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Investigation of noise generation by a model propeller in
turbulent inflow through advanced signal processing techniques

L. N. Quaroni∗, T. Sinnige† and R. Merino-Martínez‡

Faculty of Aerospace Engineering, Delft University of Technology, 2629 HS Delft, the Netherlands

The far-field acoustic emissions of an isolated scale-model propeller ingesting turbulent inflow
are experimentally investigated in wind-tunnel measurements. Phase-averaging and phase-
shifting signal processing techniques are used to separate the deterministic (tonal) and random
(broadband) components of the recorded sound signals. It is reported that a combination of the
two techniques prevents tones unrelated to the shaft rotational frequency from contaminating
the estimate of the broadband part of the signal. Scaling and directivity analyses of the obtained
broadband component highlight the presence of two noise generation regimes depending on
the considered frequency range. In particular, a quasi-omnidirectional directivity pattern
is observed for frequencies for which the Helmholtz number is much lower than unity when
turbulence is ingested. On the other hand, a dipole-like pattern with minima close to the
propeller’s rotational plane gradually appears for higher frequencies. A time- and frequency-
domain analysis through the Continuous Wavelet Transform (CWT) method shows how the
increase in broadband noise is due to a large number of short-duration pulses linked to the
ingestion of turbulence.

List of relevant symbols

𝐴𝑒𝑥𝑡 = 𝜋𝐷2
𝑒𝑥𝑡/4, additional contraction exit area, [m2]

𝐴 𝑓 𝑙𝑜𝑤 = 𝛽𝐴𝑤𝑡 , flow area through turbulence grids, [m2]
𝐴𝑝 = 𝜋𝐷2

𝑝/4, propeller disk area, [m2]
𝐴𝑤𝑡 = 𝜋𝐷2

𝑤𝑡/4, wind tunnel exit nozzle area, [m2]
𝐵 = number of blades, [-]
𝑐∞ = speed of sound in the freestream, [m/s]
𝑐0.7 = 0.016 m, blade chord at 70% of the blade’s span, [m]
𝑑 = grid bar width, [m]
𝐷𝑒𝑥𝑡 = additional contraction exit nozzle diameter, [-]
𝐷 𝑝 = propeller diameter, [m]
𝐷𝑤𝑡 = wind tunnel exit nozzle diameter, [m]
𝑓𝑎 = sampling frequency, [Hz]
𝑓𝑐 = band center frequency, [Hz]
𝐻𝑒 = 2𝜋 𝑓 𝑐0.7/𝑐∞, chord-based Helmholtz number, [−]
𝐽 = 𝑉∞/(𝑛𝑠𝐷 𝑝), advance ratio, [-]
𝐿 𝑝 = sound pressure level relative to 𝑝𝑟𝑒 𝑓 = 20 𝜇Pa, [dB]
𝐿∗

𝑝 = sound pressure level scaled by relative dynamic pressure 𝑞𝑟 , [dB]
𝐿 𝑝,𝑏 = sound pressure level of 1/3-octave band centered around 𝑓𝑐, [dB]
𝑀 = grid mesh width, [m]
𝑀∞ = 𝑉∞/𝑐∞, freestream Mach number, [-]
𝑀𝑡𝑖 𝑝 = 𝑉𝑡𝑖 𝑝/𝑐∞, tip Mach number, [-]
𝑛𝑠 = shaft rotational frequency, [Hz]
𝒑′ = vector of recorded acoustic pressure fluctuations, [Pa]
𝑞𝑟 = 0.5𝜌∞𝑉2

𝑟 , relative flow dynamic pressure at 70% of the blade’s span, [-]
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𝑞∞ = 0.5𝜌∞𝑉2
∞, dynamic pressure in the freestream, [-]

𝑟 = radial coordinate with origin at propeller’s axis of rotation, [m]
Re0.7 = 𝑐0.7𝑉0.7/𝜈∞, chord-based Reynolds number at 70% of the blade’s span, [-]
𝑅𝑝 = propeller radius, [m]
𝑆𝑝 𝑝 = power spectrum of acoustic pressure fluctuations, [Pa2/Hz - Pa2]
𝑆𝑏

𝑝 𝑝 = broadband-only power spectrum of acoustic pressure fluctuations, [Pa2/Hz - Pa2]
𝑆𝑡 = 𝑓 𝑐0.7/𝑉𝑟 , chord-based Stouhal number at 70% of the blade’s span, [−]
𝑇 = propeller thrust, [N]
𝑇𝐶 = 𝑇/(𝑞∞ 𝐴𝑝), thrust coefficient, [−]
𝑣 = instantaneous streamwise velocity, [m/s]
𝑣𝑟𝑚𝑠 = root mean square of instantaneous streamwise velocity, [m/s]
𝑉 = average streamwise velocity at hot-wire measurement point with propeller running, [m/s]
𝑉∞ = average wind tunnel streamwise velocity, [m/s]
𝑉𝑟 =

q
(Ω𝑠 · 0.7𝑅𝑝)2 + 𝑉2

∞, relative inflow velocity at 70% of the blade’s span, [m/s]

𝑉𝑡𝑖 𝑝 =
q

(Ω𝑠𝑅𝑝)2 + 𝑉2
∞, relative inflow tip velocity, [m/s]

𝑉𝑟𝑒 𝑓 = average streamwise velocity at measurement point with propeller substituted by dummy spinner, [m/s]
𝛽 = 𝐴 𝑓 𝑙𝑜𝑤/𝐴𝑤𝑡 , grid porosity, [−]
𝛽0.7 = blade pitch angle at 70% of the blade’s span, [◦]
Λ𝑥 = streamwise integral turbulence length scale, [m]
𝜗 = polar angle of directivity arc microphones, [◦]
Φ𝑣𝑣 = power spectrum of streamwise velocity fluctuations, [(m/s)2 /Hz]
𝜒 = 𝐵Ω𝑠Λ𝑥/𝑉∞, haystacking parameter, [-]
𝜈∞ = air kinematic viscosity in the freestream, [m2/s]
𝜌∞ = air density in the freestream, [kg/m3]
Ω𝑠 = 2𝜋𝑛𝑠 , shaft angular frequency, [rad/s]
𝜔0 = angular non-dimensional frequency of Morlet wavelet function, [-]

BLI = Boundary Layer Ingestion
BPF = 𝑛𝑠𝐵, Blade Passing Frequency, [Hz]
CR = 𝐴𝑤𝑡/𝐴𝑒𝑥𝑡 , Contraction Ratio, [-]
CWT = Continuous Wavelet Transform
EA = Ensemble Averaging
HWA = Hot-Wire Anemometry
SMSB = Square Mesh Square Bar
𝑇 𝐼 = 𝑣𝑟𝑚𝑠/𝑉 · 100, streamwise Turbulence Intensity, [%]
TIN = Turbulence Ingestion Noise
TSA = Time Synchronous Averaging
UAV = Unmanned Aerial Vehicle

I. Introduction
The ubiquity of drones and the rise in non-conventional aircraft architectures (i.e. distributed electric propulsion,
planar/axisymmetric boundary layer ingestion systems [1, 2]) has put the topic of propeller noise back at the center
stage in recent years, after a period of relative quiet in the scientific community. Propellers may offer a more efficient
alternative to traditional propulsive technologies (e.g. turbofan engines [3]) or, as in the case of Unmanned Aerial
Vehicles (UAVs) such as drones, the only viable solution for the flexibility required in their operation [4]. The large
number of possible arrangements, however, may involve the positioning of propellers in configurations in which strong
flow interactions with the airframe are present. Such types of installation effects may lead to greatly increased noise
emissions, which are challenging to predict and, therefore, to avoid [5]. The greater knowledge of the adverse health
effects posed by noise exposure and the development of more advanced sound metrics taking into account the specificity
of human sound perception adds another layer of complexity to the issue [6–8].
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A common installation effect in most non-conventional propeller configurations is the production of a non-uniform
and non-homogeneous turbulent inflow velocity field to the rotor disk, e.g. boundary layer ingestion (BLI) systems
and frame-wake interaction in drones [9, 10]. Whilst actively sought in certain configurations due to the benefits in
propulsive efficiency, the ingestion of highly-distorted turbulent flows leads to an overall increase in noise levels [11].
Spatial non-uniformity of the inflow velocity field to the propeller mainly acts on the amplification of tonal noise due to
the propeller blades experiencing a periodic change in their local sectional angle of attack during their rotation around
the propeller axis [12]. This causes the presence of harmonically fluctuating lift and drag forces, which in turn translate
into a highly tonal acoustic pressure field at the observer’s position, with its frequency content distributed between the
Blade Passing Frequency (BPF) and its harmonics [13, 14]. Turbulence ingestion, on the other hand, is predominantly
linked to an increase in broadband noise. The vortical structures present in a turbulent flow cause a rise in the pressure
fluctuations at the blade’s surface due to their direct impingement on the blade’s leading edge [15]. This increase may
not be limited to the blade’s leading edge region, however [16]. The scattering of such pressure fluctuations by the
blade’s trailing edge (e.g. [17]) may then be a further cause of the amplification in the broadband noise production from
turbulence-ingesting propellers. The influence of turbulence ingestion is, however, not limited only to a general increase
in broadband noise levels. If the eddies present in the flow are ‘stretched’ long enough, the same structure can interact
with multiple blades. The result is the grouping of broadband noise into ‘humps’ (resembling ‘haystacks’, hence the
name of the phenomenon: ‘haystacking’) around the BPF and its harmonics [12, 18, 19]. A criterion for this to occur is
that the ‘haystacking parameter’ 𝜒 = 𝐵Ω𝑠Λ𝑥/𝑉∞ ≫ 1 [14]. This parameter provides a measure of the number of times
that the largest vortical structures present in the flow are ‘chopped’ by the propeller’s blades, and its value is, therefore,
dependent on the integral length scale of the ingested turbulence.

Additional noise generation mechanisms are present when dealing with the typical dimensions of scaled-down
propeller models employed in wind tunnels or UAVs. The small propeller blade chords may lead to laminar separation
bubbles due to the relatively low chord-based Reynolds numbers involved, influencing both the blade loading distribution
and the associated noise emissions [20]. Furthermore, the electric motors typically employed in small-scale propellers
may heavily contaminate the acoustic measurements with noise contributions rich in tonal content over a large frequency
range [21]. It is worth mentioning that the issue of motor noise is present at larger scales and for different types of
motors as well, such as the exhaust tones produced by reciprocating engines [22].

From the above discussion, it is clear that a separation of the noise generated by propellers into its more funda-
mental components, i.e. deterministic (tonal) and stochastic (broadband), may be of help in both shedding more light
on the physical mechanisms at play and in correctly interpreting experimental results. A review of the most widely
used techniques in the context of propeller noise separation was provided by Bonomo et al. in [23]. The relatively
straightforward Time Synchronous Averaging (TSA) method, also known as ‘Ensemble Averaging’ (EA), was found to
be the most effective at separating tonal and broadband components of propeller noise signals if the operation of the
propeller can be considered relatively steady in time. The method is based on the subdivision of the signal into segments
corresponding to a full shaft revolution using the one-per-revolution signal provided by an optical encoder or tachometer.
Averaging of these segments over time then allows the retrieval of the deterministic component. In order to remove the
need for a constant shaft frequency or for tachometer rotational data, the cross-correlation method proposed by Sree was
also shown to provide satisfactory results, especially regarding the separation of the broadband component [24, 25]. The
two techniques can help in identifying the general acoustic features of propeller noise generation, providing easy-to-use
time-independent metrics (i.e. Overall Sound Pressure Levels (OSPLs), directivity patterns, etc.). If, however, the
phenomenon at hand is inherently unsteady, as is the case for turbulence-ingesting propellers, an analysis considering
the time-dependent behavior of the signal’s statistics might prove beneficial for a better understanding of the physical
phenomena at play. The use of the continuous wavelet transform (CWT), alongside the more traditional Fourier
one, shows promising results in this respect [26, 27]. By construction, the wavelet transform is well suited for the
identification of intermittent phenomena, such as the impulsive noise signatures of turbulent eddies impinging on the
propeller’s blades in BLI systems [28].

The present paper reports the results of an experimental campaign on a model-propeller ingesting a grid-generated
turbulence field. In particular, the focus is on the determination of the time-averaged features of the far-field acoustic
signal produced by the propeller through the phase-averaging and phase-matching techniques mentioned above. An
analysis of the additional time-dependent information obtained through the application of the wavelet transform method
is also included. The overarching aim is to provide greater insight into the acoustic consequences of turbulence ingestion
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by propellers, in an effort to mimic part of the installation effects found in more complex ‘real-world’ applications.
The manuscript is structured as follows. Section II presents the experimental setup and measurement techniques
employed. Section III instead provides a description of the signal processing methods briefly mentioned above. Section
IV discusses the main results, whereas section V draws the conclusions.

II. Experimental setup and methods
The experimental campaign was performed at the anechoic open-jet wind tunnel facility, known as ‘A-Tunnel’, at Delft
University of Technology. A characterization of the facility can be found in Merino-Martínez et al. [29]. The same
setup as described in Quaroni et al. [30] was employed (Figure 1). The circular outlet of the wind tunnel (exit diameter
𝐷𝑤𝑡 of 600 mm) located on the floor of the facility has a contraction ratio (CR) of 15.

The setup features a steel six-bladed propeller of diameter 𝐷 𝑝 equal to 203.2 mm (8") with a manually adjustable blade
pitch angle. For the present analysis, the blade pitch angle at 70% of the span is set to 𝛽0.7 = 30◦. The propeller is
mounted at a distance of 0.6 𝐷𝑒𝑥𝑡 from the exit plane of a contracting axisymmetric nozzle. This propeller has been the
subject of a number of publications; for its geometry, including spinner and nacelle dimensions, the reader is referred to
[31]. The aerodynamic performance of the propeller is provided in [9].

Inflow turbulence was generated through the application of 5-mm-thick square-mesh and square-bar (SMSB) grids
positioned at the main circular outlet of the wind tunnel. An additional axisymmetric contraction of inlet diameter 𝐷𝑤𝑡

equal to 600 mm (23.2") and exit diameter 𝐷𝑒𝑥𝑡 equal to 420 mm (16.5") (i.e. with CR = 𝐴𝑤𝑡/𝐴𝑒𝑥𝑡 ≈ 2) is placed
downstream of the grids for improving the isotropy of the generated turbulence and reducing the self-noise of the
grids [32, 33]. The use of different mesh sizes with a constant porosity 𝛽 = 𝐴 𝑓 𝑙𝑜𝑤/𝐴𝑤𝑡 = 0.64 allowed for various
combinations of streamwise turbulence intensity levels 𝑇 𝐼 and turbulence integral length scales Λ𝑥 to be obtained.
Table 1 reports the main dimensions of the grids. Acoustic absorbent materials (melamine and pyramidal polyurethane
foam panels) were positioned over all exposed surfaces within the anechoic plenum to reduce acoustic reflections,
including a 10-mm-thick cylindrical insert with a sloped leading edge covering the inner walls of the end (cylindrical)
segment of the axisymmetric contraction. Additionally, 20-mm-thick melamine foam panels were water-jet cut and
glued onto the downstream side of the turbulence-producing grids in order to reduce secondary reflections, suppress
spurious tones, and reduce the grids’ self-noise, as suggested in [34]. A second contribution by some of the authors of
this paper is focused on this particular aspect, and the reader is referred to it for more details [35].

Table 1 Porosity 𝛽, bar width 𝑑, and mesh length 𝑀 of the turbulence-producing grids (see Figure 1).

Grid
[-]

𝛽

[-]
𝑑

[mm]
𝑀

[mm]

A 0.64 7 35
B 0.64 10 50
C 0.64 12 60

A. Measurement techniques
The streamwise inflow velocity field to the propeller was measured through hot-wire anemometry (HWA) at discrete
positions along a single radial line, from 𝑟/𝑅𝑝 = 0.3 to 𝑟/𝑅𝑝 = 1.1, with steps between 5 to 10 mm at a distance of
0.15𝑅𝑝 upstream of the propeller’s disk. This allowed the statistics of the streamwise turbulence being ingested by the
propeller to be retrieved. A 7-hole pressure probe was also employed to quantify the propeller loading and obtain a
measure of the thrust produced by the propeller. The details of this are not included in the present analysis but can be
found in Quaroni et al. [35]. The acoustic measurements were performed through a planar phased array containing 63
free-field G.R.A.S. 40PH microphones and a directivity arc containing 8 G.R.A.S. 46BE high-frequency microphones
spanning an emission angle range of 70◦ from 𝜗 = 70◦ to 140◦ with the 90◦ plane corresponding to the rotor disk plane
and the upstream direction at 𝜗 = 0◦. All polar angles and pressure amplitudes have been corrected for flow convection
effects using the method proposed by Amiet [36]. Both arrays were positioned at a distance of 1.3 m (≈ 6.5 𝐷 𝑝) from
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Fig. 1 Overview of the experimental setup at the anechoic open-jet wind tunnel ‘A-Tunnel’ at Delft University of
Technology during the acoustic tests. The highlighted area shows the grid dimensions reported in Table 1 (Grid
A taken here as an example). Notice the melamine foam coating on both the nozzle flange and the grids.

the propeller’s axis, with the directivity arc centered on the propeller’s rotation center. A one-per-revolution (1p) optical
encoder was also installed and its signal was acquired synchronously with both the hot-wire and microphone data at a
sampling frequency 𝑓𝑎 = 51200 Hz to allow for the application of TSA separation techniques. The hot-wire signal was
bandpass filtered between 30 Hz and 15000 Hz to reduce the influence of spurious low/high frequency noise due to
the wind tunnel operation and acquisition system, respectively. The total recording time was set to 𝑇𝑟𝑒𝑐 = 60 s for the
acoustic measurements (limited to 𝑇𝑟𝑒𝑐 = 45 s for the hot-wire measurements), producing 𝑁 = 𝑇𝑟𝑒𝑐 𝑓𝑎 = 3.072 · 106

samples per microphone per test case. This recording time corresponds to approximately 10,000 rotations acquired per
operating condition.

B. Test matrix
The propeller was tested under the operating conditions reported in Table 2. For the definition of each quantity, the
reader is referred to the List of Symbols. The operating points were chosen based on a trade-off between hardware
limitations (maximum torque of the BLDC electric motor), similarity with full-scale cases (tip Mach numbers as high
as possible, up to 0.35 in the present case), and avoidance of stalling. However, due to the small dimensions of the
propeller, the chord-based Reynolds number 𝑅𝑒0.7 never exceeds the threshold value of 105, making laminar separation
bubbles likely to occur [37].

III. Signal processing methods
The two separation methods for tonal/broadband noise mentioned in section I, i.e. the ‘Ensemble Averaging’ method
(EA) and the signal cross-correlation algorithm proposed by Sree [24, 25] are described in this section. Moreover, the
concept of the continuous wavelet transform (CWT) is also explained.

A. Ensemble Averaging (EA)
Any deterministic noise signal aerodynamically produced by a propeller in a steady flow will repeat itself with a period
equal (at least) to the time required for one of its blades to perform a full rotation about the propeller’s axis, i.e. the shaft
period 𝑇𝑠. Assuming a constant rotational frequency (i.e. 𝑛𝑠 = 1/𝑇𝑠 = const.) and an integer number of samples per
revolution 𝑁𝑠 𝑝𝑟 , it is possible to subdivide the time history of the acoustic pressure fluctuations 𝒑′ into 𝑁𝑟𝑒𝑣 (number
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