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Executive Summary

Urban air mobility faces increased concerns with respect to public acceptance of small scale un-

manned aerial vehicles (UAVs) due to noise pollution. These vehicles, commonly referred in the

literature as drones, are designed to provide thrust and torque with rotors, propellers, and fans,

which are required for forward flight and/or take-off and/or landing vertically. UAVs have had a

significant impact on civil and military aviation; however, noise due to rotating blades is limiting

their further spread.

The high level of noise, generated during multirotor flight, is a major concern for the aeronauti-

cal industry. In the case of civil applications, noise has a more comprehensive range of implications

due to the sustainability of air traffic growth. Within the scope of the Civil Aviation Authority of

Israel (CAAI) research program our main objective is to collect, process and archive noise signature

from a single and multiple number of propellers. The collected database can be used as basis for

future definition of the required regulations for such vehicles.

The research project focuses on advancing our knowledge in understanding the acoustic sig-

nature of single and multiple propellers. The research targets acoustic measurements in static

conditions in an anechoic chamber. The research plan is split into four phases: (1) perform a

literature review and acquire the necessary equipment; (2) Collect and process acoustic signature

of a single propellers; (3) Collect and process acoustic signature of multiple number of propellers;

(4) Analysis of the acoustic data and preparation of acoustic database.

The first year of the proposed research (items (1) and (2)), has been performed successfully and

exhibited very promising results. During the second year, efforts were focused on preparing the

experimental setup for a four propeller configuration (items (3) and (4)). Noise suppression method,

based on phase synchronization, is proposed and implemented. Experiments were performed in

newly established anechoic chamber at the Technion - Israel Institute of Technology. It has been

demonstrated that phase synchronization can lead to a significant noise attenuation.
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Chapter 1

Scientific Background

1.1 Introduction

Environmental noise pollution relates to noise caused by road, rail and airport traffic industries,

including the unmanned aircraft sector. Global interest in small, multirotor, unmanned aerial

vehicles (UAVs) and unmanned aerial systems (UASs) is rapidly growing. Currently, the number

of unmanned aerial systems (UASs) being used is on the rise and experts are stating that this

industry is expected to quadruple its size by 2022 [1].

Multirotors can fly horizontally and vertically, as well as, in a hover state. Because of their

unique hovering ability, e.g., vertical take-off and landing, the rotary-wing UASs are very attractive

for both civil and military applications. The rise in air traffic volume of this type of vehicle leads

to an increase in noise pollution. Announce may be caused by both overall sound pressure level

and specific tones in the noise spectrum. Noise pollution is currently a major issue that has to be

dealt with. Noise can impact children’s learning, interrupt conversations, and disturb sleep. Apart

from being annoying, noise pollution can lead to severe health problems, such as hypertension,

sleep deprivation and harmful cognitive effects. The European Environment Agency considers

environmental noise to be more damaging to health than passive smoking.

A recent NASA study [2] has found that the buzz of a drone is more annoying to human beings

than the rumble of cars and trucks, a sign that the ambitious plans of Amazon, UPS and Domino’s

Pizza to deliver their goods by drone, could reshape the soundscape of cities and suburbs for the

worse. Above all, the motivation for this research is the European Authority EASA instructions:

‘The current framework foresees regulatory limitations on noise for unmanned aircraft subject to

type certification. Noise even from unmanned aircraft in the open category should be abated as

much as possible’.
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Since brushless motors are relatively quiet, most of the noise originates from the rotating blades.

The noise emitted by a propeller is mainly due to two components. The first is harmonic in the

blade passing frequency (BPF). It is almost rigorously periodic and presents a discrete frequency

spectrum. The second is a broadband and has a continuous behaviour in the frequency domain.

The physical mechanism which produces the harmonic noise is related to the blade thickness and

its surface aerodynamic loading.

The theoretical prediction of the harmonic noise produced by rotating blades, in particular by

propellers, is classically based on the analysis of the Ffowcs-Williams Hawkings equation [3]. In

principal, the amount of sound emitted by a rotary-wing is a function of the blade tip speed and

blade loading. Small UASs employ fixed pitch propellers and thrust is modified with changing

the motor shaft rotational speed. In practice, there are many effects that can influence the blade

loading and the associated acoustic signature. The amount of sound is obviously dependent on the

observer location, since the sound field is directional.

Early scientific attention has been primary focused on the deterministic component of rotor

aerodynamic noise [4, 5]. This is mainly because helicopter blades have high rotor tip speeds [6],

which result in high acoustic amplitudes at the BPF frequency and the associated harmonics.

Therefore, these tonal components have conventionally dwarfed the contribution of broadband

noise to the overall acoustic signature. However, for small-in-diameter propellers, broadband noise

is a significant contributor. Recent research efforts have focused on either aerodynamic or acoustic

performance of small-scale propellers. For instance, aerodynamic performance of off–the–shelf

propellers were documented in great detail by Selig et al. [7, 8]; whereas acoustic performance were

documented by Interatep et al. [9], Zawodny et al. [10], and Cambry et al. [11], among others. A

recent study by Tinney and Sirohi [12] discusses in great detail the aerodynamic and aeroacoustic

performance of drones in a hover state. The work of Stephenson [13] focuses on the limitations

of acoustic measurements in an anechoic chamber. None of these studies, however, considered the

link between the aerodynamic performance and acoustic signature directivity of isolated propellers

with smaller-in-diameter blades, and most importantly, the corresponding separation into tonal

and broadband contributions and their associated directivity and scaling.

1.2 Propeller Noise Sources

Design considerations, especially at smaller scales, have pushed the manufacturers to make use of

electric motors for most multicopters and drones. The electrical motors are far quieter than other

means of propulsion. A dominant source of noise in the propulsion system is the combination of
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motor and propeller. A significant part of the noise is due to vibrations of the electric motor struc-

ture [14]. The use of electric motors makes the propeller the leading noise contributor. Propeller

noise, aeroacoustical in origin, is generated due to the interactions between the flow and the rotat-

ing blades [15]. The acoustic signature of modern rotating machinery is composed of a number of

sources that can be categorised into broadband noise, distributed over a very wide spectrum, and

a series of superimposed discrete tones at multiples of the BPF.

Propellers consist of a number of rotating blades and produce discrete tones with an underlying

broadband base level. Tonal contribution is produced mainly by the force and volume displacement

effects, exerted by the fluid [16]. In an orthogonal coordinate system the resultant aerodynamic

loads can be decomposed into thrust (force normal to the plane of rotation) and torque (moment

within the plane of rotation). Steady loads can be represented as an array of dipole sources in the

rotor disc [17]. The overall sound intensity radiated by a dipole is proportional to the sixth power

of the characteristic velocity [15, 18].

In addition to experiencing the aerodynamic forces and moments, an element of air in the disc

is physically moved aside by the finite thickness of the blade. In a fixed frame of reference this

displacement is equivalent to a periodic introduction and removal of mass near the rotor disc. The

rate of mass introduction at a point is determined by the blade’s airfoil geometry, incidence, and

speed. At low tip Mach numbers, however, airfoil thickness noise is generally small, compared with

the noise arising from the steady and unsteady aerodynamic loads.

Propellers operating in a uniform flow with low turbulence generate broadband which is random

and non-periodic in nature [19, 20]. Broadband noise is related to random aerodynamic processes

and can be related to several mechanisms [21, 22, 23]. Propellers operating in a uniform flow with

low turbulence generate broadband self-noise, which is random and non-periodic in nature [19, 24].

The broadband self-noise sound production in quiet, low turbulence flow, is due to interactions

of a turbulent boundary layer with the trailing-edge [25, 26, 27]. Sharp edges scatter pressure

fluctuations from relatively short aerodynamic waves (that do not radiate sound to the far-field) into

acoustic waves [28]. In highly unsteady inflows, broadband turbulence ingestion noise is generated

due to interaction of unsteady turbulence with the leading edge of the blade [29]. Turbulence

ingestion noise can also produce tonal, or quasi-tonal noise, if multiple blades chop the same eddy.

A recent study of Stephenson et al. [13] highlighted the significance of flow recirculation in static

measurement on an isolated rotor’s acoustic emissions in an anechoic chamber. Broadband noise

can also be produced by a tip vortex [30, 31].

Since the diameter of a rotary-wing is in the order of half a meter (or less), there is very

little information available on an aerodynamic performance and acoustic characteristics of rotors
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and propellers at this scale. These vehicles tend to employ propellers which are small-in-diameter,

where the chord based Reynolds number is in the order of 105 and lower, thus treading the region of

fully laminar to transitional boundary layers [32, 33, 34]. Therefore, these systems are particularly

sensitive to the Reynolds number effects, with degradation in aerodynamic performance at lower

rotational speeds [7]. Moreover, there are many studies regarding small propeller aerodynamic

performance [7, 35, 36]; fewer are available concerning noise emission from larger diameter [12, 37].

1.3 UAS Noise Certification

In the USA, unmanned aircraft are subject to regulation by the Federal Aviation Administration

(FAA) to ensure safety of flight, and safety of people and property on the ground. The FAA’s

Office of Environment and Energy (AEE) is supporting the FAA Unmanned Aircraft Systems to

ensure the safe, efficient, and timely integration of UASs into the United States’ National Airspace

System. In order to fulfil this mission, the FAA is developing standards, procedures, and regu-

latory products. The U.S. Department of Transportation, Research and Innovative Technology

Administration, John A. Volpe National Transportation Systems Center, Environmental Measure-

ment and Modeling Division (Volpe), is supporting the aircraft noise certification initiatives of the

Federal Aviation Administration (FAA), Office of Environment and Energy. The Volpe Center

Environmental Measurement and Modeling Division provides support to FAA’s AEE by perform-

ing validation of audio measurement, recording and analysis systems, whether fully-integrated or

comprised of individual off-the-shelf components used by noise certification applicants.

The primary control over aircraft source noise is the noise certification process, which is the

responsibility of the AEE within the FAA. States and local jurisdictions are increasingly exploring

regulation of unmanned aircraft systems or proceeding to enact legislation relating to unmanned

aircraft systems operations. Public comments on the FAA proposed rule, ‘Operation and Certi-

fication of Small Unmanned Aircraft Systems’ (Docket No. FAA-2015-0150), expressed concern

about the possible impact of state and local laws on UAS operations.

Noise certification refers to the process by which the aircraft manufacturer has to demonstrate

that his product meets basic noise standards, in the same way that it has to meet safety standards

before it can enter commercial service. For each new aircraft the aircraft manufacturer obtains noise

certification by demonstrating that noise levels comply with the limits specified in the regulations.

A specific Type Certificate or a type Certificate Data Sheet for Noise (EASA TCDSN) is appended

to the Aircraft Type Certificate.

There are currently three prime sets of regulations specifying in particular the maximum noise

4



limits to be complied with and the compliance demonstration methods to be used:

1. ICAO Annex 16 (Environmental Protection, Volume I — Aircraft Noise), the only interna-

tionally acknowledge regulations.

2. EASA: Commission Regulation (EC) No 1702/2003 – Part 21 (was JAR 36) for Europe.

3. FAR Part 36 for the United States.

International Civil Aviation Organisation (ICAO) Standards (related to noise) are contained

in Annex 16 to the 1944 Convention on International Civil Aviation (the Chicago Convention)

– Volume 1, Part II, which describes and specifies the certification procedures and noise limits

for jet, propeller powered airplanes and rotorcraft. Federal aviation regulation (FAR) 36 specifies

the type of testing, measurement procedures, and subsequent calculations which must be made

and submitted in order to certify an aircraft. FAR 36 for helicopter testing specifies three flight

modes for acoustic testing: take-off, flyover, and approach. These standards apply to new type of

helicopters and are consistent with ICAO Annex 16 (Volume 1 Chapter 8 and Chapter 11).

Noise Standards for helicopters were first included in Annex 16 in 1981. Currently, the Stan-

dards applicable to helicopters are contained in the Chapters 8 and 11 from Annex 16 Volume I.

Chapter 8 is applicable to all helicopter types, whereas Chapter 11 provides an optional simplified

certification procedure for light helicopters with a maximum certificated take-off mass of 3,175 kg

(or less). Recently (in 2014) the ICAO Council adopted noise Standards for tiltrotors, which were

included in Chapter 13 of (Annex 16 Volume 1). The Standards set aircraft noise limits as a direct

function of Maximum Take-off mass. Currently, none of the above discussed Standards discusses

noise of UAS.

The most frequently used metrics include:

1. EPNL – effective perceived noise level with tone and duration corrections.

2. SEL – equivalent continuous A-weighted sound pressure level; this is a dB(A) based unit that

accounts for duration in the same manner as EPNL, but without discrete tone correction.

3. DNL – day/night equivalent sound level; their energy is averaged over 24 hours and night

time events are weighted by adding 10 dB(A).

4. DEN – day/evening/night sound level, with 5dB(A) added weighting for evening period.

The UASs are designed to operate within urban environments, potentially exposing communi-

ties to significant levels of tonal and broadband noise. Current noise certification requirements, for
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fixed- and rotary-wing aircraft, may not adequately capture the noise effects of UASs. The only

completed regulation that covers sUAS is 14 CFR part 107. The sUAS rule includes the option to

apply for a certificate of waiver, which allows for a UASs operation (under 55 pounds) to deviate

from certain operating rules, if the FAA finds that the proposed operation can be performed safely

under the terms of a waiver.

There are several Roadmaps aimed at integrating UASs into civil and military airspace over

the coming years. Circular 328 from the International Civil Aviation Organization (ICAO) makes

note of the possibility that noise from many UAS sources could become a problem in the future:

‘As new products and aircraft come into use, it may become apparent that additional noise and

emission standards are necessary’. The FAA UAS Roadmap has yet to include a section on UAS

noise. The Remotely Piloted Aircraft Systems Roadmap also touches on the potential for noise

issues in future, but focuses on the fact that their use in commercial applications may be more

beneficial than current nonelectric aircraft. This forethought shows that the governing agencies

are beginning to consider noise standards for UAS.

Currently, with the fairly limited regulation of UAS, particularly with respect to noise, it

seems that the most restrictive regulations may be those presented by the Environment Protection

Authority (EPA), or the equivalent body in each respective country (for example, the European

Environment Agency in Europe). These regulations vary between countries, states, and areas.

Most EPA regulations prohibit noise from electrical equipment (which would include electric UAS)

outside daylight hours (before 7 a.m. and after 8 p.m.) most days. As the use of UAS becomes

more and more accessible, people will more commonly use them in their backyards, which can be

a nuisance to neighbours.

UAS have the potential to alter the community soundscape due to their noise characteristics

that are qualitatively different from traditional aircraft. The challenge with determining what is

considered to be an ‘unreasonable’ noise level is that the perception of noise is subjective. There

are many different noise metrics that can be used to express the noise exposure. The human ear

sensitivity depends on the frequency of the sound. Noise levels are often measured in the frequency

range from 50 to 10,000 Hz, where noise levels lower than 50 Hz are usually not generated by an

aircraft and impose little of annoyance for human beings (relative to other frequencies). The

situation is different when UASs are considered, since the typical blade passing frequency of a

propeller is at low frequency range.

Regulators are beginning to address the environmental impact of drones on communities, in-

cluding noise pollution. Therefore, a fair and accurate method of determining the community

annoyance needs to be determined. This begins with correctly estimating the noise of small-in-
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a-diameter propellers in anechoic environment. To date, there is very little scientific research on

the human impacts of noise from UAS, although there have been increased efforts to measure and

model the noise generated by them and their components. Within the scope of the report, A-

weighting (see International standard IEC 61672:2003) is applied to the measured sound pressure

levels in an effort to account for the relative loudness perceived by the human ear, as the ear is

less sensitive to low audio frequencies.

Under the agreement between the Government of the United States of America and the Gov-

ernment of Israel for promotion of Aviation Safety, the government of Israel follows the noise

certification requirements under the FAA regulations. The regulatory basis of UAVs fall under the

certification requirements for helicopter.
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Chapter 2

Single Propeller Acoustic

Signature

2.1 Experimental Setup

To minimise interference from the background noise, the experiments were performed in a fully

anechoic chamber at Dynamica Design Ltd.(IL). The physical size of the chamber is 4.8 m×4.3 m

×3.6 m. The walls of the chamber are acoustically treated with glass fiber wedges to approxi-

mate free field conditions above a cut-off frequency of 150 Hz. At frequencies above the cut-off,

background noise level in the facility is low, and in the anechoic chamber where experiments were

conducted, this level is about 15 dB.

Figure 2.1: Propeller rig in the anechoic chamber. The encoder is positioned below the motor shaft
and the ATI Mini40 load sensor is placed under the encoder.
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2.2 Experimental rig

A propeller and motor combination were mounted on a cylindrical strut at a height of about

1 m above the ground. The support is small in diameter, compared to the motor, in order to

minimise interference with the propeller’s wake. The UAV propeller was powered using a brushless

electric motor and castle creations phoenix electronic speed controller (ESC). The power source

is a standard power supply. The motor’s rotational speed per minute (RPM) was set using a

pulse width modulation (PWM) signal, that can be either manually set or generated by the NI

PXIe-6341 card. A PWM signal is a pulsed signal, at a frequency of 50 Hz. The motor’s angular

velocity is based on the pulse width. Note that the pulse width is interchangeable with the signal’s

duty cycle, which is the percentage of time that the signal is in the high position out of the whole

period. The PWM signal is sent to the ESC, which regulates the current to the motor, based on

the commands that it receives.

The acoustic signature was acquired using the 24 bit NI PXIe-4497 card, while the NI PXIe-

6341 card is used to acquire both the load sensor and the encoder signals. Synchronisation between

the cards is accomplished in the software (LabVIEW) by setting the clock of the PXIe-4497 card

as a master and the PXIe-6341 card as the slave in a NI PXIe-1082 chassis. The acoustic and

aerodynamic data were collected simultaneously at a sampling rate of Fs = 40 kHz for a period of

Ts = 20 s.

2.2.1 Acoustic Equipment

The sound pressure in the free field were measured by an array, consisting of eight 46AE G.R.A.S.

IEPE-powered half inch free field condenser microphones, distributed over a circular arc. These

microphones, with matching pre-amplifiers (model 26CA), have a nominal frequency response range

of 5 Hz to 10 kHz (±1 dB accuracy) or 3.15 Hz to 20 kHz (±2 dB accuracy), as well as a dynamic

range of 17 dB to 138 dB with nominal sensitivity of 50 mV/Pa. The integrated Electronic Piezo-

Electric (IEPE) power is provided by the NI PXI-4497 card.

The microphones were placed symmetrically around the propeller hub at radial distance of

1.5 m, and span an angular range of 0◦ < θ < 105◦. An illustration of this set-up is shown in Fig-

ure 2.2. For a nominal propeller geometry with diameter D = 14′′ (corresponding to D = 0.35 m),

a distance of more than 4D was chosen since it is considered the far field in the literature [12]. In

the near field, turbulence levels can be high, thus affecting acoustic measurements. Microphones

were placed at constant angular increments of ∆θ = 15◦, starting above the propeller’s hub (cor-

responding to θ = 0◦), and reaching a position of up to 105◦. The arc array is such that θ = 90◦ is
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Figure 2.2: Schematic description of the microphone observer position with respect to the pro-
peller’s plane of rotation.

at the rotor disk plane, with θ = 0◦ being measured in the direction of the thrust vector. With this

arrangement six microphones are placed in varying angles above the propeller’s plane, one within

its plane, and one under the rotation plane.

The microphones were calibrated in-situ using a B&K 4231 sound calibrator at a frequency of

1 kHz and sound pressure level of 94 dB. The accuracy in the Class-1 microphone sound pressure

level measurements is 1 dB (as indicated by the manufacturer). These calibrator conforms to

EN/IEC 60942 Class LS and Class 1, and ANSI S1.40-1984.

2.2.2 Aerodynamic Equipment

During the measurements, the ATI Mini40 load sensor was mounted beneath the motor. This

strain-gauge-based load cell can measure three orthogonal forces and moments. The axial direction,

which is of interest when considering propellers, is the vertical direction, and is perpendicular to

the load sensor’s top and bottom surfaces (Z). Two additional directions are X and Y , which are

both side forces, parallel to the load sensor’s top and bottom surfaces and perpendicular to each

other and to the axis. The sensor allows measurement of thrust and torque, which correspond

to the force Fz and moment Mz, respectively. The load cell was manufacturer calibrated to a

full-scale Fz of 60 N and a full-scale torque Mz of 1 Nm. The coordinate system is shown in the
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Figure 2.3: Coordinate system (a) side and (b) top view.

diagram in Figure 2.3.

Within the scope of the study, a range off-the-shelf fixed pitch APC Thin Electric propeller

geometries were studied. The nominal geometry is a two-bladed APC Thin Electric 14 × 10

propeller, which is often used in UAVs. When describing a propeller geometry a diameter times

the pitch (in units of inch) is often used. The main consideration when choosing a reference

propeller was the availability of published aerodynamic data, so as to have a point of comparison.

While data concerning the acoustic signature of small UAV propellers are scarce, Brandt and Selig’s

work [7] contains data concerning the aerodynamic performance of a range of small-in-diameter

propellers, and a database with all of the collected data is available online [8].

2.2.3 Measurement Procedure

Following the measurements, the raw data was post-proceed to evaluate the performance. The

aerodynamic and aeroacoustoc measurements were collected simultaneously. Discussion of the

results is separated into tonal and broadband contributions to the spectra. To evaluate the sound

pressure level at certain frequencies, digitilized time domain acoustic signals were converted into

engineering units and transformed into frequency domain using a Fourier Transformation. The

data was partitioned into blocks and then averaged in the frequency domain. The narrow-band

spectra were estimated using Welch’s averaged modified periodogram method with a window of

213 samples in size, and 50% overlap, resulting in a bandwidth of about 4.5 Hz.

The tonal and broadband behaviour can be better observed by integrating the contributions

and plotting the overall sound pressure level in a band (or BSPL). The BSPL is estimated

according to accepted standards in the acoustic community, i.e. sound pressure level in a band

BSPL = 10 log10

(
Spp
p2

ref.

)
(2.1)
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with

Spp =

∫ f2

f1

p2(f)df (2.2)

where f1 and f2 denote the lower and upper frequency limits within which the band sound pressure

level is evaluated. Here the standard reference pressure of pref. = 20µPa is used.

Corrections for human ear effects are important in this study and are achieved using the A-

weighting standard described by the International Organization for Standardization (ISO 226:2003).

The A-weighting is the standard weighting for outdoor community noise measurements. The A-

weighting was applied during the post=processing of the measured data in MATLAB software

using the following weighting function to ensure the normalisation to 0 dB at 1kHz

A(f) = 20 log10(RA(f)) + 2

where

RA(f) =
121942f4

(f2 + 20.62)
√

(f2 + 107.72)(f2 + 737.92)(f2 + 121942)

The weighting function RA is applied to the amplitude spectrum of the unweighted sound level.

The A-weighting was designed to follow the 40 phon curve and used for measuring sounds of low

intensity.

2.3 Results

Within the scope of the Civil Aviation Authority of Israel research program, acoustic signature

of a range of off-the-shelf APC Thin Electric propeller geometries was studied systematically in

an anechoic environment. The acoustic signature of a propeller is a combination of various aero-

dynamically generated sources. Efforts were made to understand the acoustic signature of the

propellers in a hover state.

Acoustic measurements were conducted with an arc of free field microphones at a radial distance

of r = 1.5 m from the propeller hub. The acoustic measurements were complemented with

simultaneous measurements of aerodynamic forces and moments. To allow independent monitoring

of the motor shaft rotational speed, a magnetic encoder was installed under the motor shaft. During

the experiments in the anechoic chamber, the UAV propeller was operated in a hover state, which

is a unique flight condition that the blade experiences during vertical take-off and landing. When

operated at hover, the thrust generated by the propeller should be equal to the vehicle’s weight.
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2.3.1 Effect of Shaft Rotational Speed

We commence our report by examining the effects of shaft rotational speed on the acoustic signature

of the APC Thin Electric 14 × 10 propeller. Measurements were performed at rotational speeds

ranging between 2000 and 4500 RPM, in increments of 250 RPM. Within this range of rotational

speeds, the motor and the ESC were operated within their thermal limits.

Figure 2.4 shows a typical far field sound pressure level (SPL) frequency spectra of the APC

Thin Electric 14 × 10 propeller at three microphone observer positions, i.e., θ = 90◦, θ = 45◦

and θ = 0◦. For clarity, sound pressure level acoustic data are shown in increments of shaft

rotational speed of 500 RPM. The grey dashed line shows the facility’s background noise level.

The corresponding A-weighted spectra, which account for the human perception of noise, is shown

in Figure 2.5. Above the chamber cut-off frequency of 150 Hz, a difference of at least 10 dB

is observed at both tonal and broadband components. Below the cut-off frequency, the tonal

contribution at the BPF is at least 10 dB higher than the noise levels of the facility’s background.

The caveat is that lower-frequency sound waves, comprising longer wavelengths, are less susceptible

to atmospheric absorption, and will propagate farther away from the source. The propeller acoustic

signature is characterised by a series of discrete tones with an underlying broadband base level.

The spectrum is visibly dominated by the tonal noise components at the BPF and its harmonics.

The tonal noise contribution shows up in the low frequency range, whereas the high frequency

range is dominated by the broadband contribution.

The fundamental BPF frequency is a product of the propeller rotational speed and the number

of blades. For a two-bladed propeller, this frequency is twice that of the motor shaft rotational

speed, e.g., for the rotational speed of 3500 RPM the BPF can be calculated as fBPF = 3500/60×

2 = 117 Hz, where 2 corresponds to the number of blades. As expected, with an increase in propeller

shaft rotational speed, the tonal noise contribution increases in terms of both the sound pressure

level and frequency. The broadband noise level also increases with the increase in rotational speed,

but only up to a certain point. Above 3500 RPM, the noise levels stop rising and the trend changes.

2.3.2 Evaluation of the Tonal and Broadband Contributions

As previously indicated, the project focuses on advancing our knowledge in understanding the

acoustic signature of single and multiple propellers. Therefore, in evaluation of the tonal and

broadband contributions in a band A-weighting was not applied since A-weighting is frequency

dependent.

The following tonal and broadband ranges were selected to allow a quantitative comparison:
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(a) θ = 0◦

(b) θ = 45◦

(c) θ = 90◦

Figure 2.4: SPL frequency spectra (ref. 20µPa) of the APC Thin Electric 14 × 10 propeller at
three microphone observer positions. The grey dashed line shows the background facility noise
level in the anechoic chamber.
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(a) θ = 0◦

(b) θ = 45◦

(c) θ = 90◦

Figure 2.5: A-weighting SPL frequency spectra (ref. 20µPa) of the APC Thin Electric 14 × 10
propeller at three microphone observer positions. The grey dashed line shows the background
facility noise level in the anechoic chamber.
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(a) (b)

Figure 2.6: (a) Tonal and (b) broadband BSPL as a function of rotational speed for propellers
with varying diameters as recorded microphone positioned at θ = 90◦.

1. The first frequency bandwidth is in the low frequency range around the propeller’s BPF. This

range corresponds to frequencies where the tonal component dominates the noise spectrum,

and was different for each measurement depending on the motor angular velocity. A frequency

range of ±15 Hz around the BPF was chosen for the integration.

2. The second frequency bandwidth corresponds to broadband in the range of 3-7 kHz.

The bands where motor noise is prominent are not affected by its angular velocity, and, there-

fore, the same broadband range was selected. Tonal noise contribution was calculated in a 30 Hz

band centered at the main (or first) BPF. Sinibaldi and Marino [38] pointed out that the acoustic

behaviour of the motor changes when it is loaded with the propeller, meaning that the measure-

ments of the motor noise do not necessarily give an accurate picture of its contribution to the

propeller’s acoustic signature, but that it does give an assessment of this contribution. Compara-

ble results for motor noise were also obtained by Intaratep et al. [9], who showed similar noise levels

at a slightly wider frequency band to those obtained here. This suggests that the noise signature

of a motor is not universal and should be documented when propeller noise is being investigated.

To determine the effects of the propeller diameter, off-the-shelf APC Thin Electric propellers

were used. Due to motor limitations, the range of motor shaft rotational speeds was varied between

propellers. In certain rotational speed ranges, the rotational speed resolution was increased (data

were recorded every 100 RPM) to better observe variations in the acoustic signature.

The BSPL was calculated in the same frequency bands that were previously used with the
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(a) (b)

Figure 2.7: (a) Thrust and (b) torque as a function of motor shaft rotational speed.

APC Thin Electric 14× 10 propeller for both the tonal and broadband components. Figure 2.6

shows the tonal and broadband contributions as a function of the motor shaft rotational speed

at the microphone observer position of θ = 90◦. Tonal contribution exhibits similar trends to

those observed with the nominal geometry. For a given motor shaft rotational speed, higher sound

pressure levels are observed with the 17×10 propeller geometry and lower sound pressure levels with

the 12 × 10 propeller geometry. Broadband noise also shows a similar behaviour when observing

lower RPMs, broadband noise sound pressure level continues to increase as the rotational speed

increases.

The thrust and torque that are exerted by a propeller are a function of its diameter and motor

shaft rotational speed (see Figure 2.7). As expected, at a given rotational speed the aerodynamic

loads increase with the increase in propeller diameter. The mean thrust shows a quadratic trend

with the rotational speed. According to momentum theory, the thrust generated by a propeller is

proportional to the velocity squared.

Since aerodynamic loads were acquired simultaneously with the far-field acoustic signature, it

is beneficial to plot the BSPL as a function of the aerodynamic loads. Figure 2.8 shows the

tonal and broadband BSPL as a function of thrust. By observing the acoustic signature as a

function of aerodynamic performance, it is evident that for a given thrust, the propeller with a

smaller diameter (APC Thin Electric 12×10) is less acoustically effective than the larger propeller

geometries, giving higher sound pressure levels for a given level of thrust. This effect can be

attributed to the fact that the noise emission is a function of the Mach number, which is a direct
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(a) (b)

Figure 2.8: (a) Tonal and (b) broadband BSPL as a function of thrust as recorded by the micro-
phone observer positioned at θ = 90◦.

result of the propeller’s rotational speed. Note that due to broadband noise reduction at higher

RPMs, the 14 × 10 propeller becomes more effective than the 17 × 10 propeller when operated

at these speeds. Intaratep et al. [9] studied aerodynamic and acoustic performance at a range of

rotor geometries with diameters of about 9.5 in. They observed a wide variation of overall sound

pressure levels (OASPL) as a function of thrust, which suggested sensitivity to the blade geometry.

They did not, however, divide their study into tonal and broadband contributions to the acoustic

signature.
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Chapter 3

Quadrotor Acoustic Signature

With a four propeller rig, experiments were conducted in a newly established anechoic chamber

at the Faculty of Aerospace Engineering, at the Technion - Israel Institute of Technology. The

facility is designed to have dual use, as full anechoic chamber (AC) and as closed-return anechoic

wind tunnel (AWT). The chamber is operational, whereas the anechoic wind tunnel is still under

construction.

3.1 Experimental Apparatus

The AWT is designed for low-speed (subsonic) aerodynamic and aeroacoustic studies in the flow

speed range of 10–70 m/s with a turbulence level less than 0.05%. To allow simultaneous noise

and flow measurements, the AC surrounds the AWT test section. The purpose of the AC is to

determine the acoustic signature of a given test article. The AC allows precise sound pressure

measurements in a free-field acoustic environment. The AC is designed in a manner that allows

sealing all the apertures, for conversion to a fully anechoic chamber, maintaining or exceeding the

frequency cut-off of 150 Hz and background noise level of 15 dB(L) at the free-field range. The size

of the anechoic chamber is 7m (length) by 5m (height) by 5m (width). Layout of the AWT/AC

facility with wind tunnel components is shown on Figure 3.1.

The AC incorporates apertures for the wind tunnel contraction nozzle, collector/diffuser, and

acoustic access door. An appropriate enclosure for the wind tunnel apertures is included in the

design, which ensures that the room can be converted to a fully AC. The chamber is constructed

as a room within a room (double wall) to reduce both air- and structure-borne noise. The internal

room is placed on an appropriate vibration isolation floor. The inner room floor sets on a series of

anti-vibration mounts. The double-wall structure with vibration isolation provides isolation from
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Figure 3.1: Schematic layout of the anechoic wind tunnel with an anechoic chamber at the Faculty
of Aerospace Engineering, at Technion.

the main building structure. The internal walls, including the floor and ceiling of the anechoic

chamber, are covered with highly absorptive anechoic wedges (manufactured from fiberglass) to

provide a sound absorption level of 99% or more, down to a nominal cut-off frequency of 150 Hz.

Figure 3.2 shows preliminary comparison between the anechoic chamber at the Dynamica Design

Ltd. and the Faculty of Aerospace Engineering at the Technion-IIT.

3.1.1 Experimental Rig

To allow acoustic signature of the four propellers, a dedicated measurement stand was designed

and constructed. The propellers with their motors were mounted on cylindrical struts at a height

of about 1 m above the ground level at the chamber. The rig in the anechoic chamber is shown

in Figure 3.3. This support structure was small in diameter, compared to the diameter of the

motors, in order to minimise aerodynamic interference with the propeller’s wakes. The propellers

were powered by a brush-less electric motor (T motor MN 505 S - KV 320) and electronic speed

controllers (T Motor ALPHA 60A HV). The stand has two rotors rotating clockwise and the

other two rotating counterclockwise. The motor’s rotational speed was measured in revolutions

per minute (RPM). The controller input was set using a Pulse Width Modulation (PWM) signal

via MATLAB. The PWM signal is a pulsed signal, with a frequency of 50 Hz, which alternates

between 0 V and 1 V, where the motor’s angular velocity is based on the pulse’s width. Note that

the pulse width is interchangeable with the signal’s duty cycle. The PWM signal is sent to the

ESC, which regulates the current to the motor.
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Figure 3.2: Preliminary comparison of narrowband sound pressure level between the newly es-
tablished AC at the Faculty of Aerospace Engineering, at Technion and an existing chamber at
Dynamica Design Ltd.

3.1.2 Free-field Measurements

Propeller acoustic signature and encoder signals were acquired simultaneously with 24-bit NI PXIe-

4497 cards. Synchronization between the data acquisition cards was accomplished in the software

by setting the clock of the cards. Data was collected simultaneously for a period of Ts = 60 s. To

allow background noise level measurements the recording commenced prior to the operation. To

allow real time operation, data acquisition was performed with ∆TS = 0.1 s blocks. The far-field

sound pressure signature was acquired with a microphone array, consisting of 15 free-field half-inch

condenser microphones, distributed over a circular arc at a radial distance of about 1.5 m from the

rig center.

Given the dynamic range of the sound pressure levels produced by the propellers, as well as,

the bandwidths of interest, eight 46AE G.R.A.S. IEPE-powered half-inch free-field and seven 4189

B&K IEPE-powered microphones are selected. All the microphones are type I. For instance, the

G.R.A.S. microphones, with matching pre-amplifiers (model 26CA), have a nominal frequency

response range of 5 Hz to 10 kHz (±1 dB accuracy) or 3.15 Hz to 20 kHz (±2 dB accuracy), as well

as a dynamic range of 17 dB(A) to 138 dB with nominal sensitivity of 50 mV/Pa. IEPE power was

provided by a 24 bit NI PXI-4497 card. The microphones were calibrated in-situ using a B&K 4231

Sound Calibrator at a frequency of 1 kHz and sound pressure level of 94 dB. The accuracy with the

Class-1 microphone sound pressure level measurements is 1 dB (as indicated by the manufacturer).

The calibrator conforms to EN/IEC 60942 Class LS (Laboratory Standard) and Class 1, and ANSI
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Figure 3.3: Photograph of the four rotor experimental rig in the anechoic chamber at the Faculty
of Aerospace Engineering, Technon - IIT.
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Figure 3.4: Schematic description of experimental set-up. Red dots in Figure 3.4a indicate the
physical location of the optic encoder, with respect to the coordinate system. 3.4b Side view of
the experimental rig shows only two rotors (out of four).

S1.40-1984.

All acoustic data were corrected to about 1.5 m assuming spherical spreading. Tinney and

Sirohi [12] showed that 1.5 m is in the acoustic far-field for a single UAV propeller of a similar size

and that spherical spreading is a valid assumption. Reflective surfaces were covered with acoustic

absorbing material to minimize reflections. The noise measurement results are presented in terms

of the frequency-dependent energy content of the pressure fluctuations. The power spectral density

of the pressure fluctuations is estimated by using the Welch’s method [39], where the data from

the transducers are segmented with 50% overlap and windowed by the Hanning function.

3.2 Results

The basic architecture of a drone is made of four co-planar rotors (see figure 3.4a), the centers of

which are at the corners of a square. This makes the blade-tip radius RT and either the rotor-

to-rotor axis distance L or the center-to-rotor axis distance D/2 first parameters of interest. The

rotors are assumed to radiate sound into the free-field. In current set-up the sound scattering by

the quadrotor structure is not present.
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3.2.1 Implementation of Phase Control

A phase tracking method, based on Hilbert transform (HT), is applied to detect the azimuth angle

of a static rotor i. To demonstrate the phase control algorithm, it is essential to extract any

information regarding the angular position along the experiment of each rotor. Therefore, the

data from the optic and magnetic encoders was used to determine the angular position.

A common practice in extracting the amplitude and phase of an input signal s(t) is based

on application of the HT. The transform provides proper estimate of the instantaneous phase of

signal s(t) with slowly varying amplitude and frequency. The time domain techniques based on the

transform allows a direct extraction of linear and nonlinear system parameters from a measured

time signal. The proposed method determines instantaneous parameters even when the input

signal consists of a high sweep-rate oscillating signal [40]. The HT function defines as follows:

ŝ(t)H[s(t)] =
1

π

∫ ∞
−∞

s(τ)

t− τ
dτ (3.1)

The definition of analytic signal is

s(t) = A(t)exp(iϕi(t)) (3.2)

where A(t) and ϕ(t) are the instantaneous amplitude and phase, respectively. To extract the

instantaneous phase from the signal s(t) the following definition is used

φ(t) = arctan
=H[s(t)]

<H[s(t)]
(3.3)

where = and < correspond to Imaginary and Real components, respectively. From the above

equation we can see that HT can only give us a time average phase in a time window. Therefore,

the time resolution is the main advantage of this technique.

Within the scope of the presented work, the measured azimuth angle of rotor i can be calculated

by defining the tp as the time when the propeller passes for the first time the xi-axis at the desirable

rotational speed, i.e. when it is rotating at 95% of its mean rotating speed, so the calibrated azimuth

angle shall be:

ϕi(t) = φ(t)− φ(tp) (3.4)

Then, a calibrated magnetic encoder constructs, as the following:

S(t) = sin(ϕi(t)) (3.5)
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Figure 3.5: Definition of the synchronization of the four rotors in the experimental rig.

which is constructed for visualisation purposes.

To detect the instantaneous position of each propeller two step approach was implemented.

In the first step, optic encoder was used to detect the position of the rotor with respect to the

microphones; whereas, in the second step, magnetic encoder was used to measure the instantaneous

phase. To obtain the instantaneous phase, Hilbert transform is performed on a low-pass digital

filtered encoder signal in order to minimize disturbances due to the complexity of the sampling

measurements. Letting motor M1 be the reference motor, the phase difference calculation becomes

∆ϕi = ϕi − ϕ1 (3.6)

then to visualize the implementation of the phase control, the subtraction between every relative

phase to the reference rotor in shown in Table 3.1. For clarity, the following abbreviations are used

to describe ∆ϕ̄i.

∆ϕ̄i = 0◦ ∆ϕi = [0◦ 0◦ 0◦ 0◦]

∆ϕ̄i = 90◦ ∆ϕi = [0◦ 90◦ 0◦ 90◦]

Table 3.1: Definition of synchronization as shown in Figure 3.5

Figures (3.6a) and (3.6b) show application at ∆ϕ̄i = 0◦ and Figures (3.6c),(3.6d) show ∆ϕ̄i =

90◦ at 3000RPM . The relative phase in both cases are oscillating at range of 40◦ as opposed to

their steady-state command. The estimated signal which shown in (3.6b) and (3.6d) demonstrate

how efficient the controller is. There is no visual differences between the relative signal at ∆ϕ̄i = 0◦.
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Figure 3.6: Illustration of phase control algorithm at 3000 RPM. Figures 3.6a and 3.6c show phase
difference with respect to reference motor M1, whereas Figures 3.6b and 3.6d show estimated
signal.
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3.2.2 Aerodynamic Performance

The thrust and torque that are exerted by the propeller are a function of its diameter and motor

shaft rotational speed. According to momentum theory, the thrust generated by a propeller is

proportional to the velocity squared. Propeller thrust CT and torque CQ coefficients, and figure

of merit (FM) were obtained using the following definitions:

CT =
Fz

ρ(Ω/2π)2D4
(3.7)

CQ =
Mz

ρ(Ω/2π)2D5
(3.8)

and

FM =
C

3/2
T√
2CP

(3.9)

where ρ is the air density, D is the propeller diameter, Ω is the motor shaft rotational velocity,

and CP = 2πCQ [41].

The corresponding aerodynamic coefficients are shown in Figure 3.7. At hover conditions,

the aerodynamic coefficients remain constant with the increase in motor shaft rotational speed,

thus suggesting aerodynamic similarity. Furthermore, there is no significant difference between

∆ϕ̄i = 0◦, ∆ϕ̄i = 90◦ and without any phase control. This results can provide more insight

about the main effect of synchronization on the mean loads acting on the rotors, which appears

negligible compare to the acoustic reduction potential that this technology has to offer. However,

while comparing this results with the mean loads of a single rotor, the difference is much more

significant - up to 7% with respect to the single rotor, as shown in figure 3.7.

3.2.3 Acoustic signature

Acoustic signature of modern rotating machinery composed of broadband noise, distributed over a

very wide spectrum, and a series of superimposed discrete tones at multiples of the blade passing

frequency (BPF) and its harmonics, rising above the broadband noise discrete frequencies. With

phase control, the main interest is attenuation of the tonal contribution.

The direction in which the sound pressure radiates is important in determining its significance.

In general, the BPF and its harmonics dominate the tonal contribution, and noise level decreases

as the order increases. In the case of a multi-rotor, the influence of higher order harmonics may

be significant due to the aerodynamic and acoustic unsteady effect caused by wake interactions

and unsteady blade motion. However, the most fundamental effect pertains to the lower-order
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Figure 3.7: Comparison of thrust, (3.7a) and torque (3.7b) coefficients, and FM (3.7c) for the
single propeller (M1) and four propellers (M1 −M4) as a function of shaft rotational frequency,
with and w/o phase control.
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harmonics, since the first order harmonics dominate acoustic signature in the far-field (due to

atmospheric absorption).

Figures 3.8 shows typical sound pressure level spectra at two observer locations and two motor

shaft rotational speed. When the far-field noise spectra of the microphone observers is compared,

the sound directivity of the tonal and broadband components is clearly apparent. For the low

frequency range the ∆ϕ̄i = 0◦ and ∆ϕ̄i = 90◦ control produce different results, in comparison

to propellers without phase synchronization. The ∆ϕ̄i = 0◦ produces up to 4 dB more compare

to propellers without phase synchronization at the first BPF, suggesting this particular control

method perhaps contributes to the constructive interference between the blade’s wake or even the

tip vortices. However, the ∆ϕ̄i = 90◦ control case produces up to 6 dB less in comparison to

propellers without phase synchronization, suggesting this particular control perhaps contribute to

the destructive interference between the blade’s wake. When two neighboring rotors are passing

by at ∆ϕ̄i = 0◦ configuration, their tips are at close proximity, in contrast to the ∆ϕ̄i = 90◦

configuration. As mention in previously published work [42, 43], rotor-to-rotor interaction can lead

to larger pressure perturbation and ultimately to higher acoustic signature. At higher frequency

range the differences are negligible, so it can be said that the broadband level is roughly the same.

Another way to interpreted the measurements are via band sound pressure level (or BSPL).

The tonal and broadband sound directivity can be better observed by integrating the contribution

and plotting the BSPL as a function of the microphone observer position. The BSPL is estimated

according to the following definition

BSPL = 10 log10

(
Gpp(f)

p2
ref

)
(3.10)

with

Gpp(f) =

∫ f2

f1

p2(f)df (3.11)

where f1 and f2 denote the lower and upper frequency limits within which the band sound pressure

level was evaluated. The single sided one-dimensional spectrum Gpp is used to express the SPL.

The sound pressure level is given in units of dB relative to the standard reference pressure of

pref = 20µPa.

In the low frequency range, around the BPF, a range of ±15 Hz is selected for the calculation

of BSPL. To limit the effects of the motor self-noise on the interpretation of the acoustic measure-

ments, and thus distinguish between motor noise and the propeller’s contribution, it is important

to choose an appropriate frequency band along which to perform the integration. When choosing

the frequency band, special care needs to be taken to make sure that only relevant parts of the
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Figure 3.8: Comparison of one-dimensional far-field sound pressure level spectra with and without
phase control.
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spectra are selected. Therefore, the unloaded (with no propeller present) motor acoustic signature

was measured separately, and then observed alongside the propeller to determine where it affected

the propeller’s frequency spectrum. Within the scope of the current study, broadband range was

integrated between f1 = 3 kHz to f2 = 10 kHz, where the upper bound corresponds to half of the

sampling rate.

Integrating the tonal and broadband contributions in the previously defined frequency bands,

provides qualitative and quantitative comparison of these components’ directivity. Figures 3.9 and 3.10

show the BSPL as a function of microphone observer position. Directivity plots highlight some

of the results previously discussed through the propeller narrowband spectra (see figure 3.8). The

shape of both tonal and broadband directivity patterns appear to be unaffected by the rotational

speed. Both the tonal and broadband contributions exhibit dipole directivity with wide lobes. The

broadband directivity shows maximum on the center of the system axis and minimum in the plane

of rotation.

In the distributed-propeller configurations, not only the amplitude of the tone at the funda-

mental frequency is increased, but also the appear higher order harmonics. Moreover, when the

propellers are installed in close proximity, the tonal amplitude at most BPF multiples is increased.

This is attributed to the increase in unsteady loading, as discussed at section 3.2.2. Therefore, a

comparison with single rotor was made. The goal is to compare the directivity of a single rotor

acoustic signature to four-rotor configuration. This can be done while multiply the BSPL of a

single rotor to model the magnitude of four rotors.

As shown in figures 3.9 and 3.10, it can be said in general that rotor-to-rotor interaction are

increasing the tonal amplitude at BFP and the broadband, as compare to the model of single

rotor. This tendency occurs in all rotational speed and in the majority of observer locations.

Furthermore, at higher multiples of the BPF, there is higher variance between the two configuration,

e.g. difference of almost 15 dB at the third harmonic. The contribution of modelling the acoustic

signature of a single rotor is to validate the main hypothesis, which is acoustic interactions of

small rotors can be reduce using phase control technology. The fact that the magnitude of acoustic

signature at the BPF with phase control of type ∆̄ϕ = 90◦ is much closer to the magnitude of the

model of single rotor rather then acoustic signature four-rotor configuration without phase control

is encouraging and can be used in the future as base of better active noise reduction.
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Figure 3.9: Directivity patterns of band sound pressure level at Fz = 7 N.
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Figure 3.10: Directivity patterns of band sound pressure level at Fz = 13 N.
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3.3 Conclusion

Within the CAAI research project our main objective was to collect, process and archive noise

signature data from single/multiple number of small-in-diameter propellers. The UASs are designed

to operate within an urban environments, potentially exposing communities to significant levels

of tonal and broadband noise. Current noise certification requirements, for fixed- and rotary-

wing aircraft, may not adequately capture the noise effects of these vehicles. The only completed

regulation that covers sUAS is 14 CFR part 107. The measurements in anechoic environment are

intended to provide guidelines for community noise assessment.

The work commenced with performing literature review and acquisition of the necessary equip-

ment. Following this step, the acoustic signature of a range of small-in-diameter isolated off-the-

shelf APC Thin Electric propellers in static (hover) conditions has been investigated in the anechoic

chamber in Dynamica Design. Above the cut-off frequency of the chamber, it is assumed that mea-

surements conducted in anechoic chamber are performed in ideal environment. Furthermore, it is

assumed that the acoustic measurements were conducted at the far-field, where the noise decay

spherically from the source (the measured pressure amplitude from the propeller decays like 1/r).

It is known that disturbances close to the propeller blade are dominated by evanescent pressure

waves (so called pseudo-sound waves) that decay within the first few wavelengths from the source

and do not propagate to the far-field. The spherical decay law for multi-drone measurements in

the anechoic chamber was verified by Tinney and Sirohi [12].

During all the experimental work, acoustic and aerodynamic data were collected simultane-

ously. In processing of the data, the effect of shaft rotation speed and propeller diameter on the

aerodynamically generated sound was studied. The discussion is separated into the tonal (de-

terministic) contribution at the BPF and the broadband contribution in the mid-high frequency

range. Acoustic results show that the measured noise is a strong function of receiver angle. Both

broadband and tonal components are a function of propeller diameter. The smaller-in-diameter

propeller produced significantly stronger tonal and broadband noise contribution for a given level

of thrust.

At the second stage (year II) focus was made to understanding the combined signature of

four propellers in hover. A dedicated experimental rig was build to support four propellers. An

algorithm was developed that allows to synchronize the rotational frequency and phase of all the

propellers. Load-cell sensors were placed under the motors to allow measurement of aerodynamic

forces and moments. During the second stage the focus was the role of synchronization in the

generation of the acoustics signature, where the ϕi = [0 90 0 90] is the quieter configuration.
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3.4 Future Directions

As a sound wave travels through the atmosphere it loses energy. The first and most important

process is the geometric spreading, due to distance between the source and the observer. If one

considers spherical wave spreading from a point source of uniform intensity, the sound pressure level

at the observer varies inversely as the square of the distance from the source. This relationship is

valid for non-point sources if the observer is in the far field. Expressed in terms of the logarithmic

decibel scale, the sound pressure level falls by 6 dB for every doubling of distance from the source.

The other two processes, by which a sound wave loses energy, are functions of the atmosphere

itself. The first mechanism arises through losses from heat conduction, radiation, viscosity, and

diffusion. This is generally termed classical absorption and is proportional to the square of the

sound frequency. The other process are associated with molecular relaxation in the air and, unlike

classical absorption, is a function of humidity as well as frequency. Typically, this second effect

is much more important in the audible range of frequencies, and classical absorption is generally

neglected. The lower-frequency sound waves, comprising longer wavelengths, are less susceptible

to atmospheric absorption.

As discussed previously, current regulations include the option to apply for a certificate of

waiver, which allows for a UASs operation (under 55 pounds) to deviate from certain operating

rules. However, these vehicles are nuisance and therefore an alternative noise metric should be

applied to access the noise and environmental impacts of these vehicles. Thus, recommendations for

future work include continuing the development of the noise measurements procedures, expanding

the database of UAS noise measurements, and working with other subject matter experts on the

psychoacoustics. This can be achieved in the next phase of the ASSURE project.
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Figure 3.11: Measured background noise levels spectra at Haifa and forest environment.
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Measurement of the background noise is important since the ability to detect acoustic signature

is determined by the background noise levels.Figure 3.11 shows measured background spectrum at

one of the neighborhoods at Haifa and forest environment, corresponding to the background noise

level at urban and desert soundscape.

Furthermore, the perception of human hearing must be accounted for when planning flight

with significant acoustic radiation. For example, human hearing is most sensitive to noise in the

frequency range between 2 and 5 kHz, which means that sounds in this range are perceived as

being louder than the same sound level at frequencies outside of this range [44]. The field of

psychoacoustics has developed many factors that attempt to account for human perception, such

as loudness and noisiness. Loudness accounts for frequency sensitivity and noisiness for fluctuations

in amplitude in sound that are perceived as annoying by a human.

These considerations are included in existing noise metrics such as EPNL and SEL but the

implementation may need to be modified for these new class of vehicles. Sound quality metrics

(SQMs) are associated with different noise characteristics, such as the frequency content (high or

low frequency), the prominence of tones, and the fast or slow loudness fluctuations. The five SQMs

loudness, roughness, sharpness, tonality, and fluctuation strength provide a detailed characteriza-

tion of a sound; and they can be combined toward an overarching psychoacoustic metric. These

metrics then provide a single value similar to the EPNL and LA maximum, allowing us to compare

the annoyance of different sounds. Recent work considered the psychoacoustic metrics as a more

accurate method to determine the annoyance perceived by the human ear than EPNL [45].

Another approach that determines the ability of a human to detect specific sounds in a noisy

background is by using a computational model of the auditory system. The model’s input is an

acoustic signal that includes the targeted sound embedded in a given background noise and its

output is the probability of a human listener to detect the targeted sound. The model includes

the following steps: performance in a threshold task. A task in which the listener indicates the

minimal level of the targeted sound he can detect in a given background noise. This framework

was developed by Siebert [46], followed by Heinz et al [47] and Furst [48]. The computational

model is stimulated by an acoustic stimulus and its output is the threshold in quiet.
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Appendix A

Aerodynamic Model

BEMT is a low fidelity model that requires limited computational resources, compared to the

high-fidelity computational fluid dynamic (CFD). The efficiency comes at the price of having to

know, for the total number of blade sections, the two dimensional airfoil parameters, namely,

lift Cl(α,M,Re) and drag Cd(α,M,Re) aerodynamic coefficients over a wide range of angles of

attack α, Mach numbers M = U
c0

, where U is the velocity magnitude and c0 is the speed of

sound, and Reynolds number Re = ρUL
µ where ρ is the air density, µ is kinematic viscosity and

L is a characteristic length scale. Evaluation of low fidelity XFOIL and BEMT methods for the

aerodynamic performance of a UAV propellers is common practice [49, 50].

The development of theories embodied in BEMT models goes back to the pioneering works of

Rankine [51] and Froude [52]. These studies were the first to propose the formation of an actuator

disk of negligible thickness. The idea of the blade element was proposed by Drzewiecki [53], and

latter enhanced by Prandtl. The hybrid theory, which merges the actuator disk with the blade

element, emerged in 1926 due to Glauert [54], called BEMT. Subsequently, improvements in the

BEMT were proposed by Theodorsen [55], Larrabee [56], as well as Adkins and Liebeck [57].

Nowadays, this theory is still widely used for the aerodynamic study of rotating systems, such as

propellers and wind turbines.

BEMT is an extensively used technique for calculation of propeller aerodynamic performance.

With this method, the airfoil data base needs to be as accurate as possible. At the same time, Com-

putational Fluid Dynamics (CFD) is becoming increasingly popular in the design and optimization

. For fixed and rotary wing applications, the airfoil lift over drag coefficient is the dominant airfoil

performance parameter. Selecting a suitable computational tool is crucial for the successful design

and optimization of this ratio. Potential flow theory is commonly used to evaluate the aerody-

namic performance of airfoils, airplanes, wind blades, etc. when speed is preferred over accuracy.

37



Drela [58] presented an analysis and design system for low Reynolds number airfoils called XFOIL.

In this system, the potential flow is coupled with viscous models, allowing it to capture viscous

effects while maintaining the computational advantages of the potential flow. The boundary layer

and transition equations are simultaneously solved with the inviscid flow-field, thus, suitable for

rapid analysis of low Reynolds number airfoils with separation bubbles. Besides, the grid density

must be sufficient to define the surface of the geometry, since XFOIL’s formulation is a simple

linear-vorticity stream function panel method and the accuracy of results depends on the number

of panels.

The model radially discretize the propeller blade geometry into spanwise annuals. Each blade

element can be considered as a rotating lifting surface. For simplicity, it is assumed that the flow

is two-dimensional. Using this assumption, each element is considered independent. The airfoil

is positioned at a radial pitch angle θ with respect to the plane of rotation, and immersed in a

uniform flow given by the velocity magnitude U , and the induced angle of attack φ, thus yielding

the local effective angle of attack

α = θ − φ. (A.1)

While the effective velocity defines as:

U =
√

(Ua +Wa)2 + (Ur −Wr)2 (A.2)

where Wa and Wr are the axial and rotational induced velocity, Ua is the free-stream velocity and

Ur = ωr. Note that in case of a rotors Ua = 0, but for the completeness of the equations it has

been assumed that Ua 6= 0. The blade element relative velocity and respective inflow angle are

evaluated with the axial and rotational velocity components. By performing iterations the effective

angle of attack can be found.

A.0.1 Blade Element

According to Adkins [59] and Gur [60], the sectional thrust T per unit radius acting on the blade,

can be expressed as a function of lift L and drag D per unit length, as describes in the figure below

dTBE

dr
= Nb(dL cosφ− dD sinφ) (A.3)

Where BE stands for Blade-Element and Nb is the number of blades. By similar argument, the

torque per unit radius due to circumferential forces is given by applying a force balance to the
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blade element in rotational directions

dQBE

dr
= Nbr(dL sinφ+ dD cosφ) (A.4)

And from figure A.1, φ define as:

φ = tan−1 Ua +Wa

Ur −Wr
(A.5)

Figure A.1: Cross-section of a blade-element of a propeller at hover flight at radial station with
sectional forces and velocities.

The contribution of each blade-element to the thrust and torque can be calculated using the

appropriate transformation of the cross-sectional lift and drag forces. The main assumption is that

there is no interactions between the elements.

A.0.2 Momentum Theory

According to the momentum theory, the propeller is replaced by an actuator disk. The derivation

of the governing equation of momentum theory can be found in [59]. The momentum equations

are

dTM

dr
= 4πrρWa(Ua +Wa) (A.6)

dQM

dr
= 4πr2ρWr(Ua +Wa) (A.7)
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Where M stands for momentum theory.

Figure A.2: Blade radial coordinates

A.0.3 Derivation of BEMT

Utilizing and combining the blade element and momentum equations, the following equilibrium is

defined:

dTBE

dr
≡ dTM

dr
(A.8)

dQBE

dr
≡ dQM

dr
(A.9)

The four unknowns of the mathematical problem are dT
dr ,

dQ
dr ,Wa,Wr. In order to get closed

mathematical problem, it is essential to define two explicit equations to the induced velocities. It is

suggested to utilizing a iterative set of problem to derive set of explicit equations. For convenience,

the equations shall be normalized by using the following definitions:

1. Normalized radial section

r̄ =
r

R
→ dr̄ =

1

R
dr (A.10)

2. Lift and drag coefficients

CL =
L

1
2ρU

2c

CD =
D

1
2ρU

2c

(A.11)

3. Thrust and torque coefficients

CT =
T

ρn2D4

CQ =
Q

ρn2D5

(A.12)
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4. Velocity ratio

λ =
U

ωR

λa =
Ua
ωR

(A.13)

5. Blade’s solidity

σ =
Nbc

2πR
(A.14)

6. Axial and rotational velocity ratio

a0 =
Wa

ωR
(A.15)

ar =
Wr

ωR
(A.16)

The normalization of the blade-element-thrust goes as follows:

dCBET
dr̄

=
1

ρn2D4

dT

dr̄
=

R

ρn2D4

dT

dr

=
Nb

1
2ρU

2c(Cl cosφ− CD sinφ)R

ρn22RD3

=
1
2U

2c(Cl cosφ− CDsinφ)

2 ω2

4π2 8R3

=
π3 Nbc

2πR
U2

ω2R2 (Cl cosφ− CDsinφ)

4

=
1

4
π3λ2σ(Cl cosφ− CD sinφ)

(A.17)

On the same way we can normalize the remaining of the equations to derive:

dCBEQ
dr̄

=
1

ρn2D5

dQ

dr̄
=

R

ρn2D5

dQ

dr
=

=
Nbr

1
2ρU

2c(Cl sinφ+ CD cosφ)R

ρn22RD4

=
1
2U

2rc(Cl sinφ− CD cosφ)

2 ω2

4π2 16R4

=
π3 r

R
Nbc
2πR

U2

ω2R2 (Cl sinφ+ CD cosφ)

8

=
1

8
π3λ2r̄σ(Cl sinφ+ CD cosφ)

(A.18)
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dCMT
dr̄

=
1

ρn2D4

dTM

dr̄
=

R

ρn2D4

dTM

dr

=
4πρRrWa(Ua +Wa)

ρn22RD3

=
4πrWa(Ua +Wa)

16R3 ω2

4π3

= π3 r

R

Wa(Ua +Wa)

ω2R2

= π3r̄a0(λa + a0)

(A.19)

dCMQ
dr̄

=
1

ρn2D5

dQM

dr̄
=

R

ρn2D5

dQM

dr

=
4πρRr2Wr(Ua +Wa)

ρn22RD4

=
4πr2Wr(Ua +Wa)

32R4 ω2

4π3

= π3 r
2

R2

Wr(Ua +Wa)

ω2R2

=
1

2
π3r̄2ar(λa + a0)

(A.20)

The non-dimensional momentum equations can be arranged to define two explicit equations to the

induced velocities:

a0 = −1

2
λa +

1

2

√
λ2
a +

4

π3r̄

dCT
dr̄

(A.21)

ar =
2

π3r̄2(λa + a0)

dCQ
dr̄

(A.22)

The iterative algorithm is defined in the ”Convergence Algorithm” section. For more informa-

tion regards the convergence method, the reader Referred to §A.0.6.

After convergence, the total thrust and torque defined by

dT

dr
=
dCT
Rdr̄

ρn2D4

T =

∫ R

Rhub

dT

dr
dr

(A.23)

and
dQ

dr
=
dCQ
Rdr̄

ρn2D5

Q =

∫ R

Rhub

dQ

dr
dr

(A.24)
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A.0.4 Tip Correction Function

As mention before, by using BEMT it is assumed that there is no interactions between the blade

elements, as that is no tip interactions. As known from basic aerodynamics, tip interactions crates

reduction of the lift forces near the tip, duo to pressure equalization. The formulation developed

by Prandtl is calculated using

F (r) =
2

π
cos−1

(
e−f

)
(A.25)

where

f =
Nb(R− r)

2r sinφ
. (A.26)

F varies from 1 near the hub and approaching 0 near the blade’s tip. The tip correction is a

function of the flow angle as well, so it can not be drawn for general case. The derivation of the

tip correction function can be found in [61].

To take into account this effect, Prandtl [59] multiply the momentum equations with the tip

correction function:
dTMtip corr

dr
= F (r)× dTM

dr
dQMtip corr

dr
= F (r)× dQM

dr

(A.27)

The explicit induced velocities equations are equal to

a0 =
1

2
λa +

1

2

√
λa +

4

Fπ3r̄

dCT
dr̄

(A.28)

ar =
2

Fπ3r̄2(λa + a0)

dCQ
dr̄

(A.29)

A.0.5 Post stall Aerodynamic Database

Airfoil lift and moment coefficients in the high Reynolds and low angle of attack regime is readily

available from multitude of sources, for instance Abbott and von Doenhoff [62], and University

of Illinois at Urbana Champaign database [63, 64, 65]. For many applications, data in this linear

regime is sufficient. However, post-stall flight dynamics of fixed wing vehicle require data to extend

beyond aerodynamic stall. Efforts have been made in propeller aerodynamics communities to

extend airfoil databases into the high angle-of-attack, i.e. post-stall regime. This led to researchers

proposing empirical models based on flat plate theory [66],semi-empirical methods [67] [68] [69],

and aerodynamic databases [70] [71]. This semi-empirical models are important since the post stall

lift and drag prediction with XFOIL are still not accurate with the present method as this type of
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a computational method for prediction flow around airfoils becomes inaccurate as the boundary

layer becomes too thick when separation commence. Furthermore, the empirical models developed

from experiment require that both the maximum Cl and the corresponding αs, at which this lift

coefficient occurs is known reliably before theoretical flat plate model may be fitted to extend the

data well into post-stall regime. The flat plate extension will be combined from angle of attack

higher then αs to guarantee continuity with pre-stall data. The lift and drag coefficients shall be

equal to

CPost−StallL = A1 sin 2α+A2
cos2 α

sinα
(A.30)

CPost−StallD = B1 sin2 α+B2 cosα (A.31)

where

A1 =
B1

2
(A.32)

B1 = CDmax
(A.33)

according to [66]

CDmax
∼= 1.11 + 0.018AR (A.34)

therefore

A1 =
CDmax

2
(A.35)

and

A2 = (CLmax
−B2 sinαs cosαs)

sinαs
cos2 αs

(A.36)

B2 = CDs −
CDmax

sin2 αs
cosαs

(A.37)

A.0.6 Convergence Algorithm

As explained above, BEMT is an iterative method for estimating the thrust and the torque for a

given rotor and operating conditions. The convergence method is controlled by constant threshold,

ε > 0, which is defined by the user. Normally, ε = 10−3 ensures convergence of the physical

output. The user must input the rotor geometry i.e. R, θ(r), c(r), Nb and the operating condition

- the RPM. The user must also input the aerodynamic database that was prepared in advance
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for the aerodynamic profiles of the rotor. To initialize the iterative solution, an initial guess

is made to the normalized induced velocities a0, ar. to begin the convergence sequence, their

value must be bigger than ε. In every iteration, the aerodynamic conditions at every section i.e.

Re(r), α(r),M(r), Cl(r), CD(r) is modified using the updated values of a0, ar. Then, the coefficients

of thrust and torque are calculating using ( A.17) and ( A.18) as well. to update the new value of

a0, ar, the convergence sequence are utilizing (A.28) and (A.29). This sequence continue until

∣∣a0new
(r)− a0curr

(r)
∣∣ < ε &&

∣∣arnew
(r)− arcurr

(r)
∣∣ < ε (A.38)

The convergence algorithm is described here as follows:

Algorithm 1 Blade-Element Momentum Theory Code

1: Input: R, θ(r), c(r), RPM, Nb, Aerodynamic database, ε > 0
2: Initial Guess: a0, ar
3: while |a0new

− a0curr
| > ε && |arnew

− arcurr
| > ε do

4: a0curr
(r), arcurr

(r), RPM → U(r)
5: U(r), R,RPM → φ(r), α(r), Re(r), λ(r), σ
6: α(r), Re(r) → CL(r), CD(r)

7: CL(r), CD(r), φ(r), Nb, λ(r), σ → dCBE
T

dr̄ (r),
dCBE

Q

dr̄ (r)

8:
dCBE

T

dr̄ (r)
dCBE

Q

dr̄ (r), λ(r), σ → a0new
(r), arnew

(r)
9: end while

10: Multiply by Normalized Value: dT
dr = dCT

dr̄
ρn2D4

R , dQdr =
dCQ

dr̄
ρn2D5

R

11: Global Output: T =
∫ R

0
dT
dr dr, Q =

∫ R
0

dQ
dr dr

12: Spanwise Output: dT
dr ,

dQ
dr , α(r), CL(r), CD(r), Re(r)

A.0.7 XFOIL

XFOIL [58] is low fidelity model for the analysis of flow around airfoils. The model combines a

potential flow panel method and an integral boundary layer formulation. The XFOIL code was

developed to rapidly predict the airfoil performance at low Reynolds numbers and its convergence

is achieved through the iteration between the outer and inner flow solutions on the boundary layer

displacement thickness. Thus, the code calculates the viscous pressure distribution and captures

the influence of limited trailing edge separation and laminar separation bubbles. For external flow

solver airfoils and wings in wind tunnels, the main factor influencing the critical Ncr is the free-

stream turbulence level of the test section. The XFOIL uses an approximate eN envelope method

to calculate transition.

As it is well documented, the behaviour of airfoils is strongly dependent on Reynolds numbers,

particularly at the lower end (Rec < 106). For instance, airfoil drag in incompressible flow is

constituted of shear related skin friction drag and pressure drag. Pressure drag component is
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caused, at its most fundamental level, by a fore and aft imbalance in the net integrated streamwise

pressure distribution, which is primarily caused by separation (open or closed, e.g., bubbles), or to

a lesser extent by boundary-layer displacement thickness effects. The skin friction drag component

in general shows the greatest sensitivity to Reynolds number, increasing significantly as Rec drops.

The approximate eN transition model of Smith and Gamberoni [72] and van Ingen [73] is based

on linear stability theory. The method assumes that transition occurs when the maximum ampli-

fication ratio of any boundary-layer instability reaches a specified ratio, Nc along a predetermined

integration path. The transition model used to emulate the changes in roughness and turbulent

intensity level. While this ratio was originally taken to be e9 for typical aerodynamic configurations

in low-turbulence environments, the model has been extended to account for varying free-stream

turbulence levels [74]. With this method the code tracks only the most amplified frequency at a

given point on the airfoil, downstream from the point of instability to obtain the amplitude of that

disturbance. Transition is assumed when this integrated amplitude reaches an empirically deter-

mined value. The appropriate Ncr to use into XFOIL calculations, can be calculated by emperical

correlation [74], as presented by van Ingen [73]

Ncr = −8.43− 2.4 ln

(
τ

100

)
(A.39)

where Tu represents the absolute turbulence intensity and τ is the correction.

τ = 2.5 tanh

(
Tu(%)

2.5

)
(A.40)

Lower value of Ncr indicates on higher turbulence level. For example, 0.1% turbulence level indicate

on Ncr = 8, compare to 0.5% turbulence level that yeilds Ncr = 4.
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Appendix B

Aeroacoustic Model

Analytic modeling of a single propeller noise is based on the acoustic analogy that relies on a two-

step approach. As a first step, the aerodynamic forces and moments are specified. Their sound

radiation can be used in a second step. The sound field due to steady loads can be described with a

series of discrete tones at frequencies that are multiples of the blade passing frequency (BPF). Both

in quality and quantity, the sound predicted by this theory is in agreement with the experimental

evidence of the far-field sound produced at high tip Mach number flows [75], since rotational noise

is dominated by steady forces [22].

However, at low tip speeds, the propeller often operates in highly unsteady environment, which

results in unsteady loads, and the corresponding blade loading harmonics. This high frequency

harmonics rotate at multiples of BPF. Since propeller blades are thin, thickness noise is often

negligible. Similarly, the quadrupole noise source is neglected, since the Mach number is relatively

low. Consequently, only the dipole term is kept in prediction of higher order rotational noise.

Lowson [76, 5] obtained a solution for the free-field radiation from point sources. The complex

discrete rotor noise spectra can be analyzed into a set of simple blade-loading harmonics (BLH)

radiations. The study of a propeller noise is then reduced to that of studying the individual

properties of BLH radiation.

The sound pressure radiated by a point fluctuating force is

p(r, t) =

[
(xi − yi)

(1−Mr)c0r

∂

∂t

(
Fi

4πr(1−Mr)

)]
(B.1)

where Fi is the point force acting at the source position, xi in the i-th direction and Mr is the Mach

number directed towards the observer at r. The term at the square brackets should be evaluated

at the retarded time τ = t− r/co. This equation can be used to find expression for the sound from
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a point force in arbitrary harmonic motion. Then, defining the complex magnitude of the n-th

sound harmonic in the usual manner gives

cn = an + ibn =
ω

π

∫ 2π/ω

0

[
xi − yi

(1−Mr)c0r

∂

∂t

(
Fi

4πr(1−Mr)

)]
einωtdt. (B.2)

Changing the variables back to retarded time and using dt = (1−Mr)dτ gives

cn =
ω

π

∫ 2π/ω

0

[
xi − yi
c0r

∂

∂t

(
Fi

4πr(1−Mr)

)]
einω(τ+r/c0)dτ (B.3)

and integrating by parts gives

cn =
ω

4π2r

∫ 2π/ω

0

(
inωFr
c0

+
Fi

1−Mr

[
−Mi

r
+

(xi − yi)
r2

Mr

])
e[inω(τ+r/c0)]dτ (B.4)

where Fr = Fi(xi − yi)/r is the component of the force in the direction of the observer. The

second term is important only in the acoustic near field, because of the additional factor r in the

denominator. Thus, the result for the far-field becomes

cn =
ω

4π2r

∫ 2π/ω

0

(
inωFr
c0

)
e[inω(τ+r/c0)]dτ. (B.5)

To apply this model the fluctuating force field must be defined,

Fi = (−T,−D sin θ,D cos θ) (B.6)

where T is the thrust and D is the drag (torque). Note that the force on the air acts in the opposite

direction to that on the blade. Now

r2 = |r|2 = x2 + y2 +R2 − 2yR cos θ (B.7)

and

xi − yi = (x, y −R cos θ,−R sin θ) (B.8)

from which

Fr = −xT/r − (yD/r) sin θ (B.9)

and applying the geometric far-field

r = |xi − yi| ≈ r1 − (yR/r1) cos θ (B.10)
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where r1 is the distance from the observer to hub. Defining the complex cyclic thrust

T =
∞∑

λ=−∞

Tλe
−iλΩt (B.11)

and drag

D =
∞∑

λ=−∞

Dλe
−iλΩt (B.12)

forces on the blades by a complex Fourier series, where Ω is the angular velocity of the rotor blades

and λ gives the order of loading harmonic. The expression for the harmonics of the far-field sound

radiation from the rotor is

cn =
inΩ

4π2c0r

∫ 2π/ω

0

∞∑
λ=−∞

(
xTλ
r1

+
yDλ

r1
sin θ

)
e[i(n−λ)θ−inα cos θ]dθ (B.13)

where α = ΩRy/c0r1 = My/r1. Here M = ΩR/c0 is the rotational Mach number of the point

action of the force. The integrals can be identified as Bessel functions, using the expressions

∫ 2π

0

ei(nθ−z cos θ)dθ = 2πi−nJn(z) (B.14)

and ∫ 2π

0

ei(nθ−z cos θ) sin θdθ = −2πi−n
n

z
Jn(z). (B.15)

It can be evaluated directly to give the sound radiation from a single rotor blade as

cn =
inΩ

2πc0r1

∞∑
λ=−∞

(−i)n−λ
(
xTλ
r1

+
n− λ
n

Dλ

M

)
Jn−λ

(
nMy

r1

)
(B.16)

where Jn−λ is the Bessel function of the first kind and the order n− λ. If B equally spaced rotor

blades are present, harmonics that are not integral multiples of the number of blades are cancel.

Thus, the final result for the complex magnitude of the m-th harmonic of noise radiated by the

unsteady forces on the rotor is

cm =
imB2Ω

2πc0r1

+∞∑
λ=−∞

(−i)mB−λ
(
xTk
r1
− mB − λ

mBM
Dλ

)
JmB−λ

(
mBMy

r1

)
. (B.17)
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The result can be rewritten in terms of ordinary Fourier coefficients.

cm =
Ω

4πc0r1

∞∑
λ=0

(−i)mB−λ−1

{
mBxaλT

r1

(
JmB−λ + (−1)λJmB+λ

)
+
imBxbλT

r1

(
JmB−λ − (−1)λJmB+λ

)
− aλD

M
((mB − λ)JmB−λ + (n+ λ)(−1)λJmB+λ)

− bλD
M

((mB − λ)JmB−λ − (n+ λ)(−1)λJmB+λ

}
(B.18)

where the arguments of all the Bessel functions is mBy/r1, and aλT , bλT , aλD, bλD, are ordinary

Fourier coefficients of the fluctuating thrust and drag related to Tλ and Dλ. If the ordinary Fourier

expression for thrust is

T = a0T +
∞∑
λ=1

aλT cosλΩt+ bλT sinλΩt (B.19)

then

Tλ = TλR + iTλI = (aλT + ibλT )/2 (B.20)

and

T−λ = T ∗λ = TλR − iTλI = (aλT − ibλT )/2 (B.21)

so that the two Fourier series expressions are equivalent.

The JmB+λ terms are negligible compared to the JmB−λ terms, so that the simplified version

of the model is

cm =
mB2Ω

4πc0r1

∞∑
λ=0

(−i)mB−λ−1

{
x

r1
(aλT + ibλT )− mB − λ

mBM
(aλD + ibλD)

}
JmB−λ. (B.22)

Assuming a reference frame with origin at the center of the hub, the complex amplitude of

the acoustic pressure produced by the array in the far-field at the BPF harmonic of order mB

can be expanded as the sum of radiation modes. The theoretical basis for tonal-noise analysis is

the recognition of its modal structure, according to which the acoustic field of each tone can be

expanded as an infinite sum of elementary waves. The mode radiation efficiency is determined by

the Bessel-function factor.

The λ = 0 mode defines the contribution due to steady loads, in reference frame of the propeller

blade. In the special case when only steady forces exist on the rotor, this corresponds to the result

obtained by Gutin [17]. It should be emphasized that only λ = 0 mode relates to the total thrust

and torque, which is of direct mechanical interest. Since at subsonic tip speeds, My/r1 is always

less than unity, the corresponding Bessel factor can be very small. The intensity of the steady
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loading noise is always zero at θ = 0 with strong peak just behind the rotation plane. If only

the steady loading noise is considered, the tonal noise contribution shall be underestimated. At

subsonic tip speeds, it is the unsteady blade forces that dominate the acoustic field, and not the

steady Gutin noise. The unsteady blade loads generate a discrete frequency sound at the BPF

and its harmonics. The acoustic field of each tone is the infinite sum of characteristic free-field

radiation modes whose frequency is not necessary equal to the rate of rotation. The magnitude

of each mode is proportional to the coefficients Tλ and Dλ of the Fourier series with a weighting

factor defined by Bessel function. Each radiation mode rotates with an equivalent rotational speed.

As long as λ 6= mB the mode is called a spinning mode of radiation. A given spinning mode

has a zero contribution to the far-field noise on the rotor axis and for another emission angle

for which the squared bracket vanishes. Since each mode rotates at different frequency only the

spinning modes of radiation with supersonic relative speed contribute significantly to the far-field

sound. The specific case when λ = mB corresponds to the symmetric mode. This mode is the

most efficient one in the sum of the related blade loading harmonic, because the Bessel factor is

J0, particularly at low tip Mach numbers. Most importantly, the symmetric mode is responsible

for the on-axis radiation.
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