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Abstract

:

One of the most critical regulatory issues related to supersonic flight arises from limitations imposed by community noise acceptability. The most efficient way to ensure that future supersonic aircraft will meet low-noise requirements is the verification of noise emissions from the early stages of the design process. Therefore, this paper suggests guidelines for the Landing and Take-Off (LTO) noise assessment of future civil supersonic aircraft in conceptual design. The supersonic aircraft noise model is based on the semi-empirical equations employed in the early versions of the Aircraft NOise Prediction Program (ANOPP) developed by NASA, whereas sound attenuation due to atmospheric absorption has been considered in accordance with SAE ARP 866 B. The simulation of the trajectory leads to the prediction of the aircraft noise level on ground in terms of several acoustic metrics (LAmax, SEL, PNLTM and EPNL). Therefore, a dedicated validation has been performed, selecting the only available supersonic aircraft of the Aircraft Noise and Performance database (ANP), that is, the Concorde, through the matching with Noise Power Distance (NPD) curves for LAmax and SEL, obtaining a maximum prediction error of ±2.19%. At least, an application to departure and approach procedures is reported to verify the first noise estimations with current noise requirements defined by ICAO at the three certification measurement points (sideline, flyover, approach) and to draw preliminary considerations for future low-noise supersonic aircraft design.
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1. Introduction: Background and Motivation


The recent rise in environmental concern and renewed interest in supersonic flight has involved intense scientific activity that aims to realize a new generation of sustainable supersonic aircraft [1,2,3,4,5,6,7].



More than two decades ago, the Concorde project brought about a heated debate on the environmental impact of SST [8], which has led to the need for new Standards and Recommended Practices (SARPs) to ensure social acceptability for the next generation of supersonic aircraft [9]. Currently, the International Civil Aviation Organization (ICAO) Committee on Aviation Environmental Protection (CAEP) is cooperating with industries and research institutes to define a specific regulation for SST, allowing the certification of supersonic aircraft in the 2020–2025 time-frame [10].



Specifically, one of the most controversial and least accepted features of Concorde was the high community noise level around the airports, due to the higher thrust, jet speed and lift-off speed required for taking-off [11]. For this reason, one of the indispensable premises for the design of low-noise future supersonic aircraft is the integration of break-through technologies and flight procedures aimed at reducing noise, especially during LTO operations. To ensure that future supersonic aircraft will meet low-noise requirements, it is essential to move LTO noise evaluations up to the early stage of the design process. This will imply a paradigm shift in conceptual design towards a design-to-noise approach, including the integration of noise reduction measures together with preliminary evaluations of their impact on the overall aircraft configuration. Therefore, it will guarantee a significant saving in resources (time and money) and will avoid the generation of new aircraft concepts, which might not be socially acceptable.



To support this approach, this paper focuses on the application of a methodology aiming at predicting noise levels emitted by a supersonic aircraft during LTO operations since pre-conceptual studies (pre-phase A [12]). As a result, this approach will provide guidelines for the LTO noise assessment of future supersonic aircraft in conceptual design.



The supersonic aircraft noise model developed relies on the already existing extensive research about semi-empirical and parametric noise source models to assess aircraft noise, enabling a fast noise prediction within the design process. Since the 1970s, NASA Langley Research Center has started the development of the Aircraft NOise Prediction Program (ANOPP) [13], the first computer program with noise prediction capabilities integrable into the preliminary design process. Nowadays, many comprehensive similar tools have been developed by research institutes, such as the Parametric Aircraft Noise Analysis Module (PANAM) [14] and CARMEN [15]. A brief description for each of the already available tools is given below:




	
One of the major applications of ANOPP has been to support the Supersonic Cruise Research (SCR) project at Langley, while the next application has been in conjunction with the Federal Aviation Administration (FAA) study to determine the economic and technological feasibility of noise limits for future supersonic transport [16]. The purpose is a high-fidelity system noise prediction along arbitrary flight paths, ANOPP embeds models for sound propagation, including the effects of the atmosphere and terrain, the installation effect, scattering and shielding. Over the years, the tool has been maintained and updated, including the ongoing development of new methods, essential for a more accurate physics-based prediction. Hence, in 2011, NASA announced the ANOPP2 release, which provides a modern prediction environment with a flexible framework meeting the needs of the future unconventional aircraft noise studies [17].



	
PANAM has been developed by the German Aerospace Laboratory (DLR) to integrate noise prediction within the aircraft conceptual design and to support decision-making processes towards low-noise designs. Differently from ANOPP, the current version is only applicable to conventional tube-and-wing aircraft concepts [18]. However, PANAM uses proprietary source models for airframe noise, which are based on real modern aircraft [19]. Major aircraft noise components are modelled stand-alone, neglecting interactions. Sound propagation and convection effects are directly applied to the emitting noise source, to be more representative of the actual flight operating conditions [14].



	
CARMEN is a tool developed by French aerospace laboratory ONERA and is connected with IESTA [20], a proprietary modular distributed simulation platform for the evaluation of air transport systems. The model dedicated to aircraft noise can predict the noise footprint around the airport on existing and future aircraft and is composed of three modules: the acoustic source models, the installation effects and the atmospheric propagation [15].








A comparison between these simulation tools has been carried out in [21]. However, all these methods are very similar, with the remaining differences in the individual code implementation. Indeed, Table 1 lists the different semi-empirical models employed within the three tools, considering the following noise contributions:




	
Airframe noise, comprised of: clean/trailing edge noise and flap side edge noise (abbreviation: t.e.), leading edge noise (abbreviation: l.e.), main landing gear noise (abbreviation: m.g.), nose landing gear noise (abbreviation: n.g.);



	
Engine tonal and broadband noise, comprised of: fan broadband noise (abbreviation: fan bb), fan tonal noise (abbreviation: fan t), jet noise (abbreviation: jet).








PANAM, ANOPP and CARMEN involve models that represent the state-of-the-art in the field of aircraft noise prediction and are a benchmark for the development of further methods to assess the aircraft system noise.



Unfortunately, none of these tools are open source, thus limiting the exploitation at universities or for research purposes. Although many of the underlying equations used are shown in reports for PANAM [22,23] and ANOPP [24,25], the full and most updated methods are generally not open access. In other cases, the noise models require too many input variables, which might be unknown at the beginning of the design process. In addition, all semi-empirical models developed for conceptual design have been applied to predict the overall aircraft noise of subsonic aircraft only. In some cases, the applicability of these models to supersonic case studies is only theoretically discussed, and no real applications are reported. As far as ANOPP is concerned, the available literature confirms that the model was developed by NASA to support the SCR project, even if real applications are missing as well.



To verify the applicability of already existing models and to guarantee their exploitation at the very beginning of the SST aircraft design process, this paper discloses the application of a methodology that includes a supersonic aircraft noise model in line with the noise models implemented in early versions of ANOPP. This paper confirms the adequacy of this supersonic aircraft noise model to Concorde-like configuration by means of a dedicated validation. In order to overcome the lack of experimental data for modern civil supersonic aircraft required by consolidated validation procedures [26], an alternative approach, more suitable for the conceptual design stage, is addressed in this paper. The methodology is employed to predict NPDs data, thus the accuracy assessment for flyover trajectories is carried out by the comparison with NPD curves provided by the ANP database [27]. ANP is an open-source database provided by Eurocontrol Experimental Centre, which contains noise data for any specific certified aircraft. To support the computation of noise contours around airports, the database is also comprised of NPDs and spectral classes data. NPD curves define received sound event levels directly beneath the aircraft as a function of distance, for steady straight flight at a reference speed and atmospheric conditions in a specified flight configuration.



Notwithstanding the simplified approach, the validation with Concorde data shows that a good accuracy is reached for flyover trajectories. In addition, quantitative estimations for noise increments resulting from the afterburner are derived.



The approach suggested in this paper will also support the ongoing development and update of certification guidelines for the future SST. Considering default flight procedure, the overall noise level produced by traditional supersonic aircraft is assessed at the three certification measurements. Then, the results obtained are compared with the current LTO noise limitations reported in ICAO Annex 16, Volume I, Chapter 12 [28].



Precisely, ICAO recommends taking SARPs defined for subsonic jet aeroplanes as guidelines for new generations of SST aircraft. However, significant differences exist between supersonic and subsonic aircraft, so up-to-date noise standards could not be appropriate for the supersonic case. Therefore, dedicated studies are being undertaken towards the identification of advanced departure and approach flight procedures aimed at reducing noise especially for take-off conditions [29,30,31].



In this context, the EU is supporting ICAO efforts to fund research activities on environmentally sustainable supersonic aviation through the MORE&LESS (MDO and REgulations for Low-boom and Environmentally Sustainable Supersonic aviation) project, a Horizon 2020 initiative which aims to develop a holistic framework that is able to assess the environmental impact of supersonic aviation through a multidisciplinary approach [32].



In conclusion, the current study deals with the application of a simplified LTO noise prediction methodology tailored to civil supersonic aircraft that aims at assessing noise emission from the beginning of the design process. The roadmap followed to achieve this objective is summed up in Figure 1. The present Section specifies the motivations and the background on which the intention of this work lies, also providing an overview of the state-of-the-art in aircraft noise prediction methods. Thereupon, Section 2 describes the overall methodology framework, focusing on the most relevant parts concerning aircraft noise evaluations. Subsequently, Section 3 comprises the validation with ANP experimental data and the application of the proposed methodology to departure and approach procedures, considering the Concorde as a case study. Lastly, conclusions and possible further improvements are drawn in Section 4.




2. Overall Methodology


Integrated conceptual design approaches for future advanced aircraft should be drawn on a specific set of top-level requirements, as reported in the literature, for example, by Raymer [33] and Torenbeek [34]. Hence, the first step towards a design-to-noise approach for future SST shall be the upgrade of the conceptual design framework to include LTO noise limitations within this set. Specifically, in order to increase the public consensus towards future SST and to foster their environmental sustainability, the maximum noise levels defined as requirements shall be in line with current standards developed for subsonic civil aviation. Relying on this list of requirements, a first guess of weights and all relevant geometrical, aerodynamics and performance parameters is given and details about the aircraft configuration and engine type are specified, together with the concept of operations. It is essential to incorporate the aircraft noise prediction at this early stage, when all other initial performance analyses are performed [35,36,37,38,39].



The determination of noise levels received on the ground is a complex multidisciplinary problem that must be simplified to be included at a conceptual design level. Figure 2 suggests a possible way to embed aircraft noise prediction into the traditional conceptual design process framework. In detail, in Figure 2, aircraft noise prediction analyses are added to enrich the original activity flow as reported in textbooks [33,34] and are marked in red.



A noise source model is needed to provide a mathematical formulation which correlates aircraft noise generation with design and operational parameters. Since there are still some uncertainties about the configuration in this phase of the project, interaction and installation effects are neglected and each noise source is modelled separately. As take-off and approach segments are fully characterized, the aircraft noise analysis can be performed, obtaining a first guess estimation of noise levels at the three certification measurement points defined by ICAO [28]. Thus, noise levels emitted by each source are predicted in terms of mean-square acoustic pressure and are then easily converted to the corresponding Sound Pressure Level (SPL), as a function of frequency expressed in a 1/3 octave centre frequency band. To evaluate the noise received by the observer on the ground, propagation effects shall be considered. In line with SAE ARP 866 B [40], sound losses due to atmospheric absorption are estimated as a function of frequency and temperature. Furthermore, the methodology suggested in this paper includes the possibility to convert the SPL into a set of well-established noise metrics (LAmax, SEL, PNLTM and EPNL). Ultimately, each design loop shall end with requirements verification, including LTO noise related requirements. If the aircraft exceeds the noise requirements, the iterative design-to-noise approach suggests the introduction of noise mitigation technologies or the evaluation of alternative flight procedures.



2.1. Noise Source Modelling


A theoretical and experimental review about noise generation mechanisms for each aircraft component is available in [41]. Complementary noise source modelling techniques are described in [42,43], classified on the basis of their fidelity-levels and suggested for specific applications accordingly. Among these model techniques, the scientific methods have prevailed to estimate the aircraft noise [43].



This paper follows this approach, which starts with the identification of the major noise sources on board the aircraft. Specifically, a clear distinction between non-propulsive noise (airframe) and propulsive noise (engine) is made. Then, both non-propulsive and propulsive noise sources are further broken-down. Figure 3 suggests a break-down specifically tailored on supersonic aircraft.



Differently from the noise sources identified and described in [44] for a subsonic aeroplane, SSTs usually do not have high lift devices and horizontal stabilizer. Furthermore, interaction and installation effects are neglected, as well as turbo-machinery and combustion noise, to keep the approach simple and make it applicable at the conceptual design level. Hence, the airframe noise can be computed by spectrally summing the contributions of clean delta wing, vertical tail and landing gear noise. Similarly, engine noise can be computed by spectrally summing jet and fan noise contributions. Each sub-component identified is modelled using the equations suggested in ANOPP [24].



The ANOPP model correlates noise generation with operational and airframe/engine geometrical parameters, thus leading to the prediction of the mean-square acoustic pressure as a function of directivity angles and frequency. Once the mean-square acoustic pressure is computed for each sub-component, the total noise can be predicted by spectrally summing each acoustic pressure.



The procedure used to predict the overall aircraft noise level is illustrated in Equation (1), where the   <  p 2   > ∗    is the dimensionless mean-square acoustic pressure, referred to as    ρ ∞ 2   c ∞ 4   , with   ρ ∞   as the ambient density and   c ∞   as the ambient speed of sound.


  <  p  o v e r a l l  2   > ∗  = <  p  a i r f r a m e  2   > ∗  + <  p  e n g i n e  2   > ∗  .  



(1)







2.1.1. Airframe Noise


Despite the airframe noise not representing the predominant noise source of the aircraft, the introduction of high By-Pass Ratio (BPR) turbofans and the tightening of noise requirements led to a re-evaluation of noise produced by the airframe as a possible noise barrier [45]. A dissertation about the achievements of airframe noise research conducted in the last decades is presented in [46].



Several airframe noise prediction schemes can be employed. Specifically, this work benefits from the formulation suggested by Fink [47] and the mathematical formalism used in ANOPP. Fink’s method is the first semi-empirical prediction method for airframe noise, based on a wide set of experimental data, which is still in use today. It is here applied to predicting the overall airframe noise of a generic supersonic aircraft as a combination of clean delta wing, vertical tail, and landing gear.



Noise radiation from a clean airframe, with all gear and high-lift devices retracted, is assumed to be entirely associated with turbulent boundary layer flow over the trailing edges of the wing and tail surfaces. The contribution of leading edges can be ignored as long as the airfoil chord remains large compared to the acoustic wavelength of the sound produced. Noise contributions from forward landing gear and main landing gear are calculated separately because the differences in architecture and size translate into different peak frequencies. In detail, each landing gear noise contribution is evaluated, considering only the most two dominant sources, which are struts and wheels.



In general, each airframe source can be mathematically modelled following Equation (2). Thereupon, the far-field mean-square acoustic pressure is calculated as:


  <  p 2   > ∗  =   Π ∗    4 π (  r s ∗  )     D ( θ , ϕ ) F ( S )      ( 1 −  M ∞  cos θ )  4    ,  



(2)




where:




	
  Π ∗  : overall acoustic power, re    ρ ∞   c ∞ 3   b w 2   ;



	
  D ( θ , ϕ )  : directivity function;



	
  F ( S )  : spectrum function;



	
S: Strouhal number;



	
  r s ∗  : dimensionless distance from source to observer, re   b w  ;



	
  b w  : wingspan of the aerodynamic surface;



	
  4 π (  r s ∗  )  : spherical propagation factor;



	
   ( 1 −  M ∞  cos θ )  4  : Doppler factor accounting for the forward velocity effect;



	
  M ∞  : aircraft Mach number;



	
 θ : polar directivity angle (deg);



	
 ϕ : azimuthal directivity angle (deg).








The acoustic power for the airframe   Π ∗   can be expressed as:


   Π ∗  = K   (  M ∞  )  a  G ,  



(3)




where:




	
K and a are constants determined from empirical data;



	
G is a geometry function different for each airframe component and incorporated all geometrical effects on the acoustic power.








The values of K, a and G reported in Table 2 for each airframe noise source. Specifically, n, d and l are, respectively, the number of wheels per landing gear, the tire diameter and the strut length. The parameter   δ ∗   is the dimensionless turbulent boundary-layer thickness, computed from the standard flat-plate turbulent boundary-layer model. Directivity functions and Spectrum function used for each airframe noise source are specified in Table 3.



Each described contribution is then summed over the 1/3 octave frequency band to predict the airframe noise (Equation (4)).


  <  p  a i r f r a m e  2   > ∗  = <  p  c l e a n   d e l t a   w i n g  2   > ∗  + <  p  v e r t i c a l   t a i l  2   > ∗  + <  p  l a n d i n g   g e a r  2   > ∗  .  



(4)







Typically, landing gear noise is the most dominant airframe noise source during the LTO cycle, with the highest contribution during the approach phase [48]. This is true both for subsonic as well as supersonic aircraft. It is worth noting that, despite the differences in wing planform, configuration and landing gear size, the airframe noise of supersonic aircraft is expected to be comparable with the noise coming from a subsonic aircraft. However, a different conclusion could be drawn for unconventional designs. The methodology described in this section can be applied to supersonic aircraft, but it is tailored towards conventional wing-fuselage configuration (Concorde-like). Considering that future SSTs may be characterized by unconventional configurations, the inclusion of additional elements of the airframe noise break-down, such as canard or moving surfaces, or different architectures, such as Blended Wing Body (BWB), is needed to widen the applicability of the methodology.




2.1.2. Engine Noise


Similar to the strategy adopted for airframe noise prediction, the contributions of engine noise can be further decomposed into several noise sources. Noise generated by the engine consists of several contributions, which in the literature are classified into fan noise, jet noise and engine core noise (compressor stages, combustor, turbine stages) [49]. However, considering the limited amount of data available during the early design phases, the engine noise model described in this paper considers only the two most predominant engine noise sources—fan and jet noise. This hypothesis is a well-established practice in conceptual design [19,20] and does not affect the engine noise prediction significantly for SSTs, due to the logarithmic nature of the noise levels and the prevalence of jet noise compared to other sources.



Among the aircraft noise sources, jet noise is the most widely studied and had its foundations in the work of Lighthill [50]. The most relevant finding of that work was the Lighthill’s eighth power law, that states that the power of the sound created by a turbulent motion is proportional to the eighth power of the characteristic turbulent velocity.



In this work, jet noise is predicted using the Stone method [51], which is based on the Lighthill theory. The total far-field jet noise is typically computed as the sum of the jet mixing noise and shock noise, that occurs when    (  M 1 2  − 1 )    is greater than zero, with   M 1   the primary stream Mach number. The method uses empirical functions to provide the directivity and the spectral content of the field with the computed overall mean-square acoustic pressure at   θ =  90 °   , that is   <  p 2   (   A e   ,  90 °  )   > ∗   , used to fix the amplitude throughout the field.



The equation used to calculate the jet mixing noise at a distance   r s   from the nozzle exit is:


     <  p 2   (  r s ∗  , θ )   > ∗  =       <  p 2   (   A e   ,  90 °  )   > ∗       (  r s ∗  )  2        1 +   ( 0.124  V 1 ∗  )  2       ( 1 + 0.62  V 1 ∗  cos θ )  2  +   ( 0.124  V 1 ∗  )  2      3   2             ·  D m   (  θ ′  )   F m   (  S m  ,  θ ′  )   H m   (  M ∞  , θ ,  V 1 ∗  ,  ρ 1 ∗  ,  T 1 ∗  )   G c   G p      



(5)




where   <  p 2   (   A e   ,  90 °  )   > ∗    is the mean-square acoustic pressure for a stationary jet calculated at the reference distance    A e    from the nozzle exit at   θ =  90 °   , and is defined as:


  <  p 2   (   A e   ,  90 °  )   > ∗  =   2.502 ×  10  − 6    A  j , 1  ∗    (  ρ 1 ∗  )   ω °     (  V 1 ∗  )   7.5        [ 1 +   ( 0.124  V 1 ∗  )  2  ]   3   2      ,  



(6)




where the parameters are:




	
  r s ∗  : dimensionless distance from the nozzle exit   r s  , referred to as    A e   ;



	
   A  j , 1  ∗  ,  ρ 1 ∗  ,  V 1 ∗    and   T 1 ∗  : fully expanded jet area, density, velocity and total temperature respectively, with all three quantities evaluated for the primary stream, and normalized by   A e  ,   ρ ∞  ,   c ∞   and   T ∞  ;



	
  θ ′  : modified directivity angle,    θ ′  = θ   (  V 1 ∗  )   0.1    ;



	
   D m   (  θ ′  )   : directivity function;



	
   F m   (  S m  ,  θ ′  )   : spectral distribution function;



	
   H m   (  M ∞  , θ ,  V 1 ∗  ,  ρ 1 ∗  ,  T 1 ∗  )   : forward flight effects factor;



	
  G c   and   G p  : configuration factors;



	
  S m  : jet mixing noise Strouhal number;



	
  ω °  : empirical function of   V 1 ∗  .








The 1/3 octave band mean-square acoustic pressure due to shock turbulence interaction noise is calculated through the following equation:


  <  p 2   > ∗  =    ( 3.15 ×  10  − 4   )   A  j , 1  ∗       (  r s ∗  )  2      β 4    1 −  β 4       F s   (  S s  )   D s   ( θ ,  M 1  )   G c     1 −  M ∞  cos  ( θ − δ )    ,  



(7)




with  β  being the pressure ratio parameter, equal to   β =   (  M 1 2  − 1 )    , which must be greater than zero for shock cell noise to occur. The function    D s   ( θ ,  M 1  )    provides the dependence of the shock cell noise, for a stationary jet, on the directivity angle  θ  and the fully expanded primary stream Mach number   M 1  . This function is given by:


   D s   ( θ ,  M 1  )  =     1    θ ≤  θ m        1.189     θ >  θ m  ,       



(8)




where   θ m   is the Mach angle defined by:    θ m  = arcsin  1    M 1     . The total far-field jet noise is the sum of the shock noise and the jet mixing noise (Equation (7)) and its most influential parameters are the exhaust jet speed and the jet Mach number.


  <  p  j e t  2   > ∗  = <  p  m i x i n g  2   > ∗  + <  p  s h o c k  2   > ∗  .  



(9)







Fan noise dominates most flight conditions and can be higher than jet noise. As far as fan noise is concerned, efforts have been recently made in fan noise reduction and predictive models are available in the literature. These methods allow a first-order estimate of the acoustic pressures arising from any fan identified by a limited number of design parameters, such as diameter, tip chord, number of blades, rotational speed, fan-stator distance, pressure ratio, mass flow ratio, temperature rise across the fan [52]. The method proposed by Heidmann in the mid-1970s has come to dominate the arena of empirical fan and single-stage compressor noise prediction [43]. Heidmann prediction method is applicable to turbojet compressors and to single-and-two-stage turbofans with and without inlet guide vanes [53]. The total noise levels are obtained by spectrally summing the predicted levels of broadband, discrete-tone and combination-tone noise components. Precisely, the predicted free-field radiation patterns (neglecting the reflection of sound) consist of composite of the following separately predicted noise components:




	
Noise emitted from the fan or compressor inlet duct (broadband noise, discrete-tone noise, combination-tone noise);



	
Noise emitted from the fan discharge duct (broadband noise, discrete-tone noise).








Hence, the total fan noise has been predicted by summing the noise from six separate components: inlet broadband noise, inlet rotor–stator interaction tones, inlet flow distortion tones, combination tone noise, discharge broadband noise and discharge rotor–stator interaction tones. All noise sources are combined into single 1/3 octave band spectrum for each directivity angle.



The general approach is the same for each noise component and is based on the following equation for the computation of far-field mean-square acoustic pressure:


  <  p 2   > ∗  =    A ∗   Π ∗     4 π (  r s ∗  )     D ( θ ) S ( η )      ( 1 −  M ∞  cos θ )  4    ,  



(10)




where A is the fan inlet cross sectional area. The frequency parameter  η  is defined as:


  η =  ( 1 −  M ∞  cos θ )   f    f b    ,  



(11)




where   f b   is the blade passing frequency depending on the rotational speed N. The acoustic power   Π ∗   for the fan is expressed as:


   Π ∗  = K G  ( i , j )    (  s ∗  )   − a ( k , l )    M m b   (    m ˙  ∗     A ∗    )    ( Δ  T ∗  )  2  F  (  M r  ,  M m  )  ,  



(12)




with:




	
  m ˙  : mass flow rate, re    ρ ∞   c ∞   A e   ;



	
  Δ  T ∗   : total temperature rise across fan, re   T ∞  ;



	
  M r  : relative tip Mach number;



	
  M m  : defined as    M m  = m a x  ( 1 ,  M d  )   , where   M d   is the fan rotor relative tip Mach number at design point;



	
  s ∗  : rotor-stator spacing, re C (mean rotor blade chord);



	
  K , G , i , j , a , k , l  : empirical constants and factors depending on geometry and configuration.








Equation (12) must be specialized for each noise component before computing the overall acoustic power:




	
Inlet broadband noise


   Π ∗  =  ( 1.552 ×  10  − 4   )    (  s ∗  )   − a ( k , l )    M m 2   (    m ˙  ∗     A ∗    )    ( Δ  T ∗  )  2  F  (  M r  )   



(13)







	
Inlet rotor-stator interaction tones


   Π ∗  =  ( 2.683 ×  10  − 4   )  G  ( i , j )    (  s ∗  )   − a ( k , l )    M m  4.31    (    m ˙  ∗     A ∗    )    ( Δ  T ∗  )  2  F  (  M r  ,  M m  )   



(14)







	
Inlet flow distortion tones


   Π ∗  =  ( 1.488 ×  10  − 4   )  G  ( i , j )    (  s ∗  )   − a ( k , l )    M m  4.31    (    m ˙  ∗     A ∗    )    ( Δ  T ∗  )  2  F  (  M r  ,  M m  )   



(15)







	
Combination tone noise


   Π ∗  = K G  ( i , j )    (  s ∗  )   − a ( k , l )    M m b   (    m ˙  ∗     A ∗    )    ( Δ  T ∗  )  2  F  (  M r  ,  M m  )   



(16)




with   K = 6.225 ×  10  − 4     for 1/8 fundamental combination tone,   K = 2.030 ×  10  − 3     for 1/4 fundamental combination tone and   K = 2.525 ×  10  − 3     for 1/2 fundamental combination tone.



	
Discharge broadband noise:


   Π ∗  =  ( 3.206 ×  10  − 4   )  G  ( i , j )    (  s ∗  )   − a ( k , l )    M m 2   (    m ˙  ∗     A ∗    )    ( Δ  T ∗  )  2  F  (  M r  )   



(17)







	
Discharge rotor-stator interaction tones:


   Π ∗  =  ( 2.643 ×  10  − 4   )  G  ( i , j )    (  s ∗  )   − a ( k , l )    M m 2   (    m ˙  ∗     A ∗    )    ( Δ  T ∗  )  2  F  (  M r  )  .  



(18)












The values of empirical constants and function   F (  M r  ,  M m  )   are reported in [24] for each fan noise component. Afterwards, the total fan noise is computed as the sum of the previously described contributions, obtaining the Equation (19) by appropriately summing broadband and tone noise components:


  <  p  f a n  2   > ∗  = <  p  i n l e t  2   > ∗  + <  p  c o m b i n a t i o n  t o n e s  2   > ∗  + <  p  d i s c h a r g e  2   > ∗  .  



(19)







Usually, the main broadband noise contribution is the discharge noise, whereas combination tone noise causes some peaks in the SPL that depend on the blade passing frequency. The parameters with a higher influence on fan noise generation are the air mass flow, the rotational speed, and the rise of temperature across the fan. Increasing the air mass flow and temperature produces an increment of SPL, whereas variations in rotational speed N can shift peak values along the frequencies band.



It is worth noting that the engine noise model described above perfectly fits the first generation of supersonic aircraft and related propulsive technologies. Indeed, the Olympus 593, which equipped the Concorde, can be described with this model. However, a different conclusion could be drawn for future supersonic propulsive technologies. The under-development of the future generation of SSTs might integrate more turbofan-oriented engines, which might be partially or completely embedded into the airframe. As observed in [54,55], at high power engine operation conditions, especially at take-off conditions, the noise levels observed from such future supersonic engines are very high. A major component of fan noise is expected to be the buzz-saw noise, produced by shocks at the fan blade tips at this high-power engine operation condition.



Ultimately, the total engine noise is computed as:


  <  p  e n g i n e  2   > ∗  = <  p  j e t  2   > ∗  + <  p  f a n  2   > ∗  .  



(20)







Thus, by correctly summing the mean-square acoustic pressures for each frequency of the spectrum in 1/3 octave band between 50 Hz and 1000 Hz given from Equations (4) and (20), the overall aircraft mean-square acoustic pressure can be predicted, as outlined in Equation (1).





2.2. Flight Procedure for Noise Certification


LTO noise limitations and flight procedures for subsonic aircraft are specified by regulatory community by ICAO. Therefore, operational requirements can be directly elicited from these certification standards and used as a benchmark during the design process. Conversely, for supersonic aviation standards, flight procedures have not been defined yet. However, in order to guarantee an adequate public consensus towards the future SSTs, the scientific community is anticipating the possibility of extending the current subsonic flight procedures to civil supersonic aircraft [31]. In parallel, the regulatory community is fostering research activities aimed at investigating the technical and technological limitations to the application of already existing flight procedures to SSTs [29,30]. In this context, design methodologies, such as the one disclosed in this paper, are essential for suggesting possible updates of the flight procedures to fill in the gap between subsonic and supersonic aviation.



Therefore, it is necessary to couple traditional flight profile analysis with flight procedure simulations. During the first design loop, the reference ICAO flight procedures are adopted, while in the case of technical evidence of the impossibility of following such procedures, modifications to the main operational parameters are suggested.



Hereafter, the ICAO flight procedures for certification are considered as a reference. Specifically, the noise levels for certification are associated with three different operating conditions, physically represented by a ground reference measurement point (Figure 4):




	
Sideline-maximum power condition: the measurement point is along the line parallel to the axis of the runaway centre line at 450 m, where the noise level is maximum during take-off. This operating condition corresponds to the so-called sideline measurement, which is the maximum sound level reached along the lateral full-power line;



	
Flyover-intermediate power condition: the measurement point is along the extended runaway centre line at 6500 m from the start to roll;



	
Approach-low power condition: the measurement point is 120 m vertically below the   3 °   descent path originating from a point 300 m beyond the threshold.








The reference procedures are specified in the Environmental Technical Manual [57], and are specified for different classes of aircraft characterized by different Maximum Take-Off Mass (MTOM) and number of engines. Two take-off flight paths can be modelled: reduced power/thrust (or cutback) and full power/thrust. If a power/thrust reduction is applied, a slight decrease in the climb gradient may occur due to the power/thrust lapse that results from an increased air-craft height. The reference approach flight test configuration for noise certification is constrained by the ILS flight path; therefore the approach angle (steady glide angle) is   3 °  ±  0 .  5 °    and the target aeroplane height vertically above the noise measurement point is 120 m (394 ft). A detailed description of the flight path is required for noise prediction. Examples of parameters needed include aircraft height, climb angle, airspeed, gross mass, aircraft configuration (flap position, landing gear position), engine thrust (power) setting parameters, and aircraft accessory conditions that may affect the measurement or adjustment of noise data and/or aircraft or engine performance.



For noise modelling purposes, the corresponding trajectory consists of straight flight segments with constant operational and configurational settings. This segmentation modelling is supported by the ANP database, which has been assembled through the years and updated by the aircraft manufacturers together with the noise certifying authorities. The ANP database contains a set of trajectories described by fixed-point data at constant the engine thrust setting, configuration, and acceleration/vertical speed.



In the frame of this work, the take-off and landing trajectories have been simulated as flight paths composed respectively by 5 and 3 flight segments constructed from an ANP set of fixed-point data. In addition, an engine model simulating the on-design and off-design operations is needed, since specific information about geometry, thermodynamic, performance and operational conditions are required to predict noise emitted by the aircraft. To keep the approach as simple as possible, in this paper a one-dimensional model for a two-spool turbojet engine with afterburner has been modelled as an example, taking the Olympus 593 MRK 610 as a reference [58], relying on the data and the results presented in [59]. The afterburner has been modelled by the addition of another component after the low-pressure turbine, which gives, in exit, a flow reaching a total temperature of 1700 K, considering an afterburner efficiency of 0.9. At least, an exhaust system composed by adiabatic, isentropic and variable-geometry convergent-divergent nozzle has been modelled to predict the exhaust jet parameters as a function of thrust.



During the simulation, the evolution of aircraft configuration is considered (e.g., retraction/extraction of landing gear, nozzle area variations) and operating parameters are continuously updated. Information about aircraft distance and noise sources directivity are recorded with a sampling time of 0.5 s over the 10 dB-down period for each aircraft noise certification points.




2.3. Noise Metrics


This sub-section includes the possibility of converting the mean-square acoustic pressure (measured following the method described in the paragraph Section 2.1) into a set of well-established noise metrics (LAmax, SEL, PNLTM and EPNL).



A noise metric is an expression used to assess the loudness or the annoyance of any quantity of noise on human hearing system. A variety of noise metrics are using among different aviation organization, countries, and airports [60]. However, they can be classified into three main groups [61]:




	
Single event (or instantaneous) metrics: used to provide a description of noise occurring during one noise event, accounting for sound amplitude only;



	
Exposure (or integral) metrics: used to provide a description of the type of noise exposure experienced over a given interval of time;



	
Supplementary metrics: measurements often used in conjunction with the above, to provide a more meaningful depiction of the potential impact of noise exposure.








The most internationally accepted aircraft noise metrics in use belong to the first two categories, so they are typically single event or exposure metrics. Furthermore, aircraft noise metrics could be associated with frequency weighted or computed SPL distribution [62]. A-weighting is the most widely used type of weighting by federal, state, and local agencies for environmental noise analyses. In this case, the weighted SPL results from the adjustment of the spectral distribution to de-emphasize the low frequency portion of sounds to gain a better approximation of the human ear’s response to sound. Noise metrics deriving from this correction are LAmax and SEL, which are respectively single event and exposure noise metric; both are expressed in dBA. Otherwise, computed SPL is obtained by the ICAO standardized procedure [63], which involves the conversion of SPL in noisiness levels by means of the correspondence with Noy tables [64] and the correction for spectral irregularities. Noise metrics deriving from this procedure are Maximum Tone Corrected Perceived Noise Level (PNLTM) and Effective Perceived Noise Level (EPNL), which are respectively a single event and exposure noise metric, expressed in PNdB and EPNdB. Based upon these different ways of processing the frequency distribution of energy, LAmax and SEL are considered loudness-based metrics, whereas PNLTM and EPNL are considered annoyance-based [61]. Annoyance-based metrics are more sensitive to the spectral shape and tonal content of the sound, therefore EPNL has been found to be more effective for the assessment of heavy jet-powered aircraft noise [65].



Even though some difference subsists, there is, in practice, a high correlation between the LAmax and PNLTM measures and, consequently, between SEL and EPNL [61]; thus, generally all the mentioned metrics are used for aircraft noise certification, depending on the specific procedure.



Anyway, a few preliminary considerations should be accounted for when predicting the noise levels received by the microphones on the ground. The aircraft noise model described in the previous paragraph gives as its output a dimensionless mean-square acoustic pressure that corresponds to the acoustic pressure of the sound signal at the noise source. Hence, the dimensionless mean-square acoustic pressure must be converted into a 1/3 octave band SPL by means of:


  S P L = 10 l o  g 10  <  p 2   > ∗  + 20 l o  g 10     ρ ∞   c  ∞  2    p  r e f    ,  



(21)




where   p  r e f    is the lowest sound pressure possible for the human ear to hear, which is approximately   20  − 5    Pa. After that, a number of factors which influence the propagation of noise should be considered to gain a higher fidelity level in prediction. However, the distances between the noise source and the observer on ground are such that sound attenuation in the atmosphere is the most significant phenomenon. Temperature and humidity are the parameters causing a major reduction in sound as distance increases. To determine the entity of these losses, the mathematical procedure suggested in SAE ARP 866 B [40] has been adopted. The SARP considers only the classical and molecular absorption of sound energy by the atmosphere. Precisely, the classical absorption results from energy dissipation through the effects of heat conduction and viscosity and it is a function of frequency and temperature, whereas molecular absorption results principally from rotational and vibrational relaxation process of oxygen and nitrogen molecules and is a function of frequency, temperature, and humidity. The classical absorption is relevant only at higher frequencies and varies slightly with temperature. By contrast, molecular absorption is the main contribution to sound attenuation, varying on a wide range of values, producing a more relevant sound reduction at highest frequencies. The total loss is expressed as the attenuation in dB/100 m and it is a function of frequency, temperature, and relative humidity. As a result, summing algebraically the losses for each centre frequency in 1/3 octave band of the spectrum, the approximated SPL received on ground is obtained. Once these two preliminary steps have been fulfilled, the resulting SPL distribution can be processed to quantify noise emitted by the aircraft. The A-weighting of the frequency spectrum and the ICAO procedure leads respectively to the   S P  L A    and   P N L  , that are function of frequency. Then, the Overall Sound Pressure Level (OASPL) and the Tone Corrected Perceived Noise Level (PNLT) as function of time can be computed with Equations (22) and (23), respectively.


   O A S P L  ( k )  = 10 l o  g 10   ∑  i = 1  24   10  ( S P  L A   ( i , k )  / 10 )     



(22)






  P N L  ( k )  = 40 +  10  l o  g 10  2   l o  g 10  N  ( k )  ,  



(23)




where N (k) is the total perceived noisiness, defined as:


   N  ( k )  = 0.85 n  ( k )  + 0.15  ∑  i = 1  24  n  ( i , k )  ,   



(24)




where n (k) is the largest of the 24 values of n (i, k) of the Noy tables, i is the 1/3 frequency band considered between 50 Hz and 10,000 Hz and k the time instant.



Thus, the instantaneous noise metrics can be computed as the maximum sound level reached during the event over the 10 dB-down period, identified by kF and kL, which are the time instants when the sound level decreases up to 10 dB-down with respect to the peak:


  L  A  m a x   = m a x  ( O A S P L  ( k )  )   



(25)






  P N L T M = m a x ( P N L ( k ) ) .  



(26)







Integral noise metrics are duration corrected single event metrics. Hence, SEL is an energy averaged A-weighted sound level over a specified period of time or single event, with a reference duration of 1 second. On the other hand, EPNL is an integration of the PNLT over a certain noise duration, normalized to a reference duration of 10 s. The relative formulas are:


   S E L = 10 l o  g 10   ∑  k = k F   k L    10  ( O A S P L ( k ) / 10 )     



(27)






   E P N L = 10 l o  g 10   ∑  k = k F   k L    10  ( P N L T ( k ) / 10 )   − 13 ,   



(28)




where 13 dB is a constant relating the one-half second values of PNLT(k) to the 10 s reference duration.



To sum up, the flow chart in Figure 5 schematically reports all the mentioned mathematical steps leading to the prediction of aircraft noise levels received on ground in terms of the most common aircraft noise metrics, starting from the normalized mean-square acoustic pressure.





3. Results


As outlined in the introduction, the results section is divided into two parts. First, the accuracy of the noise model in predicting overall aircraft noise level is assessed through a dedicated validation with ANP experimental data by the evaluation of the matching with LAmax and SEL NPDs. After that, reference departure and approach procedures reported in the ANP database are simulated and, using the methodology described above, a first guess of aircraft noise levels is evaluated. The only available civil supersonic aircraft of the ANP, that is, the Concorde, has been selected as a case study. Corresponding geometrical parameters affecting noise generation and their values are listed in Table 4. Engine on-design and off-design operations simulation are required, hence a two-spool turbojet with an afterburner is simulated through a one-dimensional model based on the results reported in [59] for the Olympus 593.



3.1. Validation


By the simulation of different flyover flight paths, ranging the altitude from 630 ft (192 m) to 10,000 ft (3048 m) and the thrust between 10,000 lb (44,482 N) and 32,000 lb (142,342 N), a total of 24 points have been obtained to produce the NPD curves.



The aircraft speed is fixed to 160 knots (82 m/s), in accordance with the reference airspeed used to derive the NPD from experimental measurements, whereas the ambient conditions have been set to the reference conditions suggested in [66] for noise contours modelling around the airports (ambient temperature equal to 15 °C and the relative humidity HR equal to 0.7). The matching with the NPD curves provided by the ANP database for LAmax and SEL are reported in Figure 6 and Figure 7.



The degree of matching between predicted and experimental curves has been evaluated in a quantitative way through a numerical indicator for each validation point, respectively for LAmax and SEL:


   E  L A  m a x    =    L  A  m a  x p    − L  A  m a  x  A N P       L  A  m a  x  A N P         



(29)






   E  S E L   =    S E  L p  − S E  L  A N P     S E  L  A N P      ,  



(30)




where   L  A  m a  x p      and   S E  L p    are the predicted values, whereas   L  A  m a  x  A N P       and   S E  L  A N P     are the experimental ones.



The maximum prediction error is ±2.19% around the experimental value, attaining a good accuracy for application at a conceptual design level.



Noise levels reached when the afterburner is turned on are not provided by the ANP database. However, knowing the increment of thrust due to the afterburner, it is possible to obtain a preliminary estimate of the resulting noise impact. The increase in jet exhaust speed and exhaust stream Mach number have been derived by the simulation of the engine model, considering the higher total temperature resulting from reheating and the adaptation of the throat section of the nozzle to avoid the choking of the duct. Hence, the corresponding NPD curve has been obtained setting a thrust level equal to 176,380 N, as it is the maximum thrust value reported in the ANP database for the Concorde take-off procedure (red line in Figure 6 and Figure 7). The increment has been evaluated with respect to the noise level reached with the maximum dry thrust level with the following formulas, respectively for LAmax and SEL:


  Δ  L  m a x , a b   =    L  m a x , a b   −  L  m a x     L  m a x     



(31)






  Δ S E  L  m a x , a b   =   S E  L  m a x , a b   − S E  L  m a x     S E  L  m a x     ,  



(32)




where   Δ  L  m a x , a b     and   Δ S E  L  m a x , a b     represent the increment in noise levels when the afterburner is turned on. This parameter has been calculated for each point of the NPD curve, and then an arithmetic average has been calculated for both   L  A  m a x     and   S E L  . The results expressed show that the afterburner causes an increase of 4.24% in instantaneous noise level and 3.52% in integrated noise level.



To assess the correlation between numerical and experimental results in a quantitative way, an adaptation of the Frequency Response Scale Factor (FRSF), usually employed in the field of frequency response analysis ([67]), has been used. Such index evaluates of how much the predicted results overestimate or underestimate the numerical ones, and acceptable values are included in the range 0.95–1.05. Precisely, if FRSF < 1, the predicted curve is on average at a higher level than the experimental one; whereas, if FRSF > 1, the predicted curve is on average at a lower level than the experimental one. The index has been readapted as:


  F R S F =    {  H  e x p ( j , d )   }   {  H  n u m ( j , d )   }     {  H  n u m ( j , d )   }   {  H  n u m ( j , d )   }    ,  



(33)




where j indicates the thrust level and d the distance related to the noise data H. The values obtained for   L A    m a x     and   S E L   are respectively 0.999 and 1.0033. Hence, this parameter also confirms the good accuracy of the methodology and, in addition, denotes a slight over-prediction for   L A    m a x     and an underprediction for   S E L  .




3.2. Application to Departure and Approach Procedures


A set of ANP departure fixed-point data (distance on ground, altitude, thrust, TAS/CAS) has been selected to simulate standard departure and approach procedures Figure 8 and Figure 9.



Results are reported in Table 5. As expected, the most critical condition occurs during the departure procedure at the sideline noise measurement point. By contrast, flyover noise is reduced, as a cutback procedure has been simulated, reducing thrust level and, consequently, the climb angle. Ultimately, the approach condition is characterized by the lowest noise levels.



In addition, noise contributions and overall noise have been reported for each measurement point in terms of LAmax obtained at the overflight point Figure 10, Figure 11 and Figure 12. It is evident that the high thrust level required for taking-off and the use of the afterburner produces a high jet speed that greatly affect sideline noise. However, the impact of jet noise is significant at all three measuring points, as jet noise suppression measures have not been modelled in the frame of this work. A significant contribution of fan noise appears, especially in the approach condition. This result can be justified as the original method of Heidemann typically overestimates fan noise [68,69].



To enable a verification of the first noise estimations, the up-to-date LTO limitations imposed for Concorde-like sized subsonic aircraft equipped with four jet-powered engines have been considered as top-level requirements, as ICAO Annex 16, Volume 1, Chapter 12 [28] refers to subsonic aeroplanes noise standards for the certification of supersonic aeroplanes whose type certificate is issued after 1 January 1975. Therefore, in accordance with [70], the LTO noise requirements derived for   M  T O M    = 185,000 Kg are:




	
Sideline-full power:   L I M I  T L  = 100.15 E P N d B  



	
Flyover-intermediate power:   L I M I  T F  = 103.60 E P N d B  



	
Approach-low power condition:   L I M I  T A  = 101.86 E P N d B  








Consider the cumulative noise level, calculated as:


   ( L I M I  T L  − E P N  L L  )  +  ( L I M I  T F  − E P N  L F  )  +  ( L I M I  T A  − E P N  L A  )  ≥ 17 .  



(34)







An excess of 36.22 EPNdB has been estimated. Such a large discrepancy can be associated with the inadequacy of current regulation of the traditional civil supersonic aircraft case study. Therefore, it underlines the significance of developing new standards, which are not so penalizing for SST, and the review of traditional supersonic aircraft design with the introduction of innovative noise reduction concepts.



Chevron nozzles are one of the most studied noise reduction technologies, particularly efficient for medium and high by-pass ratio engines of subsonic aircraft [71]. The shaped edges serve to significantly reduce turbulence at the nozzle exit and thus jet noise, leading to over 2–3 EPNdB noise reduction [72]. However, this passive noise control might not be equally efficient for supersonic jets. Chevrons have been shown to be effective at reducing mixing noise for subsonic conditions, but effects on shock-cells associated noise are under investigation, as chevron nozzles reduce the shock cell spacing, causing the peak amplitude of the shock associated noise to shift to higher frequencies [73].



On the contrary, fluidic injection techniques are more efficient active noise reduction methods for supersonic jet, showing potential for over 4 EPNdB noise reduction [74]. By means of fluidic injection it is possible to rearrange the shock diamonds structure arising from the nozzle exit with respect to the throat shock diamonds, thus controlling shock associated noise [75]. However, further improvements in the engine design and performance, together with the adoption of low-noise flight procedures would still be required to ensure the Concorde-like configuration complies with current LTO limitations.





4. Conclusions


To ensure that future supersonic aircraft will meet low-noise requirements, this paper disclosed guidelines aiming at assessing LTO noise emission estimation since the very beginning of the design process. Therefore, a preliminary literature review has been conducted to identify the state-of-the-art methods currently adopted to complement the design process with aircraft noise prediction. Then, in line with the current well-established methods, a semi-empirical noise model has been applied to a civil supersonic aircraft case study. To confirm the adequacy of this noise model for Concorde-like configuration, a dedicated validation has been performed. The results attested a good accuracy for application at a conceptual design level, with a maximum relative prediction error of 2.19%. In addition, a noise level increment arising from the use of the afterburner has been determined, obtaining an increase of 4.24% in LAmax and 3.52% in SEL, which greatly discourage the use of the afterburner during take-off.



Afterwards, the suggested framework has been employed to evaluate LTO aircraft noise levels at the three certification measurement points defined by ICAO along standard departure and approach trajectories. As expected, the predicted LAmax for each contribution confirmed that the dominant noise source during take-off is the jet noise, and that the use of an afterburner greatly affects sideline noise level. By contrast, the approach condition is less critical for noise generation. However, it has been found that jet and fan noise become comparable at this condition. This result could be attributed to the original method of Heidmann, which has been seen in the literature to over-predict the intensity of fan tones. To enable first verification of the estimate, the predicted EPNLs have been compared with current LTO noise limitations for cumulative noise level, highlighting that the predicted values for supersonic aircraft significantly exceed those imposed for similar sized subsonic aircraft.



The outcome of this research activity led to several useful considerations in the field of supersonic aircraft LTO noise prediction. Firstly, the feasibility of introducing an initial noise assessment relying on information available in a conceptual design phase and using semi-empirical models found in the literature has been proven, gaining a good fidelity-level in the prediction of NPD relationships. Therefore, the procedure can theoretically be applied within the conceptual design process to produce NPD curves for different aircraft concepts by changing the design and operational parameters. After that, take-off, and precisely at the sideline noise measurement point, has been confirmed as the most critical noise condition, manly due to the engine contribution. In addition, the comparison with current cumulative noise requirement has remarked the need for both new specific noise standards for supersonic aircraft and a review of a conventional Concorde-like design by the incorporation of noise reduction measures and procedures from the earliest stage of the project.



Adjustments in noise modelling (especially for fan noise prediction) are required to gain a high-fidelity level in departure and approach procedures noise prediction as well as the introduction of simplified models to evaluate newer jet noise reduction concepts. Furthermore, since new supersonic aircraft designs could be very different from the past conventional design, the inclusion of additional elements (e.g., for the airframe noise break-down) is a key improvement to widen the applicability of the methodology employed and enable the exploration of innovative low-noise configurations. Lastly, to obtain a better comprehension of supersonic aircraft noise, further advancements could also concern the evaluation of other annoyance-based or psychoacoustic noise metrics aimed at assessing the subjective response to aircraft noise, as suggested in [76].
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	Standard and Recommended Practices
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Figure 1. Roadmap of the performed activities. 
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Figure 2. Overall methodology framework supporting a design-to-noise approach. 
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Figure 3. SST aircraft LTO noise sources break-down. 
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Figure 4. Aircraft noise certification reference measurement points [56]. 
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Figure 5. Procedure employed to assess aircraft noise level received on ground in terms of the most common aircraft noise metric. 
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Figure 6. Matching between predicted and experimental NPDs-LAmax. 
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Figure 7. Matching between predicted and experimental NPDs-SEL. 
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Figure 8. Simulated departure flight path. 
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Figure 9. Simulated approach flight path. 
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Figure 10. Noise contributions and overall noise for sideline measurement point. 
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Figure 11. Noise contributions and overall noise for flyover measurement point. 
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Figure 12. Noise contributions and overall noise for approach measurement point. 
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Table 1. Summary of simulation models used within PANAM, ANOPP, and CARMEN [21].
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	PANAM
	ANOPP
	CARMEN





	Airframe noise models
	
	
	



	t.e.
	DLR Airframe
	Boeing: Flap,
	Boeing: Flap,



	
	
	Fink: Trailing edge
	Fink: Trailing edge



	l.e.
	DLR Airframe
	Boeing Airframe
	DLR Airframe



	m.g.
	DLR Airframe
	Boeing Airframe
	DLR Airframe



	n.g.
	DLR Airframe
	Boeing Airframe
	DLR Airframe



	Engine noise models
	
	
	



	fan bb
	mod. Heidemann
	Heidmann Fan,
	mod. Heidmann Fan



	
	
	GE Large Fan Option
	and Kontos



	fan t
	mod. Heidemann
	Heidmann Fan,
	mod. Heidmann Fan



	
	
	GE Large Fan Option
	and Kontos



	jet
	mod. Stone
	Stone2
	mod. Stone



	Propagation effects
	ISO9613
	ISO9613
	ISO9613
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Table 2. K, a and G for each airframe noise source [24].
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	K
	a
	G





	Clean delta wing (aerodinamically clean)
	   7.075  ×   10  − 6     
	5
	   δ w ∗   



	Vertical tail (aerodinamically clean)
	   7.075  ×   10  − 6     
	5
	    δ v ∗    (   b v     b w    )  2    



	1-and-2 wheel landing gear wheel noise
	   4.349  ×   10  − 4     
	6
	   n   (  d    b w    )  2    



	4 wheel landing gear wheel noise
	   3.414  ×   10  − 4     
	6
	   n   (  d    b w    )  2    



	Landing gear strut noise
	   2.753  ×   10  − 4     
	6
	     (  d    b w    )  2   (  l   d   )    
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Table 3. Directivity function D and Spectrum function   F ( S )   for each airframe noise source [24].
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	Directivity Function
	Spectrum Function





	Clean delta wing (aerodinamically clean)
	   4  cos 2  ϕ  cos 2   θ   2     
	   0.485   ( 10 S )  4    [   ( 10 S )   1.35   + 0.5 ]   − 4     



	Vertical tail (aerodinamically clean)
	   4  sin 2  ϕ  cos 2   θ   2     
	   0.613   ( 10 S )  4    [   ( 10 S )   1.5   + 0.5 ]   − 4     



	1-and-2-wheel landing gear wheel
	    3   2    sin 2  θ   
	   13.59  S 2    ( 12.5 +  S 2  )   − 2.25     



	1-and-2-wheel landing gear strut
	    3   2    sin 2  θ  sin 2  ϕ   
	   5.32  S 2    ( 30 +  S 8  )   − 1     



	4 wheel landing gear wheel
	    3   2    sin 2  θ   
	   0.0577  S 2    ( 1 + 0.25  S 2  )   − 1.5     



	4 wheel landing gear strut
	    3   2    sin 2  θ  sin 2  ϕ   
	   1.280  S 3    ( 1.06 +  S 2  )   − 3     










[image: Table] 





Table 4. Case study geometrical parameters affecting noise generation.
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	Airframe Parameters
	Value





	Wing span   b w  
	25.6 m



	Wing surfrace   S w  
	358.25 m   2  



	Wing span (vertical tail)   b v  
	11.32 m



	Wing surfrace (vertical tail)   S v  
	33.91 m   2  



	N struct main landing-gear   n  s t r u  t m    
	2



	N wheels main landing-gear   n  w h e e l  s m    
	4



	Tyre diameter main landing-gear   d  t y r  e m    
	1.2 m



	Length strut main landing-gear   l  s t r u  t m    
	2.5 m



	N struct forward landing-gear   n  s t r u  t f    
	1



	N wheels forward landing-gear   n  w h e e l  s f    
	2



	Tyre diameter forward landing-gear   d  t y r  e f    
	0.787 m



	Length strut forward landing-gear   l  s t r u  t f    
	3 m



	Engine parameters
	Value



	Number of engines   N e  
	4



	Engine reference area   A e  
	1.15 m   2  



	Fan rotor diameter   d  r o t   
	1.21 m



	Fan reference area   A  f a n   
	1.15 m   2  



	Number of stator vanes   n V  
	32



	Number of blades B
	19



	Mean rotor blade chord C
	0.22 m



	Rotor-stator spacing s
	0.22 m



	Fan rotor relative tip Mach number at design point   M d  
	1



	Inlet guide vane index i
	2
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Table 5. Overall noise level at the three certification measurement point.
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	Sideline
	Flyover
	Approach





	LAmax [dBA]
	113.22
	106.30
	104.92



	SEL [dBA]
	123.16
	116.31
	115.34



	PNLTM [PNdB]
	126.57
	119.26
	118.23



	EPNL [EPNdB]
	124.53
	118.45
	118.85
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