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Abstract

:

This paper addresses one of the recognized barriers to the unrestricted adoption of Unmanned Aircraft (UA) in mainstream urban use—noise—and reviews existing approaches for estimating and mitigating this problem. The aircraft noise problem is discussed upfront in general terms by introducing the sound emission, propagation, and psychoacoustic effects. The propagation of sound in the atmosphere, which is the focus of this paper, is then analysed in detail to isolate the environmental and operational factors that predominantly influence the perceived noise on the ground, especially looking at large-scale low-altitude UA operations, such as in the envisioned Urban Air Mobility (UAM) concepts. The physics of sound propagation are presented, considering all attenuation effects and the anomalies due to Doppler and atmospheric effects, such as wind, thermal inversion, and turbulence. The analysis allows to highlight the limitations of current mainstream aircraft noise modelling and certification approaches and, in particular, their inadequacy in addressing the noise of UA and, more generally, UAM vehicles. This finding is important considering that, although reducing noise at the source has remained a priority for manufacturers to enable the scaling up of UAM and drone delivery operations in the near future, the impact of poorly considered propagation and psychoacoustic effects on the actual perceived noise on the ground is equally important for the same objective. For instance, optimizing the flight paths as a function of local weather conditions can significantly contribute to minimizing the impact of noise on communities, thus paving the way for the introduction of full-scale UAM operations. A more reliable and accurate modelling of noise ground signatures for both manned and unmanned low-flying aircraft will aid in identifying the real-time data stream requirements from distributed sensors on the ground. New developments in surrogate sound propagation models, more pervasive real-time sensor data, and suitable computing resources are expected to both yield more reliable and effective estimates of noise reaching the ground listeners and support a dynamic planning of flight paths.
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1. Introduction


Sound refers to the mechanical energy transmitted through air or any other medium by longitudinal wave motion. Noise, on the other hand, is unwanted sound with reference to the human reaction to it. Aircraft noise has long been an issue affecting aircraft operations around human settlements. As a result, a large body of work has tackled the noise of commercial transport aircraft, which are typically passenger-carrying, due to their significant impact not only on the people in proximity of airports, but also on the passengers who are exposed to such noise during their travel. In this regard, there is plenty of work detailing noise reduction strategies for jet and turbofan engine aircraft [1,2]. In order to curb aircraft noise in communities around airports and noise abatement arrival and departure procedures, as well as operating restrictions and night-time curfews, have also been introduced at numerous airports.



In recent times, Unmanned Aircraft (UA) have proven their worth for tasks labelled as too “dull, dirty, or dangerous” for traditional manned aircraft. With the envisioned proliferation of UA for goods delivery, Urban Air Mobility (UAM), and other applications, the community acceptance of these aircraft will largely depend on the response to their noise emissions. However, standards for multirotor UA, as well as for passenger ferrying “flying taxis”, are yet to be developed, and this appears to be a critical gap that must be addressed as a priority.



1.1. Aviation Noise Standards and Traditional Modelling Approaches


Since the 1970s, the International Civil Aviation Organization (ICAO) has introduced various standards to reduce aircraft noise at the source as part of its balanced approach to aircraft noise management. As part of the initiative, noise standards have been introduced for light, as well as large, propeller aircraft, and jet and supersonic aircraft, as well as helicopters and tiltrotors. The stages of model development can be categorized as shown in Figure 1, with advanced models being currently employed.



Aircraft noise models and standards have evolved over the years, mostly revolving around the empirical database approach, which feeds into a noise model engine. The aircraft noise database consists of acoustic and performance data based on noise–power–distance (NPD) relationships, which are fed into the noise engine consisting of some simplistic physics-based sound emission and propagation models. The noise engine also considers air traffic, radar, airport, and other operational data as inputs. All the operational data and database values are processed by the model engine to usually generate noise contours representing the Effective Perceived Noise Level (EPNL). The use of these emission and propagation models to quantify the perceived noise on the ground can follow three alternative methodologies, namely the closest point of approach (CPA), segmentation, and simulation.



Aviation noise standards have been developed to specify the acceptable noise limits as a function of Maximum Take-Off Mass (MTOM) for all categories of commercial fixed-wing transport aircraft. The recommended noise evaluation measure for the certification of these aircraft is the Sound Exposure Level (SEL) with 90% confidence limits [4]. The reference points for the SEL are take-off, overflight, and approach phases of the flight path. The measured noise levels are adjusted to the reference profile to calculate the EPNL, which is the time integral of the Perceived Noise Level (PNLT) over the noise event duration.




1.2. Unmanned Aircraft Specificities


In non-idle thrust conditions, most of the noise by conventional fixed-wing aircraft originates from the propulsion system, with a relatively smaller amount produced by the airframe and other components (such as the landing gear). The engines and gearboxes contribute a significant portion, along with the fans or propellers.



On the other hand, the majority of UA in operation belong to the category of electric Vertical Take-Off and Landing (eVTOL) aircraft. These differ very significantly from fixed-wing transport aircraft, both in terms of their nominal operating profile and in the noise emission characteristics. Whereas the bulk of the noise of conventional aircraft comes from the engine itself, the majority of eVTOL noise originates from the rotors. Traditionally, propellers and fans are characterized by axial flow (as in the case of a fixed-wing aircraft), whereas rotors most often operate in sideslip conditions (as in the case of a helicopter). Most eVTOL have multiple rotors aligned along the vertical axis, with the added provision to fly as a fixed-wing aircraft provided in some. Comparisons between a small single-engine manned aircraft and a small UA show that the UA, on average, has a larger endurance, lower fuel consumption and emissions, and has noise levels that are 6 to 9 dB lower [5]. However, with an increasing number of UA anticipated to fly at lower altitudes (<40 m AGL) in dense urban communities [6,7,8], the cumulative noise pollution for extended time periods poses grave health and wellbeing risks [3].



Considering the very different weight, flight profile, and operational environment specificities of eVTOL, simple corrections to current aviation noise models would not suffice. Consequently, the aviation research and development community has begun to develop noise emission standards for UA. The basic noise emission standard EN ISO 3744:2010 is supplemented with the installation and mounting conditions for a UA [9]. The test operating conditions are defined where the noise tests are carried out for the hovering manoeuvre of the unmanned aircraft under MTOM. The A-weighted surface time-averaged SPL is determined multiple times until the difference between at least two of the measured values does not differ by more than 1 dB.




1.3. Problem Statement


This paper addresses the gap associated with the lack of noise modelling and certification standards for UA and UAM. This objective is achieved by analysing the most relevant factors affecting the perceived noise of these platforms in typical operating conditions and using them to identify the most promising approach for the development of reliable and accurate models. These models can then be exploited to determine the ideal location of vertiports or the optimal operating settings and trajectories to be flown in order to minimize the noise perceived by the human population exposed to it.



The aircraft noise problem encompasses four fundamental aspects: the noise source itself, the flight path followed by the source, the atmospheric propagation effects, and the receiver (the human listener). As shown in Figure 2, several further considerations are relevant, and their interactions can be complex.



Therefore, in order to determine a flight path that minimises noise exposure to humans, multiple aspects must be considered. Firstly, there is the physics-based sound propagation model, which can be applied on the acoustic output from the vehicle and considers the paths it takes through the atmosphere. Secondly, this sound is heard by a listener, who effectively filters the sound relative to other noise they hear at the time, as well as by their own perception and response to the noise (psychoacoustics). This human response can supplement the propagation model to predict the equivalent sound exposure on the ground as effectively perceived by humans. Finally, these models and their numerical results can be used to calculate a more optimal flight path that would cause the smallest acoustic disturbance. All aspects of this problem must be considered for effective noise mitigation.



The focus of this article is on the sound propagation effects, with emphasis on the factors showing dependence on the flight path. Atmospheric conditions, both steady and unsteady, are only simplistically considered by conventional aircraft noise models, but can be accurately captured as part of Computational Fluid Dynamics (CFD) simulations, which however are complex and time-consuming to setup and carry out. CFD simulations also do not allow for the production of a set of results in a single run that are applicable to a range of environmental and operational conditions, so, despite their great accuracy, their exploitation for quantifying noise impacts on the ground is limited to some design trade-off studies, such as the ideal location of a new airport or runway.



Steady and unsteady propagations effects, nonetheless, have a very important impact on the SPL measured on the ground, and need to be considered for an increased accuracy of noise models in a broader set of environmental and operational conditions. Additionally, physics-based models also allow us to better account for platform dynamics and sound-reflecting surfaces, such as buildings and ground surfaces. In traditional aircraft noise propagation models, several of these factors are overlooked, or they are assumed to follow rather simplistic idealized models. The considerations introduced in the next sections of this paper allow for the consideration of some of the variables that are generally either neglected or assumed to be constant. Although some propagation effects, such as diffraction and multipath, may result in extreme complexities and thus may be omitted from surrogate models, other effects, such as wind, the temperature profile, turbulence, and Doppler effects, can be accounted for without requiring a complex CFD simulation.



The aircraft noise at the source is discussed for conventional aircraft, and the lack of sufficient data to support noise certification for UAM operations is also highlighted. The human noise perception, along with the psychoacoustic effects, is briefly discussed. The paper also discusses the flight path dependencies on the perceived noise, along with the trajectory optimization for reduced noise impacts. Some recent advances in noise certification standards for UA and their integration in the flight information management systems are discussed, before the paper concludes with a proposed future pathway for UA noise measurement and certification standards, while also discussing the reduction in aircraft noise at the source.





2. Sound Propagation


2.1. Fundamental Definitions


It is important to first consider the physics of the acoustic waves in order to address sound propagation in the atmosphere. Acoustic waves are longitudinal waves that require a material medium to propagate. Fundamentally, sound can be defined as mechanical energy transmitted by pressure waves in a material medium. In the case of sound in air, acoustic energy is transmitted from the source to the surroundings by the vibration of air particles. Sound propagates due to the transfer of energy from one vibrating particle to the next as progressive waves, with particle displacements taking place in the same direction as the movement of the wave. The velocity of sound in a medium (cm) varies with the bulk modulus (B) and density (ρ) of the medium, as shown in Equation (1). Sound travels faster in a medium with a high bulk modulus or stiffness, such as solids, as compared to a medium with a lower bulk modulus, such as fluids.


   c m  =    B ρ     



(1)







The region of travel of acoustic waves is referred to as the sound field, whereas the space where the acoustic waves propagate freely without reflection, termed free progressive waves, is called a free field. The to and fro displacement of the air particles about their mean position produces a local compression followed by a local rarefaction, and so on. The instantaneous value of the fluctuating pressure disturbance on the ambient pressure is referred to as the sound pressure and is denoted by p′. It requires a time period T to complete one cycle of compression and rarefaction, where the sound pressure at any given time t is equal to:


   p ′   t  = p ′   t + T    



(2)







Humans can normally hear frequencies in the range of 20 Hz to 20 kHz. Consequently, frequencies lower than 20 Hz are referred to as infrasound, whereas frequencies greater than 20 kHz are called ultrasound. Figure 3 shows the frequencies and corresponding wavelengths of sound.



The sound pressure motion is a simple harmonic motion, and hence can be described in the form of a sinusoid. Sound pressure is a function of both time and distance from the source. For a point source, the variation of the sound pressure with time and distance can be expressed as:


  p ′ =  A r  c o s ω   t −  r c     



(3)




where A is the strength of the source in dB and ω is the angular frequency in radians per second. As the sound travels with speed c, the time taken by the sound to travel a distance r is given by r/c. Since the magnitude of the sound pressure varies continuously with time, the effective sound pressure (pe) magnitude is usually given by the root mean square value of the instantaneous sound pressures over one period.


   p e  =      1 T    ∫  0 T       A r  c o s ω   t − r / c      2  d t     1 / 2   =  A  r  2     



(4)







Hence, the ratio of the effective sound pressure to the local sound pressure is given by the factor √2 and is known as the crest factor of a sound signal. The attenuation rate of sound waves varies with frequency, with higher frequencies attenuating at a faster rate. Attenuation can occur either due to reflection/scattering at interfaces or absorption [10]. However, higher frequencies, having short wavelengths, reflect strongly from small objects. Reflection from surfaces causes interference with the incident sound wave, which could be constructive or destructive. Interference depends upon the frequency of sound, as well as the difference between the path length of direct and reflection paths [11]. Furthermore, the speed of sound in air varies with temperature, pressure, humidity, and wind, thereby affecting the propagation of sound. The generic equation for sound propagation can be given by [12]:


   L p   r  =  L w  +  Σ i   A i   



(5)




where:




	   L p   r   :

	
The sound pressure level at distance  r  from the source [dB];




	   L w   :

	
The sound power level of the source [dB];




	   A i   :

	
The combination of modifying factors that either attenuate or enhance the transmission of the sound energy as it propagates from source to receiver.









Sound can be heard around corners and behind the walls, as well due to the bending of sound waves around obstacles due to diffraction. Acoustic sources have both far-field and near-field regions. Wavefronts produced by the sound source in the near-field are not parallel and the intensity of the wave oscillates with the range and the angle between sources. The sound pressure varies with distance as a complex function of the radiation characteristics of the source. However, in the far-field, wavefronts are nearly parallel, with the intensity varying only with range to a centroid between sound sources, in accordance with the inverse squared rule. SPL, or Lp, in decibel is defined as:


  S P L    L p    = 10 log    p e 2     p   e 0   2     



(6)




where pe0 is the reference pressure of 2 × 10−5 N/m2. Analogous to Ohm’s law, in the free field, the effective pressure and the sound intensity in the direction of propagation are related, as shown in Equation (7), where ρ is the density of air:


  I =    p e 2    ρ c    



(7)







For two independent sound sources emitting the same frequency, the resultant SPL depends on the phase difference between the two sound waves.


  S P  L m  = 10 log      p   e 1   2  +  p   e 2   2  + 2  p   e 1     p   e 2    c o s   ω Δ r  c     p   e 0   2       



(8)




where    Δ r    =  r 2  −  r 1   . If the two sound sources are in phase, cos ωΔr/c = 1, giving:


  S P  L m  = 10 log          p   e 1    +  p   e 2       2     p   e 0   2       



(9)







If the two sounds are out of phase, cos ωΔr/c = −1, thus giving:


  S P  L m  = 10 log          p   e 1    −  p   e 2       2     p   e 0   2       



(10)







The total SPL produced by N sound sources is given by:


  S P  L m  = 10 log   ∑   i = 1  N    10     S P  L i    10      



(11)







Similarly, SEL (LAE) and EPNL (LEPN) can be written as:


   L  A E   ≅  L  A , m a x   + 10 log      t e     t 0      ,    t 0  = 1   s  



(12)






   L  E P N   ≅  L  P N T , m a x   + 10 log      t e     t 0      ,    t 0  = 10   s  



(13)




where LA,max and LPNT,max are the thresholds for SEL and EPNL, respectively, te is the effective duration, and t0 is the refence time.




2.2. Atmospheric Effects on Sound Propagation


Generally, due to thermo-fluid dynamics and molecular processes, the atmosphere acts as a low pass filter for the noise propagation spectrum. Assuming a point source of sound in an unbounded homogenous atmosphere, the propagation of sound is affected by just two attenuating effects. While the first attenuation effect is geometric, which is solely dependent on the distance from the sound source, the second effect is due to molecular absorption. In particular, sound propagates due to the oscillation of air molecules about their mean position, with a higher frequency of sound leading to a higher rate of oscillation. This vibration of the air molecules leads to loss of energy through two dissipative mechanisms. Whereas one of the mechanisms comprises frictional losses, which includes both viscous action and heat conduction, the other mechanism involves the interaction of water vapour with the resonance of oxygen and nitrogen molecules. Hence, there are heat conduction losses, shear viscosity losses, and molecular relaxation losses [13].



2.2.1. Molecular Absorption


Air absorption becomes significant at higher frequencies and at long ranges, thereby acting as a low-pass filter at a long range. The pressure of a planar sound wave at a distance x from a point of pressure P0 is given by:


  P =  P 0   e    − α x  2     



(14)







The attenuation coefficient, α, for air absorption depends on the frequency, humidity, temperature, and pressure, with its value being calculated using Equation (15) [14].


  α =  f 2        1.84 ×   10   − 11            T 0   T       1 2       p s     p 0        +        T 0   T      2.5   ×     0.10680  e  − 3352 / T    f  r , N      f 2  +  f  r , N  2    +    0.01278  e  − 2239.1 / T    f  r , O      f 2  +  f  r , O  2         



(15)




where f is the frequency, T is the absolute temperature of the atmosphere in kelvins, T0 is the reference value of T (293.15 K), and fr,N and fr,O are relaxation frequencies associated with the vibration of nitrogen and oxygen molecules, respectively.




2.2.2. Temperature, Pressure and Relative Humidity Effects


The speed of sound in air varies with the temperature, relative humidity (h), carbon dioxide content (hc), and barometric pressure. A generalised empirical equation for the same is given by [15,16]:


   c   c 0    =  a 0  +  a 1  T +  a 2   T 2  +  a 3   h c  +  a 4   h c  T +  a 5   h c   T 2  +  a 6  h +  a 7  h T  +  a 8  h  T 2  +  a 9  h  T 3  +  a  10    h c 2  +  a  11    h 2  +  a  12   h T  h c   



(16)




where c and c0 are the sound speed and the reference dry-air sound speed, respectively, and a0–a12 are coefficient constants given in Table 1. The sound speed can be deducted by multiplying Equation (16) by the corresponding reference dry-air sound speed c0. For a real gas at standard pressure (101.325 kPa), the dry-air sound speed can be approximated to be 331.29 m/s, with an uncertainty of approximately 200 ppm [17], which encompasses sound speeds from 331.224 to 331.356 m/s [18].



Atmospheric effects, such as temperature variations, can affect the speed of sound and, consequently, the sound propagation in the atmosphere. In the International Standard Atmosphere (ISA), the troposphere typically extends up to 11 km. The temperature gradient in the troposphere is frequently assumed to be constant, which, however is not representative of many real conditions, and this is one important reason why conventional aviation noise models fail to account for thermal inversion layers and other anomalies affecting the temperature and relative humidity profiles. In the case of ISA and other constant tropospheric temperature gradients, the variation of the speed of sound due to the temperature [19] is given by:


   c ′  =  c 0  +   d c   d H   H  



(17)




where:




	c0:

	
Speed of sound at sea-level;




	H:

	
Height above sea-level;




	    d c   d H     =     λ  c 0    2  T 0     :

	
The gradient of the speed of sound, where T0 is the sea-level temperature (in Kelvin) and   λ =   d T   d H     is the variation of temperature with height. The variation of the speed of sound due to wind (cw) is given by:











   c w  =    c r    c o s δ   +  v w   



(18)




where:




	   c r   :

	
Speed of sound relative to air;




	 δ : 

	
Angle of wavefront normal with the horizontal;




	   v w   :

	
Horizontal wind velocity.










2.2.3. Wind and Turbulence Effects


The magnitude of the horizontal wind velocity near the Earth’s surface is predominantly determined by the prevailing horizontal pressure gradient in the atmosphere and the surface friction [19] as well as Coriolis effect. Surface friction affects the relative motion between the air and ground surface and must be accounted for heights of up to at least 1000 m.



The bending of sound also occurs due to temperature and wind gradients in the atmosphere. As a result of the uneven heating of the Earth’s surface, the atmosphere is constantly in motion. The turbulent flow of air across the rough solid surface of the Earth generates a boundary layer. This Atmospheric Boundary Layer (ABL) extends up to 5 km above ground level depending on surface heating, climatic conditions, and terrain [20]. The turbulence fluxes increase rapidly at lower altitudes closer to the ground. The flow in that region is dominated by horizontal transport of atmospheric properties. As air travels over buildings and various obstacles, there will be a local increase in wind speed due to favourable pressure gradients, in addition to significant vortex shedding. Walshe (1972) described the variation of the turbulence intensity with height and terrain, where it was shown that intensities can reach >15% at a low altitude in suburban environments [21]. Roth (2000) provided a comprehensive review of turbulence in cities [22]. It was shown that cities can attain turbulence intensities >40% within 10’s of meters Above Ground Level (AGL). Apart from the stability and control issues faced [23,24,25], the acoustic noise generated will differ because of turbulence.



Turbulence can be modelled as a series of moving eddies with a distribution of sizes. Various turbulence models, such as Gaussian, Von Kármán, and Kolmogorov, are used in atmospheric acoustics [26,27,28]. It has been shown that turbulence effects decrease with an increase in the elevation of sound sources from the ground [29]. At lower altitudes, such models may be unsuitable for modelling the large-scale gusts induced in the wake of large infrastructure (such as buildings). Turbulence and gust imparting on the surface of the UA or ingestion by the propulsion system (such as propellers) can also influence the source noise emissions, thereby further adding to the complexity of the problem. As the temperature decreases with height, i.e., for a negative temperature gradient, in the absence of wind, sound waves bend or refract upwards due to the top of the wavefront travelling slower than the bottom. Such conditions usually exist during daytime on sunny days, leading to the formation of shadow zones. Figure 4 shows the refraction of sound due to the wind gradient. A convenient measure of turbulence in the atmosphere is by a dimensionless number known as the Richardson number. The flow is defined as turbulent for values of the Richardson number less than 1 and laminar for values greater than 1 [30].



The wind velocity either adds or subtracts from the velocity of sound, depending upon whether the source is upwind or downwind of the receiver, the height above ground, and temperature inversions. Sound is deflected towards regions of lower velocity, so, with a typical wind profile of an increasing wind speed with height, there is an upward bending of the sound with a shadow region upwind and a bending towards the ground in the downward direction. Wind effects tend to dominate over temperature effects when both are present. In the presence of both temperature and velocity gradients, the bending of sound in the direction of the wind is counteracted by a negative temperature gradient, while the shadow formation intensifies in the upwind direction. The general relationship between the speed of the sound profile c(z), the temperature profile T(z), and the wind speed profile u(z) in the direction of sound propagation, for a height z, is given by [31]:


  c  z  = c  0      T  z  + 273.15   273.15     + u  z   



(19)







The variation of SPL with distance from the sound source, with and without temperature inversion, is shown in Figure 5. Under normal conditions, the air temperature decreases with height, following a linear relationship. However, as a layer of warm air is overlaid over cool air, there is a reversal of the normal variation of temperature. Depending on the distance from the sound source, thermal inversion can either lead to a higher or lower intensity of sound experienced. Besides the temperature, the sound intensity from sound source to a receiver can vary due to other atmospheric effects, such as varying pressure and wind conditions.




2.2.4. Doppler Effect


The Doppler effect is responsible for the perceived change in sound frequency due to the relative motion between the sound source and receiver. Figure 6 shows the elevation angle (En) of the nth transmitter (Trn) to the receiver (R), as well as the relative bearing (χn), the tangential velocity of the transmitter (     v T   →   ), and the azimuth of the LOS projection (   χ n  ′  ).      v 0   →    is the velocity of the receiver and the case of      v 0   →  =  v →    results in a null Doppler shift, as no component of the receiver velocity vector is in the direction of LOS to the emitter. As is evident from Equation (22), the Doppler shift is inversely proportional to both the elevation and azimuth angle. The pitch increases as the relative distance between the sound source and receiver decreases. The change in observed frequency of sound is given as:


  Δ  f n  = f          v n   →    ∓      v a   →     c      cos  χ n  ′   sin  E n     



(20)




where:




	     v n   →   :

	
nth receiver velocity component along the LOS;




	     v a   →   :

	
Receiver velocity projection along the LOS;




	c:

	
Speed of sound [ms−1];




	f:

	
Sound frequency [Hz];




	En:

	
Elevation angle of the nth transmitter;




	   χ n  ′  :

	
Azimuth of the LOS projection.









Considering a simplified case where the transmitter motion and LOS from the transmitter to the receiver are coplanar, the sound field at times t and (t +    t ′   ) for a moving sound source (Tr) moves to a new point (   Tr ′   ) in time   t ′  . The moving sound source emits crests every   t ′   units of time. The Doppler-shifted frequency   f ′   from a moving sound source emitting frequency fs is given by:


   f ′  =    f s    1 − M c o s θ    



(21)




where M is the Mach number for the sound source and θ is the direction of the receiver to the sound source at the time (t +    t ′   ). The variation of the attenuation coefficient for air absorption, α, with frequency, while accounting for the Doppler effect, is shown in Figure 7. It can be observed that the frequency shift due to the Doppler effect for sources traveling towards the receiver increases the absorption coefficient for any given frequency.





2.3. Multipath and Diffraction around Obstacles


Urban environments are characterised by a significant number of obstacles, sometimes rising above the operating altitude of the vehicles. Researchers have therefore extended their investigation to consider multipath and diffraction phenomena affecting UA noise in urban environments. Bian et al. [33] have conducted a parametric study using a Gaussian beam tracing solver to assess the noise impact of UAs in a realistic environment. The acoustic field at observer points, which are mostly at distances greater than 10 times the rotor radius, is determined by modelling the expansion of multiple Gaussian beams. A ray-tracing module is used to determine the trajectory of each beam, with noise contributions by all beams in the vicinity of an observer point integrated to obtain the acoustic field at that point.



Ray-tracing methods, however, do not account for diffraction. Therefore, researchers [34] have modelled the actual wave physics of sound propagation through complex 3D spaces to develop immersive sound propagation models for games and mixed reality. This technique uses the cloud to translate the large number of impulse responses from the wave physics simulation into acoustic perceptually relevant parameters. It models wave effects, such as occlusion, obstruction, diffraction, and reverberation effects, and thus could potentially be applied to noise modelling in complex urban environments.





3. Sound Emission Modelling—The “Noise at Source” Problem


There are many different sources of noise in aviation, and the main source varies depending on the type of aircraft. For example, a passenger jet will make a very different noise in comparison to a helicopter or training aircraft. Noise can be generated either mechanically or aerodynamically. Mechanical noise includes sources such as bearings or structural vibrations, whereas aerodynamically generated noise stems from airflow and can include vortex shedding noise.



Aircraft noise emissions have been historically classified depending on the source as either engine noise or airframe noise. For a conventional turbofan aircraft, engine noise is the cumulative result of emissions from the fan, core, and jet, whereas airframe noise is primarily from the interactions of the air flow with the aerostructure, including the wing and tail planes, as well as devices that extend into the airflow, such as slats, flaps, or the landing gear [35].Propeller engine noise is generated primarily by air turbulence occurring over the propeller blades and rotational noise due to oscillating pressure generated by the movement of blades through the air [31]. The dominance of one noise source over another varies with the flight phase. In the departure phase, a fixed-wing aircraft is in a state of high thrust and low speed, with the flaps, slats, and the landing gear retracted shortly after take-off. Hence, engine noise is the predominant noise source during aircraft departure. However, in the approach phase, aircraft engines are in a relatively low thrust setting, with flaps and slats deployed, and the landing gear extended in preparation for landing. Thus, for a conventional aircraft, airframe noise dominates or is as loud as the engine noise during the approach phase. Noise control, both active and passive, has been widely researched for manned aircraft. For a jet aircraft, two proven passive noise control methods employ an increasing bypass ratio and fitting chevrons at the nozzle exit, whereas active noise control involves plasma actuation and fluidic injection [36].



SPL for a passenger aircraft can be computed using the Aircraft Noise and Performance (ANP) database [37]. The variation of SPL with altitude and frequency for the departure and take-off flight phases is given in Figure 8. However, the noise certification procedures developed for conventional aircraft, including rotorcraft, are not completely applicable to UA and other non-conventional aircraft. Currently, there is insufficient data to support noise certification for UAM operations [38]. Therefore, although the noise levels may be lower than those produced by conventional aircraft, UAM operations can be characterized by their novel operating mode, frequency, and other time-varying factors, which are distinctively different from conventional air traffic, and thus can be even more annoying and potentially compounded by fear and privacy concerns.



Consequently, noise reduction technologies are being developed along with noise metrics and low-noise operational procedures by regulatory bodies in collaboration with the industry and academia [39]. As most of the proposed UA will have vertical lift and forward flight capability powered by distributed electric or hybrid propulsion systems, the noise characteristics of these aircraft are expected to be different from existing helicopters and conventional general aviation aircraft. Additionally, as UA operate out of vertiports located in urban areas, their operations being in closer proximity to the noise receptors can cause serious noise concerns. These noise concerns can seriously affect the community acceptance of large-scale UA operations, which can ultimately drive the success or failure of this emerging industry.



Researchers are studying the urban environment [40,41] and acoustic signature of small-scale rotors employed in the UA. The relationship between SPL and distance, the altitude, and the orientation of the UA are studied with respect to the receptor [42]. Correlation-based techniques have also been applied to quantify modulation in the acoustic field of a small-scale rotor [43]. Bi-spectral analysis has been used to reveal the correlation between the modulation strength parameters and the degree of time variation of the amplitude, with the Blade Passing Frequency (BPF) being the modulating signal and the higher-frequency noise being the carrier signal. The variation of the sound absorption coefficient (α) with a frequency for a typical small UA propeller is shown in Figure 9. It can be observed that the value of the sound absorption coefficient is quite small at the fundamental blade passing frequency and considerably increases with an increase in the propeller revolutions or number of blades.



As most of the air taxi designs are eVTOL multirotors or ultra-Short Take-off and Landing (uSTOL) vehicles, some lessons can be learnt from the noise emission from helicopters. The main source of noise for a helicopter is from its rotor blades. Blades produce several types of sound, ranging from air displacement or thickness noise, to loading noise from mostly lift and drag forces acting on the air flowing around the blade. Additionally, interactions with turbulent inflows of air and aerodynamic shocks on the blade surface also produce noise. Many air taxi designs incorporate ducted rotors, which can provide a barrier for sound.




4. Human Noise Perception


Community acceptance of UA will hinge on the impact they make in day-to-day life, and one crucial aspect of this is noise. The masking of UA noise by traffic noise from a nearby highway or railway traffic could be an effective tool for low acoustic annoyance path planning. Additionally, the perception of aircraft noise is key, and there are many factors that can influence this perception, the major one being the context during which the sound is heard. For example, the noise of an ambulance, while annoying and disruptive, is understood to be made for a very important reason (saving lives). Conversely, neighbours playing loud music very late at night is equally disruptive but is often not afforded the same allowances. The impact of perceived noise on the population is commonly described by dose–response relationships. The Awakening Index (AI) defined by the percentage of persons awakened at a specific location as a function of the perceived indoor SEL is given by:


  A I = 0.0087       SEL   i n d o o r   − 30 d B     1.79    



(22)







The indoor SEL is estimated from the outdoor SEL by subtracting 20.5 dB (average loss due to the sound insulation of a typical house). The number of awakenings for a specific noise station is calculated by multiplying the percentage of awakenings of the station  i  with the population    P i    assigned to that receiver.


   n  a w a k e n i n g s   =   ∑   i = 1  n  % a w a k e n i n g  s i  ×  P i   



(23)







A change of 5–6 dB in noise exposure can result in ”sporadic complaints” becoming ”widespread” [44]. In some cases, complaints are due to the nature or character of the sound rather than their decibel level. The frequency (pitch) of the sound is an important characteristic when considering annoyance as a response to noise, in addition to the duration of the sound. Non-acoustic effects have also shown to have a significant impact on perceived annoyance from the same sound. Moderating effects, such as the listener’s attitude towards the sound source or the activity the listener is undertaking whilst being exposed to the noise, can, in some cases, have a larger impact on annoyance than sound-exposure alone [45].



Attempts to approximate the human response to noise in objective measurements have been made with varying degrees of accuracy. One of the most common examples is the A-weighting for the decibel scale. A purely decibel scale, while common, is considered inappropriate in some circumstances because there is no weighting given to the context of the sound. A single number cannot adequately capture the character of the sound [46,47].



When it comes to specifically rating aircraft noise, energy-based descriptors have been proposed, as all sound sources in an environment can be integrated, although this approach fails to consider if the subjective meaning of each individual sound is different [48] (see the example given above about the ambulance). Helicopters are a good example of the character of the sound being distinctly different due to the phenomenon known as “blade slap”. There is evidence to suggest that this acoustic characteristic (“thumping”) is more annoying despite a lower overall SPL. However, there is an ongoing discussion on how to accurately capture this additional level of irritation in noise metrics. Several authors argue that helicopter noise should be rated no differently to fixed-wing aircraft noise [49], whereas others argue for some kind of adjustment factor [50], either overall or type-dependent [51,52].




5. Flight Path Dependencies


The take-off and landing phases are the two flight regimes during which the noise generated by an aircraft has the largest impact on ground-based listeners, both due to the closer proximity to the ground (reducing the geometric attenuation), but also because of operational specificities, such as a high thrust, deployment of high-lift devices and landing gear, and thrust reversers (increasing the noise generated at source). For this reason, a significant body of research has historically addressed the modelling, quantification, and mitigation of take-off/landing noise impacts by conventional aircraft [31,53].



The advent of UAM introduces a greater challenge, as these new vehicles and services are expected to operate much closer to densely inhabited areas (as compared to most metropolitan airports). Moreover, a much broader range of flight phases will be executed in closer proximity to the ground, with some flights occurring below the skyline and thus likely reverberating on building surfaces.



Effective noise emission and propagation models support two alternative mitigation processes:




	(1)

	
The design of arrival and departure flight paths to minimize the overall noise exposure. This process requires adopting static Digital Terrain Elevation Databases (DTED) and Digital Demographic Distribution (D3) models and determining the paths that minimize the exposure levels while still being safely and practically flyable for the aircraft;




	(2)

	
The definition of land use planning initiatives to limit the amount of the population potentially affected, or the extent of their exposure. This process requires assuming a predefined flight path and generating detailed “footprint”/contour maps, where, based on them, an optimal land use planning can be implemented.









Both of these processes have been commonly adopted for many decades, but one major limitation is the fact that the solutions developed are “static” in nature, thus do not consider weather and other factors that may introduce spatiotemporal anomalies in the propagation phenomena, thus potentially introducing more temporarily optimal solutions.



5.1. Trajectory Optimisation Research


Several studies have targeted noise exposure mitigation by trajectory optimization. Early studies in this subject area looked at the design/redesign of conventional arrival and departure procedures [54,55]. More recent works in this domain [56,57,58,59,60,61,62,63] opened the path for initiatives exploiting advanced navigation and guidance systems, such as Required Navigation Performance (RNP) and steep Global Navigation Satellite Systems (GNSS) arrival and approach procedures.



As mentioned in the previous paragraph, it is essential to model the aircraft’s operational capabilities in order to ensure that the optimized trajectory is ultimately flyable (and safely so). This requires implementing some aircraft performance or dynamics model, which can range from steady-state performance models to full kinematic or dynamic models [64].



Ongoing research is adopting both the simplistic empirical models as well as relatively complex and high-dimensional Computational Fluid Dynamics (CFD) simulations. In either case, the atmospheric and weather conditions are very rarely considered and, when they are treated in a typically static manner, these studies fail to capture the significant effects of the temperature, wind, air density, and other atmospheric properties on the propagation of noise generated from aircraft at various levels.



The optimizer needs to include a mathematical model of aircraft noise to allow for the minimization of perceived noise on the ground. In order to critically evaluate the noise levels, the Aviation Environmental Design Tool (AEDT) developed by the Federal Aviation Administration (FAA) serves as a multi-purpose framework integrating the Integrated Noise Model (INM) and the Model for Assessing Global Exposure to the Noise of Transport Aircraft (MAGENTA), a global noise model [65].



The concept of noise radius is adopted generally by considering the complexity of aircraft noise modelling based on the aircraft engine type, thrust setting, and atmospheric conditions [31]. The optimisation of the aircraft vertical trajectory with minimum noise impact using the analytical jet noise model has proved to be effective [63]. The methodology adopted requires demographic data at each observer location, and hence a D3 is used in conjunction with the noise model. The D3 model aids in estimating the population in a user-defined grid in a global or local scale. Additionally, the DTED is also part of the trajectory optimization framework, considering the availability of geographic information. The availability of D3 and DTED is specifically important for assessing the environmental impact of aircraft noise in the Terminal Manoeuvring Area (TMA).



Trajectory optimization is performed to avoid the densely populated areas in and around the airports, considering the topographical conditions, metrological data, and trajectory constraints. The constraints on the trajectory can be air traffic management (ATM) operational, airspace, airline, flight parameters, and/or aircraft dynamics-based constraints. Several studies have been carried out for optimizing the aircraft trajectory based on a number of cost functions, such as the number of sleep disturbances resulting in a reduction of noise annoyance on specific regions around an airport [66,67,68,69,70,71,72,73]. The reduced noise procedures implemented are Noise Abatement Departure Procedures (NADP), including NADP1, NADP2, and its associated variations, such as the ICAO-A procedure [74]. A steep trajectory approach, spiral trajectories, and touch-down displacement principles have been proposed and trialled to reduce noise while landing. Generally, the optimisation of reduced noise is not harmonious with the cost function for minimising other environmental emissions. A reduction in noise by increasing the flight time results in a higher fuel consumption and, as a consequence, higher emissions [75,76].




5.2. Monitoring and Procedure Redesign


Currently, it is generally accepted to apply the existing noise and emissions standards for manned aircraft to UA [5]. In addition, Air Navigation Service Providers (ANSPs), such as Airservices Australia, have already defined system requirements for both users and various services for a Flight Information Management System (FIMS) for UAM aircraft operations [77]. Among the system requirements for services, noise management service aims to ensure the suitable management of noise impact on the community. The noise management service hosted by FIMS shall incorporate a Noise Threshold Map (NTM), which will establish a basic grid over a geographic area and prescribe the maximum number of UA operations across different times of the day, based on various dBA level bands.



A library of acoustic parameters, such as the nominal dB output and frequency range for standard operations, shall be incorporated for different UA. All operations are consolidated into a dynamic Cumulative Noise Map (CNM), which will record both the Planned Noise Impact (PNI—before flight) and Actual Noise Impact (ANI—after flight). A free field acoustic propagation model shall be developed, which, along with the UA acoustic parameters, will be used to calculate the A-weighted sound level (dBA) at ground level along the Operational Intent Volume (OIV) centreline, which is shown schematically in Figure 10, where the Performance Operational Intent Volume (POIV) is the subset of the OIV. The ANI shall be determined through the combination of UA track data, the library of acoustic parameters, and the acoustic propagation model, and will be captured in the CNM. Besides, community inputs to the noise management service shall be allowed, along with a provision for an archival of noise data.



However, since the UA will be flying at low altitudes (<40 m AGL) in case of drone deliveries, and near buildings in case of “flying taxis”, there is a requirement for separate noise and emission standards for UA and small manned aircraft for urban air mobility. As the UAM framework development is currently underway, there is a strong anticipation of VTOL or uSTOL aircraft to provide UAM services in the early 2020′s [78]. However, among other constraints, UAM-generated noise, as illustratively shown in the instantaneous noise contour in Figure 11, with the yellow colour indicating a higher sound intensity that lowers as the colour changes to blue, acceptance by local communities has been identified as one of the biggest factors deterring the implementation or scaling of UAM systems.





6. Conclusions


This paper addressed the aircraft noise problem, reviewing the current noise emission, propagation, and psychoacoustic factors as they apply to manned aircraft, and the current work being carried out to develop suitable approaches for the modelling and mitigation of UA noise. Considering the unique challenges that would emerge with the widespread adoption of UAM, as well as drone delivery operations, this paper highlights the advantages of surrogate noise propagation models that both consider a broader array of environmental and operational factors as compared to legacy aircraft noise models and could potentially inform future noise certification standards for low-flying aircraft in urban environments. The physics of sound propagation reviewed in this article captures various atmospheric effects and platform dynamics, and can also support the development of simplified yet accurate multipath and diffraction models without being computationally intensive, unlike the detailed CFD models or the current noise certification standards, which either neglect atmospheric effects altogether or assume constant values.



Since noise certification is carried out for flight conditions imposed by aviation authorities, noise mitigation efforts also need to focus on the emission at the source. Fully developed surrogate sound propagation models could either inform the design of future low-flying aircraft based on their anticipated acoustic signature or aid in the path planning of an existing aircraft design for minimal noise impact. Efficient and accurate noise emission and propagation models can inform the design, development, test, and evaluation of new noise certification, as well as regulation procedures to be implemented for low-flying aircrafts in densely populated areas. Future noise certification standards for low-flying aircraft would need to consider the design improvements being undertaken to decrease the sound emission at the source. This would include improvements in the aircraft and propulsion design, as well as optimizing the flight trajectory of the UAs in order to mitigate their noise impacts on the ground, while ensuring a safe separation from other manned and unmanned aircraft. The surrogate noise models could inform the algorithms determining the flight path trajectories, as well as regulating the number of aircraft in a given airspace, based on the noise threshold set for that airspace at that particular time of the day.
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Figure 1. Traditional aircraft noise modelling approach. Adapted from [3]. 
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Figure 2. Noise modelling flow chart. 
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Figure 3. Acoustic frequencies and wavelengths. 
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Figure 4. Refraction of sound due to wind gradient. Adapted from [19]. 
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Figure 5. Variation of SPL with distance from sound source. 
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Figure 6. Reference geometry for Doppler shift analysis. Adapted from [32]. 
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Figure 7. Variation of absorption coefficient with frequency. 
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Figure 8. Variation of SPL with altitude and frequency. 
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Figure 9. Sound absorption coefficient variation with frequency. 
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Figure 10. Deconflicted OIV. Adapted from [77]. 
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Figure 11. Illustrative noise contour for low-flying Urban Air Mobility aircraft. 
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Table 1. Coefficients for the computation of c/c0 [16].






Table 1. Coefficients for the computation of c/c0 [16].





	Coefficient Constants
	Value
	Unit





	a0
	1.000100
	–



	a1
	1.8286 × 10−3
	°C−1



	a2
	−1.6925 × 10−6
	°C−2



	a3
	−3.1066 × 10−3
	–



	a4
	−7.9762 × 10−6
	°C−1



	a5
	3.4000 × 10−9
	°C−2



	a6
	8.9180 × 10−4
	–



	a7
	7.7893 × 10−5
	°C−1



	a8
	1.3795 × 10−6
	°C−2



	a9
	9.5330 × 10−8
	°C−3



	a10
	1.2990 × 10−5
	–



	a11
	4.8016 × 10−5
	–



	a12
	−1.4660 × 10−6
	°C−1
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