
4 is lower than BPF 5. This does not correspond with the findings of Hagen et al.[39]. The fact that the same
behaviour is observed for the clean inflow case suggests that it is related to the propeller and the operating
conditions. Similarly, at BPF 15 to 20 there is a small hump in the clean and turbulent inflow spectra. These
correspond with the hump found in the motor spectrum and is ascribed to the motor, just as the peaks at BPF
30.
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Recalling the RPM variability in fig. 4.7, it was found that the RPM is varying more when turbulence is
added to the flow. Besides the unsteady loading noise caused by the interaction with the turbulence, the
varying RPM is in itself also a form of unsteady loading. Moreover, the larger the change in RPM, the larger the
change in blade loading. The effect of RPM fluctuations on the unsteady loading noise can not be separated
from the unsteady loading noise using the experimental acoustic data.

Case 1 and 2 in fig. 5.13a use the same upstream turbulence parameters, but the distortion of turbulence
by the streamtube contraction is modelled using the results of section 5.1 in case 2. For case 1, it is assumed
that the turbulence does not distort due to streamtube contraction. It can be seen that BPF1 to 4 are higher
for case 1 than for case 2. This follows from the fact that stretching of vorticity lines decreases the streamwise
velocity fluctuations which are associated with the upwash velocity of the blade. This is represented by case
2. Additionally, more blade-to-blade coherence is expected for case 2 as the eddies are stretched. This can
explain why the energy is more centred around the harmonics than for case 1.

The computed spectra for the two flow case 3 and 4 in fig. 5.13b exhibit the same shape. This is expected
because the only difference between the two is the amount of turbulent kinetic energy. In fact, only the
magnitude is different with 10/0g19(1.25%) = 1.9 as the square of the turbulence intensity is used in the Von
Karmén definition. The underlying assumption is that from z/R = 0.2 to z/R = 0.0 there is no further change
of the turbulent spectrum. This can not be confirmed by the PIV measurements as there is too much noise
in that region. However, it is not known what location is the ideal location to define the spectrum. Therefore,
the current location is assumed to be correct. Above all, there is already fair agreement between predictions
and measurements at the BPF and harmonics.

The throughs are also predicted significantly higher than measured and the peaks are wider for all cases.
Therefore, the model is not suitable to determine the overall sound pressure level (OASPL).

The use of the Von Kdrman spectrum with turbulence statistics retrieved at z/ R = 0.2 is justified by the fact
that in fig. 5.8 good agreement is found with the experiment. However, it is not confirmed if this accurately
represents the turbulence spectrum across the radius. Namely, in section 5.2 it was found that at z/R = 2.0
the turbulence intensity was lower at more outboard parts of the blade. If this is still true at z/R = 0.2, then
the predictions can improve as currently the tones are predicted too high.

5.7. Assessment of analytical hypothesis
In section 3.5 a set of hypothesis was presented which serve as the ground for the analytical models. These
will be held against the experimental results presented above. The hypothesis are repeated below.

Hypothesis 1. The mean flow model of H&O accurately predicts the mean flow upstream of the propeller.

False. It was found that in order to match the predicted streamtube contraction with the experimental results
from PIV, the input thrust in eq. (3.4) should be 52% of the thrust that was measured using the loadcell.

Hypothesis 2. The turbulent velocity fluctuations are sufficiently small such that they are only advected with
the local mean flow, and do not change it.

True. The ratio 77— U =.093 at z/R=3.0 and =0.065 at z/R = 0.2. This satisfies Taylor’s frozen hypothesis.
The same holds for the turbulence 1nten31ty in front of the leading edge, as can be seen from fig. 5.9b.

Hypothesis 3. The distortion of turbulence by the streamtube contraction and leading edge occur sufficiently
rapid.

False. For the distortion due to the streamtube contraction it is found that P Lz ~ 0.55, which is not 'much

smaller’ than 1. Here, U, = 9m/s Therefore, the distortion is not rapid enough For the distortion by the
Lt rl e

leading edge ; =~ 0.003. In this case, U, = 37.5m/s for ] = 0.3. So, this distortion mechanism is rapid.

Hypothesis 4. The turbulence lengthscale is small with respect to the propeller radius and large with respect
to the leading edge radius.

True. Based on the hotwire measurements at z/R = = 0.15 = 0.55. The PIV measurements yield
L7

7 =60=5at r/R = 0.4. Hence, the vorticity distortion and blocking effects described in section 3.3 can be
used for the distortion of turbulence by streamtube and leading edge, respectively.
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Hypothesis 5. The observer is located in the far-field, where Amiet’s theory is valid.

True. Microphone 25 is at 1.55m from the propeller centre. For BPF 1, the acoustic wavenumber kr = 27” r=
% %1.56 = 7.6[1/m]. Here, A is the acoustic wavelength and r the distance to the microphone. Since kr >> 1,

the microphone is in the far-field and predictions Amiet’s theory can be compared with the microphone
data.



Conclusions and recommendations

In this chapter the main findings are summarised by answering the research questions and additional results
are reported. The chapter ends with a set of recommendations for future research.

6.1. Conclusions

A small-scale UAV propeller operating at 10* < Re, < 10° has been subjected to an isotropic turbulent flow
generated by a grid placed at the windtunnel nozzle. The freestream velocity was equal to 9m/s and Q =
8000RPM. A mean flow model has been used to analytically describe the distortion of turbulence by the
streamtube contraction. This has been compared with experimental data coming from PIV and hotwire mea-
surements. Similarly, the distortion of turbulence due to the leading edge has been modelled analytically and
has been compared with phaselocked PIV measurements at /R = 0.4. The information of turbulence that
has been retrieved was coupled to farfield noise measurements by means of Amiet’s rotor noise model.
The findings are coupled to the research questions stated in chapter 2 which are repeated here.

1. What is the distortion of an upstream isotropic turbulence spectrum due to the contracting streamtube
as the turbulence approaches a low Reynolds number propeller in low speed forward flight?

* What is the degree of isotropy at the rotor face? Isotropy implies that the ratio of streamwise to
traverse velocity fluctuations is unity. Downstream anisotropy means that this ratio has changed.
This does not happen for when turbulence decays naturally in the flow. Hence, it can be deduced
that turbulence has been distorted
It is found that the contraction ratio is C = 1.3, which is small. Hence little distortion is expected
based on the theory of Batchelor and Proudman. The PIV measurements confirm this. It reveals

X
Luu

that the ratios %’ and 7#* are unity at z/ R = 1.8 and remain so up to z/R = 0.2 for the former and
1% vy

z/ R = 0.35 for the latter. Closer to the rotor the data is influenced by the blade and no distinction
can be made between the upstream turbulence and velocity fluctuations coming from the blade.

Since a change in £ implies a change in i?” according to rapid distortion theory, it is concluded
vV 124
that turbulence is not distorted by the streamtube contraction. Consequently;, it is not required to

model this phenomenon for this flow case.

* What is the change of the streamwise turbulence intensity at the rotor face compared to the up-

stream turbulence intensity? The streamwise component is the main component of the upwash
fluctuations in the blade frame of reference. A change of this component yields a change in observed
sound.
The upstream turbulence intensity equals 9.3% at z/R = 0.3 and reduces to 6.5% at z/R = 0.2, as
followed from both hotwire and PIV measurements. The decrease of intensity is accompanied by
an increase of lengthscale. As stated before, isotropy is conserved so the change in the respective
parameters is not caused by the contraction of the streamtube. Rather, the observation is ascribed
to the natural decay of turbulence behind a grid as has been described by Roach [57].

2. Does the neglecting of leading edge distortion in the analytical model lead to large discrepancies in the
computed and observed noise?

43
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6. Conclusions and recommendations

* How does the intensity of the turbulence upwash component evolve as it approaches the leading
edge? This is the main indicator if leading edge distortion is relevant as it governs the emitted noise.

The upwash component in the blade frame of reference, u’t, starts to increase from 7.5 leading
edge radii upstream of the blade. At x/r;, = —2 the component is 25% higher than the upstream
value. This is observed for two flow cases at J = 0.225 and J = 0.3, respectively. The trend that is
seen does not follow the asymptotic results of Hunt[43]. However, when the theoretical results are
modified with a factor a = 0.5, good agreement is found with experiments. No physical reason for
this factor is known other than a better match with experiments.

* Can the difference in the observed noise be ascribed to the neglecting of the leading edge distor-
tion? This sheds light on the relevance of leading edge distortion in the analytical model.

The difference between the observed noise and the prediction can not be ascribed to leading edge
distortion. Four sets with different input parameters for the turbulence spectrum were used. It is
found that the tones are already overpredicted when the leading edge distortion is not taken into
account. Hence, an additional increase in turbulence intensity, which is in line with observations,
lead to a larger difference between the model and experiment.

In addition to the above, other conclusions can be drawn from the experimental and analytical campaign:

6.2.

A significant difference between the mean flow model of Hough and Ordway (H&O) and the experi-
ments is found. In order to match the experimentally derived upstream mean flow field the input thrust
T had to be 52% of the experimental value T,y ,. Similar corrections were deemed necessary in litera-
ture, see Robinson [58]. Besides, the difference in streamtube and velocity at the rotor, the circulation
distribution for the propeller is different than what is assumed in H&O.

Therefore, it is concluded that this model is not suitable to predict the upstream flow field induced by
the small-scale UAV propeller.

The analytical predictions are in reasonable agreement with the experimental results at the blade pass-
ing frequency (BPF) and higher harmonics. When the decay of turbulence is accounted for, the predic-
tions matches best. BPF 1 is underpredicted, but this is associated with steady loading and thickness
noise. The maximum difference between prediction and experiment is 3dB for BPF 2 to BPF 6. Ex-
cept, at BPF 4, there the experimental tone is significantly lower which is not in line with theory. The
maximum difference for BPF 7 to BPF 20 is 8d B.

This shows that the decay of turbulence is an important phenomena as the propeller is approached.
Moreover, it violates one of the assumptions of rapid distortion theory (RDT) which shows that RDT is
not be valid for the distortion of turbulence by streamtube contraction.

The model performed poorly at the half harmonics, which were overestimated. Moreover, the width of
the peaks is wider than experiment. Hence, Amiet’s model in its original form should not be used for
OASPL purposes.

Recommendations

To assess the leading edge distortion it is advised to triple the number of PIV images to 6000 such that
a subset of at least 300 images remains after filtering. Alternatively, a lower RPM can be chosen such
that the RPM fluctuations become less detrimental. In this way, more certainty in the results can be
achieved. Then, the physical meaning, if any, of the factor a can be investigated as well.

Following the previous point, a set of images should be taken without turbulent inflow. This has been
done for the more outboard locations, but the fluctuations in RPM resulted in too little images and ar-
tificial velocity fluctuations purely because of the blade’s movement. The clean inflow case sheds more
light on the questions whether the observed distortion is due to the leading edge, or due to unsteady
effects. An example of such an unsteady effect is the RPM fluctuation, which are always present when
working with propellers.

The experiments were performed in the limits of PIV in the sense that the observed change in standard
deviation is of similar order as the uncertainty. To investigate the turbulence distortion and in order
to appreciate the results, the turbulent fluctuations should be higher with respect to the mean flow.
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This can be achieved by modifying the grid and flow parameters. Another suggestion is to scale up the
propeller such that higher resolution is obtained in terms of leading edge radii. That is, most distortion
is expected close to the leading edge. Thus, if the leading edge is larger, the absolute distance at which
significant changes can be observed is larger and the effect of the blade movement becomes smaller.

* More flow cases have to be tested in order to generalise the conclusion of streamtube distortion not
being important. It might be that for specific operating conditions the distortion is rapid enough and
does play a significant role.

* The motor used in the experiment contaminated the acoustic spectrum of the propeller at BPF 2 and
BPF 3. This is related to the number of poles, which is 2. For future experiments it is advised to use a
brushless motor with at least 10 poles or more. In that way, the dominant tones up to BPF 5 will most
likely not be affected.

* The chocking effect of the turbulence grid must be characterised before the propeller is turned on.
Then, the windtunnel’s RPM can be adjusted in such a way that the freestream velocity is the same for
both clean and turbulent inflow conditions. In this way a more fair comparison can be made between
the clean and turbulent inflow conditions.

* The lengthscales were determined using PIV. This is achieved by spatial correlation. If there is a change
in flow along the correlation distance, such as the presence of the blade, the turbulent fluctuations
can not be correlated. Hence, z/R = 0.35 is the closest location where lengthscale information could
be retrieved. To solve this, the hotwire can be coupled to the encoder such that the time signal is not
corrupted by the blade’s passage. Then, using time correlation the lengthscales can be determined.

¢ A further study on the effect of the varying RPM on the measured noise should be quantified. In that
way, the turbulence interaction noise can be fully isolated.






Supplementary to mean flow model

A.l. Legendre functions
The Legendre fucntion Q and its derivative Q' with respect to w are given by

n/2 cos(2na)

Qn-1/2(w) =f da (A.1)
-112 \/2(w—1) +4sin?(a)
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A.2. Airfoil in rectilinear motion
Assume a gust is of the form
g = wp(ky, ky)e” Uty (A4)
is interacting with the airfoil. The complete Fourier representation of the velocity field is
(e 9)
we(x-Uct,y) = /[ Wedkydky (A.5)
—00

where x — Ut means that the gust is convected with velocity U,. Because of the no flow condition through
the airfoil, a surface dipole distribution is induced to oppose the flow. This leads to a pressure jump

Ap(x, Y, Ky, ky) = 27poUc wr (ky, ky) g (x, Ky, Ky, M) e KxUet=ky2), (A.6)
This is valid for a flat plate. In other words, the theory models the airfoil as an unloaded flat plate responding

to an unsteady upwash fluctuation.The total pressure jump is caused by the contribution of all wavenumbers
ie.

[o0] - - .
Ap(x, y, 1) = 2mpo U, f f wr (ky, ky) g(x, kx, Ky, M)e' &Uel=RM g k. (A.7)
—00

Of more interest is the frequency of the total pressure jump, as this is associated with the observed acoustic
frequency, hence a Fourier transform to the frequency domain is performed to obtain

[S°] - - .
Ap(x,y,w) =27mpg Ucf wr(A, ky)g(x,A, ky, M)e‘lkyydky (A.8)
—00

where A = w/U,. This last statement means that a certain frequency component of the pressure jump is
generated by the chordwise turbulence wavenumber. The pressure jump Ap can be viewed as the result of a

47



48 A. Supplementary to mean flow model

Observer

\k‘" R
Accustic \f
wavefronts
Birfoil top view
p——
w /
: o~/ .

s

Gust wovefronts Airfail front view

Figure A.1: Caption

force imposed on the medium leading to a dipole pressure response. For a point dipole with strength F,e'®*
located at (x1, y;) the far field pressure equals

Po = ;szzz ol @I+Mx=0)) p=ip(Mx1~(xx1+ 5% yy1) /o) (A.9)
TCHO

The force is described by eq. (A.8) and is substituted in eq. (A.9). To obtain the total far-field pressure, the
expression is integrated over the chord and span leading to

j d rb
p(x’w) = Mei(w“'ﬂ(Mx—U))f f e—i,u(Mxl—(xx1+ﬁ2yyl)/g)
2¢o0? _al-p

f wr(A, ky)g(x, A, k_y, M)efikyydkydxldyl (A.10)

—00

Now, an effective lift function £ is defined which can be interpreted as the coupling between the incom-
ing turbulence and observed sound

_ o 1 rb _ - )
LRy, M) = 4 f glx1, A, ky, Mye™ Hx1M=x19) gy, (A.11)
-b
The integration over the span is yields a factor A, where it is assumed that there is little variation of the airfoil

along the span (on the scale of turbulence disturbance).

B sinz(d(lcy - ,uﬂzyla))
(k- ppPylo)?

(A.12)

Hence, eq. (A.9) can be written as
(e}
prxw = i 20200 pitwrutiz—o) f wr(A, ky) £ (A, Ky, M)Adk, (A.13)
CoO —00

. The integral in eq. (A.13) cannot be integrated exactly. However, when it is assumed that the upwash dis-
turbance is small with respect to the airfoil span i.e. Ad> 1, the integral will show oscillating behaviour
of which the contributions cancel each other except at ky, = upylo = K. Moreover, if d is large with re-
spect to semichord b, then limg_. A = 6(k, - upB?ylo). So, the integral only produces a non-zero result if
ky = upylo = K. The physical interpretation is the fact that only a wave normal to the line joining the
observer and airfoil is heard by the observer, as shown in fig. A.1.

Furthermore, according to Graham[36], if MK, > k, thelift response function £ and the gust wg become
independent of ky so those can be taken out of the integral. This yields

b _ .
prixw) = iR yr (A, Ky) L (A, Ky, M)elH M=) (A.14)
CoO
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. Turbulence, however, is not a deterministic quantity. Therefore, wp, is not a single value. Without going into
the mathematical foundations, the following relations are used to couple the expected values of a statistical
quantity like turbulence to the far field spectrum
Elpr()pr * ()] = (T/m)Spp (W) (A.15)
Elwgr (A, Ky), wg * (4, Ky)] (RAIT*)D (A, K) (A.16)
. The farfield power spectral density function for an airfoil interacting with turbulence described by an up-
wash spectrum @, is

B nUed| L (A, Ky M)P Do (A, K) (A17)

Spp(@) =

A.3. Extension to rotor

For a rotor that chops an eddy multiple times there will be correlation between the instanteneaous spectra.
The correlation function is written as

Rypx,y,7) = n__ooRpp(x,y,r nT2) (A.18)

, where T2 is the time, as heard by the observer, between the chopping of a given eddy by the blades. The
derivation of T» is found in appendix A. The correlation can be transformed to a spectral density by a Fourier
transform

S)p XY, 00) = ZL o Sp (%, wp)e "0 (A.19)

. This function is the spectral density with movement relative to the observer, indicated with ’. It can be
related through a Doppler factor wﬂo, where w is the frequency at the blade, as

w
Spp0 @) = 2= Spp6 wo,Y) (A.20)

so that from eq. (A.17)

o0 b
Sposyon = [ AL Ky, M PO (O, Ky, Ko 2 (a21)

. The factor e’*:"Z is required since a third dimension in terms of wavenumbers is added to the original

two-dimensional i.e. ky, ky analisys of an airfoil in rectilinear motion. The wavenumber k. accounts for the
possiblity of multiple choppings of a single eddy. The function in eq. (A.21) denotes the acoustic spectrum of
the n'"* chop of a given eddy.

kzZ +w0 P )

ein2nl S(n+ (kzZ+on2)) it

can be derived that the integral over k; is only defined where K}} = M Hence, the final result is

eq. (A.21) is supstituded in eq. (A.19). By realizing that 232 _ e

I’l_—OO

/ w wbzpg , S 2.9 - 27
Spp(x,y,wo):w—o( o ) nU:d|ZL (A, Ky, M)|“b uZZEOOOQDWW(/l,Ky,KZ”)m (A.22)

The power spectral density is obtained by averaging eq. (A.22) over the azimuth and multiplying it by the
number of blades B

A.4. Frame of reference transformation

In the analysis the axial flow has a Mach number M,, and the side flow M. The blade segment is at angle
y from the x-axis and the side flow comes at an angle . See fig. 3.3 for reference. Since in the analysis the
blade is assumed to be an unloaded flat-plate, the angle of attack a equals

M;+ My cos(y +'¥)

cot(a) = v (A.23)
Z

where M; is the local tip Mach number of the blade segment. For skewed inflow, the blade will experience a
spanwise component of flow over the blade

M, = —Mf sin(y+‘1’)(fcosy+fsin(}/)) (A.24)
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and so the flow experienced by the blade segment is
My, = [M; + My cos(y + ¥)](=isin(y) + jcos(y)) + kMz (A.25)

. In order to use eq. (A.17), the observer coordinates must be transformed to the blade frame of reference.
Additionally, when the observer hears the sound burst, at time T, the source has moved. Initially the observer
is at

xo = r(isin(6) + kcos(6)) (A.26)

and the distance to the retarded source point X is
r2 = (rsin(@) — x)> + y2 + (r cos(6) — z5)? (A.27)
. Note that Mz = —M, k, Mg = —Mf(fsin(\ll) + fcos(‘I’)) and T, = r./cy. Then
Xs = [-Myresin(¥), —Mgre cos(W), —M 1] (A.28)

. The distance to the retarded source point can subsequently be expressed in flow parameters as

re = 1(Mjscos(©) +\/1—M§sin2(®))/(l—M§) (A.29)

where Ms* = M; +M? and M cos(©) = My sin(¥) sin(6) + M cos(6). The present source position can then be
found using xp = x5 + Mpco Te. For this position of the source, the observer is at x; = Xg —Xp. The rotation to
arrive from the rotor hub frame of reference to the blade frame of reference is

sin(y)cos(a) —cos(y)cos(a) —sin(a)

X3 = cos(y) sin(y) 0 =X1 (A.30)
sin(a)sin(y) —cos(y)sin(a) cos(a)
A.5. Doppler factor
The Doppler factor is defined by Amiet[3] as
M,SO
U B o (A.31)

w 1-M,SO
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where M; = Mt(—fsi n(y)) + fcos(y) is the Mach number of the source relative to the observer and M, =
i(Mgsin(¥)—M;sin(y))+ j(Mgcos(¥)+Mcos(y)) + kM, the Mach number of the source relative to the fluid.
SO is the unit vector from the retarded source position to the observer.

Hence, the Doppler factor can be rewritten as

wo _ 1+ M;(xsin(y) — Myrecos(y +'¥)) (A.32)
0 1—(re(Msz+Mthcos(y+\I’))+Mzz+fosin(‘P)—Mtsin(y)x) '
It is shown by Amiet [5] that eq. (A.31) can be rewritten to
w 1+Mx'Ir (A.33)

wo  1-Mcos0)

This equation reduces to the well known Doppler factor for a non-rotating source if M; = 0.

A.6. Derivation of T2

The time 7> is the time between the chops of a given eddy as heard by the observer. In fig. A.3 the process is
depicted. The blade moves along line AD with velocity V; = QR. After time T the blade has moved

FE=T1V,, (A.34)
where V; is the convective velocity of the eddy at the rotor plane. The eddy has also moved
FC=T; Vfcos(y +V¥) (A.35)
in the rotor plane. Here, V¢ is the skewed inflow velocity component at the rotor plane. The distance
BC=(T-T)V; (A.36)
where T is the time of blade 1 at point C. Using Pythagoras theorem, the distance Z, which is the shortest

distance of the blade paths in the fluid, is determined as

Z?=BF*+FE* = T{V,2+ (T - T))V; - T1 Vycos(y + ¥))° (A.37)
2% =T?VE = TEH(VE + (Vi + Vpcos(y + ¥)%) (A.38)

Solving simultaneously yields

Z=TV;sin(a) (A.39)
T, =TV V,)sin(a)cos(a). (A.40)

T, is T plus the time difference between the sound from point B and point C to reach the observer. The
time from point C to reach the observer 7

M —
To = LZU (A.41)
Coﬁb
replacing x by x+ BC and y by y — T1 Vgsin(y + V) gives T1. So
T, = Ty + BC(M}, — x/0)/ (B3co) + Y y/ (co0) (A.42)

where Y =T Vesin(y +'¥).
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Figure A.3: Schematic representation of the multiple chopping of an eddy

A.7. Wavenumber and velocity relation
To model the distortion i.e. relate the upstream turbulence wavenumbers and vorticity to the downstream
ones the following analysis is presented by Amiet[9].

The turbulence wavevector is defined by

k=iky+ jky + kk;. (A.43)
The velocity field q of a single wavevector Fourier component can be written as
q k%, %) = Q7 (k%) k"X, (A.44)

The superscript d is used to denote the downstream location whearas u will be used to denote the upstream
location. The first assumption is that flow is incompressible, this implies that k%" and Q%" are orthogonal
and therefore

Q) =kxP(k) (A.45)

for some vector P. This relation holds for both the upstream and downstream region. The vorticity w is
defined as . _
w=vxq=ikx QK e** = jk(ke P —Pk?)ek* (A.46)

which follows from the divergence operator. The vorticity itself can be written as

w(k,x) = Q(k) e X, (A.47)
Using eq. (A.46)
Q) = i(k(ksP) - Pk?) (A.48)
and taking the cross product with k yields
kxQ=—-ik’kxP=—-ik*Q. (A.49)

This provides two relations between the Fourier components of vorticity and velocity

Q=ikxQ (A.50)
Q=ikx Q/k* (A.51)

Using Cauchy’s result of the fluid deformation tensor the upstream and downstream vorticity is

0X;

Q=04 — (A.52)
I 5x]'

where g—fjf is given by eq. (3.12). This can be used since vorticity lines follow material lines.

First, define vectors éf’”, ég’”, ég’” along 4%, Q%* and k®*. The relation for éf’” follows directly from

eq. (3.11). Let f; define the direction of él", then
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ax; f
d i 1
(i =(e); ax;’ (e}) = ) (A.53)
where i, j indicate the components of the respective vectors.
To find e} define
ax;
d
(f39i = (e3) jd—x]f. (A.54)
Now, since an orthogonal system has to be formed
e}:e}‘xt‘z‘/le}‘xt‘él. (A.55)
Subsequently, o
6l = ol x o, (A.56)

Note that first eg‘ was found and afterwards e}‘. The reason is that f} is not necessarily orthogonal to e}‘, but it
does define a plane between e%‘ and f}, to which e;‘ must be orthogonal. Then, e;f‘ is in turn orthogonal to eg‘
and e}‘.
Now define
k“=2m/A", Kk =2m/7A4 (A.57)

for which k9 and k" are by definition parallel to eg’l and eg‘, respectively. Consider a vector Adeg . If the begin
is on a wave crest of the wavevector, then the end is as well, see fig. A.4. The corresponding upstream vector
begins on and ends on the same crest, but does not have to have the shortest distance. Denote the upstream
vector by hj then

aX;
dg,d
(h)i =21%(ef); d—x;. (A.58)
The component of h} in the direction of eiif has the same length as 1% so
- aX;
A“=h§eel =A%) (el ——. (A.59)
dx]'

Using eq. (A.57) the relation between the magnitude of the upstream and downstream wavenumber can be

determined p

i (eg‘)i(e?)jj—f;. (A.60)
The above relation can be used to determine the velocity magnitude relation as
k@
QU (k") = Q4 (k%) G (A.61)

Here, Qd(kd) is the magnitude of vector Qd and Ql?‘(k”) the i'" vector component of the upstream velocity
vector.

A.8. Lift response function
The derivation of the lift response function is repeated from Amiet [7][2]. For an airfoil between -1 < X =
x/b<1

- 1 /1-X% I <
g(x; K, 0,M) = ﬁ ﬁS(Kx)ele(sz-'—f(M)) (A.62)

where f(M) = (1 - B)In(M) + Bln(1 + B) — In(2). Here, K} = Kx/f? and S(K) Sears’ function. An itterative
procedure is followed to satisfy the leading and trailing edge boundary condtions. The first two terms are

1

g1(x,Ky,0,M) = _ e i0:E (A.63)
ava(l+M)K,(1+Xx
(%, Ky, 0, M) = Y a+ HEQM(l - X)) — 1]e 0=, (A.64)

av2r(1l+ MK,
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Ineq. (A.63) and eq. (A.64) = (1 - M)(1+ %) + /4 - K, and E(x) = J%lfox emidde

G
These hold for parallel gusts (k, = 0) and can be related to non-parallel gusts using
g(x, Ky, Ky, M) = %og(x, Ky, 0, M)’/ Kx (A.65)

Casting eq. (A.65) into eq. (A.11) gives the expressions in eq. (3.27) and eq. (3.28).

A.9. RDT Magnitude Analysis

An order of magnitude analysis, adopted from Hunt [43], is now presented to see why small lengthscales are
indeed not affected by the blocking and why large lengthscales are not affected by the mean flow.

Suppose an eddy with velocity ul, vorticity w., and length ! moves with the mean flow. If [ = Ry, then
the change in w’ occurs within a distance of ~ a. So, Iu(d)l ~ Iaw(’wl. On the other hand, if [ << a then these
changes occur over a distance [ implying [u@| ~ llwl|. The freestream disturbance u'® ~ |lw. (see Biot-
Savart law of induced velocity), so

u?  a

v " l=a (A.66)
|u(d)|

— ~ L l<a (A.67)
u

which shows that for large  u@ is negligible with respect to u'®.

On the other hand, there is the boundary condition that the turbulent velocity normal to the body equals
0. Such a boundary condition can be satisfied mathematically by describing a set of sources on the body.
Since these sources give rise to u®in eq. (3.10) and they oppose u'*, they will be of order ~ [u'*®|. Then, from
eq. (3.10) it can be derived that

b d

u?>u" I>a (A.68)
uw?~ud I«a (A.69)
. So for lengthscales large with respect to the body, the blocking effect is dominant and the mean flow distor-
tion can be neglected. For lengthscales small with respect to the body;, is of the same order as the mean flow
distortion of vorticity. But since the source velocity caused by the boundary decays as ~ e~ %=, where Z is the
non-dimensional distance to the body, this effect can be neglected for most of the flow.
Hunt [43, 45] developed the analogy that leading edge distortion can be viewed as turbulence approaching
a two-dimensional round body. This circle represents the leading edge radius and thereby the interaction of
turbulence with an airfoil is modelled. As said, two main distortion mechanisms are identified. The blocking
one is obvious whereas the vorticity distortion is less trivial. Therefore, the latter is explained in more detail
with the aid of fig. A.5.
It is known that vorticity follows material lines. Suppose a set of material lines dl; 5 3 is convected to-
wards the leading edge along the stagnation streamline. As the leading edge is approached, dl; is compressed
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wheareas dl; is elongated. Following Stokes’ theorem and Kelvin’s law, it must be that the vorticity is increased
in the direction of dl, . Similarly, the vorticity in the direction of dl, is decreased. In the analysis, the spanwise
vorticity following dls remains unaltered. Now, the vorticity in the direction of dl;, dw; induces velocity fluc-
tuations in the perpendicular directions. That is, in the directions of dl; ;. In this way, the upwash velocity
fluctuations, which generate the unsteady loading noise, are altered. This effect is significant for scale small
with respect to the object i.e. leading edge radius and tends to decrease the upwash fluctuations.

Although the above analogy used a solid body, the same holds for the streamtube contraction which is
explained in section 3.3.1. That is, the small lengthscale analysis is based on the change in vorticity due to
the mean flow lines. It does not matter how the change in flow lines is established, so it is equally valid for the
streamtube contraction.

dt,
df,

PIj(EU-'O} (E‘)

tEQJIw'(E;) I
‘; A // XX,

dt, (€,

Figure A.5: Distortion of material lines which translates to a change in vorticity.






Supplementary calculations

B.1. Deformation tensor

The deformation tensors coming from PIV, H&O (T'/T,xp = 1) and H&O (T'/T,xp = 0.52) are used to deter-
mine the principle strains at 7/R = 0.4. These are 1.25, 1.27 and 1.64 in the z-direction,respectively. Clearly,
the original form of Hough and Ordway overpredicts the elongation of the material lines. As a sanity check
the determinants are determined. These are 0.993, 1.0008 and 0.96 for T/ Teyxp = 0.52, T/Texp = 1 and PIV
respectively. The PIV shows a slight deviation from 1 which is ascribed to the fact that the PIV streamlines are
derived from experimental data wheareas the other two follow directly from a smooth velocity field.

115 0 0 137 0 0 117 0 0
Fpv = [—0.006 1.23 -0.12| Fy=|0.003 1.63 -0.029| Fpsz=[0.007 127 -0.007| (B.1)
-0.07 0.09 0.67 -0.028 0.11 0.5 -0.03 0.015 0.66

B.2. Spatial lengthscale computation

For every z/R at a specific r/R, the average R,-j(6m) is computed for a band [r/R—Ar/R,7/R+ Ar/R]. See
fig. B.1 for a schematic overview of the procedure as well as a typical average correlation graph. As can be
seen the average correlation is determined for the lines in the bandwidth. Using the mean line the point is
found such that R,;,(6z) = 0.37.

X 1.0
e - Mean

u, 8z

r/R-Ar/R rrearr Y
/R
VA
(a) (b)

Figure B.1: (a) A point at [r/R, z/ R] with band Ar/R for which Ry, (6z) is calculated. (b) The individual spatial corerlation curves and the
resulting mean. The lengthscale is determined by finding 6z/cp g such that the mean Ry, (6z) = 0.37
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Verification of noise model

The authors of the noise model provided a sample calculation which can be used to verify the code. In fig. C.1
the sample calculation is denoted with verification and compared with the code written during this thesis.
Good agreement is found. The small differences can be ascribed to rounding errors as at the time of publica-
tion of [8]. The software at that time did ,for example, model 7 as 3.1415 whereas now Python estimates 7 up
to 17 digits. Analogously for the trigonometric functions.
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Figure C.1: Sample calculation from [8] (verification) compared with code
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